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Nowadays, 80% of the developed world’s energy comes from fossil fuels. 

With the aim to peak the carbon emission by 2030 and neutralize it by 2050, 

sustainable energy sources are being actively explored. It is estimated that 90% of 

the current energy budget is in the form of thermal energy, implying the 

significance of efficient harnessing and management of thermal energy towards an 

energy-efficient world.  

Concentrating solar power (CSP) coupled to thermal energy storage have gained 

extensive attention in recent years due to their capability to store high-grade thermal 

energy at low cost for on-demand electricity generation. However, current R&D effort in 
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CSP has been hindered by the limited knowledge in heat transfer of high-temperature 

components in CSP, such as solar-absorbing coatings, alloy containments, granular flow 

and molten salt, etc. One of the challenges stems from the lack of suitable in-situ 

measurement tool for these materials due to their high temperature and corrosive natures. 

To tackle this difficulty, a non-contact laser-based modulated photothermal radiometry 

(MPR) thermal measurement system was developed. The MPR uses the thermal emission 

from the specimen surface as the thermometry probe, which is suitable for high-

temperature measurement under harsh environment. The system was first characterized 

by bulk materials and solar-absorbing coating. The MPR system was modified for the 

measurement of the intrinsic thermal conductivity and convection heat transfer 

coefficient of flowing fluid in a channel. Afterwards, the MPR system was applied for the 

measurement of moving particle bed for CSP. The effective thermal conductivity of 

moving particle with variation in the flowing velocity, temperature, particle size, and 

particle morphology was obtained. We disseminated the near-wall thermal resistance 

from the bulk thermal resistance. The discrete element modelling (DEM) indicated that 

the near-wall thermal resistance was induced by the diffusive motion of particles away 

from the wall in a moving particle bed. 

Low-grade thermal energy is a universal form of energy with easy access 

and low cost. The low-grade heat was utilized for desalination and water 

harvesting using hydrogel materials. We developed a new class of thermo-

responsive hydrogels for forward-osmosis desalination where the hydrogel draws 

water molecules across the membrane from seawater due to its high ionic strength. 

This new class of draw agent processed the unique LCST phase transition to 
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release water in liquid phase at 35 ℃ to avoid the latent heat penalty in 

conventional FO desalination. Subsequently, we applied polyelectrolyte hydrogels 

for continuous solar-driven evaporative desalination, where solar energy was 

directly converted to heat to evaporate the seawater. Due to the unique osmotic 

pumping mechanism within the hydrogel, the salt crystallization problem was 

avoided as opposed to conventional capillary wicks. Lastly, we demonstrated that 

the hydrogel materials could also be applied for water harvesting from moisture in 

the air by the adsorption-desorption process. The generic idea was to coat a thin 

hydrogel layer on a metallic scaffold with 100-1000-fold enhanced effective 

surface for fast heat and mass transfer kinetics. We achieved a daily water yield an 

order-of-magnitude higher than the state-of-the-art techniques. Due to the 

evaporative latent heat in the desorption process, we found that the water 

harvesting device also manifested itself a superior heat sink for power electronic 

thermal management. Based on the similar geometric design, we developed a 

moisture thermal battery (MTB) and demonstrated its capability of passive thermal 

management of 5G device and CPU. 
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1. Chapter 1: Introduction 

  Nowadays, 80% of the developed world’s energy comes from fossil fuels. 

With the aim to peak the carbon emission by 2030 and neutralize carbon emission 

by 2050, sustainable energy sources are being actively explored. While nuclear 

fission energy has made major contribution to electricity generation, its attractiveness 

is severely undermined due to the safety and environmental concern, especially after 

Fukushima nuclear disaster in Japan in 2011. Other sustainable energy sources, such as 

wind power, tidal power and photovoltaic suffer from their intermittent nature and thus 

fail to meet the civil demand so far. It is estimated that 90% of the current energy 

budget is in the form of thermal energy according to LLNL energy flow chart1. 

Efficient harnessing and management of thermal energy becomes increasingly 

important under the context of water-energy nexus. To alleviate the water-energy 

nexus, efforts must be paid not only in the front of thermal energy harnessing from 

sustainable sources, but also effective management to improve the thermal 

efficiency in energy-intensive processes. 

Concentrating solar power (CSP) coupled to thermal energy storage have gained 

extensive attention in the recent years due to their capability to convert solar energy to 

high-grade thermal energy and to store it at low cost for on-demand electricity 

generation2,3. One of the main objectives of the R&D efforts in CSP is to increase 

the efficiency by elevating the operating temperatures to above 700oC from the 

current limit of ~ 550oC2,3. A key component of the next-generation CSP system is 

the heat transfer medium. Conventional heat transfer media such as oil and molten 

nitrate salts have stable temperature limits of less than 400oC4 and 600oC5 
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respectively. Ceramic-based particle can push the temperature up to ~800oC and 

are considered a candidate heat transfer medium for the next-generation CSP. 

However, the understanding of heat transfer mechanism in moving particle bed is 

still limited, especially at high temperature and high moving velocity, hindering 

the optimal design of the heat transfer component in CSP. One of the major 

challenges stems from the lack of proper in-situ measurement technique to 

characterize the thermal conductivity of moving particle bed, which determines the 

heat transfer kinetics of the particle heat exchanger. Therefore, it is imperative to 

the develop an in-situ measurement system capable of probing the heat transfer 

mechanism of moving particle bed under extreme operational conditions. 

While CSP is a promising renewable energy source with stable power 

output, the large infrastructure construction and capital investment undermine its 

attractiveness in the remote area. Efficient harnessing and management of the low-

grade thermal energy using distributed low-cost infrastructure is estimated to 

reduce the current annual electricity consumption by ~ 30% and equivalent annual 

carbon emission by 500 million tonCO2
5-9

. Low-grade thermal energy has been 

widely used for desalination10-13 and atmospheric moisture harvesting14-18 from air 

to mitigate the water scarcity in the less-developed region due to their easy-access 

and low-cost. However, current water harvesting techniques still suffer from the 

low thermal efficiency and slow kinetics. To solve this bottleneck, a new class of 

materials should be developed and a protocol of structural engineering for fast heat 

and mass transfer kinetics should be proposed. Low-grade thermal energy is 

universal from the industrial waste-heat ready to be utilized, which otherwise 
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consumes 8-21% of the annual electricity consumption for active cooling5-7. 

Therefore, it is of significance to demonstrate passive thermal management of low-

grade heat source and the effective recovery of low-grade thermal energy for water 

harvesting.  

1.1. Overview of concentrating solar power 

  Figure 1-1 shows the schematics of the concentrating solar power plant 

(CSP) 19. There are arrays of mirrors on the field to focus the sunlight on to the top 

of the solar tower receiver with the magnification of ~ 1000 suns (i.e., heat flux of 

~ 1000 kW m-1). The heat transfer fluid (HTF) flows on top of the solar tower to 

absorb the concentrated sunlight and heats up to above 700℃. There are 

candidates of HTF for the next-generation CSP as shown in Figure 1-1a, including 

the ceramic particles and chloride-based molten salt. For the falling particle 

receiver, since the ceramic particles are intrinsically black20, they directly absorb 

the sunlight as it falls driven by gravity. On the contrary, the molten salts flow 

inside an alloy tube for containment. To absorb the sunlight, the tube surface is 

coated with a black coating of tens of micron thick, e.g., Pyromark 250021,22 or 

other spinel-oxide based black coatings23. Solar energy is then converted into 

thermal energy and is transferred to the flowing molten salt by conduction heat 

transfer through the coating and steel containment and convective heat transfer 

between the molten salt and wall. The conductive heat transfer rate depends on the 

thermal conductivity of the coating and containment materials. However, there is a 

lack of database of high temperature thermal conductivity of the containment 

materials, usually Inconel and Nickle based alloys, such as Incone 625 and 
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Hastelloy, etc. While there are several techniques for high temperature thermal 

conductivity measurement, such as the laser flash analysis (LFA) 24,25, transient 

hot-wire (THW) 26, hot-disk transient plane-source (TPS) 27,28, 3ω method 29-31, as 

well as the pump-probe time or frequency domain thermoreflectance 

(TDTR/FDTR) techniques 32-35,  they suffered from the intrinsic limitation of low 

sensitivity of thin coating and strict requirement of smooth surface. Therefore, they 

failed to measure the thermal conductivity of solar-absorbing coating. As such, 

engineers had to design the receiver based on the estimated thermal conductivity, 

putting the tens of million USD constructions under huge uncertainty in thermal 

performance. Therefore, it is imperative to develop a thermal conductivity 

measurement technique capable of measuring coating, containment materials and 

HTF under extreme conditions. 

 
Figure 1-1. Schematics of concentrating solar power plant. (a) Details of the solar 

receiver. The heat transfer medium is heated by the concentrated sunlight to high 

temperature after flowing through the receiver. For ceramic particles, sunlight is 

directly absorbed. For molten salt, sunlight is absorbed by the black coating on the 

surface of the tube and the flowing molten salt is heated up by heat transfer at the 

wall. (b) Details of the heat exchanger. The supercritical carbon dioxide (sCO2) is 

heated up by the hot heat transfer fluid flowing at the counter direction. The heat 

transfer coefficient is mainly determined by the thermal properties of the heat 

transfer fluid. 

 

The hot heat transfer fluid from the receiver is transferred to the heat 

exchanger as shown in Figure 1-1b. To achieve higher thermal efficiency, Brayton 
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cycle based on supercritical carbon dioxide (sCO2) is employed as opposed to the 

steam-based Rankine cycle at lower temperature before. The sCO2 is heated up by 

the hot fluids (either particles or molten salt) flowing in the opposite direction. The 

effective heat transfer coefficient (HTC) from HTF to sCO2 is estimated by36: 

𝑈 = (
1

ℎ𝑠𝑤
+
𝛿𝑤
𝑘𝑤
+

1

ℎ𝐶𝑂2𝑤
)

−1

 
(1-1) 

where ℎ𝑠𝑤  is the heat transfer coefficient between HTF and wall,  𝛿𝑤  is the 

thickness of wall, 𝑘𝑤 is the solid thermal conductivity of wall materials (which is 

usually high-temperature alloy), and ℎ𝐶𝑂2𝑤 is the heat transfer coefficient between 

the CO2 flow and wall. Due to small thickness of wall and high velocity of CO2 

flow, the major thermal resistance lies in the HTF-wall heat transfer. The ℎ𝑠𝑤 

depends on both the intrinsic bulk thermal conductivity of HTF and the fluid flow. 

Due to the high-temperature and corrosive nature, it has been challenging to 

measure the properties of molten salt using contact method. Besides, in most 

global measurement methods, only the effective heat transfer coefficient can be 

obtained while the details of the heat transfer mechanism are lost, limiting our 

ability to improve the thermal performance. For example, due to the discrete nature 

of particle flow, it has been well-known that there is near-wall thermal resistance 

close to the wall which worsen the ℎ𝑠𝑤 . Nevertheless, the near-wall thermal 

resistance of particle flow has not been quantified so far due to the lack of in-situ 

measurement capability. 

In the first part of this thesis, I developed a laser-based non-contact and 

non-destructive thermal characterization fool capable of measuring bulk materials, 

coating, flowing fluid and moving particle bed up to 700℃. In the modulated 
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photothermal radiometry (MPR), the sample is heated by an intensity-modulated 

laser to probe into different depths of the sample 37,38. The MPR uses the thermal 

emission from the specimen surface as the thermometry probe. In chapter 2, the 

instrumentation development of the MPR tool was described in detail. The 

capability, sensitivity and measurement uncertainty were rigorously analysed. I 

demonstrated the accurate MPR measurement on bulk materials and solar-

absorbing coatings. In chapter 3, the MPR tool was extended to measure flowing 

fluid in a tube. The intrinsic thermal conductivity of flowing fluid could be 

obtained without contact, manifesting the wide application scope of MPR from 

materials characterization to in-operando diagnostic of working agent in the CSP 

system, which is of significance for the safe operation of CSP plant. In chapter 4 

and 5, the MPR was used to measure the thermal conductivity of moving particle 

bed. For the first time, the near-wall thermal resistance was differentiated from the 

bulk thermal resistance of a moving particle bed. We proved that the diffusion-

driven granular motion was the micromechanical origin of near-wall thermal 

resistance of particle flow. The finding in these results provide helpful guidance 

for the thermal design of particle-based processes including CSP, thermochemical 

reactor and nuclear reactor, etc. 

1.2. Overview of hydrogels for water harvesting and thermal management 

Figure 1-2a shows the distribution of water resource on earth. It is seen that about 

96.5% of total water resource is in the seawater. Therefore, desalination of seawater has 

always been an attractive topic in face of the water scarcity. There are several prevailing 

desalination techniques being actively investigated, including reverse-osmosis, 
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membrane desalination, forward-osmosis, and evaporative desalination. Among them, 

forward-osmosis (FO) and evaporative desalination show the potential of using low-grade 

thermal heat for energy efficiency desalination and thus received extensive attention in 

the recent years. Forward-osmosis technology utilizes the osmotic pressure across the 

membrane to separate the salt and water molecules, and thus the FO flux is highly 

dependent on ionic strength of the draw agent. Conventionally, inorganic salts are used 

which yield a high FO flux of ~ 20 liter per m2 per hour (LMH). However, they suffered 

from the high energy consumption in the regeneration process to release the water from 

the draw agent, e.g., by ultrafiltration, membrane distillation or evaporation. to justify the 

sustainability of FO desalination, it is imperative to develop a new class of draw agents 

with lower regenerative energy consumption, especially from more abundant and low-

cost energy sources, such as thermal energy from the waste heat and sunlight. In chapter 

6, a thermo-responsive hydrogel-based draw agent was developed to achieve energy-

efficient forward-osmosis desalination. The new draw agent possessed unique lower 

critical solution temperature (LCST) phase transition at 35℃, above which the drawn 

water was released from the draw agent in the liquid phase to avoid the latent heat 

penalty. High FO flux was achieved by the multi-layer design to facilitate the heat and 

mass transfer kinetics. 

Solar-driven evaporative desalination directly converted solar energy to 

heat to evaporate the seawater. Recent progress in the interfacial heating by 

confining heat in a shallow layer of water in the solar evaporator39 significantly 

improve the thermal efficiency of solar evaporation to avoid conductive heat loss 

to the environment. However, most solar evaporators utilized the capillary pressure 
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in microporous matrix. Although the capillary pumping is able to provide high 

liquid flux, they suffered from two inherent challenges. Firstly, the liquid flux is 

limited by the tradeoff between the capillary pumping pressure and flow 

resistance, as the former scales inversely with the pore size (i.e., 1/d) and the latter 

as d2 for the same flow rate. Second, the micropores are easily blocked by the salt 

crystal during evaporation. Therefore, to enable the long-term stable operation of 

solar-driven evaporation, a new liquid supply mechanism rid of micropores should 

be developed. In chapter 7, a new liquid pumping mechanism, i.e., osmotic 

pumping, was proposed for simultaneous high liquid flux and salt rejection. We 

demonstrated high thermal efficiency, high liquid flux, and long operation time 

using the osmotic pumping method. 

 
Figure 1-2. Water resources on earth. (a) Water resource distribution on earth. (b) Water 

concentration in the atmospheric air. 

 

Although thermally driven desalination techniques are promising to solve 

the water-energy nexus in the coastal area, they are beyond reach in the inland 

area. As shown in Figure 1-2a, about 3% of the accessible fresh resources is 

trapped in air, which is about 6 times more than the total volume of fresh water 

preserved in river40. However, this resource has been less explored compared to 
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counterparts in river and lake. Figure 1-2b shows the water content in air as a 

function of temperature and relative humidity (RH) 41. For example, for at 𝑇𝑎 = 20 

℃ and RH = 60%, the moisture content is about 15 gwater m
-3, indicating that only 

200 m3 is needed to produce 3 L of water (daily water need for adult). Recent 

advance on hygroscopic materials opens the possibility to explore the water 

moisture in air by adsorption-desorption process. However, the high latent heat of 

water during the desorption process hinders the energy efficiency of the cycle. To 

solve this, we utilized the thermoresponsive hydrogel as sorbent to avoid the latent 

heat penalty. To improve the water yield, we significantly enlarge the effective 

surface area by coating thin hydrogel layer on a porous metal scaffold which 

improved heat and mass transfer kinetics. On the contrary, when a non- 

thermoreponsive hydrogel coating was used, due to the high latent heat during the 

desorption process, a significant amount of heat was carried away by the vapor, 

and thus, this design can also be used for passive thermal management of high-

power electronics. Based on the hydrogel-based adsorption-desorption process, we 

can demonstrate both water harvesting from air and thermal management of 

electronics on the same devices, with minor modification of the hydrogel coating. 

1.3. Thesis structure 

As shown in Figure 1-3, this thesis centres around thermal energy 

harnessing and management for water-energy nexus. This thesis is separated into 

two parts: 

Part I: Thermal transport in high-temperature media for concentrating 

solar power. 
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Chapter 2 introduces the instrumentation development of the high 

temperature measurement MPR tool in detail. The capability, sensitivity and 

measurement uncertainty were rigorously analysed. Thermal conductivity bulk 

materials and solar-absorbing coatings were measured up to 700℃. 

Chapter 3 describes the modified MPR system for flowing fluid in a tube. 

The intrinsic thermal conductivity of flowing fluid could be obtained without 

contact when the critical criteria was met. The modified MPR system provided an 

in-operando diagnostic tool of working agent in the CSP system, which is of 

significance for the safe operation of CSP plant. 

Chapter 4 describes the modified MPR for thermal conductivity 

measurement of stationary particle bed. Discrete element modelling of stationary 

particle bed was conducted to obtain the realistic packing structure of particle bed. 

Modelled thermal conductivity based on the realistic packing structure was 

compared to the experiment. 

Chapter 5 describes the modified MPR for thermal conductivity 

measurement of moving particle bed. The near-wall thermal resistance of moving 

particle bed was differentiated from the bulk thermal resistance. Discrete element 

modelling was conducted to explain the micromechanical origin of the near-wall 

thermal resistance. 

Part II: Hydrogel materials for water harvesting and thermal 

management.  
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Chapter 6 describes thermoresponsive hydrogel draw agent for for-ward 

osmosis. A multi-layer structure was introduced to improve the FO flux while 

maintaining the unique LCST phase transition of thermoresponsive hydrogel. 

Chapter 7 describes solar-driven evaporative desalination using 

polyelectrolyte hydrogel. Osmotic pumping effect was used instead of capillary 

pressure to achieved simultaneously high evaporative flux and salt-rejection ability. 

Long-term stable operation of the system was demonstrated. 

Chapter 8 describes adsorption-desorption based water harvesting and 

thermal management using hydrogel. A thin hydrogel layer was coated on a 

metallic scaffold with 100-1000-fold enhanced effective surface area. When 

coating the scaffold with thermoresponsvie hydrogel, we realized water harvesting 

from air. When coating the scaffold with non-thermoresponsive hydrogel, we 

developed a moisture thermal battery for passive thermal management of power 

electronics. 

 
Figure 1-3. Thesis structure centered around granular media and hydrogel materials for 

concentrating solar power, water harvesting and thermal management. 
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Part I: Thermal transport in high-temperature media for 

concentrating solar power 

2. Chapter 2: Instrumentation development of modulated 

photothermal radiometry  

2.1. Introduction 

Thermal transport at high temperatures is a significant process for many 

applications 42, such as concentrated solar power (CSP) plants 43,44, thermal energy 

storage 45, and thermal barrier coatings for gas-turbine engines 46. There are several 

established techniques for high temperature thermal conductivity measurement, such as 

the laser flash analysis (LFA) 24,25, transient hot-wire (THW) 26, hot-disk transient plane-

source (TPS) 27,28, 3ω method 29-31, as well as the pump-probe time or frequency domain 

thermoreflectance (TDTR/FDTR) techniques 32-35, etc. However, there are still limitations 

of these techniques under certain circumstances, for example, on samples with rough 

surfaces and at high temperature. In a typical LFA measurement, the thermal diffusivity 

could be obtained from the time delay of temperature rise at the backside of the sample 

upon pulsed heating. Although LFA is capable of measuring bulk materials with high 

throughput, it is insensitive to thin films 47,48 and the typical commercial LFA instrument 

can only measure samples with a thickness of ~ 100 μm or above 49,50. The 3ω method  29 

is another popular technique that is capable of measuring bulk materials and coatings 

with the thickness from 10 μm 51 down to 10-100 nm 52. However, the 3ω technique 

needs a thin metallic strip serving both as a heater and a thermometer, and thus it requires 

time-consuming microfabrication process that is sometimes not feasible for rough 
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surfaces 53. Besides, it is challenging to preserve the functionalities of the 3ω heater at 

high temperature in air. TDTR/FDTR are noncontact optical heating and sensing 

techniques to measure the thermal properties of both bulk and thin films. Thin films can 

be accurately measured with a short thermal penetration depth via either short time delay 

or high modulation frequency 33,34,54. However, the techniques also need a thin and 

optically smooth transducer layer (e.g., Au or Al) 55 for pump laser absorption and probe 

laser reflectance, which poses challenges at high temperature and for rough surfaces. The 

THW and TPS methods work well for rough surfaces, e.g., particles 56 and liquids 26, 

however, they rely on the electric resistance of heater/sensor wires (e.g., Pt wire for 

THW) in intimate contact with the sample, thus possessing a similar challenge in thermal 

stability as other contact methods.  

Photothermal radiometry (PTR) using either modulated (continuous wave) and 

pulsed laser is a well-known non-destructive and non-contact thermal characterization 

tool for bulk materials 37,57, thin film specimens 58-60 and superlattices 61, and interfacial 

thermal resistance 62, etc. In the modulated photothermal radiometry (MPR), the sample 

is heated by an intensity-modulated laser to probe into different depths of the sample 37,38. 

The MPR uses the thermal emission from the specimen surface as the thermometry 

probe. While this thermometry approach does not have the high spatial resolution offered 

by the thermoreflectance method, it is not affected by the stability issue of thermal 

transducers and surface roughness as in the 3ω method and the thermoreflectance 

techniques. Therefore, MPR can serve as an attractive and convenient alternative for 

measuring thermal conductivity of rough or porous samples at high temperature. While 

MPR has been previously established, most of the previous studies only focus on the 
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measurement at room temperature 37,57,63 despite a few reports on the pulsed photothermal 

radiometry at the elevated temperature 64. Due to the intrinsically non-linear relationship 

between the infrared (IR) emissive power (𝐸𝑎) and temperature, i.e., 𝐸𝑎~𝑇𝑜
3 for surface 

temperature oscillating around the baseline sample temperature of 𝑇𝑜, the emission signal 

increases substantially at higher temperatures for MPR, leading to a greater measurement 

sensitivity at higher temperature, which is advantageous over many other techniques. In 

the meantime, there are also perceived challenges associated with high-temperature MPR 

measurement, including a suitable sample holder with good temperature uniformity 

within the measurement spatial window and a suitable black laser absorption and IR 

emission coating suitable at high temperature in air.  

In this chapter, we demonstrate the MPR measurement of bulk materials and 

coatings up to 973 K. The MPR setup is carefully designed for high temperature 

measurement with consideration of heat loss and temperature uniformity. We first 

calibrate the MPR system by measuring common bulk solids, including borosilicate glass 

29,65,66, Pyroceram 9606 67,68, 8 mol% Y2O3 stabilized ZrO2 (8YSZ)  69  and stainless steel 

304  (SS304) 70, to confirm the acceptable measurement error from MPR (< 10%). 

Subsequently, we measure several solar-absorbing coatings, including Pyromark 1200, 

Pyromark 2500, and black spinel oxide  (Cu0.5Cr1.1Mn1.4O4) coatings synthesized before 

by the authors 23, with variation in the substrate materials and coating thickness. We find 

that the thermal conductivities for these coatings are in the range of 0.4 - 0.8 W m-1 K-1 

from room temperature to 700 oC, depending on the compositions and temperature, 

indicating a possibly considerable temperature drop within the coatings for high-

temperature CSPs. The MPR technique reported here can provide a facile thermal 
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conductivity diagnostic tool for high temperature materials with broad applications, such 

as CSP, nuclear reactors, and thermal barrier coating for turbines, etc. It sets the 

foundation for the measurement of flowing fluid, stationary particle bed, and moving 

particle bed in the later chapters. 

2.2. Instrumentation development and configuration 

2.2.1. Principle of MPR Measurement 

Figure 2-1 shows the principle of the MPR measurement on a two-layer sample. 

The sample is heated up by the intensity-modulated laser qs, leading to the oscillation of 

the surface temperature rise 𝜃𝑠 of the sample at the same frequency (𝑓) of the heating 

laser. Thermal emission from the sample surface is collected by and IR-detector which 

will be used to calculate the 𝜃𝑠. For a two-layer sample with thicknesses of 𝐿1 and 𝐿2 for 

the top layer and the substrate respectively, the laser flux is assumed to be absorbed at the 

surface of the first layer. The light absorbing coatings (10-50 μm) on the sample surfaces 

are based on Pyromark 1200, Pyromark 2500, and a black spinel oxide 

(Cu0.5Cr1.1Mn1.4O4) 
23. The coating has small skin depth (< 5 μm 21,22 ) at the laser 

wavelength. Therefore, the assumption of the surface heat flux is valid. To simplify the 

problem to one-dimensional (1D) heat transfer, one has to make sure that the thermal 

penetration depth, 𝐿𝑝 = √2𝛼/𝜔, where α is the thermal diffusivity and ω is the angular 

frequency,  is much smaller than the laser spot size, which is around 6 mm in this 

experiment. The thermal penetration depth can be adjusted by changing the modulation 

frequency of the incident laser. For example, at low frequency where 𝑙1 ≪ 𝐿𝑝 < 𝑙1 + 𝑙2, 

the thermal response is mainly determined by the property of the second layer (i.e., 

substrate). We also control 𝐿𝑝 to be smaller than the total thickness of sample to avoid the 



16 
 

backside effect (i.e., utilizing the adiabatic boundary condition on the backside). At high 

frequency where 𝐿𝑝 < 𝑙1, the thermal response is only sensitive to the first layer (i.e., 

coating). By modulating the thermal penetration depth, we can probe into different layers 

of the sample. 

The 1D heat transfer model for a multi-layer sample with the adiabatic boundary 

condition on the back side and heating on the front side is 50,71: 

𝜃𝑠 = −
𝑑

𝑐
𝑞𝑠                                                                         (2-1) 

where 𝜃𝑠 is the surface temperature oscillation defined as 𝜃𝑠 = 𝑇𝑠–𝑇𝑜; 𝑇𝑠 is the transient 

surface temperature and 𝑇𝑜 is the baseline surface temperature by the cartridge heaters 

and DC component of the laser heating; 𝑞𝑠 is the AC component of the laser heat flux; d 

and c are elements in the following transfer matrix: 

𝑀 = (
𝑎 𝑏
𝑐 𝑑

) = 𝑀𝑛𝑀𝑛−1⋯𝑀𝑖⋯𝑀1                                                      (2-2) 

where 𝑀𝑖 is the transfer matrix for the ith layer with the subscript 1 for the top layer and n 

for the bottom layer. For the two-layer sample shown in Figure 2-1b, the first layer is the 

coating and the second layer is the substrate. The transfer matrix 𝑀𝑖  is expressed as 

follows: 

𝑀𝑖 = (
cosh (𝐷𝑖√𝑗𝜔) −

sinh(𝐷𝑖√𝑗𝜔)

𝑒𝑖√𝑖𝜔

−𝑒𝑖√𝑗𝜔 sinh(𝐷𝑖√𝑗𝜔) cosh (𝐷𝑖√𝑗𝜔)
)                                                      (2-3) 

where 𝐷𝑖 =
𝑙𝑖

√𝛼𝑖
, 𝑙𝑖 and 𝛼𝑖 are the thickness and thermal diffusivity of the ith layer. j is the 

imaginary. 𝑒𝑖 is the thermal effusivity of the ith layer. 

In the MPR measurement of solar-absorbing coatings on a substrate, the coating 

absorbs the laser flux and emits thermal radiation. Therefore, the multi-layer model is 
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reduced to the two-layer model assuming that the substrate is a semi-infinite medium 

(adiabatic boundary condition on the back side): 

𝜃𝑠 =
𝑞𝑠

𝑒𝑓√𝑖𝜔
[
𝑒𝑓 cosh(𝐷𝑓√𝑗𝜔)+𝑒𝑠sinh (𝐷𝑓√𝑗𝜔)

𝑒𝑓 sinh(𝐷𝑓√𝑗𝜔)+𝑒𝑠cosh (𝐷𝑓√𝑗𝜔)
]                                                  (2-4) 

where 𝑒𝑓 and 𝑒𝑠 are thermal effusivities of the coating and the substrate, respectively; 𝑞𝑠 

is laser heat flux; 𝐷𝑓 =
𝑙𝑓

√𝛼𝑓
 , where 𝛼𝑓  is the thermal diffusivity of the coating; 𝑎𝑓 =

𝑘𝑓 (𝜌𝑓𝑐𝑓)⁄  , where 𝜌𝑓, 𝑐𝑓 and 𝑘𝑓 are the density, specific heat, and thermal conductivity 

of the coating, respectively. Notably, The measurement for bulk material is conducted at 

the low frequency range (1 Hz < f < 20 Hz) with 𝐿𝑝 ≫ 𝑙𝑓, where 𝑙𝑓 is the thickness of the 

coating. Under this condition, Equation 2-4 is reduced to Equation 2-5 at the low 

frequency limit with 𝐿𝑝 ≫ 𝑙𝑓 .  

𝜃𝑠 =
𝑞𝑠 exp(−

𝜋

4
𝑖)

𝑒𝑠√𝜔
+
𝑞𝑠𝑙𝑓

𝑘𝑓
                                                                     (2-5) 

where the first term on the right-hand side depends on the thermal effusivity of the 

substrate (𝑒𝑠 = √𝜌𝑠𝑐𝑠𝑘𝑠) and is proportional to 𝜔−1/2 while the second term depends on 

the properties of the coating and is frequency independent. To obtain the thermal 

properties of the coating (𝑒𝑓and 𝑎𝑓), the thickness of the coating and the laser flux were 

measured separately, which contributes to the measurement uncertainty, as we shall 

discuss in the Section 2.3.3. 𝑘𝑓 and 𝜌𝑓𝑐𝑓 can be determined from the measured 𝑒𝑓 and 𝑎𝑓. 
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Figure 2-1. Principle of MPR measurement on a two-layer sample. 

 

2.2.2. Details of MPR System 

Figure 2-2 shows the schematics of the MPR system and the principle of the 

measurement. As shown in Figure 2-2a, a continuous wave (CW) diode laser (Naku 

Technology Co., Ltd, CivilLaser, 445 nm, 6 W, frequency range: 0-30 kHz ,blue fiber-

coupled laser) is driven by a waveform-generator (Agilent 33120A), providing a 

sinusoidal wave with intensity modulation at the frequency of 𝑓 . Before heating the 

sample surface, the laser beam is homogenized to a top-hat profile using a homogenizer 

(EKSMA Optics, GTH-3.6-1.75FA). The laser spot size is controlled to be around 6 mm 

in diameter. The sample is heated up by the modulated laser flux, leading to the 

oscillation of the surface temperature rise 𝜃𝑠 of the sample at the same frequency (𝑓) of 

the heating laser. Thermal emittance from the sample surface is collected with a pair of 

parabolic mirrors (Thorlab Inc., MPD169-G01, focal length of 3 inches) and focused to a 

high-speed HgCdTe (MCT) detector (Kolmar Technologies, Inc., KMPV11-0.25-

J1/DC70). The IR detection spot size on the sample is estimated to be ~0.5 mm in 

diameter. The samples are coated with a thin black absorbing coating (10-50 μm) serving 
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as a transducer layer with high visible absorptance at the laser wavelength (> 97%) and 

infrared thermal emittance (>90%) 23, as shown in Figure 2-2a. The coating is also stable 

up to 800 oC in air 23 for high-temperature operation.  A  germanium (Ge) filter (Thorlab 

Inc., WG91050-G) is placed in front of the MCT detector to filter short-wavelength light, 

such as the small reflection of the incident laser from the sample surface and the ambient 

light. The surface temperature rise 𝜃𝑠 is obtained from measuring the emitted power from 

the surface. The relationship between the measured voltage signal from the MCT detector 

and the surface temperature is calibrated using a pyrometer (Lumasense Technologies 

IGA 320/23-LO) that can also measure the temperature of the central area of 1 mm2 

within the laser spot. Thermal response signal (in voltage) from the MCT detector is 

recorded using a lock-in amplifier (Stanford Research System SR830) with the sinusoidal 

signal from the waveform-generator serving as the reference signal. The photograph of 

MPR system is shown in Figure 2-3. 

   

 
Figure 2-2. Details of MPR system. (a) Configuration of MPR system. (b) Photograph 

(top) and schematic (bottom) of the high-temperature sample holder for the MPR 

measurement. Samples are placed at the center of the holder made of Inconel 625 alloy.  
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Figure 2-3. Photograph of the MPR setup. Inset: MCT infrared detector and a pair of 

parabolic mirrors. 

 

A sample holder is designed for high temperature measurement up to 973 K in air. 

Figure 2-2b shows the photograph of the sample holder (top) and the cross-section view 

of the holder (bottom). The sample is made of a cover plate, a bottom plate, a block, and 

a sample stopper, all made of Inconel 625 alloy due to its high temperature stability in air. 

The cover plate and the bottom plate create a cavity to house the block and the disk-

shaped sample of 10 mm in diameter. The sample is pressed by the sample stopper to 

make good contact with the underlying block. The sample stopper has a circular opening 

slightly smaller than the sample diameter for optical access. The entire setup is assembled 

using screws that tighten the cover plate and the bottom plate. The two plates are 

embedded with seven cartridge heaters of 6 mm in diameter providing a total power up to 

420 W. The back and sides of the sample holder are wrapped by 10 mm thick glass fiber 

to reduce heat loss. The front surface of the sample is exposed for optical access.  

The sample holder is designed to ensure the temperature uniformity in the sample. 

The temperature uniformity of the sample holder is verified by finite element modeling 
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using COMSOL. It is important to validate the temperature uniformity because it 

represents the characteristic temperature of the sample, which strongly influence the 

thermal properties of the materials. Figure 2-4 shows more details of the sample holder 

with the mounting posts. We simulate the temperature distribution in the sample using the 

parameters listed in Table 2-1 using COMSOL Multiphysics, with the heat transfer in 

solid module. The heat transfer coefficient for the sample surface is 120.6 W·m-2·K-1, 

including both the radiation and convection heat transfer coefficient for heat loss. All the 

other surfaces are assumed to be convection heat transfer only (ℎ𝑐𝑜𝑛𝑣 =47.6 W·m-2·K-1), 

because of the radiation effect due to the low thermal emissivity of Inconel alloy surface. 

The radiation heat transfer coefficient is calculated by: 

ℎ𝑟 = 𝜀𝜎(𝑇0
2 + 𝑇𝑎𝑖𝑟

2 )(𝑇𝑜 + 𝑇𝑎𝑖𝑟)                                                    (2-6) 

and the natural convection heat transfer coefficient is calculated by: 

ℎ𝑐𝑜𝑛𝑣 = 1.43 (
Δ𝑇

𝐿
)

1

4
                                                                    (2-7) 

where 𝑇𝑜 is the sample surface baseline temperature (~1000 K) without the leaser heating 

and 𝑇𝑎𝑖𝑟 is the ambient air temperature (300 K). ΔT is the difference between 𝑇𝑜 and 𝑇𝑎𝑖𝑟. 

L is the characteristic length of sample holder. The heater power is set to be 170 W and 

the DC components of the laser power varied from 2 W to 7 W to heat up the sample to 

above 1000 K. 
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Figure 2-4. Details of the sample holder for the high temperature measurement. The 

sample surface has both radiation and convection heat transfer conditions (ℎ =120.6 

W·m-2·K-1) and all the other surfaces are assumed to be convection heat transfer only 

( ℎ𝑐𝑜𝑛𝑣 = 47.6 W·m-2·K-1), because of the radiation effect due to the low thermal 

emissivity of Inconel alloy surface. 

 

Table 2-1. COMSOL simulation parameters for sample holder at high temperature. 

Operational Conditions 

Parameter Value 

Heater Power 170 [W] 

Laser Power 2 – 7 [W] 

Convective Heat Transfer Coefficient 

(ℎ𝑐𝑜𝑛𝑣) 
47.6 [W·m-2·K-1] 

Radiative Heat Transfer Coefficient (ℎ𝑟 ,
𝑎𝑡 𝑇𝑠 = 1000 𝐾) 

73 [W·m-2·K-1] 

Heat Transfer Coefficient on Sample 

Surface (ℎ) 
120.6 [W·m-2·K-1] 

Ambient Temperature 293.15 [K] 

Materials 

Sample Borosilicate Glass 

Sample Holder Inconel 625 

Insulation Glass Fiber 

Heater Copper 
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Figure 2-5a shows the COMSOL simulation results for the temperature 

distribution inside the sample holder when the heater power is 170 W and the DC laser 

power is 2 W, which results in sample surface temperature Ta of around 1050-1100 K. It 

is noted that the DC laser power, set at 2 W in this work, was inevitable to avoid the 

truncation of the AC component of laser power in our measurement. The laser spot size is 

set to be 6 mm in diameter. Both the convective and radiative heat losses from the surface 

are considered. Figure 2-5b and 2-5c show the simulated temperature distribution within 

the sample (SiO2) with diameter of 10 mm and thickness of 1.5 mm. Figure 2-5b shows 

the temperature distribution along the thickness direction at the center of the sample. Due 

to the heat loss from the sample surface and the fact that the heating power is applied 

from the sides and the back of the sample, there is a temperature gradient along the 

thickness direction. In our measurement, the sample surface was coated with a black light 

absorbing coatings for laser absorption and thermal emission 23, which led to a 

considerable radiative heat loss. Temperature gradient within the Inconel block is smaller 

than that within the sample due to the higher thermal conductivity of Inconel. Since some 

of the heat loss is compensated by the DC component of the laser heating (2 W), the 

maximum temperature difference within the sample is about 10 K. In actual 

measurements, we only consider the temperature uniformity within the thermal 

penetration depth, which is generally less than 0.5 mm at 1 Hz, the lowest frequency used 

in our measurements (e.g., for glass with thermal diffusivity of ~ 0.6 mm2 s-1, the 

penetration depth is ~ 0.3 mm at 1 Hz). Within this penetration depth, the temperature 

difference is less than 5 K, indicating negligible temperature non-uniformity along the 

thickness direction. Figure 2-5c shows the temperature distribution on the surface of the 
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sample along the lateral direction. In general, the temperature decreases from the center 

to the edge due to the laser heating effect until it is 4 mm away from the center where the 

sample is mainly heated up by the cartridge heaters. The maximum temperature 

difference along the lateral direction is ~ 45 K. In the actual measurement, the MPR 

detector focuses on the center of the sample with the detection spot of about 0.5 mm in 

diameter. Within the IR detection spot, the temperature difference is less than 5 K, 

indicating negligible temperature difference along the lateral direction. Overall, the above 

analysis indicates that the temperature difference is less than 5 K, along both the lateral 

and normal directions, within the sample up to 973 K in the frequency range of interest 

(i.e., > 1 Hz).  

 
Figure 2-5. Finite-element simulation using COMSOL for the temperature distribution in 

the high-temperature sample holder. (a) Temperature profile of the sample holder with 

the heater power of 170 W and the DC component of laser power of 2 W. The upper row 

shows the external surface while the lower row shows the cross-section of the holder. (b) 

Temperature distribution within the sample along the thickness direction. (c) 

Temperature distribution along the radial direction on the sample surface.  
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While the DC component of the laser power is set to be 2 W throughout our 

measurement, the temperature non-uniformity can be further reduced with higher DC 

laser power to compensate the heat loss as shown in the Figure 2-6. Figure 2-6a and 2-6b 

show the temperature distribution within the sample using different DC components of 

laser power from 2 W to 7 W, along the sample thickness direction and radial direction, 

respectively. It is noted that the minimum DC component of laser power is 2 W because 

the AC component of laser power in our measurement is ~ 2 W. We already showed in 

the manuscript that the temperature non-uniformity is acceptable using DC laser power of 

2 W. As shown in Figure 2-6a, the temperature difference in the thickness direction can 

be further reduced from ~ 15 K to 5 K with the DC laser power increasing from 2 W to 4 

W. At the DC laser power of 7 W, the surface temperature is even higher than that within 

the sample because the laser power is higher than the heat loss. As shown in Figure 2-6b, 

the maximum temperature difference along the lateral direction on the sample surface 

increases with increasing DC laser power because the lases spot is smaller than the 

sample size. However, temperature difference within the IR detection spot is negligible 

for all the DC laser power. Overall, we conclude that it is suitable to apply the DC laser 

power of 2 W based on our current configuration. The grid independence test has been 

conducted by changing the mesh sizes until the simulation results converged. 



26 
 

 
Figure 2-6. Temperature distribution in the sample with different laser power from 2 W 

to 7 W. (a) Temperature distribution within the sample in the thickness direction. (b) 

Temperature distribution along the radial direction on the sample surface. 

 

2.2.3. Data reduction and sensitivity analysis 

(a) Measurement of bulk materials 

According to the Equation 2-5, we can obtain 𝑒𝑠 from the slope (𝑚𝑠) of the |𝜃𝑠| vs 

𝜔−
1

2 plot, i.e.: 

𝑚𝑠 =
𝑑|𝜃𝑠|

𝑑𝜔−1 2⁄                                                                           (2-8) 

Since 𝑚𝑠 is only proportional to 𝑒𝑠
−1 for the same 𝑞𝑠, we can obtain the thermal 

effusivity of an unknown sample by comparing it to a known reference sample without 

measuring the heat flux and calibrating the surface temperature. This reduces the 

measurement uncertainty if the reference sample is well-known 33, because there is no 

need to measure the laser power and spot size separately. In this case, the thermal 

effusivity of the unknown sample could be obtained by: 

𝑒𝑠 =
𝑚𝑟𝑒𝑓

𝑚𝑠
𝑒𝑟𝑒𝑓                                                                       (2-9) 

where 𝑒𝑠 and 𝑒𝑟𝑒𝑓  are denoted as the thermal effusivities of the unknown sample 

and the reference sample respectively; 𝑚𝑠 and 𝑚𝑟𝑒𝑓  are the slope of |𝜃𝑠| vs 𝜔−1/2 
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curves for the unknown sample and the reference sample, respectively. We also 

separately measured the thermal diffusivities 𝛼𝑟𝑒𝑓  of Pyroceram 9606 from 297K 

to 973K using a laser flash analyzer (NETSCH LFA 467) as shown in Figure 2-7a, 

which showed very close results compared to Refs. 67,68. We used the specific heat 

data 𝑐 from Refs. 67,68. The thermal effusivity of Pyroceram 9606 can be obtained 

by 𝑒𝑟𝑒𝑓 = √𝛼𝑟𝑒𝑓(𝜌𝑐)2 as shown in Figure 2-7b. The measured 𝑒𝑟𝑒𝑓 will be used as 

the reference value for other samples. 

 

Figure 2-7. Thermophysical properties of Pyroceram 9606. (a) Thermal effusivity 

measured using LFA and specific heat quoted from Ref. 72. (b) Thermal effusivity of 

Pyroceram 9606 calculated from the thermal diffusivities and specific heats.  

 

(b) Measurement of soar-absorbing coatings 

We demonstrate the high temperature MPR measurement of coatings by 

measuring the solar-absorbing coatings, including Pyromark 1200, Pyromark 2500, and 

black spinel oxide (Cu0.5Cr1.1Mn1.4O4), all of which are suitable for high temperature 

CSP. Both the Pyromark 1200 and Pyromark 2500 (Tempil Co., USA) are state-of-the art 

solar-absorbing coatings for commercial CSP solar towers. They are silicone-based paints 

with high solar absorptance and good stability at high temperature in air. The 

Cu0.5Cr1.1Mn1.4O4 coating is made from black spinel oxide nanopowder, as reported by 
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the authors previously23. We prepared Pyromark and black spinel oxide coatings 

following the same procedures reported in Refs.23,73. Briefly, the Pyromark/black spinel 

oxide paints were dissolved in a mixture of organic solvents (xylene, toluene and 

isobutanol) and a resin (SILIKOPHEN), and were then spray-coated onto different 

substrates with controlled thickness. Subsequently, all the samples were annealed in a 

furnace up to 600 ℃ for curing. All the chemicals are procured from commercial 

providers, as reported in Ref. 23. Different from the bulk material measurements, we 

sweep the modulation frequency from 1 to > 1000 Hz and fit the thermal response curve 

with Equation 2-4 to directly obtain both ef and 𝐷𝑓. Since 𝐷𝑓 is related to the thermal 

diffusivity by 𝐷𝑓 =
𝑙𝑓

√𝛼𝑓
, 𝛼𝑓 can be obtained with the knowledge of the coating thickness 

𝑙𝑓. Subsequently, the 𝑒𝑓  and 𝛼𝑓  will be used to calculate the thermal conductivity and 

volumetric heat capacity of the coatings. It is noted that in this measurement, the absolute 

value of the surface temperature oscillation |𝜃𝑠|  is used, which requires addition 

calibration using a high-temperature pyrometer since the output of the MCT detector is 

voltage. Figure 2-8a shows the signal of the MCT detector for a 53 μm thick Pyromark 

1200 coating on an 8YSZ at a baseline sample surface temperature of 200 oC, within the 

frequency range from 1 Hz to 300 Hz. However, we only measure the surface 

temperature oscillation up to 20 Hz using the pyrometer because the signal measured by 

the pyrometer is distorted at higher frequency. The emittance of the coating is set at 0.9 

for the pyrometer based on the measurement results on the optical properties of the 

coatings reported by us before74,75. We chose the frequency range from 1 to 12 Hz to 

calibrate the MCT as shown in Figure 2-8b the VIR and |θs| at the same frequency are 
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plotted at the same dot. The calibration equation is thus obtained as follows with the R2 

for the linear fitting greater than 0.995: 

13.099 2.1179s IRV = +  (2-10) 

where VIR is in the unit of mV. 

We then extrapolate the calibration curve from 12 Hz to 300 Hz for the signal of 

the MCT detector using the calibration equation above and obtain the |θs| from 1 to 300 

Hz as shown in Figure 2-8c. 

 

Figure 2-8. Calibration of the MCT detector using a pyrometer for 53 μm thick Pyromark 

1200 on an 8YSZ substrate at 200 oC. (a) Signals from the MCT and pyrometer. The 

output from the MCT is voltage (shown on the left y axis) while that for the pyrometer is 

temperature (shown on the right y axis). The MCT detector sweeps the frequency from 1 

Hz to 300 Hz while the pyrometer only scans up to 12 Hz due the limited of the response 

time.  (b) Calibration curve shown as VIR vs |θs|. (c) |θs| from 1 to 300 Hz by calibrating 

the signal from the MCT detector using the calibration equation (Equation 2-10). 

 

To further confirm the accuracy of our measurement, we also validate the fitting 

results for thermal conductivity using the intercept in the low frequency limit (Equation 

2-5) as to be discussed in chapter 2.3.3. In addition, in frequency-domain measurement, 

the phase signal was widely used to extract the thermal properties because the calibration 

process was waived. However, in our measurements, we measure both the bulk and 

coating materials. In bulk materials under the 1-D planar heat source heat transfer 

assumption, the phase lag is always 45° and thus we cannot extract the thermal properties 
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of the bulk materials. In the coating measurements, we can also extract the thermal 

properties of the coatings using the phase signal, using Equation 2-4, i.e., 
𝐼𝑚(𝜃𝑠)

𝑅𝑒(𝜃𝑠)
 instead of 

|𝜃𝑠| . While this is not applicable to bulk materials, we compared the thermal 

conductivities of coatings measured by the phase and amplitude signals to confirm the 

accuracy our measurement based on the amplitude of thermal response as to be discussed 

in chapter 2.3.3. 

(c) Sensitivity analysis 

Figure 2-9 shows the sensitivity analysis, simulated for the MPR measurement on 

a 40 μm thick Pyromark 1200 coating on a SS304 substrate, with the following 

simulation parameters:𝑒𝑓 = 900 J s-1/2 m-2 K-1, 𝑎𝑓= 0.3 mm2 s-1 , and 𝑒𝑠 = 8703 J s-1/2 m-2 

K-1. As shown in Figure 2-9a, the thermal response can be delineated into three regions, 

i.e., i) the substrate-dominated region in the low frequency range with 𝐿𝑝 > 100 μm, 

where the thermal response is dominated by the properties of the substrate, indicated by 

the small slope; ii) the transitional region in the intermedium frequency range with 40 μm  

< 𝐿𝑝 < 100 μm, where the thermal response is sensitive to both the substrate and the 

coating its slope changes rapidly; and iii) the coating-dominated region in the high 

frequency limit with 𝐿𝑝 <  40 μm, where the thermal response is dominated by the 

properties of the coating, as indicated by the large slope. The phase of the thermal 

response as shown in Figure 2-9b deviates from 45° at the low frequency due to the 

existence of the coating but converges to 45° at high frequency, where the penetration 

depth is much smaller than the coating thickness and the heat transfer model is reduced to 

that in a homogeneous material (i.e., the coating). Figure 2-9c displays the sensitivity of 
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the amplitude of thermal response to 𝑒𝑓, 𝛼𝑓 and 𝑒𝑠, respectively. The sensitivity of |𝜃𝑠| is 

defined as: 

𝑆𝜃 =
Δ|𝜃𝑠| /|𝜃𝑠|

Δ𝛾/𝛾
                                                                          (2-11) 

where |𝜃𝑠|  is the amplitude of surface temperature oscillation, 𝛾 is the thermal property, 

which can be 𝑒𝑓, 𝛼𝑓 or 𝑒𝑠.  For example, the sensitivity on 𝑒𝑓 of 1 means that 1% change 

in 𝑒𝑓 leads to 1% change in |𝜃𝑠| . Figure 2-9d shows the sensitivity of the slope 𝑚 of the 

|𝜃𝑠|  vs 𝜔−
1

2  curve to 𝑒𝑓, 𝛼𝑓 and 𝑒𝑠,  respectively. The sensitivity of 𝑚 is defined as: 

𝑆𝑚 =
Δ𝑚/m

Δ𝛾/𝛾
                                                                           (2-12) 

As expected, Figures 2-9c and 2-9d show that both the |𝜃𝑠|   and 𝑚 are sensitive 

to 𝑒𝑠 in the low frequency limit (long thermal penetration depth) and to 𝑒𝑓 in the high 

frequency limit (short thermal penetration depth), while they are most sensitive to 𝛼𝑓 

within the transitional frequency range, because 𝛼𝑓  directly dictates the thermal 

penetration depth.  
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Figure 2-9. Simulation of the thermal response and the sensitivity analysis for a 40 μm 

Pyromark 1200 coating on a SS304 semi-infinite substrate. (a) |𝜃𝑠| (left y-axis) and slope 

𝑚 of the |𝜃𝑠|  vs 𝜔−1/2 curve (right y-axis) as a function of 𝜔−1/2 (bottom x-axis), and 

the corresponding thermal penetration depth in the coating (𝐿𝑝 = √2αf/𝜔, top x-axis)). 

(b) Phase of thermal response. (c) Sensitivity of |𝜃𝑠| on 𝑒𝑓, 𝛼𝑓 and 𝑒𝑠. (d) Sensitivity of 

𝑚 on 𝑒𝑓, 𝛼𝑓 and 𝑒𝑠. 

 

2.3. Results and Discussions 

2.3.1. Systematic error of MPR measurements 

This section presents the analysis of systematic error of the MPR 

measurement. Typical measurement uncertainty of MPR is found to be ~ 10%, 

validating that the MPR technique is a feasible alternative for high temperature 

measurement and for samples with rough surface. The measurement uncertainty 
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including both the systematic and random error which is the standard deviation of 

repeated tests to be discussed in section. 

(a) Systematic error of measurement of bulk materials 

Thermal effusivity of bulk materials are measured by comparing the slope 𝑚 of 

thermal response curve |𝜃𝑠|  vs 𝜔−1/2  to a reference sample as shown in Equation 2-9.  

In this study, we used Pyroceram 9606 as the reference sample because its thermal 

properties were well-known with a small scattering in literature values of < 3% 67,68. 

Although the emissive power from the sample surface is intrinsically non-linear to |𝜃𝑠|, it 

can be assumed linear within a narrow range of |𝜃𝑠| , i.e., amplitude of the surface 

temperature rise due to the AC laser heating. Since the output voltage 𝑉𝐼𝑅  of the IR 

detector is proportional to the received emissive power, it can be expressed as: 

𝑉𝐼𝑅 ∝ 4𝜀𝜎𝑇𝑜
3|𝜃𝑠|                                                                     (2-13) 

where 𝜀 is the thermal emittance of sample surface, σ is the Stefan-Boltzmann constant. 

Therefore, instead of comparing the slopes of the |𝜃𝑠|  vs 𝜔−1/2  curves, we can directly 

compare the slopes of the  𝑉𝐼𝑅 vs 𝜔−1/2 curves without doing the calibration for the IR 

detector, namely, 

𝑒𝑠 =
𝑚̃𝑟𝑒𝑓

𝑚̃𝑠
𝑒𝑟𝑒𝑓                                                                          (2-14) 

where 𝑚̃ is the slope of 𝑉𝐼𝑅 vs 𝜔−
1

2 curve (as opposed to 𝑚, the slope of |𝜃𝑠| vs 𝜔−
1

2  in 

Equation 2-8). By comparing the 𝑚̃ between the unknown sample and the reference 

sample, we can obtain 𝑒𝑠  without calibrating the IR detector or knowing |𝜃𝑠| . The 

systematic measurement error therefore depends on the measurement accuracy of MCT 

(~ 3% due to the fluctuation of the ambient temperature and instrumentation noise) and 

the accuracy of the 𝑒𝑟𝑒𝑓 for the reference Pyroceram 9606 sample (~ 3%) 67,68. Since both 



34 
 

the 𝑚̃𝑟𝑒𝑓and 𝑚̃𝑠are linear to the MCT signal, their uncertainties are also estimated to be ~ 

3%. The systematic measurement error of bulk materials using MPR is calculated to be ~ 

5.8% by the error propagation shown in Equation 2-15. To obtain the overall 

measurement uncertainty, the random error also needs to be considered, which will be 

discussed in chapter 2.3.2. 

Δ𝑒𝑠

𝑒𝑠
= √2(

Δ𝑚̃

𝑚̃
)
2

+ (
Δ𝑒𝑟𝑒𝑓

𝑒𝑟𝑒𝑓
)
2

                                                             (2-15) 

(b) Systematic error of measurement of coatings 

 The thermal effusivity and thermal diffusivity of coating are obtained by fitting 

the thermal response curve |𝜃𝑠| vs 𝜔−
1

2 from 1 Hz to 2 kHz using the least mean square 

method where the coefficient of determination, or 𝑅2, was maximized. Different from the 

measurements of bulk materials, both the absolute value of the temperature and the laser 

heat flux are used for the data fitting. Therefore, the MCT detector was calibrated using a 

pyrometer in advance. The pyrometer could respond to the temperature oscillation below 

20 Hz without waveform distortion; while at higher frequency (e.g., > 100 Hz), the signal 

would be distorted due to the long response time of the pyrometer. Therefore, 𝜃𝑠,𝑒𝑥𝑝
 at 

high frequency was obtained by extrapolating the calibration curve obtained from 1 – 12 

Hz. The calibration procedure is shown in detail in the Figure 2-8. 

At the low frequency limit, the thermal conductivity of the coating can also be 

obtained from Equation 2-5 using the intercept, where the measurement uncertainty is 

given by: 

Δ𝑘𝑓

𝑘𝑓
= √(

Δ𝑞𝑠

𝑞𝑠
)
2

+ (
Δ𝑙𝑓

𝑙𝑓
)
2

+ (
Δ𝑏

𝑏
)
2

                                                         (2-16)                                                      
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where 𝑏 =
𝑞𝑠𝑙𝑓

𝑘𝑓
  is the y-intercept of the 𝜃𝑠 𝑣𝑠. 𝜔

−1/2 plot according to Equation 2-5. To 

obtain the thermal properties of the coating (𝑒𝑓 and 𝛼𝑓), the thickness of coating and the 

laser flux were measured separately, which contributed to the measurement uncertainty. 

Although the laser power could be accurately measured with an integrating sphere, it is 

much more difficult to measure the exact laser spot size accurately, leading to a large 

uncertainty in the laser heat flux 33. Since the laser flux is proportional to the thermal 

effusivity of the reference sample, the uncertainty of laser heat flux is also 3%, the same 

as the measurement for bulk materials. The uncertainty of the coating thickness is 4.4% 

due to the porous and non-uniform nature of the coating introduced from the spray-

coating process. The uncertainty of b is related to the error of 𝜃𝑠 introduced by the linear 

regression as follows: 

𝛥𝑏2 =
𝑆𝜃𝑠
2

𝑁

1

1 −
1(∑𝑥𝑖)

2

𝑁∑𝑥𝑖
2  
  

(2-17) 

where N is the number of frequency points in a single measurement and 𝑥𝑖 = √
1

𝜔𝑖
.    

The uncertainty of 𝑏 =
𝑞𝑠𝑙𝑓

𝑘𝑓
 is estimated from three specific measurements: 

(a) 39 μm Pyromark 1200 on Pyroceram at 473 K (b) 39 μm Pyromark 1200 on 

Pyroceram at 973 K and (c) 37 μm Spinel oxide on SS304 at 473 K as shown in 

Figure 2-10 below (only the linear regions at the low frequency are shown). The 

raw data in the linear range are shown in Table 2-2. There are 12 data points for 

each measurement (i.e., N = 12). The 𝑆𝜃𝑠  is the uncertainty of the linear regression 

for 𝜃𝑠 calculated as follows: 
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∆𝜃𝑠 =
√∑(𝜃𝑠,𝑖 − 𝜃𝑠,𝑖̂)

2

𝑛 − 2
 

(2-18) 

where 𝜃𝑠,𝑖  the measured magnitude of temperature at a certain frequency and 𝜃𝑠,𝑖̂  the 

expected magnitude of temperature at a certain frequency by the linear regression. The 

linear regression for the three measurements in Table 2-2 are: 

𝜃𝑠,#1 =
28.615

√𝜔
+ 6.4009 

𝜃𝑠,#2 =
28.935

√𝜔
+ 6.8557 

𝜃𝑠,#3 =
7.0016

√𝜔
+ 5.002 

(2-19) 

The calculated 𝑆𝜃𝑠  are shown in Table 2-2. The uncertainties of b are then 

calculated to be ≤ 1% for all the three measurements due to the high linearity. Therefore, 

the uncertainty of b is estimated to be 1% for all the other measurements. The systematic 

error of the thermal conductivity measurement for the coating is calculated to be 5.4% 

from Equation 2-16. At the high frequency limit where the penetration depth is much 

smaller than the coating thickness, the thermal response is the same as that for a bulk 

material with the coating properties, and the systematic error of thermal effusivity 

measurement of coating is 5.8%. 
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Figure 2-10. Samples for the estimation of uncertainty of thermal conductivity of 

coatings. 

 

2.3.2. Measurement of bulk materials 

 In this section, we validate the MPR measurement on bulk materials using 

different known materials with a wide range of thermal conductivities (e.g., borosilicate 

glass with 𝑘 of 1 ~ 2 W m-1 K-1 and SS304 with 𝑘 of 17 ~ 30 W m-1 K-1.) We used the 

Pyroceram 9606 as the reference sample to measure the thermal effusivities of other 

samples because of the consistent results reported in the literature 67,68. It is noted that all 

the bulk materials are coated with a black coating, however, only data at the low 

frequency (i.e., at long thermal penetration depth) are shown. Figure 2-11a shows the 

thermal response of Pyroceram 9606 at 473 K. According to Equation 2-5, the laser flux 

𝑞𝑆 can be directly obtained from the slope of the curve with the knowledge of the thermal 

effusivity for Pyroceram 9606, 𝑒𝑠 = 2953.9 J s-1/2 m-2 K-1 at 473 K, which is 82800 W m-

2. Figure 2-11b shows the repeatability of MPR measurement on Pyroceram 9606 for five 

tests. We spray-coated the Pyroceram 9606 with a 39 μm thick Pyromark 1200 for the 

first four measurements and an 18 μm thick black spinel oxide coating in the fifth 

measurement. Both coatings have similar absorptance at the laser wavelength and in the 
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IR spectral range 23. The same sample is unloaded and then loaded again between 

consecutive measurements, and thus the random error includes the possible minor 

changes in the position of the sample, position of the laser spot, and the view factor from 

the heated sample surface to the IR detector. For substrates with different coatings, the 

subsequent coating was made on the same substrate after removing the previous one. It 

demonstrates that the slopes for all the five measurements are consistent at the same 

temperature, indicating the same thermal diffusivity of the Pyroceram 9606 substrates 

(Equation 2-5). On the other hand, the intercepts at the y axis for the first four 

measurements are higher than that for the fifth measurement at the same temperature 

because of the larger coating thickness and the associated thermal resistance. Table 2-3 

shows that the random error of the MPR measurement for bulk materials, determined 

from the standard deviation of multiple measurements as shown in Figure 2-12, is less 

than 3% at representative temperatures of 473 K, 673 K, and 973 K.  
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Figure 2-11. Validation of MPR measurement of bulk materials. (a) Measurement of 

laser heat flux using Pyroceram 9606 at 473 K as a reference sample. (b) Repeatability of 

MPR measurement and effect of coating materials. All the measurements were done on 

Pyroceram 9606 substrates. (c) IR detection signal of MPR measurement on a Pyroceram 

9606 sample for sample surface baseline temperature (𝑇𝑜) ranging from 473 K to 973 K. 

(d) Slope 𝑚̃ of 𝑉𝐼𝑅 𝑣𝑠 𝜔
−1/2 as a function of 𝑇𝑜

3, following Equation 2-13. 

 

Table.2-3. MPR Random error of Pyroceram 9606 with different coatings  

𝑇𝑂 

(K) 

Slope 𝑚̃ (mV rad1/2 s-1/2) Avg. Std. Random 

Error 

(%) 39 μm Pyromark 1200 18 μm Black Spinel Oxide 

#1 #2 #3 #4 #5 #6 

473 2.17 2.21 2.32 2.29 2.28 - 2.26 0.0622 2.76 

673 6.41 6.52 6.69 6.55 6.54 - 6.54 0.0997 1.52 

973 16.35 - - - 16.21 15.48 16.01 0.4645 2.90 

 

 To estimate the measurement uncertainty, both the random (< 3%) and systematic 

errors (5.8% for thermal effusivity of bulk materials and 7.9% for thermal conductivity of 
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coating) should be considered. The total measurement uncertainty of thermal effusivity of 

bulk materials is thus 6.5% and that of thermal conductivity of coatings is 8.5%. The 

error bars shown in the figures in following sections represent the measurement 

uncertainty including both the systematic and random errors. 

 

Figure 2-12. Repeatability of MPR Measurement on Pyroceram 9606 at 973 K. 

 

 Another fact worth noting in Figure 2-11b is that the slope at 𝑇𝑜 = 673 K is higher 

than that at 473 K because of the increasing emissive power at higher temperature. As 

shown in Figure 2-11c, the signal increases monotonically with increasing sample 

temperature from 473 K to 973 K as 𝑇𝑜  increases from 473 K to 973 K. This is an 

intrinsic advantage of the photothermal radiometry where IR detection signal increases 

with 𝑇𝑜
3 (Equation 2-13), as shown in Figure 2-11d. Raw data for other bulk materials 

measured in this work are shown in Figure 2-13 which also shows an increasing signal 

with increasing sample temperature. Figure 2-13 displays the thermal responses for the 

8YSZ, SS304, spinel oxide ((Co0.6Cr0.6Fe0.6Mn0.6Ni0.6)O4) and borosilicate glass, whose 

thermal physical properties are well-known. We measured borosilicate up to 773 K, 

which is limited by the phase change temperature of the glass.  
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Figure 2-13. Thermal responses of bulk materials. (a) 8YSZ. (b) Stainless steel 304. (c) 

Borosilicate glass and (d) Spinel oxide (Co0.6Cr0.6Fe0.6Mn0.6Ni0.6)O4.  

 

The spinel oxide was made by us and its thermal conductivity was measured 

using a laser flash analyzer (Netzsch LFA 467) as benchmark as shown in Figure 2-14. 

We calculate the specific heat of (Co0.6Cr0.6Fe0.6Mn0.6Ni0.6)O4 based on the weight-

averaged specific heats of its constituents (i.e., simple metal oxides such as MnO2) . The 

measured diffusivity and calculated specific heat are shown in Figure 2-14a and the 

effusivity and thermal conductivity related to the diffusivity and specific heat is shown in 

Figure 2-14b.  



43 
 

 

Figure 2-14. Thermophysical properties of spinel oxide (Co0.6Cr0.6Fe0.6Mn0.6Ni0.6) 

O4. (a) Measured thermal diffusivity using LFA and calculated volumetric heat capacity 

based on the composition. (b) Calculated thermal effusivity and thermal conductivity 

according to the thermal diffusivity and heat capacity. 

 

Table 2-4 shows the slope and the measured thermal effusivity for all the 

materials. It is noted that the heat flux for the measurement of borosilicate glass is 

reduced by half (i.e., ½ qs) to avoid the larger temperature oscillation |θs|. If the |θs| is too 

large, the thermal emission signal received by the IR-detector may not be linear to the |θs| 

due to the non-linear nature of radiation. we only change the heat flux for the borosilicate 

glass sample while keeping the same qs
 for other materials. Figure 2-15 compares the 

MPR measurement results of bulk materials to the reference values. We measured 

materials with well-established literature values: borosilicate glass 65,66, Pyroceram 9606 

67,68, 8YSZ 69,  and SS304  70. The measured materials cover a wide range of thermal 

effusivity (1800 to 11000 J s-1/2 m-2 K-1) and thermal conductivity (1.3 to 25 W m-1 K-1). 

We also measured a spinel oxide bulk pellet (Co0.6Cr0.6Fe0.6Mn0.6Ni0.6)O4. The spinel 

oxide powders were prepared by hydrothermal nanoparticle synthesis used by the authors 

previously 73 and then hot-pressed into a bulk pellet with over 95% relative density. 

Figure 2-15a compares the measured thermal effusivities to the literature or known 

values. The thermal effusivity is converted to thermal conductivity using the known 
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specific heat and density values obtained from the literature 65-70 for glass, SS304, 8YSZ 

as shown in Figure 2-15b. For the spinel oxide, the reference thermal effusivity and 

thermal conductivity were obtained from thermal diffusivity measurement using the laser 

flash analyzer and the theoretically estimated specific heat as shown in Figure 2-14. 

Figure 2-15c and 2-15d show that the experimental results for both the thermal effusivity 

and thermal conductivity of the bulk materials are within 10% deviation from the 

reference values, which confirms the validity of the MPR technique for high temperature 

measurement. 

Table 2-4. Summary of MPR measurement results for bulk materials 

Ta 

(K) 

Slope (mV·rad1/2·s-1/2) 

 

Thermal Effusivity (J·s-1/2·m-2·K-1) 

Pyroceram 8YSZ SS304 Spinel Borosilicate Pyroceram 8YSZ SS304 Spinel Borosilicate 

473 2.17 2.56 0.62 2.27 1.39 2953.9 2503.0 8703.3 3088.3 1887.9 

573 4.18 4.76 1.13 4.52 2.79 2951.3 2591.8 9607.8 3191.3 1971.1 

673 6.41 7.30 1.60 6.79 4.40 2935.5 2578.7 10318 3109.3 2014.4 

773 9.37 10.44 2.37 9.29 6.65 2919.7 2620.9 10342 2895.1 2072.4 

873 12.62 14.12 3.00 12.40 - 2918.4 2610.3 10974 2869.1 - 

973 16.35 17.84 3.87 16.10 - 2900.0 2657.8 11221 2856.2 - 
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Figure 2-15. Validation of high temperature MPR measurement of bulk materials. (a) 

Measured thermal effusivity of different bulk materials up to 973 K. (b) Extracted 

thermal conductivity of different bulk materials up to 973 K by relating to the thermal 

effusivity using the 𝜌𝑐 values. (c) Comparison of the measured thermal effusivity to that 

from literatures or known values at 𝑇0 = 673 𝐾. (d) Comparison of the measured thermal 

conductivity to that from literatures or known values at 𝑇0 = 673 𝐾. 

 

2.3.3. Measurement of solar-absorbing coatings 

 Figure 2-16 shows the MPR measurement on a 53 μm thick Pyromark 1200 

coating sprayed on an 8YSZ substrate. Figure 2-16a displays the surface profile of the 

Pyromark 1200 coating measured using a DektakXT stylus profilometer. The thickness of 

the coatings was also measured using the profilometer. The surface roughness of the 

coating is measured to be ~ 3 μm due to the porous nature and the build-up of the paint at 

the edge of coating during the spray-coating process. However, during the MPR 
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measurement, the laser spot (~ 6 mm diameter) is focused at the center of the sample and 

thus the uncertainty of the coating thickness is less than 3 μm. Figure 2-16b depicts the 

thermal response of the coating on the 8YSZ substrate at different temperatures. Notably, 

the slope of the curve is smaller in the low frequency range where the signal is dominated 

by the thermal properties of the 8YSZ substrate. We can extract the thermal properties of 

the substrate using this range of frequency as shown in chapter 2.3.2. In the high 

frequency range where the penetration depth is much smaller than the coating thickness, 

the thermal response is dominated by the properties of the Pyromark 1200 coating. The 

slope is larger in this range of frequency, indicating a lower thermal effusivity of 

Pyromark 1200 compared to that of 8YSZ. The transitional penetration depth, where the 

slope changes rapidly, is about ~ 60 μm, which is close to the thickness of the coating. 

The transitional frequency is therefore dependent on the thermal diffusivity of the 

coating. Therefore, we can also obtain the thermal effusivity and diffusivity of the 

coating by fitting the entire|𝜃𝑠| 𝑣𝑠 𝜔
−1/2 curves according to Equation 2-4 using the least 

mean square algorithm, with the information of the surface heat flux (𝑞𝑠 = 82800 W m-2) 

and the thermal effusivity of the substrates obtained from Section 2.3.2.  
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Figure 2-16. MPR measurement of Pyromark 1200 coating on an 8YSZ substrate. (a) 

Typical surface profile of Pyromark 1200 coating with a surface roughness of ~ 3 μm. 

The left inset shows the cross-sectional SEM image of the coating and the right inset 

shows a photograph of the coating after peeled off from the substrate. (b) Thermal 

response of 53 μm Pyromark 1200 thin-film coating on an 8YSZ substrate from 473 K to 

973 K. The penetration depth in the top x -axis is estimated based on the typical thermal 

diffusivity value of the coating (𝛼𝑓 = 0.3 𝑚𝑚
2𝑠−1). 

 

Table 2-5 shows the obtained thermal effusivity 𝑒𝑓  and thermal diffusivity 𝛼𝑓  of 

the Pyromark 1200 coating. The 𝑅2 values of fitting the experimental thermal response to 

Equation 2-4 are greater than 0.99 for all the temperatures. The thermal conductivity 𝑘𝑓 

and the volumetric heat capacity 𝜌𝑓𝑐𝑓 of the Pyromark 1200 can be calculated by from 

the 𝑒𝑓 and  𝛼𝑓. The extracted thermal conductivity of Pyromark 1200 and black spinel 

oxide coating is relatively low, 0.4 ~ 0.6 W m-1 K-1 at 300 K, which can be attributed to 

the high porosity of the coating. The coatings are mainly composed of silica-resin and 

spinel oxide, whose thermal conductivities are both in the range of 1 ~ 3 W m-1 K-1 

(Figure 2-14 and Figure 2-15b). Therefore, the coating is believed to be porous.  
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Table 2-5. Summary of measurement results for 53 μm Pyromark 1200 on 8YSZ 

substrate. 
𝑇𝑜 (K) 𝑒𝑓   (J

 s-1/2 m-2 K-1) 𝐷𝑓 (s1/2) 𝛼𝑓   (mm2 s-1) 𝑅2 𝑘𝑓 (W m-1 K-1) 𝜌𝑓𝑐𝑓 (kJ m-3 K-1) 

473 785.1 0.0787 0.453 0.9980 0.528 1166.5 

573 797.6 0.0858 0.381 0.9987 0.492 1292.2 

673 865.5 0.0909 0.340 0.9996 0.505 1484.3 

773 862.2 0.0995 0.284 0.9999 0.459 1617.9 

873 861.5 0.0991 0.287 0.9999 0.462 1608.1 

973 872.0 0.1041 0.259 0.9995 0.444 1713.4 

 

To prove the porous nature of the coating, we measured the density of Pyromark 

1200 coatings by two methods: 

• In the first method (measurement #1), we sprayed the Pyromark 1200 onto a Si 

substrate and measure the weight gain of the substrate by a balance and thickness of 

coating using Dektak surface profiler. The area of coating is measured using a ruler. 

The density can thus be calculated. 

• In the second method (measurement #2 and #3), we sprayed the Pyromark 1200 onto 

a CaF2 coating. Due to the large difference in the coefficient of thermal expansion 

(CTE), the Pyromark 1200 detached from the CaF2 substrate after curing as shown in 

Figure 2-17a and 2-17b. The thickness of coating was measured using a micrometer. 

The mass of coating was measured using a balance. 

As shown in Table 2-6, from both methods, The density of Pyromark 1200 is as 

low as ~ 1000 kg·m-3, which is much lower than that of it major composition elements, 

e.g., silica-resin ~ 2300 kg·m-3 and spinel materials 5000 ~ 7000 kg·m-3. This indicates 

that Pyromark 1200 coating is porous. This is also evidenced from the SEM images 

reported in Ref.74, also shown in Figure 2-17c and 2-17d. It is noted that we followed the 

same process as in Ref. 74 to prepare the coatings. 
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Table 2-6. Density of Pyromark 1200 Coating 

Test Mass [g] Thickness [μm] Area [mm2] Density [kg·m-3] 

#1 0.103 43 1967 1218 

#2 0.012 24 456 1096 

#3 0.0051 13 340 1154 

 

 The measured density of Pyromark 1200 coating is less than 1250 kg m-3, which is 

considerably lower than that of silica resin (~2300 kg m-3) and spinel oxide (5000 ~ 7000 

kg m-3). Besides, the volumetric heat capacity of Pyromark 1200 is measured to be 

ranging from 1166 to 1713 kJ m-3 K-1, which is lower than the common values for most 

fully dense solids (~ 3000 kJ m-3 K-1), further confirming that the coating is highly 

porous. The porosity nature of the coatings is also consistent with earlier microstructure 

characterizations on similar coatings made by the authors 23,73. The volumetric heat 

capacity for the Pyromark 1200 increases as temperature increases from 473 K to 973 K, 

which agrees with the trend for glass 65,76 and spinel oxide. 

 

Figure 2-17. Photo and SEM images of Pyromark coating. (a) Photograph of Pyromark 

coating detached from a CaF2 substrate. (b) SEM images of Pyromark coating, taken 

from Ref. 74. 
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Figure 2-18. Measurement of different solar-absorbing coatings with various coating 

materials, thicknesses and substrate materials. (a) Effect of substrate materials on the 

thermal response of the coating measured at 𝑇𝑜  = 973 K. (b) Extracted thermal 

conductivity (left y-axis) and thermal effusivity (right y-axis) of Pyromark 1200 coated 

on 8YSZ and SS304 substrates from 473 K to 973 K. (c) Thermal responses of different 

solar-absorbing coatings with variable thickness spray-coated on SS304 substrates 

measured at 𝑇𝑜 = 973 K. (d) Thermal conductivity of different solar-absorbing coatings 

spray coated on SS304 substrates, measured from 473 K to 973 K.  

 

Figure 2-18 shows the MPR measurements of different solar-absorbing coatings, 

with variation in the coating materials, substrate materials and coating thickness. Figure 

2-18a compares the thermal responses of Pyromark 1200 with similar coating thickness 

but on different substrates at 973 K, i.e., 53 μm thick coating sprayed on 8YSZ and 45 

μm thick coating sprayed on SS304. The thermal response curves for other temperatures 

(from 473 K to 973 K) can be found in Figure 2-19 below. It is apparent that the 

transitional region is more distinguishable when using SS304 as the substrate due to the 
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larger contrast in the thermal effusivities between the coating and the substrate, leading to 

a higher sensitivity to thermal diffusivity of the coating. Figure 2-18b shows the extracted 

thermal conductivity and thermal diffusivity of Pyromark 1200 from 473 K to 973 K, by 

fitting the experimental data using Equation 2-4. Thermal conductivities of Pyromark 

1200 measured from the two different substrates (SS304 and 8YSZ) are close, ranging 

from 0.4 to 0.6 W m-1 K-1 within the temperature range of 473 K to 973 K. The 

discrepancy may come from the difference in the thermal expansion coefficients for the 

two substrates which could lead to microstructural changes, such as cracking in the 

coating during curing 21-23. Nevertheless, the deviation of the measured results is still 

within 15% between the two samples. Figure 2-18c shows the thermal responses of 

coatings with different thicknesses on SS304 substrates at 973 K. The thermal response 

curves for other temperatures (from 473 K to 973 K) can be found in Figure 2-19 below. 

All the curves show similar slopes in the low frequency range because they all have 

SS304 as the substrate. However, due to the different coating thickness, the transitional 

frequency or penetration depth, where the slope starts to change, varies for different 

samples. The transitional penetration depth increases with the coating thickness, e.g., ~ 

80 μm for the 45 μm Pyromark 1200 and ~ 50 μm for the 30 μm Pyromark 1200. It is 

noted that all the curves converge in the high frequency range which is dominated by the 

properties of the coatings, indicating similar thermal conductivities of these coatings. As 

shown in Figure 2-18d, thermal conductivities for the Pyromark 1200 and Pyromark 2500 

are determined to range from 0.4 to 0.6 W m-1 K-1 in the temperature range from 473 K to 

973 K. The thermal conductivity for the black spinel oxide coating is slightly higher, 

ranging from 0.6 to 0.8 W m-1 K-1 in the same temperature range, and it is also much 



52 
 

lower than that the dense pellet made of a similar spinel oxide material (2-2.5 W m-1 K-1, 

Figure 2-15b), due to the porous structure of the coating.  

 
Figure 2-19. Thermal responses of different solar-absorbing coatings sprayed on SS304 

substrates from 473 K to 973 K, as a supplementary to Figure 8 in the manuscript. (a) 11 

μm Pyromark 2500. (b) 23 μm Pyromark 2500. (c) 30 μm Pyromark 1200. (d) 45 μm 

Pyromark 1200. (e) 37 μm black spinel oxide. 

In this work, we fit both the thermal conductivity and volumetric heat capacity of 

the coating using the amplitude of the thermal response, based on the two-layer heat 

transfer model (Equation 2-4). In the meantime, we can also obtain the thermal 

conductivity using the equation in the low frequency range (Equation 2-5), in which 

thermal conductivity of the coating can be obtained from the intercept of the linear curve 

at low frequency. We compare the thermal conductivity obtained by the two different 

methods for the 23 μm Pyromark 2500 on SS304 as shown in Table 2-7. It is seen that 

the difference of fitted results is only ~ 10%, indicating that both methods give similar 

results. However, to obtain both the volumetric heat capacity and thermal conductivity at 

the same time, we use Equation 2-4 in the fitting.  
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Table 2-7. Comparison of fitting results for coatings using two-layer model for the entire 

frequency range and intercept at low frequency 

Ta (K) Extracted k using 

Equation 2-4 (W m-1 K-1) 

Extracted k using 

Equation 2-5 (W m-1 K-1) 

Difference (%) 

473 0.501 0.547 -8.4 

573 0.512 0.571 -10.3 

673 0.550 0.617 -10.9 

773 0.575 0.616 -6.7 

873 0.616 0.660 -6.7 

973 0.658 0.687 -4.2 

The phase fitting is also widely used for the frequency-domain measurements. 

However, in our measurements, we measure both the bulk and coating materials. In bulk 

materials under the 1-D planar heat source heat transfer assumption, the phase lag is 

always 45° and thus we cannot extract the thermal properties of the bulk materials. In the 

coating measurements, we can also extract the thermal properties of the coatings using 

the phase signal, using Equation 2-4. As shown in the Figure 2-20 below, we demonstrate 

the measurement of thermal properties of the 20 μm thick Pyromark 1200 coated on 

SS304 at 573 K. The fitted thermal conductivity is 0.627 W m-1 K-1 which is close to that 

measured by the amplitude signal shown in Table 2-7. 
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Figure 2-20. Fitting of phase for thermal conductivity of 20 μm thick Pyromark 1200 

coated on SS304. 

 

The low thermal conductivity of the solar-absorbing coatings indicates a possibly 

considerable temperature drop within the coating under high solar flux. For example, the 

temperature drop is estimated to be ~ 60 K for a 30 μm thick coating under the heat flux 

of 1000-sun. Figure 2-21 shows the schematic of a solar receiver tube for high-

temperature CSP where a thin solar-absorbing coating (20 ~ 30 μm77,78) was applied on 

the external surface for solar absorption. Highly concentrated solar flux of 1000-sun is 

applied to yield 1000 K to achieve desirable thermal efficiency79. Under such a high solar 

flux, there is a considerable temperature drop within the coating. The temperature drop 

within a 30 μm thick Pyromark 2500 is as high as ~ 60 K assuming 1D steady state heat 

transfer: 

Δ𝑇 =
𝑙𝑞𝑠

𝑘
                                                                              (2-20) 

where qs is surface heat flux, l is thickness and k is thermal conductivity. This is 

comparable to that within 2 mm thick tube wall. Therefore, it is imperative to take the 

thermal resistance of the solar-absorbing coating into account when designing the high 

temperature CSP receivers. 
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Figure 2-21. Estimation of temperature drop within solar-absorbing coating and tube 

under 1000 suns for high-temperature CSP receiver. 

 

2.4. Conclusions 

 In this chapter, we develop a general high-temperature MPR setup to measure 

coating materials up to 973 K. The MPR takes the advantage of facile sample preparation 

on rough surfaces and high sensitivity at high temperatures due to the increasing emissive 

power. The designed sample holder can ensure the temperature uniformity for high 

temperature measurement within the infrared detection spot along the lateral direction 

and the thermal penetration depth of the measurements at high temperatures. The MPR 

setup is validated with the measurement on bulk materials with thermal conductivities 

ranging from 1 to 30 W m-1 K-1 from 473 to 973 K, with the maximum deviation of 

measured thermal conductivities from the literature or reference values less than 10%. 

Several types of solar-absorbing coatings are also measured, including Pyromark 1200, 

Pyromark 2500 and black spinel oxide coatings, with variation in the coating thickness of 

(10 ~ 50 μm) and substrate materials. Both the thermal effusivity and thermal diffusivity 

of the coatings are obtained to yield the thermal conductivity and volumetric heat 

capacity. We find that the thermal conductivity of Pyromark 1200 and Pyromark 2500 
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ranges from 0.4 to 0.6 W m-1 K-1 and that for the black spinel oxide coating is ranged 

from 0.6 to 0.8 W m-1 K-1, within the temperature window of 473 K to 973 K. The 

measurement results indicate that it is necessary to consider the thermal resistance of the 

solar-absorbing coating in the design of CSP solar receivers, because the temperature 

drop within the coating can be significant. The MPR methodology demonstrated in this 

work may provide an attractive and convenient thermal conductivity diagnostic tool at 

high temperature on samples that are otherwise challenging to measure using other 

techniques, for example, specimens with surface roughness and/or small thickness down 

to ~10 μm.  This technique sets the foundation for the measurements of flowing fluid and 

moving particle bed as shown in later chapters, which are of significance for the design 

and  diagnostic of heat exchangers 79,80, nuclear reactors 81,82, thermal energy storage 

systems 83, and many other thermal systems. 

Chapter 2, in full, is a reprint of the materials as it appears in ‘Measurement of 

High-temperature Thermophysical Properties of Bulk and Coatings Using Modulated 

Photothermal Radiometry’ International Journal of Heat and Mass Transfer, (170) 2021, 

120989 by Jian Zeng, Ka Man Chung, Qingyang Wang, Xiaoxin Wang, Yu Pei, Peiwen 

Li and Renkun Chen. The dissertation author was the primary investigator and first 

author of this paper. 
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3. Chapter 3: In-situ thermal conductivity measurement of flowing 

fluid 

3.1. Introduction 

Measurement of thermal conductivity of fluids is important for the design of heat 

exchangers 79,80, nuclear reactors 81,82, thermal energy storage systems 83, and many other 

thermal systems. The ability of in-situ thermal conductivity measurement of flowing 

fluids could be useful for the operational safety and diagnosis of these systems 84,85. 

Despite a multitude of techniques available for the thermal conductivity measurement of 

stagnant fluids, including the transient hot-wire (THW) method 86,87, steady-state method 

88-90, laser flash analysis (LFA) 91,92, 3ω technique84,93,94, and time or frequency domain 

thermo-reflectance techniques (TDTR/FDTR)95, there are still challenges of applying 

these techniques for in-situ diagnostics, especially under the harsh environment (such as 

high temperature and/or with corrosive fluids). Hong et al. applied the 3ω technique for 

the thermal conductivity measurement of flowing water and ethanol where a thin metallic 

transducer layer in contact with the fluid serves as both the heater and the thermometer. 

They obtained the thermal conductivity of fluids at low flow velocity 93. The 3ω 

technique was also used for the measurement of thermal properties of flowing gases 90,96. 

Based on the similar principle, thermal conductivity of flowing fluids has been measured 

using the TDTR method97. Despite the successful implementation of the in-situ 3ω and 

TDTR measurements on common fluids, where dedicated metallic transducers are 

needed, it is still challenging to extend them for in-situ measurements under challenging 

conditions, such as  at high temperature and for corrosive fluids  (e.g., molten salts for 

nuclear reactors 98 and concentrated solar power (CSP) 99). For example, to avoid the 
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corrosion by molten salts to the metallic transducer in the 3ω method, a thin protective 

coating (e.g., alumina) has to be applied, which not only requires time-consuming 

microfabrication, but also poses question on the long-term durability100. Therefore, a 

suitable technique for the in-situ thermal conductivity measurement of flowing fluids 

under harsh environment would be desirable. 

Photothermal radiometry (PTR) using either modulated (continuous wave) or 

pulsed laser is a well-known non-contact thermal characterization tool for bulk and 

coating materials 37,57,101. In the modulated photothermal radiometry (MPR), a sample is 

heated by an intensity-modulated laser to probe into different depths of the sample and its 

surface temperature response is measured with an infrared (IR) detector 37,38. We have 

previously established the MPR technique for high-temperature measurements of bulk 

and thin coating samples, by using a refractory black coating for laser absorption and IR 

surface thermometry101. In this work, we applied the MPR technique for in-situ thermal 

conductivity measurement of flowing fluids within a pipe. By modulating the frequency 

of the laser and controlling the thermal penetration depth (𝐿𝑝 = √
2𝛼

𝜔
  where 𝛼 is thermal 

diffusivity of fluid and 𝜔 is the angular frequency) beyond the wall thickness of the tube 

and within the momentum/thermal boundary layer of the fluid, we could get high 

sensitivity of the surface temperature response to the thermal conductivity of the fluid 

while avoiding the convection effect within a certain range of flow velocity, thus 

obtaining the intrinsic thermal conductivity of the flowing fluid. We demonstrate the 

MPR measurement of flowing liquids (DI water, ethanol, Dowtherm A oil and Xcertherm 

600 oil) in a pipe with flow velocity up to 550 mm s-1. The Reynolds number (𝑅𝑒𝐷) is 

ranging from 0 to 13,000 at temperature from 30℃ to 170℃, thus covering the 



59 
 

stationary, laminar flow and turbulent flow regimes. Here 𝑅𝑒𝐷 is defined based on the 

pipe diameter 𝐷. At low flow velocity and low 𝑅𝑒𝐷, the intrinsic thermal conductivity of 

fluid is obtained. At higher velocity, the forced convection effect becomes more 

prominent, and the obtained effective thermal conductivity is higher. This transition is 

found to relate to the dimensionless number 𝑅𝑒𝐷
1/2
𝑃𝑟1/3, where 𝑃𝑟 is the Prandtl number. 

When 𝑅𝑒𝐷
1/2
𝑃𝑟1/3 is less than 100, we can obtain the intrinsic thermal conductivity of the 

flowing fluids. The MPR technique reported here can provide a facile in-situ thermal 

conductivity diagnostic tool for flowing fluids with broad applications. It may open an 

opportunity to simultaneously quantify both the thermal conductivity and local 

convective heat transfer coefficient in a fluid loop.  

3.2. Modified MPR system for flowing fluid measurement 

Figure 3-1a displays the schematic of the MPR system integrated with a flowing 

liquid loop. The MPR system is the same as what was reported in chapter 2 except that 

the test section is replaced with a circular tube connected to the fluid loop. A waveform-

generator drove a continuous wave (CW) diode laser with its intensity modulated as 

sinusoidal function at the angular frequency of 𝜔. The laser spot size was controlled to be 

around 10 mm in diameter and the laser beam was homogenized from Gaussian beam 

into a top-hat profile. Therefore, the heat flux is assumed to be uniform. The test section 

was heated up by the modulated laser flux, leading to the oscillation of the surface 

temperature rise θs of the sample at the same frequency (𝜔) as the heating laser. θs was 

measured based on the thermal emission from the surface collected by a HgCdTe (MCT) 

detector after proper calibration using a pyrometer. The IR-detection spot diameter is ~ 
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0.5 mm and temperature is uniform within the detection point. The measurement was 

conducted after the fluid flow and temperature stabilized. 

The schematic and photograph of the test section of the fluid flowing pipe are 

shown in Figures 3-1b and 3-1c, respectively. The wall thickness of the test section was 

set to be 100 μm to have high measurement sensitivity and accuracy as discussed in the 

later section. To ensure the mechanical strength of the setup, a 100 μm thick stainless 

steel 316 (SS316) sheet was wrapped into a round shape and welded onto two short tubes 

of 25.4 mm in outer diameter and 1 mm in wall thickness on both ends. The middle thin-

walled section was ~10 cm long to minimize the edge effect due to the change in the wall 

thickness in this section. The laser spot was about 10 mm in diameter and was located at 

the center of the thin-walled region. The exterior surface of the tube was coated with a 

30-μm-thick Pyromark 2500 black coating. During the MPR measurement, the laser 

beam irradiated the center of the middle thin-walled section. The tube was connected to 

the fluid loop with the fluid supplied by a pump from a liquid reservoir with heating 

capability (ZNCL Vevor 1584321637152051). Four types of fluids were measured: DI 

water, ethanol, Xceltherm 600 oil (Radco Industries Inc.), and Dowtherm A oil (Sigma 

Aldrich). Liquid was circulating at different flow velocities up to 550 mm s-1 driven by a 

mechanical pump (HD Portable oil transfer pump, Massive gears 3 phase, Goldenstream 

Pumps) with a VFD module (ABB ACS 150 Drive) to control the flow rate, which was 

also monitored using a flow rate meter. The pump has an operational temperature limit of 

~200oC, so our measurements were limited to 170oC. 
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Figure 3-1. MPR system integrated with a flowing fluid loop. (a) Overview of the 

system. Schematic (b) and photograph (c) of the MPR measurement section of the pipe 

for the fluid flow. 

 

Figure 3-2a shows the photo of the MPR setup integrated with the liquid loop. 

Figure 3-2b shows the MPR measurement section where laser irradiates the surface of the 

tube coated with a black coating, and the IR emission from the tube surface is collected 

by a pair of mirrors and focused to the MCT detector. Figure 3-2c and 3-2d show the 

photos of the tube. 

 

Figure 3-2. Photo of the MPR setup integrated with the flowing fluid loop. (a) Overview 

of the fluid loop. (b) Detail of the MPR section. (c) Photograph the tube. (d) Cross-

sectional view of the tube. 
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3.3. Measurement principle and critical criteria. 

Figure 3-3a shows the schematic of the MPR measurement of a flowing fluid 

inside a tube. The fluid is supplied from one end of the steel tube at a fixed bulk velocity 

𝑢𝑏. An intensity-modulated laser at angular frequency of ω irradiates the surface of the 

middle thin-walled section.  The surface temperature 𝜃𝑠 is oscillating at ω. The thermal 

penetration depth (𝐿𝑝) can be adjusted by changing ω of the incident laser. The thermal 

emission from the tube surface is collected by an IR detector to measure the 𝜃𝑠  after 

calibration with a pyrometer as described in detail in chapter 2.3. Figure 3-3b shows the 

schematics of the momentum boundary layer Δ, thermal boundary layer 𝛿 and the thermal 

penetration depth 𝐿𝑝  during the MPR measurement. Assuming laminar flow, the 

hydrodynamic entrance length 𝐿𝑒𝑓 and the thermal entrance length 𝐿𝑒ℎ can be estimated 

by: 

𝐿𝑒𝑓 = 0.05𝑅𝑒𝐷𝐷, (3-1) 

and 

𝐿𝑒ℎ = 0.033𝑅𝑒𝐷𝑃𝑟𝐷, (3-2) 

where D is the diameter of the tube. In our measurement, 𝑅𝑒𝐷 is in the range of 100-

13000 and 𝑃𝑟 is in the range of 5-300. Therefore, 𝐿𝑒𝑓 and 𝐿𝑒ℎ are in the range of 13-1650 

cm and 42-5450 cm, respectively. The laser spot (~10 mm diameter) of the MPR 

measurement is located at middle of the 10-cm long thin-walled section. Therefore, the 

fluid flow is still in the hydrodynamic and thermal entrance region at the position of the 

MPR measurement. In this region, the thermal boundary layer (𝛿) is always thinner than 

the momentum boundary layer (∆) as they are related by 𝛿 = 𝑃𝑟−1/3 ∆ and 𝑃𝑟−1/3 is 

0.15-0.58 for the fluids to be measured. To measure the intrinsic thermal conductivity of 
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a flowing fluid, the thermal penetration depth should be smaller than both the momentum 

boundary and thermal boundary layer thicknesses: 𝐿𝑝 < min [∆, 𝛿]. In our case, since 𝛿 

is always smaller than ∆, 𝐿𝑝 < 𝛿 should be satisfied.  

As shown in Figure 3-3b, at high frequency, 𝐿𝑝  is shorter than 𝛿  and thus the 

convection effect is minimized. In this case, the intrinsic thermal conductivity of the fluid 

can be obtained. On the contrary, at low frequency with 𝐿𝑝 > 𝛿, the convection effect 

becomes prominent, leading to overestimation of the measured thermal conductivity of 

fluid. It is noted that 𝛿 depends on the flowing velocity and both the 𝛿 and 𝐿𝑝 depend on 

the thermophysical properties of the fluid and the temperature, so the desirable frequency 

range to obtain the intrinsic thermal conductivity may change with the fluid properties, 

velocity, and temperature. In addition, 𝐿𝑝 must be larger than the wall thickness of the 

tube (100 µm) such that the measurement is more sensitive to the fluid than the wall. 

Therefore, the frequency and 𝐿𝑝  must fall within a suitable range. In general, 𝐿𝑝  in the 

fluid is controlled to be around ~150 - ~300 μm in our experiments.  

Although the measurement is conducted in a cylindrical tube, the 2-D heat 

transfer model based on the planar geometry can be applied (as justified later). Within the 

fluid, in the absence of heat generation or viscous dissipation and assuming constant 

thermal properties, the 2D heat transfer equation in the frequency domain for the flow in 

the entrance region is: 

𝜕2𝜃𝑓

𝜕𝑥2
+
𝜕2𝜃𝑓

𝜕𝑦2
=
𝑗𝜔

𝛼𝑓
𝜃𝑓 +

𝑣̃

𝛼𝑓

𝜕𝜃𝑓

𝜕𝑥
 , (3-3) 

where x is the coordinate in the direction along the fluid flow and y is the direction 

perpendicular to the fluid flow as shown in Figure 3-3b. The position y = 0 is defined at 
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the wall. 𝜃𝑓 is the temperature of the fluid, 𝛼𝑓 is the thermal diffusivity of the fluid, j is 

the imaginary unit, 𝑣̃  is the velocity vector of flowing fluid and 𝜔  is the angular 

frequency. The velocity profile within the laminar boundary layer assuming a cubic 

polynomial is: 

𝑣̃ = 𝑢𝑏 (
3

2

𝑦

∆
−
1

2
(
𝑦

∆
)
3

), 
(3-4) 

where 𝑢𝑏 is the bulk velocity. Within a short distance from the wall, the flow pattern can 

be assumed to be linear, which is valid when 𝐿𝑝 ≪ ∆. As such, equation 4 is reduced to: 

𝑣̃＝
3𝑢𝑏

2∆
𝑦 . (3-5) 

Therefore, equation 3 becomes: 

𝜕2𝜃𝑓

𝜕𝑥2
+
𝜕2𝜃𝑓

𝜕𝑦2
=
𝑗𝜔

𝛼𝑓
𝜃𝑓 +

3𝑢𝑏𝑦

2𝛼𝑓∆

𝜕𝜃𝑓

𝜕𝑥
  . 

(3-6) 

Clearly, for 𝑦 → 0 (near the wall), Equation 3-6 is reduced to a pure heat conduction 

equation without the advection term. Therefore, the convection effect is only important 

when the temperature field reaches deep into the boundary layer, i.e., at the low 

frequency where 𝐿𝑝  is large. By doing a dimensional analysis, it was found that the 

forced convection effect is negligible when the following condition is satisfied 93: 

𝑢𝑏

𝜔
< 𝐿𝑐, (3-7) 

where 𝐿𝑐 is the characteristic length scale of the fluid flow. For a fully developed flow, 

such as the one studied in Ref. 93,  𝐿𝑐 is the radius of the flow channel. In our case studied 

here, the flow is still in the entrance region, so 𝐿𝑐 should be the momentum boundary 

layer thickness Δ . If we take 𝐿𝑐 = Δ  and knowing Δ = 5√
𝑣𝑥

𝑢𝑏
  (for a laminar flow), 

equation 3-7 becomes:  
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𝑢𝑏 < (5√𝑣𝑥𝜔)
2
3 

(3-8) 

where 𝑣 is the kinematic viscosity of the fluid and x is the characteristic entrance length 

of the measurement section as shown in Figure 3-1b (x = 10 cm in our experiment). 

 

Figure 3-3. Schematic of MPR measurement on flowing fluid in a tube. (a) Schematic of 

the MPR measurement section. (b) Schematics of momentum boundary, thermal 

boundary and thermal penetration depth in the MPR measurement in a 2D model. 

 

Figure 3-4a shows the critical velocity as a function of 𝜔. The angular frequency 

is in the range of 3 – 12 rad s-1 (i.e., f = 0.5 – 2 Hz and 𝐿𝑝 = 150 – 300 µm), and thus the 

critical velocity is ~ 70 mm s-1 to have the negligible forced convection effect. The 

critical velocity increases with increasing frequency because the penetration depth 

decreases with increasing frequency, and thus the effect of the momentum boundary layer 

diminishes.  

 The above analysis only examines the velocity and momentum equation. From the 

heat transfer point of view, 𝐿𝑝 < 𝛿 also needs to be satisfied in order to measure the 

intrinsic thermal conductivity of the fluid, as discussed earlier. Here we set  𝐿𝑝 < 0.2𝛿: 

𝐿𝑝

𝛿 
=

√
𝛼𝑓

𝜋𝑓

5√
𝑣𝑥1
𝑢𝑏
𝑃𝑟−1/3   

< 0.2, 

(3-9) 
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where 𝑥1  is the length of heater and is equal to the laser spot size, i.e., 𝑥1 = 𝐷𝑙𝑎𝑠𝑒𝑟 . 

Rearranging equation 3-9 leads to: 

𝑅𝑒𝐷
1/2
𝑃𝑟1/3 < √

𝐷𝐷𝑙𝑎𝑠𝑒𝑟𝜋𝑓

𝛼𝑓
, 

(3-10) 

where 𝐷  is the pipe diameter (25 mm), 𝑅𝑒𝐷 =
𝑢𝑏𝐷

𝜈 
, and 𝐷𝑙𝑎𝑠𝑒𝑟 = 10 𝑚𝑚  in our 

experiment. Evaluating equation 3-10 at 𝑓 = 1 Hz, we have 𝑅𝑒𝐷
1/2
𝑃𝑟1/3 < ~100 as the 

condition to neglect the forced convection effect. On the other hand, when 𝑅𝑒𝐷
1/2
𝑃𝑟1/3 >

~100 , the forced convection effect becomes important, and the measured effective 

thermal conductivity is expected to be higher than the intrinsic thermal conductivity of 

the fluid. In our measurements, we vary the flow velocity 𝑢𝑏, laser modulation frequency 

𝑓, and temperature (thus the viscosity) of the fluid to access both the intrinsic thermal 

conductivity (pure heat conduction) and forced convection regimes from the fluid flow 

(equation 3-8 and figure 3-4a) and the heat transfer (equation 3-10) points of view.  

In addition, although the MPR measurement is conducted on a cylindrical tube, 

the heat transfer can be modeled based on the planar geometry under certain conditions. 

To specify these conditions, the thermal response of a cylindrical tube is compared to that 

of a flat plate. The surface temperature rise given by the heat transfer model for a 

cylindrical tube under the modulated laser heating is 102: 

𝜃𝑠,𝑐𝑦𝑙(𝑟, 𝜙, 𝜔)

=
𝑞𝑠
2𝜋𝑘𝑠

(

 
 
 

2𝐼𝑜(𝜎𝑟)

𝐼0
′(𝜎𝐷/2)

sin (
𝜃0
2
) +

𝐼1(𝜎𝑟)

𝐼1
′(𝜎𝐷/2)

(𝜃0 + sin(𝜃0)) × cos (
𝜋

2
− 𝜙)

+2 ∑
𝐼𝑚(𝜎𝑟)

𝐼𝑚
′ (𝜎𝐷/2)

× cos [
m

2
(π − 2ϕ)] × [

sin [
(m + 1)θ0

2
]

𝑚 + 1
+
sin [

(m + 1)θ0
2

]

𝑚 − 1
]

∞

𝑚=2 )

 
 
 

 

(3-11) 

where ks is the thermal conductivity of the solid tube, θ0 is the center angle of the laser 

spot and is π/7.8 for a laser spot diameter (𝐷𝑙𝑎𝑠𝑒𝑟  = 10 mm); 𝜙 is the angle of the 
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detection spot (𝐷𝐼𝑅 = 1 𝑚𝑚) relative to the horizontal position and is π/2 if the laser and 

IR-detector are well aligned. Im is the mth order modified Bessel function of the first kind 

and 𝐼𝑚
′  is the derivative of Im. 𝜎 = √

𝑖𝜔

𝛼𝑠
 , where αs is the thermal diffusivity of steel tube. 

The surface temperature rise of a planar plate under the modulated laser heating 

is: 

𝜃𝑠,𝑝𝑙 =
𝑞𝑠𝑒

−
𝜋
4
𝑗

𝑒𝑠√𝜔
 

(3-12) 

where 𝑒𝑠 is thermal effusivity of the plate. Figure 3-4b compares the thermal responses of 

a cylindrical tube and a plate using the thermal properties of steel in Table 3-1. To 

quantify the difference between the cylindrical and planar geometries, the ratio 𝑅 of the 

|θs| of a cylindrical tube over that of a plate is also displayed in Figure 3-4b, where 𝑅 is 

defined as:  

𝑅 =
|𝜃𝑠,𝑐𝑦𝑙|

|𝜃𝑠,𝑝𝑙|
 

(3-13) 

The figure shows that the maximum deviation between the two curves is 7% 

within the entire frequency range we will use in this experiment (0.5 to 2 Hz). Therefore, 

it is reasonable to use the simplified analysis based on the planar geometry. By neglecting 

the forced convection effect and temperature gradient in the x direction, and assuming the 

planar geometry, the frequency-domain heat transfer equation in the fluid domain 

(equation 3-6) can be further simplified as: 

𝜕2𝜃𝑓

𝜕𝑦2
=
𝑗𝜔

𝛼𝑓
𝜃𝑓                                                                      (3-14) 
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Equation 3-14 is the same as the 1D heat conduction equation in a solid substrate. 

Therefore, the 1D heat conduction of the three-layered system (i.e., coating, steel 

containment and fluid, see Figure 3-3a) can be modeled as follows101,103: 

𝜃𝑠 = −
𝑑

𝑐
𝑞𝑠                                                                         (3-15) 

where 𝑞𝑠  is the AC component of the laser heat flux; 𝜃𝑠 = 𝑇𝑠– 𝑇𝑜  is the temperature 

oscillation induced by the AC component of the heat flux, with 𝑇𝑠 as the transient surface 

temperature and 𝑇𝑜 as the baseline surface temperature due to the heating by the heaters 

and DC component of laser; d and c are obtained from the following transfer matrix: 

𝑀 = (
𝑎 𝑏
𝑐 𝑑

) = 𝑀𝑛𝑀𝑛−1⋯𝑀𝑖⋯𝑀1                                                      (3-16) 

where 𝑀𝑖  is the transfer matrix for the ith layer, with i = 1, 2 and 3 referring to the 

coating, steel tube and fluid, respectively. The transfer matrix 𝑀𝑖 is expressed as follows: 

𝑀𝑖 = (
cosh (𝐷𝑖√𝑗𝜔) −

sinh(𝐷𝑖√𝑗𝜔)

𝑒𝑖√𝑗𝜔

−𝑒𝑖√𝑗𝜔 sinh(𝐷𝑖√𝑗𝜔) cosh (𝐷𝑖√𝑗𝜔)
)                                                      (3-17) 

where 𝐷𝑖 =
𝑙𝑖

√𝛼𝑖
, 𝑙𝑖  and 𝛼𝑖  are the thickness and thermal diffusivity of the ith layer, 

respectively. 𝑒𝑖 is the thermal effusivity of the ith layer, i.e., 𝑒𝑖 = √(𝜌𝑐𝑘)𝑖. 
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Figure 3-4. Simplification of heat transfer modeling in the fluid domain. (a) 

Configuration of MPR measurement on flowing fluid for minimum forced convection 

effect. (b) Comparison of thermal responses between the cylindrical and planar 

geometries. The left y-axis is the amplitude of surface temperature oscillation and the 

right y-axis (R) is the ratio of the |θs| between the cylindrical and planar geometries. 

 

To quantify the forced convection effect on the thermal conductivity 

measurement, we compare the thermal responses predicted by the stationary fluid model 

in equation 3-15 and that numerically calculated with COMSOL simulation based on 

equation 3-3. The modeling parameters are shown in Table 3-1. 

Table 3-1. Simulation parameters for stationary fluid within a tube 

Parameter Value Unit 

Tube Diameter D 25 mm 

Thickness of Tube Shell ls 100 μm 

Thickness of Coating lc 30 μm 

Thermal Conductivity of Steel Tube ks 20  W m-1 K-1 

Thermal Conductivity of Coating kc 0.5 101  W m-1 K-1 

Thermal Conductivity of Fluid kf 0.6  W m-1 K-1 

Thermal Diffusivity of Tube αs 5 mm2 s-1 

Thermal Diffusivity of Coating αc 0.4 mm2 s-1 

Thermal Diffusivity of Fluid αf 0.16 mm2 s-1 

Heat Flux qs 13700 W m-2 

Heating Laser Diameter DLaser 10 mm 

Detection Spot Diameter DIR 1 mm 
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The details of the COMSOL simulation are shown in Figure 3-5. Figure 3-5a 

shows the COMSOL simulation model of flowing fluid in a tube. We simplified the 

model into 2-dimensional. The harmonic perturbation solver is used. There are three 

domains in the model: the 30 μm thick coating, the 100 μm thick steel sheet and DI water 

channel with the half channel width of 12.5 mm. The model is symmetric about the 

center. The length of simulation domain is set to be 20 mm. A laser beam with the 

diameter of 10 mm is applied at the center of the domain on the surface of coating, with a 

uniform heat flux of 20,000 W m-2. A fully developed laminar liquid flow is applied in 

the liquid domain as shown in Figure 3-5b with variation in the bulk velocity. The 

properties of materials are listed in Table 3-2. The surface temperature at the center of the 

laser spot is monitored. Figure 3-5c shows the temperature profile at different frequencies 

and velocities. It is obvious that as the frequency increases, the thermal penetration depth 

decreases. In addition, at high velocity, the temperature profile is asymmetric along the 

flow direction, indicating the strong forced convection, while at low velocity, the 

temperature profile is similar to that of bulk materials. 
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Table 3-2. Simulation parameters for flowing fluid in a tube using COMSOL. 

Parameter Value Unit 

Channel Height 25 mm 

Channel Width 20 mm 

Thickness of Tube Shell ls 100 μm 

Thickness of Coating 𝑙𝑐 30 μm 

Laser Spot Diameter 10 mm 

Detection Spot Diameter 1 mm 

Thermal Conductivity of Steel Tube ks 16 W m-1 K-1 

Specific Heat Capacity of Steel Tube cs 500 J kg-1 K-1 

Density of Steel Tube ρs 8000 kg m-3 

Thermal Conductivity of Fluid kf 0.6  W m-1 K-1 

Specific Heat Capacity of Fluid cf 4182 J kg-1 K-1 

Density of Fluid ρf 997 kg m-3 

Heat Flux qs 20000 W m-2 

Bulk Velocity ub 0 - 800 mm s-1 

Thermal Conductivity of Coating kc 0.5 W m-1 K-1 

Thermal Diffusivity of Coating αc 0.4 mm2 s-1 

 

 

Figure 3-5. Schematic of 2-D COMSOL simulation of MPR measurement on flowing 

fluid in planar channel. (a) Simulation domain and boundary conditions. (b) Velocity 

profile of laminar flow (c) Temperature profile at different velocities and frequencies. 
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As shown in Figure 3-6a, at zero bulk velocity (𝑢𝑏  = 0 mm s-1), the thermal 

responses of the analytical stationary fluid model (equation 3-15) and the numerical 

model in COMSOL for the flowing fluid (equation 3-3) agree well with each other. It is 

evident that the thermal response can be divided into three regions: the fluid dominated 

region at low frequency where the |𝜃𝑠| 𝑣𝑠 𝜔
−1/2  curve is linear; the steel dominated 

region at intermediate frequency where the slope of the |𝜃𝑠| 𝑣𝑠 𝜔
−1/2  curve becomes 

smaller because the thermal conductivity of steel is higher than that of fluid; the coating 

dominated region at high frequency where the slope is large due to the low thermal 

conductivity of coating. In an earlier study, we have experimentally demonstrated that the 

thermal conductivity and volumetric heat capacity of different layers can be obtained 

from the thermal responses at different frequencies 101. At the low frequency limit when 

Lp is much larger than the thickness of coating and steel, the multilayer model (equation 

3-17) can be simplified as 101,104: 

𝜃𝑠 =
𝑞𝑠𝑒

−
𝜋
4
𝑗 

𝑒𝑓√𝜔
+ 𝑞𝑠𝑅𝑐𝑠 

(3-18) 

where 𝑒𝑓 is the thermal effusivity of fluid, defined as 𝑒𝑓 = √𝑘𝑓𝜌𝑓𝑐𝑓 , where 𝜌𝑓 and 𝑐𝑓 are 

the density and specific heat of the fluid, respectively; 𝑅𝑐𝑠 is the total thermal resistance 

by the coating and the steel shell: 

𝑅𝑐𝑠 = (1 −
𝑒𝑠
𝑒𝑓
)
𝑙𝑠
𝑘𝑠
+ (

1

2
−
𝑒𝑐
2

𝑒𝑓
2)
𝑙𝑐
𝑘𝑐
     

(3-19) 

where 𝑒𝑠  and 𝑒𝑐 are the thermal effusivities of the steel shell and the coating, respectively; 

𝑙𝑠 and 𝑙𝑐 are the thicknesses of the steel shell and the coating, respectively; 𝑘𝑠 and 𝑘𝑐 are 

the thermal conductivities of the steel shell and the coating, respectively. Notably, 𝑅𝑐𝑠 is 
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independent on the frequency in the low frequency range, therefore thermal effusivity of 

the fluid 𝑒𝑓 can be directly obtained by measuring the slope of the |𝜃𝑠| 𝑣𝑠 𝜔
−1/2 curve 

according to equation 3-19. At low bulk velocity 𝑢𝑏 = 10 mm s-1 as shown in Figure 3-6a, 

the thermal response remains the same as that of the stationary fluid. Therefore, the 

intrinsic thermal effusivity of fluid can still be obtained by measuring the slope at low 

frequency range (𝐿𝑝 = 150 – 300 μm). As 𝑢𝑏 increases to above 50 mm s-1, the thermal 

response starts to slightly deviate from that of the stationary fluid. The curves start to 

plateau at low frequency at 𝑢𝑏   > 100 mm s-1, indicating higher effective thermal 

effusivity in this regime, or the onset of the forced convection effect. At high flowing 

velocity, the forced convection effect becomes important, leading to a higher effective 

thermal conductivity. Therefore, the critical velocity is ~ 100 mm s-1 for MPR 

measurement of intrinsic thermal conductivity of the fluids with the experimental 

conditions used in this study. The critical velocity predicted by the COMSOL simulation 

agrees well with that predicted by the dimensional analysis shown in equation 3-8.  

Figure 3-6b shows the sensitivity of |𝜃𝑠| on the thermal conductivity of the steel 

wall 𝑘𝑠, Pyromark coating 𝑘𝑐 and fluid 𝑘𝑓, calculated based on equation 3-15 using the 

parameters in Table 3-1. The sensitivity of |𝜃𝑠| is defined as: 

𝑆𝜃 =
Δ|𝜃𝑠|/|𝜃𝑠|

Δ𝑘𝑖/𝑘𝑖
 ,                                                              (3-20) 

where 𝑘𝑖 is the thermal property of the steel wall, coating, or fluid (𝑘𝑠, 𝑘𝑐, or 𝑘𝑓).  For 

example, the sensitivity of 1 to 𝑘𝑓 means that 1% change in 𝑘𝑓 leads to 1% change in 

|𝜃𝑠|. As discussed above,  |𝜃𝑠| is more sensitive to 𝑘𝑓 at the low frequency limit (long 

thermal penetration depth) and to 𝑘𝑐  at the high frequency limit (short thermal 

penetration depth), while in the intermediate frequency range, it is also sensitive to 𝑘𝑠. 
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Therefore, in this study, 𝑘𝑓 is extracted from the thermal response in the frequency range 

of 0.5 to 2 Hz (𝐿𝑝 = 150 – 300 μm) where the sensitivity of |𝜃𝑠| to 𝑘𝑓 higher than 0.2.  

 

Figure 3-6. Numeric modeling of thermal response of flowing fluid and measurement 

error analysis of the thermal conductivity of fluid due to the forced convection. (a) Effect 

of flowing velocity 𝑢𝑏 on the thermal response. The solid line from the analytical model 

is based on equation 3-15 and the symbols are results from finite element modeling using 

COMSOL.  (b) Sensitivity on the thermal conductivities of coating, steel tube and fluid at 

𝑢𝑏  = 0 mm s-1. 

 

Another important design parameter is the small wall thickness (100 µm) of the 

MPR section, which not only ensures high sensitivity of |𝜃𝑠| to 𝑘𝑓 but also limits the 

lateral heat spreading effect. Equation 3-15 is based on the 1D heat transfer model, which 

is only valid when there is no significant lateral heat spreading effect, i.e., with small wall 

thickness. We analyzed the 2D heat transfer effect in the system and found that when the 

wall thickness is less than 100 μm, the measurement error of thermal effusivity of the 

fluid based on the 1D assumption (i.e., equation 3-15) is less than 10% with suitable steel 

cover thickness and laser spot size. The thermal effusivity of fluid is obtained from the 

slope of the thermal response at low frequency based on the assumption of 1-D heat 

transfer (equation 18). To ensure the 1-D heat transfer, the lateral spreading in the steel 
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should be minimized. To quantify this, we established a 2-D heat transfer model on a 

multi-layered system: 

𝜃𝑆1 = ∫ −
𝐷

𝐶

𝑄

𝜋𝑅𝑥
𝐽1(𝑥𝑅)

∞

0

𝐽0(𝑥𝑟)𝑥𝑑𝑥 

(3-21) 

where J0 and J1 are the Bessel functions of the zero and first order, respectively. R is the 

radius of the laser spot and r is the radial coordinate. Q is the laser heating power. D and 

C are the elements in the heat transfer matrix: 

𝑀= (
𝐴 𝐵
𝐶 𝐷

) = 𝑀3𝑅int𝑀2𝑀1 (3-22) 

where Mi is the thermal properties matrix of the ith layer, and the first layer is close to the 

surface. Rint is the interfacial resistance matrix between the two neighboring layers. 

𝑀𝑖 = (
cosh(𝑞𝑖𝑙𝑖), −

sinh(𝑞𝑖𝑙𝑖)

𝑘𝑧𝑖𝑞𝑖

−𝑘𝑧𝑖𝑞𝑖sinh(𝑞𝑖𝑙𝑖), cosh(𝑞𝑖𝑙𝑖)
) 

(3-23) 

𝑅int = (
1, −

1

𝐾

0,   1
) 

(3-24) 

where K is the interfacial conductance (W m-2 K); li is the thickness of the ith layer; kzi is 

the through-plane thermal conductivity of the ith layer; kri is the in-plane thermal 

conductivity of the ith layer: 

𝑞𝑖 = √
𝑘𝑟𝑖𝑥

2

𝑘𝑧𝑖
+ 𝑖 𝜔 𝛼⁄  

(3-25) 

The lateral spreading can be minimized by reducing the wall thickness of steel or 

enlarging the laser spot size. Figure 3-7a shows the simulated thermal response at the 

center of the surface of a stainless tube with variation in the wall thickness filled with 

fluid using the parameters shown in Table 3-3. As shown in Figure 3-7a, the thermal 
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responses can be divided into three regions: the fluid governed region at low frequency; 

the steel governed region in the mediate frequency range and the coating govern region at 

high frequency. The thermal effusivity of fluid is calculated from the slope at low 

frequency range (𝜔−1/2 = 0.3 − 0.6) and compared to the values input into the model. 

As shown in Figure 3-7b, the measurement error increases with increasing steel 

thickness. To reduce the measurement error to be ≤ 10%, the wall thickness is required to 

be ≤ 100 μm.  

The thermal response is also affected by the laser spot radius. The lateral 

spreading effect is more prominent when the laser spot size is small. Figure 3-7c shows 

the simulated thermal responses of fluid in a tube with different laser spot radius and the 

simulation parameters are shown in Table 3-3. It is noted that the thermal responses for 

laser spot radius ≥ 3 mm coincide with each other while the curves start to plateau at the 

low frequency when the laser spot radius is reduced to 2 mm. The lateral heat spreading 

effect becomes more prominent for laser spot radius < 1 mm. The thermal effusivity of 

fluid is calculated from the slope at low frequency range (𝜔−1/2 = 0.3 − 0.6 ) and 

compared to the values input in the model. Figure 3-7d shows the measurement error of 

thermal effusivity of fluid. To ensure the low measurement error (< 10%), the laser spot 

radius should be ≥ 3 mm. 
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Figure 3-7. Analysis of MPR measurement error of fluids in a tube due to the limitation 

of thickness of steel wall and laser spot size. (a) Thermal responses with variation in the 

wall thickness of tube. (b) Measurement error of thermal effusivity of fluid as a function 

of wall thickness of tube. (a) Thermal responses with variation in the laser spot radius. (b) 

Measurement error of thermal effusivity of fluid as a function of laser spot radius. 

Table 3-3. Simulation Parameters for the effect of wall thickness and laser spot size 

Laser Power 2 W 

Laser Spot Radius 0.5 - 10 mm 

Interfacial Conductance 108 W m-2 K-1 

Coating 

Thickness 10 μm 

In-plane Conductivity 0.6 W m-1 K-1 

Through-plane Conductivity 0.6 W m-1 K-1 

Diffusivity 0.4 mm2 s-1 

Steel Tube 

Thickness 0.1 – 0.5 mm 

In-plane Conductivity 20 W m-1 K-1 

Through-plane Conductivity 20 W m-1 K-1 

Diffusivity 5 mm2 s-1 

Fluid 

Thickness 12 mm 

In-plane Conductivity 0.6 W m-1 K-1 

Through-plane Conductivity 0.6 W m-1 K-1 

Diffusivity 0.15 mm2 s-1 
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In addition, to satisfy the 1D assumption, one should also ensure 𝐷𝑙𝑎𝑠𝑒𝑟 ≫ 𝐿𝑝
 101. 

In our measurement, Lp is ~ 150-300 μm which is much smaller than the 𝐷𝑙𝑎𝑠𝑒𝑟  (~10 

mm). The natural convection effect induced by the temperature gradient is also negligible 

in the MPR measurement due to the short 𝐿𝑝  as shown in Figure 3-8. In our 

measurement, the heating power is applied from the external surface which will induce a 

temperature gradient in the fluid, and thus the natural convection effect. If the liquid layer 

is thick, the natural convection effect is not negligible, leading to an overestimated 

thermal conductivity in most time-domain and back-side measurements where the liquid 

layer thickness is in the order of millimeters 100. The natural convection effect is 

negligible when the Rayleigh number Ra is below 1100105-107: 

3

s pg L
Ra

 


=  

(3-26) 

where ρ is density, g is the gravitational acceleration, β is the coefficient of thermal 

expansion, μ is viscosity, θs is the surface temperature, α is the thermal diffusivity and Lp 

is the liquid thickness in the steady-state measurement and is the thermal penetration 

depth in the transient measurements. Notably, the Ra is linear to Lp
3 and thus the natural 

convection effect can be significantly suppressed if the liquid layer is thin. Figure 3-8a 

shows the Ra number as a function of liquid thickness for DI-water. The natural 

convection is negligible for the liquid layer thickness smaller than 1.5 mm. As shown in 

Figure 3-8b, the Ra number in the MPR measurement is < 10 in the frequency range of 

interest due to the short thermal penetration depth (< 300 μm) and thus the natural 

convection effect is negligible in our measurement.  

The heat flux is calibrated using a standard material with known thermal 

effusivity 𝑒 according to equation 3-12 as reported in chapter 2.3. This approach avoids 
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the need to precisely measure the laser spot size which is reported to be a major source of 

measurement uncertainty108. The MPR measurement uncertainty is 5.8% and the analysis 

can be found in chapter 2.2. 

 

Figure 3-8. Evaluation of the Ra number in the MPR measurement. (a) Ra number as a 

function of the liquid thickness and (b) Ra number as a function of the modulation 

frequency and the corresponding thermal penetration depth. 

 

3.4. Results and discussions 

3.4.1. Measurement of stagnant fluids 

Figure 3-9a shows the thermal responses of different fluids at stagnant state (i.e., 

ub = 0 mm s-1) and room temperature. All the thermal response curves can be delineated 

into three regions: (i) Pyromark coating dominated region at high frequency with 𝐿𝑝 < 30 

μm. (ii) tube wall (or substrate) dominated region in the medium frequency range where 

the slope is smaller due to the high thermal conductivity of the steel. The thermal 

responses in these two regions are the same for all the samples because the same tube 

with the same coating was used. (iii) fluid dominated region at low frequency with 𝐿𝑝 > 

~160 μm, where the slope is determined by the thermal effusivity of the fluid. According 
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to Equation 18, the thermal effusivity of the fluid 𝑒𝑓 is obtained from the slope of the 

|𝜃𝑠| 𝑣𝑠. 𝜔
−
1

2  curve in the low frequency regime, and the thermal conductivity of the fluid 

can be calculated based on the specific heat and density of the fluids reported in the 

literature 109-111. Figure 3-9b shows the normalized thermal response by the heat flux (
𝜃𝑠

𝑞𝑠
) 

in the frequency range of 0.5-2 Hz, i.e., 𝐿𝑝 in the range of 180-320 μm. 𝑒𝑓 can be directly 

obtained from the slopes of the 
𝜃𝑠

𝑞𝑠
 𝑣𝑠 𝜔−1/2 curves. Figure 3-9c compares the measured 

thermal conductivity of different fluid (𝑒𝑒𝑥𝑝) to the literature values (𝑒𝑙𝑖𝑡) while Figure 3-

9d compares the measured thermal conductivity of different fluid (𝑘𝑒𝑥𝑝) to the literature 

values (𝑘𝑙𝑖𝑡) 
109-111. The measurement results are within 10% error from the literature 

values, validating the MPR measurement of stagnant fluids. This error is similar to what 

we have reported for MPR measurements on bulk materials 101. The stagnant fluids can 

be treated as bulk materials if the natural convection effect is negligible. In our 

measurements, 𝐿𝑝 in the fluids ranged from 180 to 320 µm in the low-frequency regime, 

leading to Rayleigh number (𝑅𝑎) of 1 to 10 for these fluids (the critical 𝑅𝑎  for the 

induction of natural convection is 1100 105) and consequently negligible natural 

convection effect.  
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Figure 3-9. MPR measurement on stationary fluids at room temperature. (a) Thermal 

responses of different stagnant fluids filled in the MPR measurement section (tube wall 

thickness: 100 μm; Pyromark coating thickness: ~ 30 μm). LP is estimated based on the 

properties of DI water. (b) Thermal responses of different stagnant fluids at the low 

frequency range of 0.5-2 Hz. (c) Comparison of the thermal effusivity measured using 

MPR and the literature values. (d) Comparison of the thermal conductivity measured 

using MPR and the literature values. Note the data of Dowtherm A oil and Xcetherm oil 

600 are overlapped in (b), (c), and (d). 

 

3.4.2. Measurement of flowing fluid 

According to the analysis presented in chapter 3.3, to measure the thermal 

conductivity of flowing fluids, the flowing velocity should be lower than the critical 

velocity to satisfy the condition of negligible forced convection effect. In this section, we 

measured Xceltherm oil and DI water at room temperature with variable flowing 
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velocities to experimentally identify the critical velocity and compare it to the theoretical 

analysis. Figure 3-10a shows the thermal responses of Xceltherm oil. The thermal 

responses for 𝑢𝑏  = 0 mm s-1 and 90 mm s-1 coincide, indicating negligible forced 

convection effect up to 90 mm s-1. The thermal response curves shift downwards with 

increasing flowing velocities, indicating higher effective thermal effusivity and thermal 

conductivity due to the stronger forced convection effect. The effective thermal effusivity 

of the fluid (𝑒𝑒𝑓𝑓) is obtained from the slope of |𝜃𝑠| 𝑣𝑠. 𝜔
−
1

2 in the linear region with 𝐿𝑝 = 

150 - 300 μm (Equation 18) and the effective thermal conductivity (𝑘𝑒𝑓𝑓) is calculated 

with the literature values of specific heat and density of the fluids. Figure 3-10c shows 

𝑘𝑒𝑓𝑓 normalized to the intrinsic thermal conductivity (𝑘0) of Xceltherm oil, 𝑘𝑒𝑓𝑓/𝑘0 , as 

a function of 𝑢𝑏. 𝑘𝑒𝑓𝑓/𝑘0 is within 5% of the unity when 𝑢𝑏 = 0 - 90 mm s-1. At higher 

velocity, 𝑘𝑒𝑓𝑓/𝑘0 increases, reaching 118% at 𝑢𝑏 = 250 mm s-1 and 151% at 𝑢𝑏 = 500 

mm s-1. This result indicates that the intrinsic thermal conductivity of Xceltherm oil can 

be measured at 𝑢𝑏 < 100 mm s-1 for the current MPR configuration, consistent with our 

theoretical analysis in Section 2.  

Figure 3-10b shows the thermal responses of DI water. The slopes of the thermal 

responses from 𝑢𝑏  = 0 mm s-1 and 90 mm s-1 are close, indicating negligible forced 

convection effect up to 90 mm s-1. The thermal response curves shift downwards with 

increasing velocities, indicating higher effective thermal effusivity and thermal 

conductivity due to the forced convection, similar to the Xceltherm oil. The curve shows 

a plateau in low frequency region at 𝑢𝑏 = 550 mm s-1, indicating a significantly higher 

effective thermal effusivity in this region. Figure 3-10c shows 𝑘𝑒𝑓𝑓  normalized to the 

intrinsic thermal conductivity (𝑘0) of DI water, 𝑘𝑒𝑓𝑓/𝑘0 , as a function of 𝑢𝑏. 𝑘𝑒𝑓𝑓/𝑘0 is 
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within 5% of the unity when 𝑢𝑏 = 0 - 90 mm s-1. At higher velocity, 𝑘𝑒𝑓𝑓/𝑘0 increases, 

reaching 118% at 𝑢𝑏 = 190 mm s-1. The above analysis indicates that the intrinsic thermal 

conductivity of DI water can also be measured at 𝑢𝑏 < 100 mm s-1, which is close to the 

prediction from the COMSOL simulation as shown in Figure 3-6a and the dimensional 

analysis shown in Figure 3-4a. It is also worth noting that the forced convection effect is 

stronger for DI water than Xceltherm oil at the same flowing velocity. The 𝑘𝑒𝑓𝑓/𝑘0 

reaches 310% at 𝑢𝑏 = 347 mm s-1 and 1130% at 𝑢𝑏 = 550 mm s-1 for DI water (versus 

151% at 𝑢𝑏  = 500 mm for Xceltherm). This is because the viscosity of oil is higher, 

leading to a lower 𝑅𝑒𝐷 number at the same flow velocity, which will be further discussed 

in the later section. 

 

Figure 3-10. MPR measurement on flowing fluids at room temperature. (a) Thermal 

response of Xceltherm 600 oil in a tube flowing at different velocities. (b) Thermal 

response of DI water in a tube flowing at different velocities. (c) Normalized thermal 

conductivity as a function of flow velocity for DI water and Xceltherm 600 oil. The 

thermal effusivity measured from the slopes of the thermal response curves are used to 

calculate the thermal conductivity based on the density and specific heats in the literature 
109-111. 

Figure 3-11a and 3-11b show the thermal responses for DI water and Xceltherm 

600 oil, respectively, at the same velocity of 𝑢𝑏 = 90 mm s-1 with fluid temperature (T0) 

ranging from 30℃ to 170℃. The upper temperature limit is set so to avoid boiling of 

water or ignition of oil in air. Like the analysis done in the previous section, 𝑒𝑒𝑓𝑓 of fluid 
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is obtained from the slope at low frequency and then the 𝑘𝑒𝑓𝑓 is calculated. Figure 3-11d 

compares 𝑘𝑒𝑓𝑓 of DI water and the oil to the literature value 𝑘0 at different temperature. 

𝑘𝑒𝑓𝑓 of DI water is close to 𝑘0from 30℃ to 60℃. For the Xceltherm oil, 𝑘𝑒𝑓𝑓 is close to 

𝑘0 at T0 < 100℃. However, 𝑘𝑒𝑓𝑓 of the oil increases significantly at T0 > 100℃; 𝑘𝑒𝑓𝑓/𝑘0 

is 154.5% and 168.1% at 140℃ and 170℃, respectively due to the strong forced 

convection at higher temperature. The viscosity of the oil decreases with increasing 

temperature, and thus 𝑅𝑒𝐷  increases at higher temperature, leading to stronger forced 

convection effect. Figure 3-11c shows the thermal responses for the oil at the velocity of 

𝑢𝑏 = 50 mm s-1 with 𝑇𝑜 from 90℃ to 170℃. As shown in Figure 3-11d, by reducing the 

flow velocity to 50 mm s-1, 𝑘𝑒𝑓𝑓  of Xceltherm oil agrees well with 𝑘0  at all the 

temperatures. Evidently, the critical velocity varies with the type of the fluid and the 

temperature, which will be discussed in the next section. 
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Figure 3-11. MPR measurement of flowing fluids at elevated temperature. (a) Thermal 

responses of DI water at 𝑢𝑏 = 90 mm s-1 at 30-60℃. (b) Thermal response of Xceltherm 

600 oil at 𝑢𝑏 = 90 mm s-1 at 45-170℃. (c) Thermal response of Xceltherm 600 oil at 𝑢𝑏 = 

50 mm s-1 at 90-170℃. (d) Effective thermal conductivities of DI water and Xceltherm 

600 oil as a function of temperature measured at 𝑢𝑏 = 90 mm s-1 and 𝑢𝑏 = 50 mm s-1.  

 

3.4.3. Analysis of Forced Convection Effect 

To systematically study the forced convection effect, we further measured the two 

fluids at different velocities: (a) Xceltherm oil from 45-170℃ with flowing velocity of 50 

mm s-1, 90 mm s-1, 250 mm s-1 and 300 mm s-1; and (b) DI water at 30 ℃ with flowing 

velocity of 90 mm s-1, 190 mm s-1, 350 mm s-1 and 550 mm s-1. Figure 3-12a shows the 

normalized thermal conductivity (𝑘𝑒𝑓𝑓/𝑘0) from all the measurements of DI water and 
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Xceltherm 600 as a function of 𝑅𝑒𝐷. It can be seen that 𝑘𝑒𝑓𝑓/𝑘0 increases with increasing 

𝑅𝑒𝐷. Although the range of velocity is the same for DI water and Xceltherm oil, 𝑅𝑒𝐷 for 

DI water is much higher due to the lower viscosity. At 𝑢𝑏 > 190 mm s-1, 𝑅𝑒𝐷 > 10,000, 

the flow of the water becomes turbulent, leading to strong forced convection effect. 

Therefore, 𝑘𝑒𝑓𝑓  also increases significantly. The viscosity of the oil decreases with 

increasing temperature, and thus 𝑅𝑒𝐷 is higher at higher temperature. As a result, 𝑘𝑒𝑓𝑓 

directly obtained from the measurement is increasingly overestimated compared to 𝑘0 as 

the temperature increases, as shown in Figure 3-11d. However, compared to DI water, 

𝑅𝑒𝐷 for Xceltherm is less than 10,000 and the flow is still laminar within the entire flow 

velocity range. 

Here we plot 𝑘𝑒𝑓𝑓/𝑘0  as a function of 𝑅𝑒𝐷
1/2
𝑃𝑟1/3  in Figure 3-12b. Notably, 

𝑘𝑒𝑓𝑓/𝑘0  of both DI water and Xceltherm 600 follows the same trend as 𝑅𝑒𝐷
1/2
𝑃𝑟1/3 

increases, except the outliner for DI water at high 𝑅𝑒𝐷
1/2
𝑃𝑟1/3value (>200) because the 

water flow is turbulent, which does not follow the 𝑁𝑢𝐷 correlation for a laminar flow. 

The forced convection effect is negligible for both liquids at ReD
1/2Pr1/3 < 100 and 

becomes increasingly prominent as 𝑅𝑒𝐷
1/2
𝑃𝑟1/3  increases. This agrees well with the 

theoretical analysis as shown in equation 3-10. Therefore, we conclude that it is feasible 

to use the MPR technique developed here to measure the intrinsic thermal conductivity of 

flowing fluids under the condition of both low 𝑢𝑏  and low  𝑅𝑒𝐷
1/2
𝑃𝑟1/3  (or more 

generally, equation 3-7 and equation 3-10 are both satisfied). On the other hand, this 

work also suggests that the MPR could be used to probe the convection effect of flowing 

fluids when 𝑢𝑏 or 𝑅𝑒𝐷
1/2
𝑃𝑟1/3 is larger. 
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Figure 3-12. Analysis of forced convection effect in flowing fluid. (a) Normalized 

thermal conductivity as a function of 𝑅𝑒𝐷 number for DI-water and Xceltherm 600 oil. 

(b) Normalized thermal conductivities of DI water and Xceltherm 600 oil as a function of 

𝑅𝑒𝐷
1/2
𝑃𝑟1/3 at different temperatures. 

 

3.5. Conclusions 

In this chapter, we develop an MPR setup to measure the thermal conductivity of 

flowing fluid in a tube by controlling the modulation frequency of heating laser beam and 

the corresponding thermal penetration depth. The MPR setup is first validated by the 

thermal conductivity measurement of stationary fluids, including DI-water, Dowtherm A 

oil, Xceltherm 600 oil and ethanol at room temperature. The measurement error of 

stationary fluid is within 10%. Subsequently, the MPR setup is extended for the 

measurement of flowing fluid in the velocity range of 0 – 550 mm s-1 and from room 

temperature to 170℃. The intrinsic thermal conductivity of fluid can be obtained at low 

velocity where the forced convection effect is minimized. The forced convection effect 

becomes prominent at high flow velocity and low frequency, leading to the 

overestimation of thermal conductivity. The critical velocity is determined by the 

dimensionless number 𝑅𝑒𝐷
1/2
𝑃𝑟1/3 modeled based on the laminar boundary layer. When 
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𝑅𝑒𝐷
1/2
𝑃𝑟1/3 < 100, the intrinsic thermal conductivity of fluid can be obtained. The MPR 

technique reported here provides a convenient tool of in-situ thermal conductivity 

measurement of flowing fluid and shows the potential to characterize the local forced 

convection heat transfer close to the wall. 

Chapter 3, in full, is a reprint of the materials as it appears in ‘In-situ Thermal 

Transport Measurement of Flowing Fluid Using Modulated Photothermal Radiometry’, 

International Journal of Heat and Mass Transfer, 180 (2021), 121767 by Jian Zeng, Ka 

Man Chung, Sarath Reddy Adapa, Tianshi Feng and Renkun Chen. The dissertation 

author was the primary investigator and first author of this paper. 

  



89 
 

4. Chapter 4: Thermal transport of stationary granular media  

4.1. Introduction 

Particle beds are useful for a multitude of current and emerging systems and 

processes, such as catalytic reactors 112, nuclear reactors 113,114, heat exchangers115, 

thermal and thermochemical energy storage116,117, thermal insulation118, adsorption 

bed119, and additive manufacturing56. Heat transfer performance of these systems is 

highly dependent on the effective thermal conductivity of the particle beds (𝑘𝑒𝑓𝑓) 120,121, 

and it is thus important to model and predict the 𝑘𝑒𝑓𝑓  to optimize the system 

performance. Figure 4.1 shows the schematic of a sCO2-particle heat exchanger used for 

concentrating solar power (CSP) plant. As shown in Figure 4.1a122, there are arrays of 

mirrors on the ground to reflect and focus sunlight to the top of the solar tower. The 

particles fall from the top and are heated up to ~ 700°𝐶 by the concentrated sunlight at 

the receiver. The hot particles are stored in the hot tank and used to heat up the 

supercritical carbon dioxide (sCO2) at the heat exchanger, which will drive the turbine for 

power generation. Figure 4.1b displays the schematic of the sCO2-particle heat exchanger 

in greater details36,123. The hot particles are supply at 775°𝐶 from the top through parallel 

channels separated by the sCO2 channels in between to enlarge the heat transfer area. As 

the particles flows down, the sCO2 is heated up to > 700°𝐶 whereas the particles cool 

down to 570°𝐶. The particles and sCO2 flow at the counter directions and the effective 

heat transfer coefficient of the heat exchanger can be modeled as36: 

𝑈 = (
1

ℎ𝑠𝑤
+
𝛿𝑤
𝑘𝑤
+

1

ℎ𝐶𝑂2𝑤
)

−1

 
(4-1) 
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where ℎ𝑠𝑤 is the heat transfer coefficient between particle and wall,  𝛿𝑤 is the thickness 

of wall, 𝑘𝑤 is the solid thermal conductivity of wall materials (which is usually high-

temperature alloy), and ℎ𝐶𝑂2𝑤 is the heat transfer coefficient between the CO2 flow and 

wall. Due to small thickness of wall and high velocity of CO2 flow, the major thermal 

resistance lies in the particle-wall heat transfer, which can be modeled based on the semi-

infinite continuum assumption124,125: 

ℎ𝑠𝑤̅̅ ̅̅ ̅ = 2√
𝑢𝑏𝜌𝑐𝑝𝑘𝑒𝑓𝑓

𝜋𝐿
 

(4-2) 

where ℎ𝑠𝑤̅̅ ̅̅ ̅ is the average heat transfer coefficient over length of L, 𝑢𝑏 is the bulk velocity 

of particle, 𝜌 and 𝑐𝑝 are the density and specific heat of particle, and 𝑘𝑒𝑓𝑓 is the effective 

thermal conductivity of particle bed. Obviously, 𝑘𝑒𝑓𝑓  of particle bed is a dictating 

parameter in the thermal performance of the sCO2-particle heat exchanger. While other 

parameters can be accurately defined and modeled, the 𝑘𝑒𝑓𝑓 of particle bed is much more 

complicated and is yet to be well understood. Despite continuous efforts in the modeling 

of 𝑘𝑒𝑓𝑓 of particle beds since the 1960s 126-132 with varying materials, sizes, and packing 

structures, an accurate and predictive model still remains elusive due to the complexity of 

heat transfer in the particle bed. The 𝑘𝑒𝑓𝑓  represents the collective heat transfer 

performance from the solid conduction, gas conduction and radiation in a heterogeneous 

fluid and solid system. As such, the effective thermal conductivity is affected by 

numerous factors, such as particle size, porosity, the intrinsic thermophysical properties 

of the solid and fluid as functions of temperature and pressure, the interaction between 

the solid surface and the stagnant fluids and the mechanical adhesion between the solid 

surface, making it challenging to accurately model 𝑘𝑒𝑓𝑓 under a wide range of conditions. 
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The thermal transport in moving particle becomes even more complicated where the 

advection of individual particles increases the chaotic heat transfer pathways while 

interrupts the conduction pathways between particles. The aroused gas flow may also 

affect the thermal transport between the particles133,134. Up to now, there is limited 

knowledge about the effective thermal conductivity of moving particle bed and in-situ 

thermal conductivity measurement of a moving particle bed has been elusive. 

 

Figure 4-1. Schematics of particle-based concentrating solar power. (a) Overview of CSP 

plant.122 (b) Schematics of sCO2-particle heat exchanger without counterflows of sCO2 

and particle. The particle flow can be divided in the bulk and near-wall region with 

different packing density. The sCO2 and particle flows are separated by the alloy wall. 

 

Analytical models have been developed in the past few decades to capture 𝑘𝑒𝑓𝑓 of 

packed particles. The simplest models include the in-series and in-parallel thermal 

resistances between the solid and fluid phases.  The in-series model predicts the lower 

bound of 𝑘𝑒𝑓𝑓 of a solid-fluid system while the in-parallel one represents the upper bound 

More sophisticated models for particulate media are based on unit cell with both in-series 

and in-parallel thermal pathways126-132. For example, in the models developed by Yagi 

and Kunni, Kunii and Smith, and Masamune and Smith 128-130, there are generally three 

different heat transfer mechanisms that constitute the effective conduction pathways: the 
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first is the heat transfer through the void fraction by gaseous conduction and radiation; 

the second mechanism is the solid-gas conduction where the solid and fluid layers are in 

series; and the third one is the heat transfer within the solid phase through the particle 

contacts. Their models, however, are limited to periodic packing structures which might 

not represent the realistic ones. On the other hand, the key parameters, for example, the 

particle contact fraction and effective solid-gas conduction pathway are empirically 

obtained based on experimental results. It might have oversimplified the solid-gas and 

solid contact pathways. Other types of unit cells have also been proposed to better 

capture the heat transfer mechanisms in packed particles135,136. For example, Hall and 

Martin 135 developed models for primitive cubic-packed array of spheres and for squared 

packed infinite cylinders. Although the models can include the low gas pressure and 

radiation effects, the models are limited to primitive cubic-packing structures. In addition, 

these models have not taken solid-solid heat conduction into consideration. The Zehner, 

Bauer, and Schlünder (ZBS) model is one of the widely used models, which considers 

packed particles within a cylindrical unit cell 136. However, the ZBS model has limited 

accuracy under several conditions due to its simplified particle packing assumption. The 

analysis of the heat conduction through the finite solid-to-solid contact areas also requires 

the full knowledge of the elasticity of the solid particle. Thus, it is difficult to accurately 

predict 𝑘𝑒𝑓𝑓  of packed particles by simply applying the ZBS model. Therefore, the 

existing analytical models are usually limited by the assumption of regular particle 

packing and simplified particle-to-particle contact in a unit cell. 

Realizing the importance of accurate packing structure on the prediction of 𝑘𝑒𝑓𝑓, 

several studies have been carried out to model the structure of randomly packed beds via 
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the discrete element method (DEM) with great success on a few numbers of materials137-

140. However, most of the prior studies were focused on large particles as the intended 

application was primary on nuclear reactors, e.g., 600 to 1000 μm diameter pebbles with 

standard deviations of ~ 150 μm137,138,140,141 . It is still of fundamental interest to examine 

the impact of particle packing structure on a wider range of particle sizes and under 

various gaseous pressures. This is because the packing structure is expected to impact the 

solid-to-solid and the gas-solid heat conduction mechanisms, which are known to depend 

on particle size and gaseous pressure 115,142,143.  Therefore, examining the impact of the 

realistic random packing structure vs. the conventional periodic structure on 𝑘𝑒𝑓𝑓 

modeling could be more relevant to assess the suitability of DEM over a wide range of 

experimental conditions. In this work, we aim to carry out a systematic study on 

monodispersed spherical particles within a wide range of particle size, temperature and 

gaseous pressure to evaluate the random particle packing structure derived from a DEM 

model and to quantify the contribution of different heat transfer pathways. Although the 

effects of the parameters (particle size, temperature, pressure) have been investigated 

separately in several earlier studies139,144,145, the limited range of values in each of these 

studies and the different experimental conditions across different studies still inhibited 

effective validation of the DEM model and quantification of contributions of different 

heat transfer mechanisms. 

While the modeling of particle thermal transport remains unresolved with many 

hypotheses under debate, much effort has been paid on the experimental thrust to 

measure 𝑘𝑒𝑓𝑓 of a variety of particles using different methods as summarized in Figure 

4.2. The steady-state method is the most facile way to measure 𝑘𝑒𝑓𝑓 of particles where 
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the particles were clapped between a heat source and a heat sink, and the temperature 

drop across the particle bed with certain thickness is measured under a certain heat flux 

146,147. However, this method is prone to the artifact introduced from the particle wall 

contact and heat loss to the environment. Laser flash analysis (LFA) shines a pulse laser 

on the surface of the sample and detect the temperature rise delay at the back, which 

indicates the thermal diffusivity 𝛼 =
𝑘

𝜌𝑐
 of the particles148. With the density 𝜌 and specific 

heat 𝑐𝑝 of particles measured separately, the effective thermal conductivity of particle can 

be obtained. However, similar to the steady state method, it is also a back-side 

measurement method, where the near-wall contact effect cannot be differentiated. 

Besides, if the near wall thermal resistance is too high, lateral heat dissipation becomes 

prominent, leading to the large measurement error. To avoid this problem, front-side 

measurement methods, such as transient hot-wire (THW) and transient plane source (TPS) 

methods56,149,150 were employed. A heater line or heater plane was inserted into the 

particle bed, serving as both the joule heater and thermometer. The transient temperature 

rises after applying a constant current was recorded to back-calculate the thermal 

conductivity of media. While this method works well for a variety of particles, the 

measurement error becomes a concern for low thermal conductivity media in TPS and for 

large particles in THW. Besides, due to the weak mechanical strength of heater, it is not 

suitable for the high-temperature measurements or pressed particle bed measurement, 

which limits their attractiveness for the perspective moving particle measurements. 3-

omega method52,151 and frequency domain thermal reflectance (FDTR) 152 are frequency-

domain methods where the thermal penetration depth could be adjusted by the 

modulation frequency as thus the near-wall and bulk region could be probed separately. 
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However, a thin metallic transducer layer (at the order of ~ 100 nm) was deposited on the 

sample surface, which not only requires the expensive nanofabrication but also places 

questions on their high-temperature stability under harsh environment. Therefore, there is 

so far still lacking a suitable measurement technique to measure the near-wall and bulk 

thermal conductivity of particle bed with high temperature stability and high accuracy. 

 

Figure 4-2. Conventional thermal conductivity measurement technique for particle bed. 

(a) Steady-state method146,147, (b) laser-flash analysis148, (c) hot-wire method56,149, (d) 

plane-source method150, (e) 3-omega method52,151 and (d) frequency-domain 

thermoreflectance152.  

 

We first measured the effective thermal conductivity of stationary particles using 

transient hot-wire (THW) method as benchmark measurement, which was a popular 

technique for particle measurement56,149,150. We then modified the modulated 

photothermal radiometry (MPR) system developed in chapter 2 to be compatible with the 

stationary particle measurements up to 700℃. CARBO ceramic particles with the 

average particle diameter ranging from 150 μm, 275 μm and 400 μm, silica sand with 

irregular morphologies and particle sizes ranging 357 μm, 415 μm and 600 μm are 



96 
 

candidates for the particle based CSP. It is of significance to accurately measure their 

effective thermal conductivity for the optimum design of the particle heat exchanger. 

They were measured by both the THW and stationary MPR techniques. The 

measurement results were compared to the conventional simple-cubic based model. 

Subsequently, the mono-dispersed silica spheres with particles size ranging 23 μm, 67 

μm and 330 μm were chosen as the model system to validate the 𝑘𝑒𝑓𝑓 of mono-dispersed 

spherical particle bed. 𝑘𝑒𝑓𝑓  of the silica spheres was modeled by COMSOL using 

discrete element modeling (DEM) to obtain the random packing structure as an input, 

which was compared to the conventional analytical models based on simple cubic 

structure. 

 

4.2. Measurement system and principles 

To measure the effective thermal conductivity (𝑘𝑒𝑓𝑓) of particle beds at different 

temperatures and gas pressures, we have established a high-temperature THW apparatus 

capable of measuring 𝑘𝑒𝑓𝑓 within a wide temperature range (room temperature to about 

700oC) and at different gas pressure levels (1 to 760 Torr) as shown in Figure 4.3. The 

THW method is a conventional thermal conductivity measurement method for various 

substances (i.e., liquids, compressed gases, and powders56,87,153-156. Figure 4.3a and 4.3b 

show the schematic and image of the high-temperature THW setup, respectively, while 

Figure 4.3c shows a photograph of the THW test section. The THW test section was 

made of mica (McMaster-Carr, Santa Fe Springs, California, USA) capable of 

withstanding the maximum operating temperature of ~798oC. A cavity with a dimension 

of roughly 0.97 (width) × 1.50 (depth) × 11.6 (length) cm3 was machined to contain the 

particles for the measurement. A Pt wire (Goodfellow Corporation, PT0005114) of 25.0 
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μm in diameter was embedded in the middle of the cavity, serving as the hot wire in the 

THW measurement as well as a resistive thermometer of the particles. The temperature of 

the particles was additionally monitored by a K-type thermocouple inserted directly into 

the particle bed. The thermocouple was connected to a thermocouple monitor (Stanford 

Research Systems SR630). Four Cu wires were fixed by set-screw connectors (Kurt J. 

Lesker Company, FTASSC050) at the end of the mica holder, enabling good electrical 

contacts to the Pt wire. This four-wire configuration is essential to eliminate the contact 

resistance when measuring the resistance of the Pt hot wire, as shown in the inset in 

Figure 4.3a.  

To measure 𝑘𝑒𝑓𝑓 at different temperatures and gaseous pressures, the THW test 

section was placed inside a tube furnace (MTI GSL-1100X quartz tube furnace) with a 

maximum continuous operation temperature of 1000oC. The furnace is connected to a gas 

cylinder in the upstream and a mechanical pump in the downstream. The four Cu wires 

were connected to pins of a vacuum feedthrough. The external terminals of the 

feedthrough were connected to a constant programmable current source (Keithley 220) 

and a digital multimeter (Hewlett-Packard 34401A, 6½ Digit), which are controlled by a 

computer through a GPIB interface. When the gas was introduced to the quartz tube, the 

gas flow rate was monitored and controlled by a mass flow controller (MKS Instruments 

179C) that was connected to a 4-channel flow controller power supply readout (MKS 

Instruments 247D). On the downstream side, a pressure transducer (MKS Baratron Type 

127A) and an exhaust throttle valve (MKS Instruments 253B-26373) were installed in 

series to monitor and regulate the gaseous pressure inside the tube furnace.  
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Figure 4-3. Schematics of THW measurement system. (a) Schematic of the THW set-up; 

(b) photograph of the THW measurement set-up; and (c) photograph of THW test section 

with particle samples filled inside. 

 

In the THW measurement, with the assumption that a line heat source is 

embedded in an infinite particle bed, the effective thermal conductivity of the particles is 

given by the following equation56,156-159: 

𝑘𝑒𝑓𝑓 =
𝑞′/4𝜋

𝑑(𝛥𝑇) 𝑑(ln𝑡)⁄
 

   (4-3) 

where 𝛥𝑇 is the temperature rise of the Pt wire induced by applying an electrical current 𝐼 

to it for a duration of time (𝑡), 𝑞′ is the heat rate per unit length of the Pt wire: 𝑞′ =

𝐼2𝑅/𝐿, where L is the length of the Pt wire, and R is the resistance of the Pt wire at the 

measurement temperature T. In our measurement, I usually ranged from 50-100 mA to 

achieve a sufficiently large 𝛥𝑇  in the particle samples. 𝛥𝑇  was determined from the 

measured resistance change (Δ𝑅) of the Pt wire upon heating with the applied current: 

Δ𝑇 = Δ𝑅/(𝑅𝑟𝑒𝑓𝛽)    (4-4) 

where 𝑅𝑟𝑒𝑓  is the Pt resistance at room temperature (23oC) and the temperature 

coefficient of resistance β is evaluated at the measurement temperature 𝑇: 

𝛽 =
1

𝜌𝑟𝑒𝑓

𝑑𝜌(𝑇)

𝑑𝑇
 

   (4-5) 
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where 𝜌𝑟𝑒𝑓 is the resistivity of Pt at room temperature and the temperature-dependent 

resistivity 𝜌(𝑇) of solid Pt was obtained from the known polynomial equation for the 

temperature range of 100 to 2041.3 K160. Additionally, to ensure that the thermometry 

based on the literature value of β for Pt is valid, we measured the temperature of the 

particle bed using a K-type thermocouple probe inserted in the bed. According to 

Equation 4-3, the effective thermal conductivity measured using THW method is given 

by 𝑘𝑒𝑓𝑓 =
𝑞′/4𝜋

𝑑(𝛥𝑇) 𝑑(ln𝑡)⁄
=

𝐼2𝑅𝑉𝑟𝑒𝑓𝛽

4𝜋𝐿𝑑(𝛥𝑉) 𝑑(ln𝑡)⁄
, where Δ𝑇 = Δ𝑅/(𝑅𝑟𝑒𝑓𝛽) , 

Δ𝑅
𝑅𝑟𝑒𝑓⁄ = Δ𝑉 𝑉𝑟𝑒𝑓⁄   

and 𝑉𝑟𝑒𝑓 = 𝐼𝑅𝑟𝑒𝑓. The relative uncertainty of the effective thermal conductivity is then 

given by: 

𝛿𝑘𝑒𝑓𝑓

𝑘𝑒𝑓𝑓
= √(2

𝛿𝐼

𝐼
)2 + (

𝛿𝑉

𝑉
)2 + (

𝛿𝑅

𝑅
)2 + (

𝛿𝛽

𝛽
)2 + (

𝛿𝐿

𝐿
)2 

   (4-6) 

Table 4-1 lists the uncertainty of the independent variables shown in Equation 4-6 in a 

typical THW measurement. The overall relative uncertainty of the THW measurement in 

𝑘𝑒𝑓𝑓 determination is 2.35%. 

Table 4-1. Uncertainty of each variable for 𝑘𝑒𝑓𝑓 measurement using THW  

Independent Variable  Relative uncertainty 

Current I 0.10% 

Resistance R 0.01% 

Voltage V 0.66% 

Temperature coefficient of resistance 𝛽 1.44% 

Length of Pt wire L 1.72% 

 

The calibration of the THW setup was done by measuring three standard fluids: 

(1) DI water, (2) Dowtherm A oil, and (3) XCELTHERM 600. As shown in Figure 4.4a, 

the measured thermal conductivity of DI water, Dowtherm A oil and XCELTHERM 600 

at room temperature are 0.6093±0.0084 Wm-1K-1 (literature value: 0.6009 Wm-1K-1 [47, 
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48]), 0.1382±0.0006 (literature value: 0.1380 Wm-1K-1 [47]), and 

0.1366±0.0006(literature value: 0.1359 Wm-1K-1 [49]). For XCELTHERM 600, the 

thermal conductivity was also measured from 20oC to 225oC and was compared to the 

recommended values, as shown in Figure 4.4b. The standard deviation of each data point 

shown on the figure is generally less than 0.70%. The deviation of the experimental 

results from the literature values is < 0.50%. Therefore, the THW setup can be considered 

well calibrated. 

 

Figure 4-4. Calibration of THW system. (a) Plot of ∆𝑇 versus Ln (𝑡) for DI water, 

Dowtherm A oil, and XCELTHERM 600 at room temperature. The extracted thermal 

conductivity values are shown next to the plots of each fluid. (b) Calibration results of the 

THW measurement using XCELTHERM 600 from 20oC to 225oC.  

 

Figure 4.5 shows the MPR measurement setup for stationary particles, modified 

from the MPR system shown in chapter 2. Although the absorptance for CARBO ceramic 

particles is high (0.8-0.9161), the particle bed cannot hold as a pellet due to the large 

particle size (~ 300 μm) as our particle holder is vertically oriented. Besides, if the laser 

is directly irradiating on the particles, the laser can penetrate the voids between particles, 

leading to the uncertainty of laser absorption length. Therefore, the particles were filled 
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in a cavity with stainless steel cover. As shown in Figure 4.5a to 4.5c, the MPR holder 

was a three-layer system, where the particles were contained in a cell with a thin SS316 

sheet as the front cover. The front cover was coated 10 μm thick Pyromark 2500 coating 

for laser adsorption and IR-emission. To ensure one-dimensional heat transfer, the 

thermal penetration depth should be much greater than the thickness of the steel plate 

while much smaller than that laser spot size. This is satisfied as the thermal conductivity 

of steel is high (~ 15-20 W m-1 K-1) and the thickness is small (100 μm). The 

measurement method was similar to that for the bulk materials as shown in chapter 2. At 

the low frequency limit where Lp is much larger than the thickness of coating and steel, 

the multilayer model can be simplified as 101,104: 

𝜃𝑠 =
𝑞𝑠𝑒

−
𝜋
4
𝑗 

𝑒𝑓√𝜔
+ 𝑞𝑠𝑅𝑐𝑠 

(4-7) 

where 𝑒𝑓 is the thermal effusivity of particles, defined as 𝑒𝑓 = √𝑘𝑓𝜌𝑓𝑐𝑓 , where 𝜌𝑓 and 𝑐𝑓 

are the density and specific heat of the particles, respectively; 𝑅𝑐𝑠  is the total thermal 

resistance by the coating and the steel shell: 

𝑅𝑐𝑠 = (1 −
𝑒𝑠
𝑒𝑓
)
𝑙𝑠
𝑘𝑠
+ (

1

2
−
𝑒𝑐
2

𝑒𝑓
2)
𝑙𝑐
𝑘𝑐
     

(4-8) 

where 𝑒𝑠  and 𝑒𝑐 are the thermal effusivities of the steel shell and the coating, respectively; 

𝑙𝑠 and 𝑙𝑐 are the thicknesses of the steel shell and the coating, respectively; 𝑘𝑠 and 𝑘𝑐 are 

the thermal conductivities of the steel shell and the coating, respectively. Notably, 𝑅𝑐𝑠 is 

independent on the frequency in the low frequency range, therefore effective thermal 

effusivity of the particles 𝑒𝑓 can be directly obtained by measuring the slope of the 

|𝜃𝑠| 𝑣𝑠 𝜔
−1/2  curve according to Equation 4-7. The effective thermal conductivity is 
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calculated based on the measured thermal effusivities, measured packing densities, and 

quoted specific heats from references162,163, i.e., 𝑘𝑒𝑓𝑓 =
𝑒𝑓
2

𝜌𝑓𝑐𝑓
. 

It is noted that for smaller particles which can hold as a pellet, the front cover can 

be removed, and the system is reduced to a single-layer similar as for the bulk material 

measurement. As shown in Figure 4.5d to 4.5f, to show the versatility of the MPR setup, 

we also measured submicron black spinel oxide particles (Cu0.5Cr1.1Mn1.4O4) using MPR 

from 200℃ to 700℃, which is the starting material for the black spinel oxide coating we 

studied in the past 23. When packed to a property density, the particles tend to coagulate 

and hold as a pellet as shown in Figure 4.5e. Since the particle bed is intrinsically black, 

it can be directly heated by the laser and detected by the IR detector without a front cover 

as shown in Figure 4.5f. Therefore, the particle bed can be treated as a single layer bulk 

material and the thermal effusivity can be obtained from the slope of the thermal response 

curve as for the bulk materials: 

𝜃𝑠 =
𝑞𝑠𝑒

−
𝜋
4
𝑗 

𝑒𝑓√𝜔
 

(4-9) 

Comparing to Equation 4-7, 𝑅𝑐𝑠 is missing in Equation 4-9 because it is a single layer 

system. 
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Figure 4-5. MPR holder for stationary particle measurement. Large particles. (a) 

Schematic of MPR measurement. (b) Cavity of the particle holder. (c) Frontside of the 

particle holder for laser access and IR-emission. Submicron particles: (d) Schematic of 

MPR measurement. (b) Cavity of the particle holder. (c) Frontside of the particle holder 

for laser access and IR-emission. 

 

4.3. Measurement results and discussion 

Two types of ceramic particle beds were investigated: (1) CARBOBEAD ID 50 

and (2) CARBOBEAD HSP 40/70 (Carbo Ceramics, Inc., Houston, Texas, USA). The 

general physical properties and material characterization of the ceramic particles were 

obtained using the following methods.  The particle densities (𝜌𝑠) were measured based 

on the Archimedes’ principle, while the apparent density of the particle bed (𝜌𝑏) was 

determined from the measured weight of the particle bed in the THW holder and its 

occupied volume in the cavity. The average particle size and the surface morphology 

were determined by the images taken from FEI Quanta 250 scanning electron microscope 
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(SEM). Images of 100 particles were analyzed to determine the average diameter 𝑑𝑝 , 

average circularity and roundness using the software imageJ164-166. In the software, the 

boundary of a particle in a SEM image was selected. The distances between the selected 

boundaries of the particles were then averaged out to obtain the average diameter 𝑑𝑝. 

Three additional parameters were used to quantify the morphology of the particles: 

circularity (C), aspect ratio (𝐴𝑟), and roundness (𝑅). C of a particle is defined as 𝐶 =
4𝜋𝐴

𝑃2
 

where 𝐴 is the cross-sectional area (as viewed in the SEM images) and P is the perimeter 

of the particle. 𝐴𝑟 is defined as the ratio between the major axis (a) and the minor axis (b) 

of a particle. R of a particle is defined as 𝑅 =  
4𝐴

𝜋𝑎2
.  The chemical compositions of the 

particles were determined by the Energy Dispersive X-Ray Spectroscopy (EDS) in the 

SEM. X-ray diffraction (XRD) measurement was performed using the Rigaku Smartlab 

X-ray diffractometer to obtain the X-ray pattern of each particle for chemical 

identification. Table 4-2 summarizes the physical and geometrical properties of the 

ceramic particles. The density of fully dense ceramic particle is around 3500 kg m-3, 

which is similar to the density of pure Aluminum Oxide (Al2O3) (range from 3000 to 

3980 kg m-3). This is consistent with the compositional analysis result showing that Al2O3 

is one of the major constituents in the ceramic particles, with small amounts of SiO2, 

Fe2O3, and TiO2, etc. Aged HSP 40/70 particles were also tested to study the possible 

degradation effect. These aged particles have undergone multiple runs of testing in 

particle falling towers and heat exchangers at Sandia National Laboratory167-169, thus 

having been exposed to high solar flux, attribution, and thermal cycles. 
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Table 4-2 Summary of the physical and geometric properties of the measured 

CARBOBEAD ceramic particles 
Particle 

sample 

Bulk 

Density 

𝜌𝑠 
(kg m-3) 

Apparent 

density 𝜌𝑏 

(kg m-3) 

Porosity 

𝜀 
Average 

diameter 

𝑑𝑝 (μm) 

Circularity 

C 

roundness 

R 

aspect 

ratio Ar 

Fresh ID 

50 

3530 2015 42.9 275 0.673 0.823 1.270 

Fresh HSP 

40/70 

3480 2164 38.7 404 0.572 0.770 1.548 

Aged HSP 

40/70 

3480 2083 41.0 403 0.508 0.722 1.600 

 

 
Figure 4-6. SEM images of CARBO ceramics particles and silica sand (a) HSP 

40/70, (b) ID50 and (c) silica sand. 

 

  Figure 4-6 shows the SEM images of the CARBO HSP 40/70, CARBO ID 

50. We also measured the irregular silica sands with the average particle size of 

357 μm (NREL 410). Figure 4-7a to c shows the thermal responses of MPR 

measurement on Carbo HSP 40/70, Carbo ID-50 and Silica 410 particles, 

respectively, plotted as a function of the amplitude of surface temperature 

oscillation |𝜃𝑠| vs. 
1

√𝜔
. With a 100 µm thick stainless 316 front cover and 20 mm 

diameter laser spot size (𝑟0 = 10 𝑚𝑚), error introduced by the 2D heat spreading 

effect is less than 10%, and the thermal masses in the coating and steel plate are 

negligible in the low-frequency region. As a result, at the low frequency range, the 

thermal response, |𝜃𝑠| 𝑣𝑠 𝜔
−1/2 is expected to be linear, similar to the case of bulk 

materials. As shown in Figure 4-7a, the thermal response curves can be delineated 
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into three regions: at low frequency range (long 𝑙𝑝 ), the thermal response is 

determined by the properties of particles. The slope in the linear range represents 

the effective thermal effusivity of particles. Due to the low thermal conductivity of 

particles compared to the cover and coating, the slope is large. The thermal 

effusivity of particle is obtained by fitting the data from 1 to 4 Hz with the 

penetration depth of 200-400 μm.; medium frequency range (𝑙𝑐 + 𝑙𝑠 > 𝑙𝑝 > 𝑙𝑐 ) 

where the thermal response is determined by the properties of the steel cover; at 

higher frequency (𝑙𝑝 < 𝑙𝑐), the thermal response only depends on the properties of 

coating. The thermal effusivity can be similarly obtained from the slope 

Δ𝑇 𝑣𝑠 𝜔−1/2, and the thermal conductivity can be calculated based on the specific 

heat of the same HSP 40/70 and ID50 reported in the literature (Ref.162) and that of 

the Silica in Ref.163. All the measurements show similar trend, i.e., at the low 

frequency, the thermal response is dictated by the properties of particle. Figure 4-

7d to 4-7f display the effective thermal conductivities 𝑘𝑒𝑓𝑓  measured from the 

MPR experiment for HSP 40/70, ID-50 and silica 410, respectively. The 𝑘𝑒𝑓𝑓 

measured from the MPR agree well with those obtained from our THW method on 

the same particles with similar packing densities (2100-2200 kg m-3), with the 

maximum error < 20%, which validates the accuracy of the MPR measurement on 

stationary particles. 
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Figure 4-7. MPR measurement of stationary particles in a cell up to 700℃. 

Thermal responses of (a) HSP40/70, (b) ID-50 and (c) Silica 410. Comparison of 

Effective thermal conductivities of (d) HSP40/70, (e) ID50 and (f) Silica 410 

measured by MPR and THW. The thermal conductivities are calculated based on 

the measured thermal effusivities, measured packing densities, and quoted specific 

heats from references162,163. 

 

We systematically analysed the effective thermal conductivity of CARBO 

ceramic particles under different gas environment, gas pressure, aging conditions, and 

temperatures using the THW system, with the aim to provide an abundant database to 

validate the 𝑘𝑒𝑓𝑓 models of particle bed. The effective thermal conductivity of HSP 40/70 

and CP 40/100 under air and N2 gas is shown in Figure 4-8a. The error bars in the figure 

include both the standard deviations of measurements of at least three samples for each 

type of particles and the systematic error obtained from the standard error propagation 

analysis. Under either air or N2 gaseous environment, the HSP 40/70 particles with larger 

𝑑𝑝 possess higher thermal conductivity than CP 40/100. Both HSP 40/70 and CP 40/100 

particles show similar 𝑘𝑒𝑓𝑓  between air and N2 gas environments at 760 Torr. This is 
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reasonable because the bulk gas thermal conductivity (kg) of air and N2
 are similar (kg = 

0.00263 Wm-1K-1 for air and kg = 0.00259 Wm-1K-1 for N2 gas at T = 300 K109). 

Therefore, the gas conduction contribution to the overall effective thermal conductivity of 

the ceramic particles is similar when the gas type is changed from air to N2 gas. 

 
Figure 4-8. Effect of gas environment and aging conditions on 𝑘𝑒𝑓𝑓 of CARBO 

ceramic particles. (a) 𝑘𝑒𝑓𝑓 of fresh HSP 40/70 and fresh ID 50 under air and N2 

gas environment at 760 Torr. (b) Comparison of 𝑘𝑒𝑓𝑓 between fresh and aged HSP 

40/70 under N2 gas environment at 760 Torr. 

 

Figure 4-8b shows 𝑘𝑒𝑓𝑓 of fresh and aged HSP 40/70 particles under 760 Torr N2 

as a function of temperature. There is no substantial difference in the thermal 

conductivity between the fresh and aged particles. From the material characterization, 

including SEM coupled with EDS and XRD (see Figure 4-9 and Figure 4-10 below), 

there is only minor difference in the particle size and shape between the fresh and aged 

HSP particles. Despite the cracks and fractures on the surfaces of some aged CARBO 

particles, which may have been caused by the collisions of particles during the free 

falling in the receiver during the on-sun tests, they do not change the general particle 

morphology significantly according to the particle shape analysis shown in Table 4-2. 

Therefore, the aging condition of the HSP particles has minimal effect on the heat 

transfer performance of the particle beds. 
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Figure 4-9. SEM-EDS mapping of (a) CARBOBEAD HSP 40/70; (b) CARBOBEAD 

CP 40/100; and (c) aged HSP 40/70. 

 

 

Figure 4-10. XRD Pattern CARBO ceramic particles. (a) CARBOBEAD HSP 40/70, 

CARBOBEAD CP40/100 and aged HSP 40/70; and (b) Fresh HSP 40/70 compared with 

aged HSP 40/70 and the heat-treated HSP 40/70 under N2 gas (800oC) and air (900oC) 

The symbols represent the following phases: mullite (Δ), Al2O3 (□). SiO2 (○) and 

Fe2TiO5 (◊).  

 

The gaseous pressure dependence of 𝑘𝑒𝑓𝑓 of the packed particles are shown in 

Figure 4-11.  Figure 4-11a and 4-11b show 𝑘𝑒𝑓𝑓  of the particles as a function of 

temperature under N2 gaseous pressure from 760 Torr to 1 Torr. 𝑘𝑒𝑓𝑓 of the particle beds 
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drops substantially when the gaseous pressure decreases from 760 Torr to 1 Torr. At 1 

Torr, 𝑘𝑒𝑓𝑓  shows a nearly constant value within the measured temperature range. The 

pressure dependent 𝑘𝑒𝑓𝑓  reveals that solid-to-gas and gas conduction play a dominant 

role in the entire temperature range. Solid-to-solid conduction, on the other hand, only 

contributes slightly to the overall thermal conductivity. 

Figures 4-11c and 4-11d show 𝑘𝑒𝑓𝑓  as a function of gaseous pressure at 20, 200, 

and 400℃. The figures again show decreasing trends of 𝑘𝑒𝑓𝑓 with reducing gaseous 

pressure at all the temperatures for both types of the particles. At the high gas pressure 

limit (760 Torr), 𝑘𝑒𝑓𝑓 increases with the temperature, principally due to the increasing 

bulk gas thermal conductivity at high temperatures. At low gas pressure limit (1, 5, and 

10 Torr), 𝑘𝑒𝑓𝑓 is greatly reduced with little to no temperature dependence below 400℃, 

as evidenced by the overlapped data below 10 torr in Figures 4-11c and 4-11d. This is 

because at low gas pressure and low-to-intermediate temperatures, the gas contribution is 

diminished and thermal radiation contribution is very small, and thus,  𝑘𝑒𝑓𝑓  is only a 

function of the solid conduction, which has weak temperature dependence. We also 

showed the 𝑘𝑒𝑓𝑓 modeled by the Zehner, Bauer, and Schlünder (ZBS) model which is 

one of the widely used models to predict the 𝑘𝑒𝑓𝑓 of stationary particle bed. The details 

of the modeling could be found in the next section. 
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Figure 4-11. Effective thermal conductivity (𝑘𝑒𝑓𝑓) as a function of temperature for (a) 

CARBOBEAD HSP 40/70 and (b) CARBOBEAD CP 40/100 under different N2 

pressures, 760, 100, 10, 5 and 1 Torr; effective thermal conductivity (𝑘𝑒𝑓𝑓) as a function 

of gas pressure for (c) CARBOBEAD HSP 40/70 and (d) CARBOBEAD CP 40/100 at 

different temperatures, including 20 oC, 200 oC and 400 oC. 

 

4.4. Thermal conductivity modeling of stationary particle bed 

4.4.1. Conventional model based on simple cubic structure 

The Zehner, Bauer, and Schlünder (ZBS) model is one of the widely used models 

to predict the 𝑘𝑒𝑓𝑓 of stationary particle bed. The ZBS model is based on simple cubic 

structure and has been proved to be suitable for large particles121,123,170,171. Although the 

ZBS model has been used to predict the thermal conductivity of HSP 40/70 and CP 

40/100123, it is yet to be validated with experimental measurements. In addition, due to 
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the uncertainty in the fitting parameters, the contributions of different heat transfer modes 

are still not accurately quantified. 

The ZBS model was employed to fit the experimental results of the effective 

thermal conductivity of HSP 40/70 and CP 40/100, as a function of temperature and 

gaseous pressure. In the ZBS model, 𝑘𝑒𝑓𝑓 is given by121: 

𝑘𝑒𝑓𝑓

𝑘𝑓
= [1 − (1 − 𝜀)

1
2] 𝜀 [(𝜀 − 1 +

1

𝜆𝐺
)
−1

+ 𝜆𝑟] + (1 − 𝜀)
1
2[𝜑𝜆 + (1 − 𝜑)𝜆𝑐] 

(4-10) 

where 𝑘𝑓 is the thermal conductivity of the bulk gas at the corresponding pressure and 

temperature, 𝜀 is the porosity of the packed particle beds, and 𝜑 is the empirical contact 

fraction of the solid particle. The dimensionless parameters, 𝜆𝐺 , 𝜆𝑟, and 𝜆, correspond to 

the heat transfer processes through gas conduction, radiation, and solid conduction at the 

contact region, respectively. For the gas conduction, 

𝜆𝐺 =
𝑘𝐺
𝑘𝑓
= [1 + (

𝑙

𝑑𝑝
)]

−1

 
(4-11) 

where 𝑘𝐺  is the thermal conductivity of gas within the particle bed and 𝑙 is the modified 

mean free path of the gas molecules, which can be calculated at a given temperature and 

pressure by following121. For the radiation parameter,  

𝜆𝑟 =
4𝜎

(
2
𝜀𝑟
− 1)

𝑇3
𝑑𝑝

𝑘𝑓
 

(4-12) 

where 𝜎  and 𝜀𝑟  are Stephan-Boltzmann constant and emissivity of the particles, 

respectively. For the solid conduction parameter, 

𝜆 =
𝑘𝑠
𝑘𝑓

 
(4-13) 
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and  

𝜆𝑐 =
2

𝑁
{
𝐵(𝜆 + 𝜆𝑟 − 1)

𝑁2𝜆𝐺𝜆
𝑙𝑛

𝜆 + 𝜆𝑟
𝐵[𝜆𝐺 + (1 − 𝜆𝐺)(𝜆 + 𝜆𝑟)]

+
𝐵 + 1

2𝐵
[
𝜆𝑟
𝜆𝐺
− 𝐵 (1 +

1 − 𝜆𝐺
𝜆𝐺

𝜆𝑟) −
𝐵 − 1

𝑁𝜆𝐺
] } 

(4-14) 

where 𝐵 = 1.364(
1−𝜀

𝜀
)1.055  is the deformation parameter and 𝑁 =

1

𝜆𝐺
(1 +

𝜆𝑟−𝐵𝜆𝐺

𝜆
) −

𝐵 (
1

𝜆𝐺
− 1) (1 +

𝜆𝑟

𝜆
). 

There are five parameters in the ZBS model: 𝑑𝑝, 𝜀, 𝜀𝑟 , 𝑘𝑠 and 𝜑. Among these, 

𝑑𝑝, 𝜀, 𝜀𝑟, and 𝑘𝑠 are experimentally determined: The measured thermal conductivity of 

fully dense bulk of the same CARBO ceramic material is shown in Figure 4-12. The fully 

dense CARBO ceramic pellet was prepared by hot pressing and the density is > 99%. 

Figure 4-12a show the thermal diffusivity (𝛼𝑠 ) measured using the LFA, and the 

measured thermal conductivity of the CARBO ceramic pellet (𝑘𝑃) determined from 𝑘𝑃 =

𝛼𝑠𝜌𝑝𝑐𝑝 of the pellet deceases from ~6.50 Wm-1K-1 to ~4.50 Wm-1K-1 as the temperature 

increases from 20℃ to 800℃, where 𝜌𝑝 is the density of fully dense pellet and 𝑐𝑝 is the 

specific heat of CARBO ceramic materials as shown in Figure 4-12b, which was 

measured by differential scanning calorimetry (DSC). The deceasing trend is consistent 

with the typical thermal conductivity of bulk solids with similar compositions (i.e., Al2O3 

 and SiO2). 𝑘𝑝  is converted to 𝑘𝑠  of a fully dense solid with the consideration of the 

porosity of the pellet (> 99%) using the effective medium theory; 𝜀 and  𝑑𝑝 are obtained 

from Table 4-2, thermal emittance 𝜀𝑟 is extracted from Ref.19 where  𝜀𝑟 is 90.8% for HSP 

40/70 and is 86.8% for CP 40/700, leaving 𝜑 as the only fitting parameter, which was 
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obtained by fitting the modeling results to the experimental results for both types of 

particles at all the test temperatures and gas pressures, resulting in 𝜑 = 0.0031. 

 
Figure 4-12.  Measurement of bulk properties of CARBO ceramic pellet. (a) Measured 

thermal diffusivity (𝛼𝑠) and thermal conductivity (𝑘𝑃)  of the CARBO ceramic solid 

pellet based on the LFA measurement. Inset: photograph of the solid pellet made from 

CARBOBEAD CP particles via hot pressing. (b) specific heat of CARBO ceramic 

particles measured by DSC. 

 

 

The results from the ZBS model are shown alongside with the experimental data 

in Figure 4-11. The ZBS model can well capture the effective thermal conductivity of 

both HSP40/70 and CP 40/100 packed particle beds as function of temperature and 

gaseous pressure. For example, the curves representing the ZBS model in Figure 4-11a 

and 4-11b show substantial decrease in the thermal conductivity when the gas pressure 

changes from 760 Torr to 100, 10 and 1 Torr. From Figure 4-11c and 4-11d, the ZBS 

modeling results accurately predict the measured 𝑘𝑒𝑓𝑓of HSP 40/70 and CP 40/100 in 

most of the gas pressure range except at 1 Torr. At 1 Torr, however, the ZBS model tends 

to overestimate the 𝑘𝑒𝑓𝑓  compared to the measured values. The overestimation by the 

ZBS model at the lowest gas pressure levels is not surprising because at this gas pressure 

level, gas conduction is greatly diminished and the solid conduction becomes more 

important, which can be highly dependent on the exact packing structure of the particles. 



115 
 

However, the ZBS model is based on a simple cubic arrangement of the particles, 

whereas the particle arrangement is random and more complex. This is evident from the 

difference between the experimental porosity (𝜀~38.7 − 42.9%, Table 4-2) and that of a 

simple cubic structure (𝜀 is expected to be 48%). The lower porosity of the actual packing 

structure is possibly the cause of the overestimated thermal conductivity by the ZBS 

model at 1 Torr. The modeling of 𝑘𝑒𝑓𝑓  of the packed particles at this gas pressure 

requires a more realistic treatment of the particle packing structure, which is not within 

the scope of this study and warrants further investigation. Nevertheless, at higher gaseous 

pressures, especially at 760 Torr at which the particles are expected to be used in CSP 

systems, the gas conduction is the dominant heat transfer model and the effect of the 

packing structure is less important. This explains the applicability of the ZBS model at 

higher gaseous pressure despite its simplicity.  

With this applicability in mind, we use the ZBS model to understand the roles of 

different heat transfer modes in particle beds under normal operation pressure of 760 

Torr. Figure 4-13 shows the calculated effective thermal conductivity of the two types of 

the particles using the ZBS model and differentiates the contributions from solid 

conduction, gas conduction and thermal radiation. Based on Figure 4-13, gas conduction 

in these particle beds contributes to more than 80% of the total 𝑘𝑒𝑓𝑓  in the whole 

temperature range; solid conduction from particle-to-particle, on the other hand, 

contributes to around 5% of the total effective thermal conductivity at room temperature, 

with its relative contribution decreasing due to the increasing total thermal conductivity. 

Regarding the thermal radiation contribution, it is not important until at elevated 

temperatures. At 800oC, around 15% (in HSP 40/70) and 11% (in CP 40/100) of the total 
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𝑘𝑒𝑓𝑓  is contributed from the radiation heat transfer. The slightly larger radiation 

contribution in HSP 40/70 at 800 oC is due to the larger particle sizes, which lead to 

larger void sizes for longer photon propagation length.  Nevertheless, in both types of 

particles, thermal radiation plays an insignificant role, due to the limited photon 

propagation length (optically thick) within the particle beds, which is caused by the high 

absorptance of the particles and the relatively small void size between the particles 

(comparable to the particle size, 𝑑𝑝). The analysis also suggests possible strategies to 

further enhance the thermal conductivity of the particle beds, e.g., by filling the voids in 

the particle beds with smaller particles to increase the gaseous thermal pathways bridging 

solid particles.  

 

Figure 4-13. Plot of effective thermal conductivity prediction by the ZBS model to show 

the individual contribution from solid conduction, gas conduction and thermal radiation. 

(a) CARBOBEAD HSP 40/70; and (b) CARBOHEAD CP 40/100, under N2 gas 

environment at 760 Torr. 
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4.4.2. Discrete element model for random packing structure 

(a) Characterization and experimental method 

As shown in the last section, the conventional 𝑘𝑒𝑓𝑓 models based on the simple 

cubic structure failed to capture the real packing of stationary particle bed and thus could 

not predict the 𝑘𝑒𝑓𝑓 at low pressure where the solid condition dominated. While much 

effort has been paid to include more details of the heat transfer pathway in the simple 

cubic framework to improve the models, the key to accurately model the 𝑘𝑒𝑓𝑓  is to 

acquire the realistic packing structure of particle bed. In this work, mono-dispersed 

silicon dioxide (SiO2) microsphere particles of different sizes (~23 µm, ~67 µm and ~330 

µm) were chosen as a model system to study the heat transfer mechanisms in pack 

particles. The effective thermal conductivity of the SiO2 microspheres were 

experimentally determined by using a high-temperature transient hot-wire (THW) setup, 

in the temperature range of room temperature to ~500oC. Gaseous pressures of the 

particle beds were systematically varied to tune the contribution from the gas pathway. 

We then developed a model using the discrete element method (DEM) to predict the 

packing structure of the particles, which is then incorporated into a COMSOL based 

finite element model (FEM) to predict the effective thermal conductivity. The DEM can 

simulate a more realistic three-dimensional (3D) structure of the mono-dispersed particles 

with the input of experimentally determined parameters. The simulation results based on 

the packing structure obtained from DEM shows excellent agreements with the 

experimental results within the entire temperature and gaseous pressure ranges, whereas 

the model based on a simple cubic packing structure shows large discrepancies with the 

experimental results.  
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Amorphous silica microspheres (Cospheric LLC, inc) with three different average 

particles sizes (23 μm, 67 μm and 330 μm) were chosen as the model system due to the 

near mono-dispersed nature of the particle size and the well-known properties of 

amorphous silica. The same microspheres were used and 𝑘𝑒𝑓𝑓 in vacuum was reported by 

Sakatani et al.144, but in this work we measured and modeled 𝑘𝑒𝑓𝑓  of these particles 

under different gaseous pressures. The scanning electron microscopy (SEM) images of 

the particles are shown in Figure 4-14a. It can be seen that the particles are near-perfect 

spheres with smooth surface. To determine the particle size of the microspheres, the 

mean diameters of the particles are obtained by averaging the sizes of 100 particles in the 

SEM images. As shown in Figure 4-14b to 4-14d, the particle sizes follow the Gaussian 

distribution with a narrow deviation (< 10% of the mean particle diameters). The average 

particle sizes are measured to be 23±2.7 μm, 67±4.1 μm and 330±22.8 μm, respectively. 

Considering the small deviation of the particle size, it is reasonable to treat these particles 

as mono-dispersed microspheres in the modeling. The particles were also examined by 

the X-ray diffraction (XRD) as shown in Figure 4-14e. Evidently, these particles are 

amorphous silica. As such, the bulk thermal conductivity of amorphous SiO2
172

 is used 

(e.g., ~ 1.5 W m-1 K-1 at room temperature) for the modeling. 

The effective thermal conductivity 𝑘𝑒𝑓𝑓 of the particle beds was measured using 

the same THW apparatus as the last section. The volume of the particles in the THW 

holder is 11.6 × 1.5 × 0.97 cm3. To systematically measure 𝑘𝑒𝑓𝑓 at different temperature 

up to 500℃ and gaseous pressure from 20 to 760 Torr, the THW test section was placed 

in a tube furnace equipped with N2 gas supply and a pressure control system. In the THW 

measurement, the experimentally measured effective thermal conductivity (𝑘𝑒𝑓𝑓,𝑒𝑥𝑝) of 
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the particle bed was obtained from the transient temperature rise after applying a constant 

heat flux with the assumption of line heat source in an infinite medium. 

 

Figure 4-14. Characterization of SiO2 microspheres. (a) SEM images of SiO2 

microspheres. Particle size distribution of SiO2 microspheres with average diameter of (b) 

23 μm, (c) 67 μm and (d) 330 μm. (e) XRD pattern of SiO2 microspheres. 

 

(b) Discrete element modeling 

We carried out DEM simulation using the LIGGGHTS package [LAMMPS 

(Large-scale Atomic/Molecular Massively Parallel Simulator) Improved for General 

Granular and Granular Heat Transfer Simulations]173. To obtain the real packing structure 

of the particle beds, a rectangular container with the dimension of 15𝐷 × 15𝐷 ×

20𝐷 (𝐿 ×𝑊 ×𝐻)  was chosen as the simulation domain, where D is the particle 

diameter, as shown in Figure 4-15a. The dimension was set in order to reduce the 

computational complexity while avoiding the near wall effect 174-176. The simulation 

domain was empty before the simulation as shown in Figure 4-15a at t = 0, with the 

particle injected from the top surface of the domain set with the dimension of 14𝐷 ×



120 
 

14𝐷 (𝐿 ×𝑊). To randomly generate particles in the insertion surface, several prime 

numbers larger than 10000 were selected as seeds. In the simulation, the particles were 

generated with an initial downward velocity (𝑣0) of ~0.1 𝑚 𝑠−1 and a global downward 

gravity 𝑔 = 9.81𝑚 𝑠−2 as shown in Fig. 4-15(a) at t1 = 3.4 ms. The bottom of the domain 

served as the stopping surface and thus the particles were piled up from bottom to the top 

in the random fashion as shown in Fig. 4-15(a) at t2 = 26.3 ms. The simulation stopped 

when the entire domain was filled with particles, denoted as the equilibrium state in 

Figure 4-15a.  

 

Figure 4-15. DEM simulation of packing structure. (a) Snapshots of randomly packed 

SiO2 microspheres at different time. (b) Schematic of the forces between two adjacent 

particles in DEM. Distribution of packing density at (c) x direction (d) y direction and (e) 

z direction. 

 

The particle properties for the simulations were based on the real particles (silica) 

used in our experimental measurements. The density 𝜌 = 2600 𝑘𝑔 𝑚−3  indicated the 
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particle inertia. The Young’s Modulus 𝐸 = 72 𝐺𝑃𝑎 , the Poisson’s Coefficient 𝜈 =

0.278 , the Restitution Coefficient 𝐶𝑅 = 0.7  and the Friction Coefficient 𝐶𝐹 = 0.3 

represented the inter-particulate contact behavior 177. In addition, the cohesive energy 

density 𝑒𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 , implying the amount of energy needed to separate unit volume of 

particles, was applied to reflect the adhesive force between the particles at the interface 

178,179. We assumed that the cohesive energy density has the form of 𝑒𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 = 𝑎 × 𝐷
−𝑏 

and the parameter pair (a, b) is adjusted to get the optimum values of a = 0.25 and b = 2 

so that the modeled density is close to the experimental value while the physical 

explanation is yet to be explored. Therefore, this property was optimized so that the 

simulated packing densities for all the three particles were close to the experimental 

values. The DEM simulation parameters are listed in Table 4-3. Thermal conductivities 

of bulk silica and N2 gas are shown in Figure 4-16.  

 

Figure 4-16. Parameters used for modeling of thermal conductivity. (a) Thermal 

emittance of SiO2 
180. (b) Bulk thermal conductivity of amorphous SiO2

172 and N2 gas. 
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Table 4-3. Simulation Parameters for DEM modeling 

Parameters Values 

Particle Diameter 𝐷 

Skin Distance  𝐷/2 

Time Step 2.5 × 10−10 [𝑠𝑒𝑐]  
Young's Modulus 72 [𝐺𝑝𝑎] 
Poisson's Ratio 0.278 

Coeff. Of Restitution 0.7 

Coeff. Of Friction 0.3 

Cohesion Energy Density 0.25 × 𝐷−2 [𝐽 𝑚−3] 
Particle Density 2600 [𝑘𝑔 𝑚−3] 
Gravity 9.81 [𝑚 𝑠−2] 
Initial Velocity 0.1 [𝑚 𝑠−1] 

 

The Hertz contact model was implemented for modeling the contact force. This 

contact force can be divided into normal and tangential components Equation 4-15 and 

Figure 4-15b. 

𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 + 𝐹𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 (4-15) 

The normal force includes a spring force and a damping force, while the 

tangential force includes a shear force and a damping force. Each force was computed 

from the amount of overlap and the relative velocity between particles. 

𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝐹𝑠𝑝𝑟𝑖𝑛𝑔 + 𝐹𝑑𝑎𝑚𝑝𝑖𝑛𝑔,𝑛 (4-16) 

𝐹𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 = 𝐹𝑠ℎ𝑒𝑎𝑟 + 𝐹𝑑𝑎𝑚𝑝𝑖𝑛𝑔,𝑡 (4-17) 

𝐹𝑠ℎ𝑒𝑎𝑟  in Equation 4-17 is proportional to the tangential displacement at the 

contact point, which can be calculated by integrating the relative velocity in the tangential 

direction over time. To take the shear force into account, we selected tangential history in 

the LIGGGHTS simulation. In addition, a simplified J-K-R (SJKR) model is used to 

include an additional normal force, which tends to keep particles in contact. With the 
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SJKR model and the definition of cohesive energy density, we simulated the cohesive 

effect. To ensure the accuracy, we defined the neighboring distance as the radius of the 

particle and set the time step less than 10% of the Rayleigh/Hertz time in our simulation. 

Once the simulation finished (i.e., all the particles were stable), the coordinates and 

velocity of each particle were saved as .txt files to extract the packing structure of particle 

bed to be imported into a COMSOL model. 

Figure 4-15c to 4-15e show the packing structure of the loosely packed silica 

microspheres in the x, y and z directions, respectively. The normalized packing density is 

plotted as a function of the normalized distance by the particle diameter (i.e., L/D, where 

L is the real distance). It is noted that Figure 4-15c and 4-15d show the similar packing 

structures as the particle bed is symmetric in the lateral directions while Figure 4-15e 

shows packing structure in the vertical direction, with z = 0 as the bottom surface. As 

shown in Figure 4-15c and 4-15d, the near-wall effect exists within two particle sizes 

away from the wall, where the packing density oscillates, which agrees with the 

observations in the literature 174-176 as shown in Figure 4-17.  

 

Figure 4-17. Packing structure of monodispersed particle bed to the literature. 174-176 
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The packing density stabilizes in the bulk particle bed (i.e., more than two 

particles away from the wall). It is seen that the packing density decreases with the 

particle size increasing from 23 μm to 330 μm. As shown in Figure 4-15e, there is also 

near-wall effect close to the bottom surface within two particles away from the wall. 

Except that the packing density decreases close to the top surface because this surface is 

unconstrainted with continuous inflow of particles, the packing structure in the z direction 

is similar to that in the x and y directions, indicating that the packing structure is 

homogeneous in the bulk. As shown in Table 4-4, the average bulk packing density is 

0.57, 0.55 and 0.46, respectively for 23 μm, 67 μm and 330 μm particles, respectively, 

which is closed to that measured in the experiment. The theoretical packing density of 

simple cubic structure is calculated to be 0.52 and is invariant with particle size. 

Evidently, the simple cubic structure fails to predict the packing density of real particle 

bed.  

Table 4-4. Comparison of average packing density of SiO2 particle bed. 

Packing Structure Packing Density (%) 

D = 330 μm D = 67 μm D = 23 μm 

Experiment 0.57 0.55 0.43 

Random (DEM) 0.57 0.55 0.46 

Simple Cubic (SC) 0.52 0.52 0.52 

 

(c) Modeling of Effective Thermal Conductivity 

Effective thermal conductivity of particle bed is contributed by gas conduction, 

solid conduction via contacts between particles, and radiation heat transfer. The modeled 

effective thermal conductivity (𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐) consists of two parts: solid and gas thermal 
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conductivity (𝑘𝑠,𝑔 ) modeled using COMSOL and radiation thermal conductivity (𝑘𝑟 ) 

modeled analytically based on the optical properties of silica. 

𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 = 𝑘𝑠,𝑔 + 𝑘𝑟 (4-18) 

The coordinates of all the particles were extracted from the DEM simulation as 

the input into the COMSOL model to compute 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐. As shown in Figure 4-18a, a 

4𝐷 × 4𝐷 × 4𝐷 (𝐿 ×𝑊 × 𝐻)  cube was chosen as the COMSOL simulation domain, 

which was truncated from the middle of the particle bed with a distance of at least two 

particles away from the walls to avoid the near wall effect. Since the packing structure is 

homogeneous as shown in Figure 4-15, the simulation result is insensitive to the 

particular position of the chosen domain, which is proven by the grid independence test 

in Figure 4-19. The cube contains ~140 sphere SiO2 particles and the contact area 

between the particles was automatically given by the particle coordinates data from the 

DEM simulation based on the Johnson-Kendall-Robert (JKR) theory181 using the 

mechanical properties of SiO2. The gas gap between the particles is filled with N2 with 

the Kapitza resistance (𝑅𝐾) applied to the gas-solid interface:  

𝑅𝐾 =
2 − 𝛼

𝛼

2

𝛾 + 1

𝐿

𝜇𝐶𝑣
 

(4-19) 

where 𝛼 is the accommodation coefficient (assumed to be 1 here), 𝛾 is the specific heat 

ratio of the N2 gas (1.4), 𝜇 is the viscosity of the gas, 𝐶𝑣 is the specific heat of the gas at a 

constant volume and 𝐿 is the mean free path of the gas. For comparison, a 4𝐷 × 4𝐷 × 4𝐷 

cube based on the simple cubic (SC) packing of silica microspheres was also established 

as shown in Figure 4-18b. For both models, the bottom surface was set at the ambient 

temperature 𝑇0  and the top surface was set at  𝑇1 = 𝑇0 + 1𝐾  to create a temperature 

gradient along the vertical direction. Other boundaries were set as symmetric boundary. 
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The heat flux 𝑞𝑠  was extracted from the bottom surface and the conduction thermal 

conductivity is calculated by: 

𝑘𝑠,𝑔 =
𝐻𝑞𝑠
𝑇1 − 𝑇0

 
(4-20) 

where 𝐻 is the height of the simulation domain (𝐻 = 4𝐷).  

The radiative thermal conductivity 𝑘𝑟  is modeled based on the solid-to-solid 

radiative heat transfer between two particles which is valid for opaque materials in the IR 

spectrum of interest (≤ ~ 600 μm) 121,123,129: 

𝑘𝑟 =
4𝜎

(
2
𝜀𝑟
− 1)

𝑇0
3 

(4-21) 

where 𝜎  is the Stephan-Boltzmann constant, and 𝜀𝑟  is the thermal emittance of silica 

quoted from Ref.180, as shown in Figure 4-16b. This model has been proven valid for 

black ceramic particles with the particle sizes < ~ 600 μm121,123. With the 𝑘𝑠,𝑔 and 𝑘𝑟, the 

total effective thermal conductivity 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 was then calculated using Equation 4-18.  
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Figure 4-18. COMSOL simulation of thermal conductivity of SiO2 particle bed based on 

(a) random packing structure obtained from the DEM simulation and (b) simple cubic 

(SC) structure.  

 

 

Figure 4-19 shows the simulated thermal conductivity of three 4𝐷 × 4𝐷 × 4𝐷 

units extracted from three different positions of the same particle bed obtained in the 

DEM. Position #1 is shown in Figure 4-18a. Position #2 is four particle diameters away 

from the edge of the position #1 in the x direction while Position #3 is four particle 

diameters away from the edge of the position #1 in the z direction. The simulation is 

conduction in N2 at 760 Torr in the same fashion as shown in Figure 4-18a. The thermal 

conductivity does not change with the selected position, which validates the grid 

independence of our simulation. 
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Figure 4-19. Comparison of thermal conductivities of three randomly packed bed 

selected from three different positions in the same particle bed obtained from DEM in 

760 Torr N2 environment for grid independence verification. 

 

(d) Results and Discussions 

Figure 4-20a to 4-20c show the experimental results of silica microspheres bed 

with the particle size of 23 μm, 67 μm and 330 μm, up to 500℃ under the N2 gas 

environment with the gaseous pressure from 20 to 760 Torr. The maximum temperature 

was set to avoid the phase change and sintering of silica microspheres. For all the 

particles at 760 Torr, 𝑘𝑒𝑓𝑓  increases with increasing temperature mainly due to the 

enhanced gas conduction and a slight increase in 𝑘𝑟 at higher temperature. It is noted that 

the radiation contribution is much less significant compared to the gas conduction within 

the temperature range in our measurement, which is shown by the fact the 𝑘𝑒𝑓𝑓,𝑒𝑥𝑝 at 20 

Torr is independent of temperature for the 23 and 67 µm particles and only slightly 

dependent on the temperature for the 330 µm particles because at this pressure, the gas 

conduction is suppressed. Previous studies indicate that the characteristic length scale for 

gas conduction 𝐿𝑔 ≈
𝐷

7
 instead of 𝐷  because the gas bridge close to the contact point 
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dominates the gas conduction142. Therefore, 𝐿𝑔 is ~ 3.3 μm, ~ 9.6 μm and ~ 47 μm for the 

23 μm, 67 μm and 330 μm particles, respectively. For the 23 μm microspheres, the gas 

conduction is completely suppressed at 20 Torr (i.e., mean free path of N2 at 20 Torr and 

room temperature is 2.3 μm, comparable to 𝐿𝑔). Therefore, it can be concluded that the 

contribution of the solid conduction to total 𝑘𝑒𝑓𝑓 for the 23 μm particles is less than 0.05 

W m-1 K-1. For the 67 μm and 330 μm particles, the gas conduction is not completely 

suppressed at 20 Torr, so 𝑘𝑒𝑓𝑓 at this pressure is higher than that of the 23 µm particles. 

The modeled effective thermal conductivity (𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐) based on the simple cubic 

structure and the random packing structure by DEM is compared to the experimental 

results in Figure 4-20a to 4-20c. As shown in Figure 4-20a for the 23 μm particles, the 

modeling result based on the simple cubic structure is higher than the experimental one at 

all the temperatures and gas pressures while the results based on the random packing 

structure agree better with the experimental results. The reason is that the simple cubic 

structure overestimates the conduction heat transfer via the solid-solid pathway, caused 

by the overestimation of the particle packing density as shown in Table 4-4. This is 

clearly shown in the overestimation of 𝑘𝑒𝑓𝑓  at 20 Torr where the solid conduction 𝑘𝑠 

become relatively more important than the gas conduction  𝑘𝑔. As shown in Figure 4-20b 

for the 67 μm particles, both the simple cubic and random packing models capture the 

experimental results well because both models predict the real packing density of the 

particles of this size as shown in Table 4-4. As shown in Figure 4-20c for the largest 

particle size (330 µm), contrary to that for the 23 μm particles, the model based on the 

simple cubic structure underestimates 𝑘𝑒𝑓𝑓  while the model based on the random 
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structure agree well with the experimental results because the simple cubic structure 

underestimates the packing density of the large particles as shown in Table 4-4.  

Figure 4-20d to 4-20f compare 𝑘𝑒𝑓𝑓  as a function of gas pressure of the three 

particle beds at 27℃, 220℃ and 420℃ respectively. It is seen that the random packing 

model captures the trend well for all the particle size and temperatures. Although the 

simple cubic model can roughly capture the 𝑘𝑒𝑓𝑓 trend for the large particles, it deviates 

drastically from the experimental results as the particle size decreases because the solid 

conduction become more significant as the particle size decreases, which strongly relies 

on the accurate packing structure. 

 

Figure 4-20. Comparison of experimental and simulated thermal conductivity of SiO2 

based on simple cubic (SC) packing and DEM random packing. Thermal conductivity of 

SiO2 particle bed as a function of temperature at different gaseous pressures for the 

diameter of (a) 23 μm, (b) 67 μm and (c) 330 μm particles. Thermal conductivity of SiO2 

with different particle sizes as a function of N2 gaseous pressure at (d) 27℃, (e) 220℃ 

and (f) 420℃.  
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To quantify the deviation of the simulated thermal conductivity from the 

experimental values based on the simple cubic and DEM random packing structures, we 

define the relative deviation Δ𝑘 as  

Δ𝑘 = |
𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 − 𝑘𝑒𝑓𝑓,𝑒𝑥𝑝

𝑘𝑒𝑓𝑓,𝑒𝑥𝑝
|   

(4-22) 

where 𝑘𝑒𝑓𝑓,𝑒𝑥𝑝 is the experimentally measured thermal conductivity (Equation 4-3) and 

𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐  is the modeled thermal conductivity (Equation 4-18). Figure 4-21a to 4-21c 

show the Δ𝑘  for 23 μm, 67 μm and 330 μm microspheres, respectively at various 

temperatures and pressures. It is evident that Δ𝑘  for the DEM model is significantly 

smaller than that of the simple cubic model in all the cases. For example, for the 23 μm 

microspheres as shown in Figure 4-21a, Δ𝑘 is within 30% for the DEM model for all the 

temperature and gas pressures while that for the simple cubic model is greater than 50%. 

The DEM model can also capture the thermal conductivity of the 330 μm microspheres 

with Δ𝑘 less than 15% as shown in Figure 4-21c. For the 67 μm microspheres,  Δ𝑘 of the 

DEM model is less than 30% for gas pressure ≥ 100 Torr but it reaches 70% at 20 Torr 

and high temperature. A possible reason for this large Δ𝑘 under these conditions is that 

the DEM model assumes the particles as monodispersed ones while as shown in Figure 4-

14, the particle size follows the Gaussian distribution with a small but not negligible 

standard deviation. Further investigation on the polydispersity effect of particle size 

distribution is warranted to improve the accuracy of the DEM model at the low pressure. 

Nevertheless, except for the outliner for the 67 μm particle at 20 Torr, we can conclude 

that the DEM model agrees significantly better with the experimental results than the 

simple cubic model due to the realistic packing structure.  



132 
 

 

Figure 4-21. Comparison of deviation from the experimental value based on simple 

cubic (SC) and DEM packing structures at different temperature and gas pressure for (a) 

23 μm, (b) 67 μm and (c) 330 μm particles. 

 

The previous analysis demonstrates that the random packing structure obtained 

from the DEM is better for the prediction of the effective thermal conductivity of particle 

beds. Using this model, the contributions from different heat transfer modes are 

quantified, including the gas conduction in the void between the particles, solid 

conduction through the particle-particle contact, and radiative heat transfer. As shown in 

Equation 4-18, 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐  is determined from the combined solid and gas conduction 

components 𝑘𝑠,𝑔 obtained from the COMSOL simulation and the radiative component 𝑘𝑟 

calculated from Equation 4-21. To further differentiate the gas conduction 𝑘𝑔  and the 

solid conduction 𝑘𝑠 components from 𝑘𝑠,𝑔, COMSOL simulation on the random packing 

structure from DEM model was conducted under vacuum condition (i.e., gaseous 

pressure is 0), where the gas conduction is eliminated and thus 𝑘𝑠,𝑔(vacuum) =𝑘𝑠(P > 0 

Torr). Therefore, we can also obtain 𝑘𝑔 at 760 Torr by subtracting 𝑘𝑠  from 𝑘𝑠,𝑔  at the 

same pressure. Figure 4-22a to 4-22c show the contributions of 𝑘𝑠, 𝑘𝑔 and 𝑘𝑟 to 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 

under 760 Torr N2 for 23 μm, 67 μm and 330 μm silica microsphere beds, respectively. 

The gas conduction is the dominant heat transfer mechanism for all the three particles. 
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For example, at 𝑇0 = 700°𝐶, 𝑘𝑔 contributes to ~ 90% of 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 to all the three particles. 

The solid conduction component 𝑘𝑠  for the 23, 67 and 330 μm SiO2 microspheres is 

calculated to be similar at ~ 0.007 W m-1 K-1 at room temperature.  Because of the 

increasing total 𝑘𝑒𝑓𝑓  with particle size, the relative contribution of  𝑘𝑠  becomes less 

important with increasing size. Measured 𝑘𝑠 under vacuum of similar SiO2 microspheres 

in Ref 144 also shows a near constant, albeit lower, value of 0.002 to 0.003 W m-1 K-1 for  

the particle size range of 50-500 μm. The higher 𝑘𝑠 value obtained from our model could 

be due to the simplification of size distribution and particle morphology used in the DEM 

model. Specifically, it was found that the SiO2 microspheres have µm-scale roughness 

and surface contaminants, which are expected to reduce the 𝑘𝑠 due to the solid contacts144, 

whereas in our DEM model the particles are assumed to be perfectly spherical and 

smooth.  As such, a higher 𝑘𝑠 value is expected from our DEM model compared to the 

experimental data on the real microspheres in Ref.144  

The model allows us to quantify the relative contributions from each heat transfer 

mechanisms. The relative contribution of 𝑘𝑠  becomes less important for the larger 

particles. For example, based on the DEM packing structure, at 𝑇0 = 700°𝐶 , 𝑘𝑠 

contributes to ~ 11.8% of 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 for the 23 μm particles, which decreases to ~ 4.5% for 

the 330 μm particles. On the contrary, the radiation contribution, 𝑘𝑟 , increases with 

increasing particle size due to the longer propagation length of photons, e.g., at 𝑇0 =

700°𝐶, 𝑘𝑟 only contributes to ~ 1% of 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 for the 23 μm particles but it increases to 

~ 7.7% for the 330 μm particles. To investigate the effect of packing structure on the heat 

transfer mechanisms, the gas conduction 𝑘𝑔  and solid conduction 𝑘𝑠  components from 

𝑘𝑠,𝑔 for the simple cubic structure are also differentiated in the same way as for the DEM 
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model and plotted in Figure 4-22a to 4-22c. Notably, the contribution of 𝑘𝑠  is 

overestimated when using the simple cubic structure, e.g., 𝑇0 = 700°𝐶, 𝑘𝑠 contributes to 

~ 21.4% of 𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 for the 23 μm particles and ~ 13.9% for the 330 μm particles. On the 

contrary, the contribution of 𝑘𝑔  is underestimated by the simple cubic structure, e.g., 

𝑇0 = 700°𝐶, 𝑘𝑔 contributes to only ~ 80% of 𝑘𝑒𝑓𝑓 for the simple cubic structure vs ~ 90- 

-% for the random packing structure. A possible reason is that the in the random packing 

structure, the number of gas bridges between the particles (i.e., the region ~ 1/6 to 1/12 

particle diameter away from the contact point182,183) increases, which reduces the 

effective length of gas conduction pathway. Although the theoretical coordination 

number of simple cubic structure is six, the effective coordination number for heat 

transfer should be considered as two because of the near one-dimensional heat transfer as 

shown in Figure 4-18b. The coordination number in the DEM for 23 μm, 67 μm and 330 

μm diameter particle bed is calculated to be 4.2, 3.5 and 3.1, respectively, which should 

be considered as the effective coordination number due to the three-dimensional heat 

transfer in the random packing. The higher effective coordination number in random 

packing structure may explain the higher relative contribution from the gas conduction. 

Nevertheless, the effective length of solid conduction may be increased in the random 

packing structure because of the serpentine solid conduction pathway compared to the 

straight one in the simple cubic structure, which reduces the relative contribution from 

the solid conduction. The results above indicate that to accurately understand the heat 

transfer mechanism in a particle bed, it is imperative to obtain the real packing structure.  
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Figure 4-22. Relative contribution of different heat transfer pathways to the effective 

thermal conductivity of SiO2 particle beds calculated from Eq. (7) (𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐) for (a) 23 

μm, (b) 67 μm, and (c) 330 μm SiO2 microspheres based on the simple cubic (SC) 

structure and the random packing structure from DEM.  

 

 
Figure 4-23. Effect of packing structure on the thermal conductivity of CARBO HSP 

40/70 ceramic particles. Experimental results are obtained from the THW measurement 

as shown in the previous section. The simple cubic model is based on mono-dispersed 

particles of the average particle size of HSP 40/70 (~ 400 μm) The random packing 

structure is obtained from the DEM model and the 𝑘𝑒𝑓𝑓  is obtained by inputting the 

structure obtained in DEM into COMSOL model. Comparison of 𝑘𝑒𝑓𝑓  of HSP 40/70 

obtained from experiment and predicted by simple cubic and random packing models at 

different gas pressures.  

 

 We also modelled 𝑘𝑒𝑓𝑓  of CARBO ceramic particles, i.e., HSP 40/70 with the 

average particle sizes of 400 μm based on simple cubic structure and random packing 

from DEM. The experimental results of HSP 40/70 were obtained from the THW 

measurement shown in the previous section. The simple cubic structure was input in the 
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COMSOL model, the same way as for the silica microspheres. The random packing 

structure was obtained from the DEM modelling as an input into the COMSOL model for 

𝑘𝑒𝑓𝑓 . As shown in Figure 4-23, the modelled 𝑘𝑒𝑓𝑓  based on both the simple cubic 

structure and random packing structure agrees well with the experimental results for high 

pressure at 760 torr and 100 torr. The reason is that at high pressure, gas conduction 

dominates the heat transfer and thus 𝑘𝑒𝑓𝑓 is less sensitive to the packing structure, which 

is consistent with the findings for silica microspheres. However, at low pressure at 10 torr 

and 5 torr, the simple cubic model overestimates 𝑘𝑒𝑓𝑓, while that based on the random 

packing structure agree well with the literature value, indicating that the random packing 

structure captures better the real packing structure of the CARBO ceramic particle bed. 

4.5. Conclusions 

A systematic study was performed to measure the effective thermal conductivity 

of ceramic particle beds, a promising heat transfer and thermal energy storage media for 

concentrating solar power (CSP). The thermal conductivity of the ceramic particle beds 

was measured using a transient hot-wire (THW) method within a temperature range of 

room temperature to 700℃, the target operating temperature of the next-generation CSP 

systems. Two different types of ceramic particles were examined: (1) CARBOBEAD 

HSP 40/70 and (2) CARBOBEAD ID50 with the average particle sizes of ~ 400 μm and 

~280 μm, respectively, and thermal conductivities ranging from ~0.25 W m-1 K-1 to ~0.50 

W m-1 K-1 from 20 oC to 700 oC in both air and N2 gas. The gaseous pressure dependence 

of the thermal conductivity of the ceramic particle beds was also studied in the N2 

environment to differentiate the contributions from gas conduction, solid conduction, and 

radiation. Calculations using the Zehner, Bauer, and Schlünder (ZBS) model showed 
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good agreements with the measurements. Based on the model, it is concluded that the 

effective thermal conductivity of the packed particle beds is dominated by the gas 

conduction while the solid conduction and radiation contributes to about 20% of the 

effective thermal conductivity at high temperature. The ZBS model could predict the 

𝑘𝑒𝑓𝑓  of large particles at high pressure accurately but showed larger error for smaller 

particles and at lower pressure where the packing structure became important. 

To obtain a universal 𝑘𝑒𝑓𝑓 model of stationary particle bed, it is imperative to obtain 

an accurate packing structure. We measured and modeled the effective thermal 

conductivity of silica particle beds made of near monodispersed microspheres. 𝑘𝑒𝑓𝑓,𝑒𝑥𝑝 of 

the particle beds was measured for particles with average diameter of 23, 67, and 330 μm 

and with varying N2 gaseous pressure from 20 to 760 Torr and temperature up to 500 oC 

to quantify the relative contributions of solid conduction, gas conduction and radiation 

heat transfer in the particle beds. To better understand the effect of the particle packing 

structure on 𝑘𝑒𝑓𝑓, modeling based on the discrete element method (DEM) was employed 

using the LIGGGHTS package to simulate the particle packing process. It was found that 

the random structure obtained from the DEM simulation better represents the real 

packing structure in the particle beds compared to the simple cubic structure normally 

assumed in common heat transfer models, as demonstrated by the good agreement of 

packing density between the experimental and DEM simulation results. The random 

packing structure extracted from the DEM was then imported into a COMSOL based 

FEM model to simulate the effective thermal conductivity (𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐) of the particle beds. 

𝑘𝑒𝑓𝑓,𝑐𝑎𝑙𝑐 based on the random packing agreed better with the experimental results for all 

the three particle beds with various gas pressures and temperatures. Compared to the 
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simple cubic model, the random packing model could better capture  𝑘𝑒𝑓𝑓, indicating the 

importance of the actual packing structure of particles for heat transfer in particle beds. 

Based on the simulation results from the random packing, we found that gas conduction 

contributes to ~ 90% of the 𝑘𝑒𝑓𝑓 for the particle beds at 760 Torr while solid conduction 

and radiation heat transfer only contribute to ~ 10%. In contrast, the model based on the 

simple cubic structure predicts a lower contribution from gas conduction (~ 80%) while 

higher contribution from solid conduction possibly due to the longer effective length of 

gas conduction pathway in the simple cubic structure. This indicates that the packing 

structure impacts both the solid and gaseous conduction pathways. Additionally, the 

model confirms that the relative solid conduction is found to be more important for 

smaller particles while radiation heat transfer increases with larger particle due to the 

longer propagation length of photons. 

Chapter 4, in full, is a reprint of the materials as it appears in ‘Measurement and 

Analysis of Thermal Conductivity of Ceramic Particle Beds for Solar Thermal Energy 

Storage’, Solar Energy Materials and Solar Cells. (230) 2021, 111271 by Ka Man 

Chung, Jian Zeng, Sarath Reddy Adapa, Tianshi Feng, Malavika V. Bagepalli, Peter G. 

Loutzenhiser, Kevin J. Albrecht, Clifford K. Ho and Renkun Chen. The dissertation 

author was the primary investigator and co-first author of this paper. It is also a reprint of 

the materials as it appears in ‘Thermal Conductivity Modeling of Monodispersed 

Microspheres using Discrete Element Method’ Journal of Applied Physics, (130) 2021, 

165104 by Jian Zeng, Ka Man Chung, Xintong Zhang, Sarath Reddy Adapa, Tianshi 

Feng, Yu Pei and Renkun Chen. The dissertation author was the primary investigator and 

first author of this paper. 
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5. Chapter 5 Thermal transport of moving granular media 

5.1. Introduction 

Up to now, in-situ thermal conductivity measurement of moving particle bed has 

not been achieved not only because of the technical difficulty introduced by the high 

temperature and corrosive nature of particles but also the ambiguous definition of 𝑘𝑒𝑓𝑓 

of moving particle bed. Nevertheless, several attempts have been made to extract the 

𝑘𝑒𝑓𝑓 of moving particle bed from the global measurement on the thermal conductance of 

particle heat exchanger. As shown in Figure 5-1, the global heat transfer coefficient of 

the heat exchanger ℎ𝐿̅̅ ̅ over length of L can be calculated by measuring the inlet 𝑇𝑖𝑛 and 

outlet temperature 𝑇𝑜𝑢𝑡 and surface heat flux 𝑞𝑠: 

ℎ𝐿̅̅ ̅ =
𝑞𝑠

𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛
 (5-1) 

where 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡  are the inlet and outlet temperature, respectively; 𝑞𝑠  is the uniform 

heat flux on the surface. And the corresponding Nusselt number can be defined: 

𝑁𝑢𝑑 =
ℎ𝐿̅̅ ̅𝑑

𝑘𝑔
 

(5-2) 

where 𝑑 is particle diameter and 𝑘𝑔 is the thermal conductivity of interstitial gas.  

  
Figure 5-1. Schematics of particle heat exchanger with a uniform heat flux boundary 

condition. 
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Sullivan and Sabersky et al. pioneered the experimental work on particle flowing 

heat transfer in 1970s124,184. They compared the experimental results to the thermofluids 

model assuming continuum plug flow modeled by: 

𝜕2𝑇

𝜕𝑦2
=
𝑢𝑏
𝛼

𝜕𝑇

𝜕𝑥
  

(5-3) 

where 𝑦 is the transverse direction and 𝑦 = 0 is the wall; 𝑥 is the flow direction; 𝑢𝑏 is 

the bulk velocity and 𝛼 is thermal diffusivity of particle. The boundary conditions are: 

𝑇(0, 𝑥) = 𝑇𝑤   𝑥 ≥ 0 

𝑇(0, 𝑥) = 𝑇∞  𝑥 < 0 

𝑇(∞, 𝑥) = 𝑇∞ 

(5-4) 

With this, the modeled Nusselt number can be obtained: 

𝑁𝑢𝑑,𝑚1 =
1

√𝜋
2 √

1
𝑃𝑒𝐿

∗

 
(5-5) 

where 𝑃𝑒𝐿
∗  is the modified Peclet number 𝑃𝑒𝐿

∗ = (
𝑘𝑒𝑓𝑓

𝑘𝑔
)
2

(
𝑑

𝐿
)𝑃𝑒𝐿  with 𝑘𝑒𝑓𝑓  as the 

effective thermal conductivity of particle, 𝑘𝑔 as thermal conductivity of interstitial gas, 𝐿 

as the channel length, and 𝑃𝑒𝐿 as the Peclet number 𝑃𝑒𝐿 =
𝐿𝑢𝑏

𝛼
. However, as shown in 

Figure 5-2a, they found that the modeled 𝑁𝑢𝑑,𝑚1  could not fit the experimentally 

measured 𝑁𝑢𝑑 unless a separated near-wall resistance was added to the model: 

𝑁𝑢𝑑,𝑚2 =
1

𝑋 +
√𝜋
2 √

1
𝑃𝑒𝐿

∗

 
(5-6) 

where 𝑋 is the obtained from the definition of near-wall resistance: 

𝑅𝑛𝑤 =
𝑋𝑑

𝑘𝑔
 

(5-7) 



141 
 

Therefore, 𝑋 represents the thickness of an air layer between the wall and particle flow 

with respect to the particle diameter 𝑑. It was found that there was an effective airgap 

layer of 0.085𝑑 thick between the wall and particle flow124, which consistently existed in 

different particles. As shown in Figure 5-2b, in a follow-up experiment184, they pushed 

the 𝑃𝑒𝐿
∗ to a higher range by increasing the velocity and observed the decrease of 𝑁𝑢𝑑, 

which deviated from the modeled trend. They attributed this phenomena to the reduction 

of either bulk thermal conductivity of particle 𝑘𝑒𝑓𝑓  or increase of near-wall thermal 

resistance 𝑅𝑛𝑤, induced by the change of density as velocity increased. However, further 

experimental evidence was lacking. Denloye and Botterill et al.185 considered a packet of 

particles in conat with the heat transfer surface for a short residence time 𝑡 then to be 

replaced by a fresh packet of inlet particles and derived a continuum heat transfer 

coefficient: 

ℎ𝐿 = (
𝑘𝑒𝑓𝑓𝜌𝑐𝑝

𝜋𝑡
)

0.5

 
(5-8) 

where 𝑡 is the resident time of the packet of particles. Like Sullivan and Sabersky et al. 

124,184, they released the significance of the near-wall thermal resistance in the modeling 

of heat transfer coefficient of particle flow. It was obtained by integrating the  

ℎ =
1

𝑅𝑎
[1 −

𝑅𝑤
2𝑅𝑎

ln (1 +
2𝑅𝑎
𝑅𝑤
)] 

(5-9) 

where 𝑅𝑎 is the average bulk thermal resistance of particles at the heat transfer surface 

and 𝑅𝑎 = √
𝑡̃𝜋

4𝑘𝑒𝑓𝑓𝜌𝑐𝑝
. 𝑅𝑤 is the near-wall thermal resistance. It was assumed that the near-

wall region with the thickness of half particle had higher porosity than the bulk region, 

accounting for the near-wall layer: 
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𝑅𝑤 =
𝑑

2𝑘𝑒𝑓𝑓,𝑛𝑤
 

(5-10) 

where 𝑘𝑒𝑓𝑓,𝑛𝑤 is a modified 𝑘𝑒𝑓𝑓  at the near-wall region with higher porosity (i.e., 

𝑘𝑒𝑓𝑓,𝑛𝑤 < 𝑘𝑒𝑓𝑓). It has been well-known that the porosity of particle bed was higher 

close to the wall due to the less coordination number and reduced contact area186,187 from 

both experiment and theoretical modeling. Its modeling can be found in Refs36,186. As 

shown in Figure 5-2c, after introducing the near-wall resistance, the modeled 𝑁𝑢𝑑,𝑚 

matched well with the experimental results. As shown in Figure 5-2d, After normalizing 

the 𝑘𝑒𝑓𝑓 to 𝑘𝑔 and using a simple in-serial thermal resistance network (i.e., two-particle 

model), it was found that the near-wall thermal resistance could be represented by an gas 

gap with the thickness of 0.1𝑑 (i.e., 
𝑑

2𝑘𝑒𝑓𝑓,𝑛𝑤
≈
0.1𝑑

𝑘𝑔
), which agreed well with the finding 

by Sullivan and Sabersky et al.124,184.  

 

Figure 5-2. Pioneering work on modeling of 𝑁𝑢𝑑  for particle heat exchanger in 1970s. 

Modeling based on plug flow assumption. (a) Comparison of 𝑁𝑢𝑑  with and without 

near-wall airgap124. (b) Reduction of 𝑁𝑢𝑑  in high 𝑃𝑒𝐿
∗  range due to the change in 

porosity184. Modeling based on the concept of periodically refreshing particle packet: (c) 

comparison of 𝑁𝑢𝑑  with and without near-wall resistance. 185  (d) Comparison of 

modeled near-wall resistance based on effective near-wall thermal conductivity and 

effective airgap. 
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Recent works on the thermal performance of particle heat exchanger also revealed 

the significance of near-wall thermal resistance of moving particle bed. Albrecht et al. 

36,169 modeled the particle-to-sCO2 heat exchanger, treating the particle-to-wall thermal 

resistance like Sullivan and Sabersky et al. 124,184 (Figure 5-3a). The majority of the heat 

transfer resistance could be attributed to the particle-wall resistance36 and the measured 

HTC agreed well with that modeled with a near-wall resistance (Figure 5-3b). Morris et 

al. 182 modeled the near-wall particle distribution of moving particle bed using discrete 

element method (DEM). The particle-wall distribution function was extracted and input 

into the single particle conduction model to reach a semi-continuum model. The modeled 

result captured the heat transfer coefficient better than the conventional continuum model 

(Figure 5-3c). Watkins et al.188,189 also modeled the near-wall packing structure using 

DEM and found a much lower density close to the wall serving as the limiting factor in 

the heat transfer to a discrete particle flow (Figure 5-3d). More importantly, they found a 

higher near-wall porosity for higher velocity, which was related to the less particle in 

contact with the wall, indicating a higher near-wall thermal resistance for higher velocity. 

Fang et al. 190 systematically analyzed the sensitivity of heat transfer coefficient on 

different parameters and found that at low velocity, it was determined mainly by flow 

velocity and channel width, while at higher velocity, the effective thermal conductivity of 

particle flow dictated, which usually decreased due to the higher porosity in the near-wall 

region, albeit not providing further evidence (Figure 5-3e). Yu et al. 191committed the 

most recent experimental effort to separate the near-wall thermal resistance from the bulk 

resistance and the convection resistance (Figure 5-3f). The authors established a 

continuum model considering the near-wall thermal resistance as an in-serial model, in an 
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essence like Sullivan and Sabersky et al. 124,184. By fitting the 𝑁𝑢𝐷 of a 1 m long particle 

heat exchanger, they concluded that increasing the flow velocity simultaneously increase 

the near-wall resistance and convection conductance, whereas a high velocity, the former 

one dominated, leading to the reduction of overall heat transfer coefficient. The near-wall 

thermal resistance was at the order of ~ 10-3 K m2 W-1, indicating an effective near-wall 

airgap thickness of 1/10 particle diameter. This finding matched well with that found by 

Spelt et al.184, and Sullivan and Sabersky et al. 124,184. However, up to now, there is not 

in-situ measurement on the near-wall thermal resistance. While the global heat transfer 

coefficient measurement might give us a hint on the development of near-wall thermal 

resistance, it is questionable if the 𝑅𝑛  could be independently dissected from the 

convection and bulk resistances. These measurements also lost the local flow information 

from the global measurement, which warranted the development of in-operando 

measurement in the future to quantify the near-wall thermal resistance. Besides, the 

micromechanical explanation of the origin of the near-wall thermal resistance remained 

unknown. Although it has been often attributed to lower porosity in the near-wall region, 

how this happened and why it changed with flow velocity remain a puzzle.  
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Figure 5-3. Recent progress on the experimental and theoretical modeling of moving 

particle heat exchanger. The near-wall thermal resistance was generally treated as an in-

serial thermal resistance integrated with the continuum model. (a) Modeled HTC in a 

𝑅𝑛-continnum model by Albrecht et al. 36,169. (b) Measured HTC by Albrecht et al. 36,169 

in good agreement with the modeling result. (c) Modeled HTC by Morris et al.182 

considering the near-wall distribution function. (d) DEM modeling of moving particle 

bed by Watkins et al.188,189 for near-wall packing density and number of particle contact. 

(e) Comparison of modeled HTC with and without near-wall region by Fang et al. 190. (f) 

Extracted near-wall thermal contact resistance from the global HTC by Yu et al 191. 

  

While the origin of the near-wall thermal resistance is still not fully understood, 

there are two main assumptions that have widely been considered. There is an intrinsic 

near-wall region for the stationary particle bed where the porosity is higher due to the 

lower coordination number and smaller contact area compared to the bulk region. The 
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porosity variation with distance from the constraining surface usually took the form of a 

damped oscillator, having the maximum at the wall and minimum about half a particle 

diameter from the surface187,192,193.  As displayed in Figure 5-4a, Farid modeled the near-

wall porosity oscillation based on a modified Darcy’s law with different airflow velocity 

(A = 0.0015 kg s-1 and B = 0.0030 kg s-1) and found that the oscillation became more 

significant with higher velocity as the oscillatory profiles of porosity and velocity 

overlapped193. As shown in Figure 5-4b, the packing structure of stationary particle bed 

in a channel was modeled by Toit174, Llerk176, and Martin175. They showed similar 

oscillation of porosity and found the maximum at the surface. Although the porosity 

oscillation explained partly the origin of near-wall thermal resistance of stationary 

particles, it failed to match the order of magnitude of near-wall thermal resistance and 

explain why it increased with increasing velocity in moving particle bed.  

 

Figure 5-4. Oscillation of porosity of particle bed away from wall. (a) Modeling on a 

single-sided constraint particle flow193. (b) Modeling on particle flow in channel with 

symmetric constraint175,176,193. 

 

Due to due to the shear force between moving particles, particles close to the wall 

may move away from the wall. Therefore, an extra near-wall thermal resistance in a 

moving particle bed could also be induced by the formation of air cushion layer, or 
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effective airgap layer. It has been well-known that in addition to the bulk motion of 

particles, individual particles move randomly driven by the shear force between the 

particles and at the particle-wall interfaces. Due to analogy between the random motion 

of particle and gas molecules, the dense-gas kinetic theory has been developed to 

describe the particle flow194-196.  

 

Figure 5-5. Schematics of granular diffusion in moving particle bed196 (a) at initial time 

and (b) after a duration of 𝑡. 

Figure 5-5 displays the schematics of random movement of particles in a bulk 

particle flow 196. The average velocity can be calculated as: 

𝑢𝑎 =
∑ 𝑢𝑘
𝑁
𝑘=1

𝑁
 

𝑣𝑎 =
∑ 𝑣𝑘
𝑁
𝑘=1

𝑁
 

(5-11) 

where 𝑢𝑎  and 𝑣𝑎  are the average velocities in the streamwise and transverse direction, 

while 𝑢𝑘  and 𝑣𝑘 are the velocities of the 𝑘𝑡ℎ particles in streamwise and transverse 
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directions respectively, N is the total number of particles of interest. The fluctuation 

velocities in the two directions were: 

𝑢𝑓 = √
∑ (𝑢𝑘 − 𝑢𝑎)2
𝑁
𝑘=1

𝑁
 

𝑣𝑓 = √
∑ (𝑣𝑘 − 𝑣𝑎)2
𝑁
𝑘=1

𝑁
 

(5-12) 

Where 𝑢𝑓  and 𝑣𝑓  are the fluctuation velocities in streamwise and transverse directions 

respectively. In analogy to the thermodynamic temperature of gas, the granular 

temperature can also be defined based on the kinetic energy of particles. Since the 

random motion between particles are driven by the shear force, the granular temperature 

is expressed as the fluctuation velocity instead of the bulk or average velocities, i.e., 𝑇𝑦 ∝

𝑢𝑓 and 𝑇𝑥 ∝ 𝑣𝑓
195. From the dense-gas kinetic theory derivation in a homogeneous and 

stationary velocity field of granular flow, the self-diffusivity of particle in the specific 

vector direction is given by: 

𝐷𝑖𝑖 =
𝐷𝑝(𝜋𝑇𝑖𝑖)

1
2

8(1 + 𝑒𝑝)𝑣𝑔0(𝑣)
 

(5-13) 

where 𝐷𝑖𝑖 is the granular diffusivity in the 𝑖𝑖 direction, e.g., 𝐷𝑥𝑥 indicates the diffusivity 

in the x direction and the 𝑇𝑖𝑖 is the granular temperature in the corresponding direction, 

calculated based on the velocity component in the same direction. 𝑒𝑝 is the coefficient of 

restitution of particle; 𝑣 is the solid fraction and 𝑔0(𝑣) is an equation of state of ridge 

spheres given by the Carnahan-Starting expression197: 

𝑔0(𝑣) =
2 − 𝑣

2(1 − 𝑣)3
 

(5-14) 
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Equation 5-13 is reduced to the classical Chapman-Enskog expression for gas diffusion in 

case of perfectly elastic particles198,199. In diffusion-governed motion, the particle 

displacement can be obtained from: 

< 𝑆𝑥𝑥
2 > = 2𝐷𝑥𝑥𝑡 

< 𝑆𝑦𝑦
2 > = 2𝐷𝑦𝑦𝑡 

(5-15) 

where 𝑆𝑥𝑥 and 𝑆𝑦𝑦 are the displacement in the x and y directions, respectively over the 

duration of t. Measurements on the fluctuation velocity in moving or rotating particle bed 

have been conducted since 1990s. Hsiau and Shieh196 measured the diffusivity of particle 

flow driven by a rotating plate (Figure 5-6a). They found that the fluctuating velocities 

increases with increasing bulk velocity in both the streamwise (Figure 5-6b) and 

transverse direction (Figure 5-6c). In addition, the fluctuating velocity was higher 

anisotropic and was higher in the streamwise direction. The corresponding diffusivity in 

the streamwise direction was thus much higher than that in the transverse direction. 

Similar trend was observed by Utter and Behringer195 on a rotating wheel as shown in 

Figure 5-6d where the tangential displacement (streamwise, Figure 5-6e) was an order of 

magnitude higher than that in the radial direction (transverse, Figure 5-6f). The 

diffusivity scaled with the particle diameter and shear rate 𝛾̇, i.e., 𝐷𝑖𝑖 ≈ 𝛾̇𝑑
2. In particular, 

diffusion appears to be ‘superdiffusive’ in the transverse and ‘subdiffusivie’ in the 

transverse directions. Another important fact is that the displacement was larger closer to 

the shear surface, indicating stronger diffusion close to the wall. Higher granular 

temperature at the wall than in the center of the shear gap was also reported in Ref.200. 

Hunt and Taylor198 measured the fluctuating velocity of moving particles in a channel 

dragged by gravity. They found that compared to the smooth tube, the displacement was 
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larger in a rough tube (i.e., roughened inner surface), which might imply a larger near-

wall thermal resistance in a roughened surface. However, although the particle diffusion 

theory has been well developed in the field of granular rheology, its connection with the 

thermophysical properties of particles have not yet been well explored. Hsiau and Hunt201 

attempted to model the effective thermal conductivity of granular flow using the kinetic 

theory of particle. Although the modeled results were not at the same order of magnitude 

to the experimental results, it captured qualitatively the trend of 𝑘𝑒𝑓𝑓  versus packing 

fraction. Hunt202 later modified the kinetic theory to predict 𝑘𝑒𝑓𝑓 of granular flow and 

found that it matched relatively well with the discrete element model (DEM) at the low 

Biot-Fourier number << 1. The application of the granular kinetic theory on moving 

particle heat transfer has bee limited and the potential correlation between particle 

diffusion and near-wall thermal resistance has never been realized. One of the possible 

reasons is the limited experimental data for the near-wall thermal resistance over a wide 

range of conditions.  
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Figure 5-6. Measurement of particle diffusion in granular flow. (a) Measurement of 

particle diffusivity in rotating wheel and measured diffusivity in (b) streamwise direction 

and (c) transverse direction196. (d) Measurement of particle displacement in rotating 

wheel and measured displacement in (e) streamwise direction and (f) transverse 

direction195. (g) Measurement of fluctuating velocity in moving particle bed dragged by 

gravity and (h) measured fluctuating velocity in stream and transverse direction198. 

 

While the particle diffusion theory has been rarely coupled to the granular flow 

heat transfer, it has manifested its significance in predicting the near-wall thermal 

resistance. Ansary et al.203 measured the HTC of particle flow in a vibrating channel and 

found that the HTC decreased under shaking. The enhanced particle diffusion away from 

the shaking surface has been repeatedly confirmed both experimentally and 

numerically204-206. As the particles diffuse further away from the wall, the near-wall 

thermal resistance may increase due to the reduction in the wall-particle contact time. As 
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already shown above, Hunt and Taylor198 found that compared to the smooth tube, the 

displacement was larger in a rough tube (i.e., roughened inner surface). Presumably, a 

rough surface possibly induced extract perturbation of particle flow, leading to a highly 

porous near-wall region, and thus larger near-wall thermal resistance. We believe that the 

full understanding of the relationship between the particle diffusion behavior and thermal 

resistance of moving particle bed, especially in the near-wall region, will make an impact 

on the thermal performance of the particle heat exchanger.  

In this section, a high-temperature thermal conductivity measurement system of 

moving particles using modulated photothermal radiometry (MPR) was established to 

measure effective thermal conductivity of particles. The effective thermal conductivity of 

different particle sizes and morphologies as a function of moving particle were 

investigated. The 𝑘𝑒𝑓𝑓 of stationary particle bed was first measured by MPR and modeled 

based on the realistic packing structure simulated by discrete element method (DEM). 

The measurement results were validated by the benchmark measurement from a transient 

hot-wire setup (THW). A more realistic model was established to predict the 𝑘𝑒𝑓𝑓  of 

stationary particle bed. The 𝑘𝑒𝑓𝑓 of moving particle were then measured by an improved 

MPR system for moving particle measurement. The near-wall thermal resistance was 

extracted from the 𝑘𝑒𝑓𝑓. The near-wall thermal resistance was represented by an effective 

airgap layer close to the wall, which was found to be related to the particle size and 

velocity. The 𝐷𝑎𝑖𝑟 of moving particle was modeled based on DEM and particle diffusion 

theory. 

We modified the MPR system to measure moving particles in a channel. 𝑘𝑒𝑓𝑓 

CARBO ceramics particles with the average particle diameter ranging from 150 μm, 275 
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μm and 400 μm were measured up to 700℃ and velocity up to 60 mm s-1. The channel 

depth was changed from 2 to 6 mm to study the near-wall effect on the bulk flow. To 

separate the near-wall resistance from the bulk, a COMSOL model was established 

treating the bulk region with the properties obtained at the stationary state, and the near-

wall region as an airgap with the properties of air at the specific temperature. The 

thickness of the airgap was acquired by best fitting the experimental results using the 

COMSOL model. To validate the measurement results, the packing structure of a moving 

particle bed was simulated by a discrete element model. We first extract the near-wall 

packing structure of the stabilized flow from DEM as an input in a COMSOL model for 

the 𝑘𝑒𝑓𝑓 of moving particle, and the near-wall airgap thickness was separated based on an 

in-serial model. Later, the fluctuation velocity was also extracted from DEM as an input 

into the particle diffusion model and the airgap thickness was obtained from the diffusion 

length. 

5.2. Effective thermal conductivity of moving particles 

5.2.1. Measurement system and principles 

For the measurement of moving particle bed, we designed a high-temperature 

MPR system as shown in Figure 5-7. Figure 5-7a and 5-7b show the schematic and 

photograph of the overall setup, respectively. the system is similar to that for the 

measurement of stationary particles, where the sample surface (100 μm steel cover coated 

with ~ 10 μm thick Pyromark 2500 coating for laser adsorption and IR-emission) is 

heated by a modulated laser, and the thermal emission is collected by a pair of parabolic 

mirrors and focused to the MCT detector. Different from the stationary particle setup, 

particles are supplied continuous from the funnel on the top, serving as the particle 
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reservoir as shown in Figure 5-7c. The channel length is 30 cm. There are heaters and 

thermocouple inserted in the reservoir to control the particle temperature before entering 

the channel as shown in Figure 5-6d. There are also eight cartridge heaters inserted in 

front and back plate of the channel to heat up the particles along the flow direction. The 

flowing velocity of particles is controlled by a slide gate at the downstream of the 

channel. By controlling the opening size of the slit, we can control the flow rate from 0 

mm s-1 (stationary) to ~ 60 mm s-1 207. The capacity is the particle reservoir is 27 liters, 

which is sufficient for the measurement at the highest flowing velocity (60 mm s-1) with 

the channel depth 𝐷𝑐 of 2 mm for about 30 mins. It is noted that the 𝐷𝑐 can be adjusted 

from 2 mm to 6 mm to investigate of the near-wall effect on the heat transfer coefficient. 

Table 5-1 summarizes the key parameters of the moving particle channel. It is important 

to ensure the temperature uniformity in the particle reservoir to avoid the temporal 

change in DC temperature of the particle bed, which might affect the radiative signal 

received by the MCT detector. Therefore, we uniformly distributed 8 high-temperature 

heaters (temperature limit ~ 1200℃) in the particle reservoir as shown in Figure 5-7 d 

and 5-7e. During the heating process, the particles are stirred and mixed to further 

improve the temperature uniformity. To monitor the temperature uniformity, there are 4 

thermocouples inserted in the particle bed from center to the edge as shown in Figure 5-

7e.  
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Figure 5-7. High temperature MPR setup for moving particles measurement. (a) 

Schematic of the setup. The depth of the channel (Dc) varies from 2 to 4 mm in our 

measurements. (b) Photograph of the setup. (c) Photograph of the particle reservoir. (d) 

High temperature heaters and (e) Reservoir with embedded heaters and thermocouples. 

 

Table 5-1. Key parameters of MPR moving particles measurement setup. 

Front Plate Thickness 𝑙𝑠 100 μm 

Coating Thickness 𝑙𝑐 10 μm 

Channel Depth 𝐷𝑐 6 mm 

Flow Velocity 𝑢 0 - 60 mm s-1 

Particle Size 150-400 μm 

Frequency Range 0.5-4 Hz 

Channel Length 30 cm 

Laser spot size 𝐷𝑙𝑎𝑠𝑒𝑟 20 mm 

 

Figure 5-8a shows the overview of the moving particle MPR system in operation. 

As shown in Figure 5-8a, particles flow out of the channel and turns red because of the 

high temperature (~ 700℃). There is temperature non-uniformity in the reservoir, 

indicated by the minor temperature fluctuation as shown in Figure 5-8b. To quantify the 

temporal temperature stability, the temporal temperature fluctuation at the flowing 

velocity of 10 mm s-1 was monitored the surface temperature of the MPR measurement 

section using a Pyrometer. Figure 5-8b shows that it takes about 5 mins for the system to 

reach an equilibrium after open the bottom slide gate (particles start flowing). The 
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maximum temperature change is < 10 K which is acceptable, leading to the uncertainty in 

the MCT signal of < 5%. Once the surface temperature stabilizes, the MPR measurement 

starts. After stopping the particle flow, the surface temperature drops because the channel 

wall temperature is lower than the particles temperature in the reservoir, due to the 

limited heating power in the channel. 

 
Figure 5-8. Testing of temperature (a) setup for the temperature measurement and, (b) 

stability of the surface temperature (measured from the front surface of the MPR window) 

during measurement. 

 

  We have shown in chapter 3 that at low velocity and medium frequency, 

where 𝑅𝑒𝐷
1/2
𝑃𝑟1/3 < √

𝐷𝑐𝐷𝑙𝑎𝑠𝑒𝑟𝜋𝑓

𝛼𝑓
, the moving particle bed can be treated as a 

stationary particle bed in terms of thermal conductivity measurement. Our 

measurements were conducted with the velocity 𝑣𝑏< 60 mm s-1 and frequency in 

the range of 0.5 – 4 Hz, and the above criterium was met. Besides, the penetration 

depth was ensured to be greater than the total thickness of the steel cover and 

coating. In this case, the moving particle channel can be modelled as a stationary 

three-layer system as for the stationary particle bed: 
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𝜃𝑠 =
𝑞𝑠𝑒

−
𝜋
4
𝑗 

𝑒𝑒𝑓𝑓√𝜔
+ 𝑞𝑠𝑅𝑐𝑠 

(5-16) 

where 𝑒𝑒𝑓𝑓 is the effective thermal effusivity of particles, defined as 𝑒𝑒𝑓𝑓 = √𝑘𝑒𝑓𝑓𝜌𝑓𝑐𝑓 , 

where 𝜌𝑓 and 𝑐𝑓 are the density and specific heat of the particles, respectively; 𝑅𝑐𝑠 is the 

total thermal resistance by the coating and the steel shell: 

𝑅𝑐𝑠 = (1 −
𝑒𝑠
𝑒𝑓
)
𝑙𝑠
𝑘𝑠
+ (

1

2
−
𝑒𝑐
2

𝑒𝑓
2)
𝑙𝑐
𝑘𝑐
     

(5-17) 

where 𝑒𝑠  and 𝑒𝑐  are the thermal effusivities of the steel shell and the coating, 

respectively; 𝑙𝑠  and 𝑙𝑐  are the thicknesses of the steel shell and the coating, 

respectively; 𝑘𝑠  and 𝑘𝑐  are the thermal conductivities of the steel shell and the 

coating, respectively. Notably, in this measurement, we only obtain the effective 

thermal conductivity 𝑘𝑒𝑓𝑓  of moving particle bed, which includes both the bulk 

thermal conductivity and near-wall thermal resistance. Figure 5-9 shows the 

thermal response of ID 50 particles moving in a 2 mm deep channel at the velocity 

of 10 mm s-1 and at the temperature of 300℃. Similar to the stationary particle 

measurement, the thermal response can be divided into three regions: at low 

frequency range (long 𝑙𝑝), the thermal response is determined by the properties of 

particles; at medium frequency range ( 𝑙𝑐 + 𝑙𝑠 > 𝑙𝑝 > 𝑙𝑐 ) thermal response is 

determined by the properties of the steel cover; at higher frequency (𝑙𝑝 < 𝑙𝑐), the 

thermal response only depends on the properties of coating. The effective thermal 

effusivity of moving particles can be similarly obtained from the slope at the low 

frequency range, i.e., from 0.5 to 4 Hz or 𝑙𝑝 = 140-350 μm. The effective thermal 
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conductivity can be calculated based on the specific heat of the same HSP 40/70 

and ID50 measured by DSC and that of the Silica in Ref.163. 

 
Figure 5-9. Typical thermal response of MPR measurement on moving particles. 

ID50 particles are moving in a 2 mm deep channel at the bulk velocity of 10 mm s-

1 at 300℃. 

 

5.2.2. Measurement results and discussion 

Figure 5-10a shows the response of the amplitude of surface temperature 

oscillation (|𝜃𝑠|) of HSP 40/70 at the stationary state (u = 0 mm s-1) up to 500℃. 

The maximum temperature is limited by the heating power along the channel 

(when the particles are not flowing, the heaters in the top reservoir cannot heat up 

the particles residing in the channel). Figure 5-10b shows the thermal response of 

HSP 40/70 at the moving state (u = 10 mm s-1) up to 700℃, where the particles are 

mainly heated up by the heaters embedded in the particle reservoir. It should be 

noted that we only focused on the low frequency regime from 0.5-4 Hz (i.e., 𝑙𝑝 = 

140-350 μm, roughly one particle away from the wall) where the thermal response 



159 
 

depends on the properties of particles. Figure 5-10c shows the measured 𝑘𝑒𝑓𝑓 of 

HSP 40/70 (average diameter d ~ 405 μm)  at stationary and flowing states (with 

velocity of 10 mm s-1) from 200 to 700oC with channel depth (𝐷𝑐) of 4 mm. We 

compared the 𝑘𝑒𝑓𝑓  at the moving and stationary states to that measured by the 

stationary MPR setup (where the particles are packed in a holder, as reported in 

chapter 4) and the transient hot wire (THW) technique within the same 

temperature range. It is seen that 𝑘𝑒𝑓𝑓  measured by THW, stationary MPR, and 

moving MPR at 𝑢 = 0 mm s-1 agree well with each other at all the temperatures, 

validating the measurement accuracy of the moving MPR setup. The 𝑘𝑒𝑓𝑓 at the 

moving state (u = 10 mm s-1) is ~ 15-20% lower than that at the stationary state at 

all the temperature. The 𝑘𝑒𝑓𝑓  of ID 50 (average diameter 𝑑 ~ 275 μm)was also 

measured using the moving MPR setup with channel depth (𝐷𝑐 ) of 4 mm, 

stationary MPR setup and THW. Similar to that of HSP 40/70, 𝑘𝑒𝑓𝑓 measured by 

THW, stationary MPR, and moving MPR at 𝑢 = 0 mm s-1 agree well with each 

other at all the temperatures, while that at the moving state is ~ 15-20% lower than 

that at the stationary state at all the temperature. 
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Figure 5-10. MPR measurement of moving CARBO ceramic particle up to 700℃. (a) 

Thermal response at 0 mm s-1 in the moving particle setup up to 500℃ for HSP40/70. (b) 

Thermal response at 10 mm s-1 in the moving particle setup up to 700℃ for HSP40/70. 

(c) Comparison of 𝑘𝑒𝑓𝑓 measured by the moving particle MPR with channel depth (Dc) 

of 4 mm, stationary particle MPR setup and THW techniques for HSP 40/70 (average 

diameter 405 µm). (d) Comparison of 𝑘𝑒𝑓𝑓 measured by the moving particle MPR with 

channel depth (Dc) of 4 mm, stationary particle MPR and THW techniques for ID 50 

(average diameter 275 µm). 

 

Figure 5-10c to 5-10d show the 𝑘𝑒𝑓𝑓 measured at different moving velocity (u = 0 

mm s-1 and 10 mm s-1) using the moving MPR with channel depth (D) of 4 mm and the 

comparison between the MPR and THW results for NREL 410, 430 and 480 silica 

particles. The average diameter of these particles is 300, 450, and 625 µm, respectively. 

The 𝑘𝑒𝑓𝑓 at u = 0 mm s-1 agree well with the THW results for all the three particles. As 

the u increases from 0 mm s-1 to 10 mm s-1, 𝑘𝑒𝑓𝑓 decreases, e.g., by ~ 30% for the NREL 
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410, ~ 10% for the NREL 430, and ~ 20% for the NREL 480. The 𝑘𝑒𝑓𝑓 decreases more 

for the silica sands than the carbo ceramic because of their more irregular morphologies 

and wider dispersions of particle size as shown in Figure 5-12.  

 
Figure 5-11. MPR measurement of moving irregular silica sands up to 700℃. (a) 

Thermal response at 0 mm s-1 in the moving particle setup up to 500℃ for silica 

410 (average particle size 357 μm). (b) Thermal response at 10 mm s-1 in the 

moving particle setup up to 700℃ for HSP40/70. 
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Figure 5-12. SEM images of tested particles. CARBO ceramic particles HSP 40/70 (a) 

and ID 50 (b), and silica sands (c) 410, (d) 430 and (e) 480. 

 

To further investigate the effect of flow velocity on the 𝑘𝑒𝑓𝑓, we measured 

the 𝑘𝑒𝑓𝑓 of CARBO ceramic particles HSP 40/70 (𝐷𝑝 ~ 400 μm), ID 50 (~ 275 μm) 

and silica sands, NREL 410 (𝐷𝑝 ~ 357 μm), NREL 430 (𝐷𝑝 ~ 415 μm) and NREL 

480 (𝐷𝑝 ~ 601 μm) as shown in Figure 5-13, at the temperature 𝑇𝑎 = 500 ℃ with 

the moving velocity from 0 to 30 mm s-1. For the HSP 40/70 and ID 50, the 𝑘𝑒𝑓𝑓 

decreases by ~ 15% and ~ 14%, respectively, as u increases from 0 to 10 mm s-1 

and by ~31% and ~11%, respectively, as u increases from 0 to 30 mm s-1. A 

greater reduction in the 𝑘𝑒𝑓𝑓 for the NREL silica sands can be observed as shown 

in Figure 5-12c to e. As u increases from 0 mm s-1 to 10 mm s-1, the 𝑘𝑒𝑓𝑓 decreases 

by ~ 31%, ~ 10%, and ~ 23% for NREL 410, 430 and 480, respectively, in 

comparison to ~ 15% and 14% for HSP40/70 and ID50, respectively. From 0 mm 

s-1 to 30 mm s-1, the 𝑘𝑒𝑓𝑓 decreases by ~ 38%, ~ 22%, and ~ 40% for NREL 410, 

430 and 480, respectively, in comparison to ~ 31% and 11% for HSP 40/70 and ID 

50, respectively. This trend is consistent with that observed in Figure 5-11, i.e., the 
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𝑘𝑒𝑓𝑓  of silica sand decreases more at the moving state due to its irregular 

morphology and wide dispersion of particle size. 

 
Figure 5-13. Effect of moving velocity 𝑢 on the effective thermal conductivity of (a) 

HSP 40/70, (b) ID 50, (c) NREL 410 silica, (d) NREL 430 silica and (e) NREL 480 

silica, measured with the moving MPR setup (all with 4 mm channel depth at 500℃). 

 

  The 𝑘𝑒𝑓𝑓 of CARBO ceramic with different particle sizes were measured as 

shown in Figure 5-14 at different temperature (300℃, 500℃ and 700℃) with the 

velocity up to 30 mm s-1. It can be found at for all conditions and particle sizes, 

𝑘𝑒𝑓𝑓 decreases by 15-30%. In general, the reduction of 𝑘𝑒𝑓𝑓 seems to be larger for 

larger particle sizes, e.g., at 700℃, as 𝑢  increases from 0 to 30 mm s-1, 𝑘𝑒𝑓𝑓 

decreases by ~ 33%, ~ 30% and 27%, respectively. It is hypothesized that the 

reduction of 𝑘𝑒𝑓𝑓  is due to the increased near-wall thermal resistance as the 

velocity increases. For larger and more irregular particles, the particle-wall contact 

possibly deteriorates with increasing velocity, leading to a lower 𝑘𝑒𝑓𝑓.  
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Figure 5-14. Effect of moving velocity 𝑢 on the effective thermal conductivity of 

(a) HSP 40/70, (b) ID 50, and (c) HSP 40/70 at different temperature. All the three 

particles have the same material composition but different average particle sizes. 

The channel depth 𝐷𝑐 is fixed at 2 mm. 

 

To confirm if the reduction of 𝑘𝑒𝑓𝑓 arises from the near-wall thermal resistance or 

the bulk resistance, the bulk density of moving particle beds as a function of velocity was 

measured. As shown in chapter 4, the bulk effective thermal conductivity is highly 

dependent on the bulk density. To measure the bulk density, we modified the 

measurement setup by replacing the steel front plate with a transparent plastic cover to 

observe the flow pattern and the particle level to test the flowing velocity as shown in 

Figure 5-15a. Figure 5-15b shows the cross-section of the particle channel. The channel 

depth can be varied from 2 to 7.5 mm. As shown in Figure 5-15c, the position of the 

particle level is determined by the scales on plastic front cover. By counting the 

displacement of the particle level s over an interval of time t, the flowing velocity is 

calculated: 

𝑢 =
𝑠

𝑡
 (5-16) 

where s is the displacement of particle level and t is the interval of time. The channel 

depth and the channel width W are known. Therefore, the volumetric flow rate can be 

calculated with the knowledge of displacement s: 
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𝑉̇ =
𝑉

𝑡
 

(5-17) 

where 𝑉̇ is the volumetric flow rate and V is the displacement volume of particles over 

time of t. In the meantime, the mass m of particle for the displacement volume of V is 

measured by a balance. The mass flow rate 𝑚̇ is calculated by: 

𝑚̇ =
𝑚

𝑡
 (5-18) 

The bulk packing density is given by: 

𝜌 =
𝑚̇

𝑉̇
 

(5-19) 

Figure 5-15d shows an example of the measurement, the particle level is flat 

because the flow pattern is plug flow, and thus the displacement can be easily 

obtained by the difference of particle level at different time. we measured the 

density of moving particles in 2 mm, 4 mm and 7.5 mm wide channels with the 

velocity up to 35 mm s-1 as shown in Figure 5-16. The density of moving particle 

is stable around 2278 kg m-3 with the uncertainty range of 5.9%, indicating that the 

density of particle is insensitive to the moving velocity. In addition, the density of 

particle bed is similar in channels with different channel depths. Therefore, it is 

believed that the reduction of 𝑘𝑒𝑓𝑓 is not attributed to packing density in the bulk 

regime at the flowing state. 
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Figure 5-15. Measurement of bulk packing density of HSP 40/70 at different flowing 

velocity. (a) Observation of the flow pattern through the plastic front cover. (b) Cross-

sectional view of the particle channel. (c) Schematics of the measurement. (d) Snapshot 

of particle level at different time and measurement of the displacement of particle level at 

𝑢 = 5.0 mm s-1. 

 

Figure 5-16. Measured packing density of particle bed at different moving velocity and 

with different channel depth.  

 

5.3. Near-wall thermal resistance of moving particle bed 

  In the last section, we found that the 𝑘𝑒𝑓𝑓  of particle bed decreased with 

increasing moving velocity, which was likely due to the increased near-wall 

resistance. Although the existence of the near-wall thermal resistance 𝑅𝑛𝑤  has 

been known for a long time in the community of granular flow heat 
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transfer36,124,182,184,186-190, it has not been well-quantified in an in-situ measurement. 

Most of the previous studies adopted a global measurement method to extract the 

near-wall thermal resistance from the global heat transfer coefficient, which not 

only lost the details of the thermofluid structures close to the wall but also failed to 

probe the micromechanical origin of the near-wall thermal resistance. In this 

regard, it is imperative to quantify the 𝑅𝑛𝑤 in-situ from the MPR measurement. 

5.3.1. Measurement of near-wall thermal resistance  

To separate the 𝑅𝑛𝑤 from the 𝑘𝑒𝑓𝑓 of the moving particle bed, we establish a 4-

layer model using COMSOL on the moving particle as shown in Figure 5-17a (i.e., 10 

μm Pyromark coating on 100 μm steel front cover, effective air-gap with the thickness 

𝐷𝑎𝑖𝑟 = 0 − 50 𝜇𝑚 as a fitting parameter, and bulk particles in a channel depth of 2 mm). 

The laser heat flux is applied in the middle of the channel with the diameter of 10 mm at 

𝑞𝑠 = 13759 W m-2, the same as the experiment. The flow pattern of the moving particle is 

a plug flow at a constant velocity 𝑢𝑏. The simulation parameters for 500°𝐶 are listed in 

Table 5-2 and the modeled temperature profile of the moving particles at different 

velocities is displayed in Figure 5-17b. The thermal properties of air, Pyromark coating 

and the bulk particles change with temperature which can be found in the literature and 

our prior studies in chapter 2101,208. The bulk region is treated as a uniform particle bed 

with the thermal conductivity of a stationary particle bed measured in chapter 4. It is 

noted that the near-wall resistance is treated as a uniform air gap layer with an effective 

thickness of 𝐷𝑎𝑖𝑟 with the thermophysical properties of air at the specific temperature as 

found in many of the previous literature as shown in Figure 5-17c. Figure 5-17d shows 
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the sensitivity analysis of MPR measurement on near-wall resistance, where the 

sensitivity is defined as: 

𝑆𝑒𝑛𝑠.=
∆𝜃𝑠/𝜃𝑠
∆𝛾/𝛾

  
(5-20) 

where 𝜃𝑠 is the amplitude of the surface temperature oscillation and 𝛾 is the parameter of 

interest. The sensitivity on 𝐷𝑎𝑖𝑟 of 1 indicates that 1% change in 𝐷𝑎𝑖𝑟 leads to 1% change 

in 𝜃𝑠. It is seen that at low frequency (𝜔−1/2 = 0.7 − 1.5), the thermal response is mostly 

sensitive to the near-wall thermal resistance (with the sensitivity greater than 0.4), which 

is represented by the 𝐷𝑎𝑖𝑟. At higher frequency, where the penetration depth decreases, 

the sensitivity on 𝐷𝑎𝑖𝑟 is reduced and the thermal response is more sensitive to the steel 

and coating. Therefore, to measure the 𝐷𝑎𝑖𝑟, it is imperative to lower the measurement 

frequency down to ~ 0.1 Hz (or 𝜔−1/2~ 1 ). However, further reduction in the 

measurement frequency would be challenging due to the thermal noise and the 

instrumentation limitation (e.g., high-pass filter in lock-in). Therefore, in the current 

measurement, the lower limit of measurement frequency is set at 0.07 Hz (as opposed to 

0.5 Hz in the measurement of 𝑘𝑒𝑓𝑓). Figures 5-17e and 5-17f show the thermal responses 

of ID50 particles at 0 mm s-1 and 20 mm s-1 from the experiment respectively. We 

modeled the thermal responses at the same moving velocity but with varying airgap 

thickness from 0 to 60 μm, which are plotted in the same figures along with the 

experimental results. As shown in Figure 5-17e, for 𝑢 = 0 𝑚𝑚 𝑠−1, it is seen that the 

experimental results lie between the modeled results with 𝐷𝑎𝑖𝑟 = 0 μm and 𝐷𝑎𝑖𝑟 =

10 μm, indicating that the airgap thickness at 𝑢 = 0 mm s-1 is 0-10 μm. The experimental 

curve does not show a plateau at low frequency because there is no convection effect. As 

shown in Figure 5-17f, due to the convection effect, the curve plateaus in the low 
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frequency range, similar to the result of flowing liquids reported in chapter 3. It is found 

that the experimental results lie between the modeled curves with 𝐷𝑎𝑖𝑟 = 20 μm and 

𝐷𝑎𝑖𝑟 = 40 𝜇𝑚, indicating that the effective airgap thickness for the moving particles at 

𝑢 = 20 mm s-1 is 20-40 μm.  

 

Table 5-2. COMSOL simulation parameters of moving particle at 500℃ 

 

 

 

 

 

 

Name Expression Description 

𝐻 2e-3 [m] Channel height 

𝐿 20 [mm] Channel length 

𝐷𝑠 0.1 [mm] Steel frontplate thickness 

𝐿𝑙𝑎𝑠𝑒𝑟 10 [mm] Laser spot diameter 

𝑘𝑠𝑠304 18.5 [W/m/K] Kappa of steel 

𝑐𝑠𝑠304 624 [J/kg/K] Specific heat of steel 

𝜌𝑠𝑠304  8000 [kg/m3] Density of steel 

𝐿𝑝𝑟𝑜𝑏𝑒 1 [mm] Probe diameter 

𝑄 13759 [W/m2] Harmonic Heat Source 

𝑢 20 [mm/s] bulk velocity 

𝑘𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 From chapter 4 Kappa of particle 

𝑐𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 1038 [J/kg/K] Specific heat of particle 

𝜌𝑠𝑠304 2200 [kg/m3] Density of particle 

𝐷𝑐𝑜𝑎𝑡𝑖𝑛𝑔 10e-6 [m] Coating thickness 

𝐷𝑎𝑖𝑟 0-50e-6 [m] Airgap thickness 

𝑘𝑐𝑜𝑎𝑡𝑖𝑛𝑔 0.5 [W/m/K] Kappa of coating 

𝑐𝑐𝑜𝑎𝑡𝑖𝑛𝑔 1100 [J/kg/K] Specific heat of coating 

𝑟ℎ𝑜𝑐𝑜𝑎𝑡𝑖𝑛𝑔 1100 [kg/m3] Density of coating 

𝑇𝑎 573 [K] ambient temperature 

𝑘𝑎𝑖𝑟 0.042 [W/m/K] Kappa of air 
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Figure 5-17. FEM modelling of moving particles using COMSOL. (a) Schematic 

of four-layer model in COMSOL. (b) Simulated temperature profile of moving 

particles at 0 mm s-1 and 20 mm s-1, respectively. (c) Schematic of near-wall 

airgap. (d) Sensitivity analysis of the airgap thickness measurement in model. 

Preliminary fitting of the airgap thickness for experiment data of ID-50 particles at 

(e) 0 mm s-1 and (f) 20 mm s-1. 

 

To achieve the optimum fitting, a reverse fitting algorithm (Levenberg-Marquardt 

or LM method) is employed as shown in Figure 5-18a. In brief, the modeled result based 

on a random seed of 𝐷𝑎𝑖𝑟 is obtained and a sensitivity matrix is obtained by changing 

𝐷𝑎𝑖𝑟  by 1%.  According to the LM method, we could derive the next-step fitting 

parameters value based on the previous-step fitting parameters value and their Jacobin 

matrix followed by Equation 5-21,  

 𝑃𝑛+1 = 𝑃𝑛 + [(𝐽𝑛)𝑇𝑟𝐽𝑛 + 𝜇𝑛𝛺𝑛]−1(𝐽𝑛)𝑇𝑟[𝑇𝑚𝑒𝑎𝑠 − 𝑇𝑒𝑠𝑡(𝑃
𝑛)] (5-21) 

where 𝛺𝑛 = 𝑑𝑖𝑎𝑔[(𝐽𝑛)𝑇𝑟𝐽𝑛], 𝜇𝑛 is damping factor (user defined). We defined the square 

root error S(Pn) as shown in the Equation 5-22 

 
𝑆(𝑃𝑛) = √∑(𝑇𝑒𝑥𝑝−𝑖 − 𝑇𝑠𝑖𝑚−𝑖)2

𝑁

𝑖=1

 
(5-22) 
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We defined a convergence number 𝛿=5%. If the value of error change is less than 

𝛿, we stopped the iteration, and the optimal 𝐷𝑎𝑖𝑟 is obtained. More details of the reverse 

fitting algorithm can be found in Ref.209. Figure 5-18b to 5-18d display the fitting of ID-

50 particles at 300℃, 500℃, and 700℃, respectively, with the variation in the flowing 

velocity from 0 to 30 mm s-1. The model generally fits well with the experimental results 

with high 𝑅2value (> 0.98). All the measurements have been repeated at least three 

times, and the average 𝐷𝑎𝑖𝑟 for ID-50 as a function of velocity at different temperatures is 

shown in Figure 5-18e. It is seen that 𝐷𝑎𝑖𝑟 generally increases with increasing velocity, 

e.g., at 𝑣 = 0 𝑚𝑚 𝑠−1, 𝐷𝑎𝑖𝑟  is 0-10 μm and increases to 30-40 μm at 𝑢 = 30 mm s-1, 

indicating an increasing near-wall thermal resistance 𝑅𝑛𝑤 =
𝐷𝑎𝑖𝑟

𝑘𝑔
, which explains the 

decreasing 𝑘𝑒𝑓𝑓 of moving particle bed. 

 
Figure 5-18. Thermal response and fitting of the airgap thickness for ID50 particles. (a) 

LM Algorithm of optimal fitting of airgap thickness 𝐷𝑎𝑖𝑟. Thermal responses and fitting 

of ID50 at different velocities at temperature of (b) 300°C, (b) 500°C and (d) 700°C. (e) 

Fitted 𝐷𝑎𝑖𝑟 for ID50 as a function of moving velocity at different temperatures. 
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Figure 5-19 summarizes the raw data for ID 50 at different velocities up to 

30 mm s-1 and temperature up to 700°C. The 𝐷𝑎𝑖𝑟 is best fitted based on the L-M 

method. The particles were measured at least three times at a specific operational 

condition. Figure 5-20 compares the 𝐷𝑎𝑖𝑟  of CARBO ceramic particles with 

different particle sizes (i.e., HSP 40/70 with 𝐷𝑝= 400 μm in Figure 5-20a, ID 50 

with 𝐷𝑝= 275 μm in Figure 5-20b and HSP 70/140 𝐷𝑝= 150 μm in Figure 5-20c). 

As shown in Figure 5-20b, Similar to the ID 50 particles, 𝐷𝑎𝑖𝑟  for HSP 40/70 

increases with increasing flowing velocity, e.g., at 𝑇𝑎 = 300°𝐶 , 𝐷𝑎𝑖𝑟  increases 

from 10 𝜇𝑚 at 𝑢  = 0 mm s-1 to 47 𝜇𝑚 at 𝑢 = 20 mm s-1. In addition, it seems that 

𝐷𝑎𝑖𝑟 is slightly higher for the HSP 40/70 than for the ID 50, e.g., at 𝑢 = 20 mm s-1 

and 𝑇𝑎 = 500°𝐶, 𝐷𝑎𝑖𝑟  for HSP 40/70 is ~ 40 μm while that for the ID50 is ~ 23 

μm. Similar trend was also found for HSP 70/140 as shown in Figure 5-20c, where 

𝐷𝑎𝑖𝑟 increases from ~ 10 μm to ~ 40 μm. However, although the particle size of 

HSP 70/140 is much smaller than that of ID 50 (𝐷𝑝 of 150 μm vs 275 μm) but the 

𝐷𝑎𝑖𝑟 remains similar. This indicates that there are more factors at play than the 

particle size on the development of near-wall airgap layer. In general, the 𝐷𝑎𝑖𝑟 for 

all the particles is in the range of 1/7 to 1/10 of particle diameter 𝐷𝑝, which agrees 

well with that found in the literature124,184. For example, Sullivan et al. 124 and 

Spelt et al.184 measured the 𝑁𝑢𝑑  𝑣𝑠 𝑃𝑒𝐿 of various granular materials in a particle 

heat exchanger. The found that to fit the data, an effective airgap thickness of ~ 

1

10
𝐷𝑝 should be introduced. In general, it has long been assumed the existence of 

an effective airgap close to the heat exchanger wall, leading to the deterioration of 

heat transfer performance. The results reported in this section was the first in-situ 
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quantification of the 𝐷𝑎𝑖𝑟, which validates the assumption over half a century since 

1970s. While we have confirmed the existence of a near-wall airgap and quantified 

it, the origin of such an airgap remains elusive, which limits our ability to improve 

the thermal performance of the particle heat exchanger. Therefore, in the next 

section, we will describe our effort in the DEM/FEM modeling to understand the 

heat transfer mechanism in the near-wall region. 

 
Figure 5-19. Thermal responses and curve fittings of ID 50 at different flowing velocities 

(0 to 30 mm s-1) and temperature (300-700℃). 

 
Figure 5-20. Measured 𝐷𝑎𝑖𝑟 of CARBO ceramic particles as a function moving 

velocity up to 30 mm s-1 in a 2 mm channel with variation in temperature of 

300℃, 500℃ and 700℃. Measurement results for (a) HSP 40/70 (𝐷𝑝= 400 μm), 

(b) ID 50 (𝐷𝑝= 275 μm) and (c) HSP 70/140 (𝐷𝑝= 150 μm). 
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5.3.2. Discrete element modeling of near-wall resistance 

We conducted DEM simulation of moving particle bed using the same 

method as shown in chapter 4.4.2 except that a stationary particle flow was 

sustained in this simulation to extract the packing structure of a stationary moving 

particle bed. 

       As shown in Figure 5-21a, there is an empty reservoir and channel with geometry 

similar to the experimental moving particle MPR setup. The channel is rectangular with 

the cross-section area of 20𝐷𝑝 × 20𝐷𝑝. In the DEM simulation, the materials of particles 

and the channel are defined according to the experiment setup. All the simulation results 

are generated using the properties of CARBO ceramic HSP 40/70 (𝐷𝑝  ~ 400 μm) 

particles and steel walls. Particles are generated from the top of the reservoir at a constant 

speed while there is a stopper at the bottom of the channel. Therefore, the simulation 

domain will be filled with particles at the equilibrium state. The simulation is the same as 

that for the stationary particles up to this point. Subsequently, the stopper at the bottom of 

the channel will be opened to such an extent that the particles start flowing at a desired 

velocity 𝑢  at 𝑡0 . By changing the opening size of the slide gate, the velocity can be 

changed from 0 – 35 mm s-1 to match with the range of velocity in our experiment. The 

packing structure of the moving particle flow will be obtained at the position of the 

measurement window, when the particle flow stabilizes, indicated by the stable 

distribution of flowing velocity extracted between 𝑡0 and 𝑡2, i.e., 𝑡1 = 0.01 𝑠, 𝑡2 = 0.02 𝑠 

as shown in Figure 5-21b (flow direction) and 5-21c (transverse direction to the flow). It 

is seen that the packing structure becomes stabilized after 0.01 s. 
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Figure 5-21. Schematic of moving particle bed simulated by discrete element modeling 

(DEM). (a) Procedures of DEM simulation. Distribution of flowing velocity at different 

time at 𝑢 = 30 𝑚𝑚 𝑠−1 in the (b) x direction and (c) y direction. 

 

Figure 5-22a compares the packing density of the particle bed at different moving 

states ranging from 𝑢 = 0 𝑚𝑚 𝑠−1 to 35 𝑚𝑚 𝑠−1. Notably, the packing density at the 

moving state is similar to that at the stationary state, which is around 54%. This result is 

consistent with the experimental observation shown in Figure 5-16. However, the contact 

length ratio between the particles decreases as shown in Figure 5-22b. Here, the contact 

length ratio (C.L.R.) is defined as the ratio of the overlap length between two particles 

over the particle diameter. The contact length ratio seems insensitive to the flowing 

velocity and stabilizes at 0.00095% when the flow velocity is greater than 5-10 mm/s, 

which is about 85% of the stationary state (0.0011%). Figure 5-22c indicates how the 

coordination number changes with an increasing flow velocity. The coordination number 
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shows a rapid reduction in the range of 0-5 mm/s, followed by a slower decreasing stage 

when 𝑢 > 10 𝑚𝑚 𝑠−1. This implies that a higher flow velocity may weaken the solid 

conduction in the particle bed by reducing the inter-particle contacts. Moreover, we 

define a near-wall contact ratio as following: 

𝑁. 𝐶. 𝑅 =
𝑛𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑛𝑛𝑒𝑎𝑟−𝑤𝑎𝑙𝑙

 (5-23) 

where 𝑛𝑐𝑜𝑛𝑡𝑎𝑐𝑡  is the number of particles in contact with the wall per unit area, 

𝑛𝑛𝑒𝑎𝑟−𝑤𝑎𝑙𝑙 is the number of particles whose distances from the wall are no large than 
𝐷

7
 

per unit area. Here, 
𝐷

7
 is an estimated thickness of a high thermal resistance layer caused 

by the lack of solid particles in the near-wall region. Figure 5-22d shows that the near-

wall contact ratio has the similar trend to the coordination number with respect to the 

flow velocity. According to this, we may hypothesize that the heat transfer process will 

also be weakened by a higher flow velocity. 
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Figure 5-22. Packing structure of moving particle bed. (a) Packing density, (b) Contact 

length ratio, (c) Coordination number and (d) Near-wall contact ratio. 

 

To model the 𝑘𝑒𝑓𝑓 of moving particle bed, we extract the packing structure 

from the near-wall region of a moving particle bed (when the flow stabilize and the 

position far away from the entrance and exit) and input it into COMSOL for heat 

transfer modeling as shown in Figure 5-23a. Similar to the modeling of stationary 

particle flow, we applied 1K temperature difference between the top and bottom 

surface of the simulation domain and record the normal heat flux through the 

bottom surface 𝑞𝑠 . With the thickness of simulation domain known 𝐿 = 𝑁𝐷𝑝 , 

where 𝑁 is an normalized distance from the wall. As shown in Figure 5-23a, if we 

choose the thickness to be 𝐿 = 5𝐷𝑝, then 𝑁 = 5. The effective thermal conductivity 
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𝑘𝑒𝑓𝑓  is extracted from the applied temperature drop across the domain in the 

direction of heat flux and measured heat flux: 

𝑘𝑒𝑓𝑓 =
𝑞𝑠𝐿

∆𝑇
 

(5-24) 

where 𝑞𝑠  is the measured heat flux at the applied temperature drop ∆𝑇 = 1𝐾 in the x 

direction.  However, it should be noted that as shown in Figure 5-23b, the effective 

thermal conductivity is related to the near wall resistance 𝑅𝑛𝑤  and bulk thermal 

resistance 𝑅𝑏 by: 

𝑁𝐷𝑝

𝑘𝑒𝑓𝑓
= 𝑅𝑛𝑤 +

𝑁𝐷𝑝

𝑘𝑏𝑢𝑙𝑘
 

(5-25) 

where N is the equivalent number of particles in the vertical direction of the simulation 

domain and N = 5 for the 5𝐷 × 5𝐷 × 5𝐷 unit, 𝑅𝑛𝑤 is the near-wall thermal resistance 

and 𝑅𝑛𝑤 =
𝐷𝑎𝑖𝑟

𝑘𝑔
. In this case, 𝑅𝑏 =

𝑁𝐷𝑝

𝑘𝑏𝑢𝑙𝑘
 is ~ 5E-3 m2 K1 W-1, which is much greater than 

𝑅𝑛𝑤 ~ 2E-4 m2 K1 W-1 assuming 10 𝜇𝑚 thick airgap. Therefore, the near-wall resistance 

cannot be observed for a large simulation domain because the majority of this domain has 

bulk-like thermal conductivity as shown in Figure 5-23c. As a matter of fact, in our study, 

the thermal penetration depth 𝑙𝑝 = √
2𝛼

𝜔
 is in the range of 500 𝜇𝑚 to 1 mm, equivalent to 

1 – 2 particle sizes, enabling us to observe the near-wall thermal resistance. Therefore, 

we reduce the simulation domain to 5𝐷𝑝 × 5𝐷𝑝 × 1.3𝐷𝑝 where 1.3𝐷𝑝 is along the heat 

transfer direction as shown in Figure 5-23d. As shown in Figure 5-23e, the simulation 

results have a similar decreasing trend with the experiment results for HSP 40/70, i.e., 

𝑘𝑒𝑓𝑓 decreases with decreasing velocity monotonously, and the 𝑘𝑒𝑓𝑓 decreases by 16.3% 

as the velocity increases from 0 mm s-1 to 35 mm s1. According to Equation 5-25, the air 
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gap thickness 𝐷𝑎𝑖𝑟 can be extracted from the 𝑘𝑒𝑓𝑓. Figure 5-23e shows that the 𝐷𝑎𝑖𝑟also 

increases with increasingly velocity but is weakly dependent on the temperature. The 

modelled 𝐷𝑎𝑖𝑟 agrees well with the experimental data. The above results further confirm 

our experimental results and prove that the thermal resistance is a major resistance in the 

moving particle bed heat exchanger. 

 
Figure 5-23. DEM and COMSOL modelling results of the near-wall region in the 

moving particle bed. (a) Snapshot of a 10𝐷 × 10𝐷 × 5𝐷  simulation domain. (b) An 

equivalent two-layered thermal resistance network of the near-wall region in the moving 

particle bed. (c) Predicted 𝑘𝑒𝑓𝑓 as a function of distance from the wall in the transverse 

direction. (d) Simulation domain of a 10𝐷 × 10𝐷 × 5𝐷  simulation domain for higher 

sensitivity on near-wall thermal resistance. (e) Comparison of experimental and modeled 

𝑘𝑒𝑓𝑓  of HSP 40/70 based on a 5𝐷 × 5𝐷 × 1.3𝐷  unit as a function of velocity. (f) 

Estimated 𝐷𝑎𝑖𝑟 of HSP 40/70 based on the DEM+COMSOL simulation results and the 

model shown in (c). 

 

5.3.3. Micromechanical origin of near-wall resistance 

To better explain the origin of the near-wall thermal resistance and to 

provide guidelines for the heat exchanger design, we probe into the particle 

rheology and study how the airgap develops in the moving particle bed. 
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In this section, we modelled the 𝐷𝑎𝑖𝑟  of ID 50 (𝐷𝑝  ~ 275 μm) based on the 

granular diffusion theory. In this theory, we only need the information of the particle 

rheology from the DEM simulation without heat transfer modelling from COMSOL. In 

other words, we attempted to explore the micromechanical origin of the near-wall 

thermal resistance directly inherited from the particle motion. While the origin of the 

near-wall thermal resistance is still not fully understood, there are two main assumptions 

that have widely been considered. There is an intrinsic near-wall region for the stationary 

particle bed where the porosity is higher due to the lower coordination number and 

smaller contact area compared to the bulk region. The porosity variation with distance 

from the constraining surface usually took the form of a damped oscillator, having the 

maximum at the wall and minimum about half a particle diameter from the 

surface187,192,193 as shown in Figure 5-4. Although the porosity oscillation explained 

partly the origin of near-wall thermal resistance of stationary particles, it failed to match 

the order of magnitude of near-wall thermal resistance and explain why it increased with 

increasing velocity in moving particle bed.  

Due to the shear force between moving particles, particles close to the wall may 

move away from the wall. Therefore, an extra near-wall thermal resistance in a moving 

particle bed could also be induced by the formation of air cushion layer, or effective 

airgap layer. It has been well-known that in addition to the bulk motion of particles, 

individual particles move randomly driven by the shear force between the particles and 

at the particle-wall interfaces. Due to analogy between the random motion of particle and 

gas molecules, the dense-gas kinetic theory has been developed to describe the particle 

flow194-196 as shown in Figure 5-5. Figure 5-5 displays the schematics of random 
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movement of particles in a bulk particle flow 196. Here, we define the streamwise 

direction as 𝑥  direction and the transverse direction as 𝑦  direction. 𝑣  and 𝑢  are the 

particle velocity components in 𝑥 and 𝑦 direction, respectively. The average velocity can 

be calculated as: 

𝑣̅ =
∑ 𝑣𝑘
𝑁
𝑘=1

𝑁
 

𝑢̅ =
∑ 𝑢𝑘
𝑁
𝑘=1

𝑁
 

(5-26) 

where 𝑢𝑘 and 𝑣𝑘 are the velocity components of the 𝑘-th particle, N is the total number of 

particles of interest. The fluctuation velocities in the two directions were: 

𝑣′ = √
∑ (𝑣𝑘 − 𝑣̅)2
𝑁
𝑘=1

𝑁
 

𝑢′ = √
∑ (𝑢𝑘 − 𝑢̅)2
𝑁
𝑘=1

𝑁
 

(5-27) 

For a 2-D granular flow, the diffusivity tensor can be defined as: 

𝐷 = [
𝐷𝑥𝑥 𝐷𝑥𝑦
𝐷𝑥𝑦 𝐷𝑦𝑦

] 
(5-28) 

where 𝐷𝑥𝑥 and 𝐷𝑦𝑦 are the granular self-diffusivity in the 𝑥 and 𝑦 direction, respectively. 

𝐷𝑥𝑦 is the off-diagonal diffusivity in the 𝑦 direction influenced by the mean flow in the 𝑥 

direction. In analogy to the thermodynamic temperature of gas, the granular temperature 

can also be defined based on the kinetic energy of particles. Since the random motion 

between particles are driven by the shear force, the granular temperature is expressed as 

the fluctuation velocity instead of the bulk or average velocities, i.e., 𝑇𝑦 ∝ 𝑢′ and 𝑇𝑥 ∝

𝑣′195. From the dense-gas kinetic theory derivation in a homogeneous and stationary 
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velocity field of granular flow, the self-diffusivity of particle in the specific vector 

direction is given by: 

𝐷𝑖𝑖 =
𝐷𝑝(𝜋𝑇𝑖𝑖)

1
2

8(1 + 𝑒𝑝)𝜈𝑔0(𝜈)
 

(5-29) 

where 𝑇𝑖𝑖 is the granular temperature in the corresponding direction, calculated based on 

the velocity component in the same direction. 𝑒𝑝  is the coefficient of restitution of 

particle; 𝜈 is the solid fraction and 𝑔0(𝜈) is an equation of state of ridge spheres given by 

the Carnahan-Starting expression197: 

𝑔0(𝜈) =
2 − 𝜈

2(1 − 𝜈)3
 

(5-30) 

Equation 5-29 is reduced to the classical Chapman-Enskog expression for gas diffusion in 

case of perfectly elastic particles198,199.  

In addition to the granular temperature, we can also calculate the entries of the 

diffusivity tensor by the mean-square diffusive displacement. The diffusive displacement 

of particles in the DEM simulation can be calculated by: 

𝑥 = 𝑟𝑥 −∑𝑣̅𝑘𝛥𝑡

𝑘

 

𝑦 = 𝑟𝑦 −∑𝑢̅𝑘𝛥𝑡

𝑘

 

(5-31) 

where 𝑟𝑥  and 𝑟𝑦  are the real displacement of particle in the 𝑥  and 𝑦  directions, 

respectively. Δ𝑡 is the time step between two frames and 𝑘 denotes the 𝑘-th frame in the 

DEM simulation. The diffusivity can be calculated by: 

𝐷𝑥𝑥 =
1

2

𝑑〈𝑥𝑥〉

𝑑𝑡
 

(5-32) 
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𝐷𝑦𝑦 =
1

2

𝑑〈𝑦𝑦〉

𝑑𝑡
 

𝐷𝑥𝑦 =
1

2

𝑑〈𝑥𝑦〉

𝑑𝑡
 

Figure 5-24 shows the schematic of the moving particle bed in the DEM 

simulation and the particle trajectories from 13 different particles within a time period of 

30 ms. There are more than 6000 particles in the white box in Figure 5-23. The 

displacement and velocity of the individual particles can be extracted from the difference 

of coordinates at as specific time interval. 

 

Figure 5-24. Schematic of DEM simulation of moving particle bed and particle 

trajectories in the channel within a time period of 30 ms. 

 

The coordinates and velocity components of all particles can be extracted from 

the DEM files directly. Based on this data, the velocity fluctuation of ID50 (Figure 5-25) 

in the 𝑥 (streamwise) and 𝑦 (transverse) direction can be calculated. The higher mean 

flow velocity causes more frequent interaction between particles, hence higher velocity 

fluctuations in both 𝑥 and 𝑦 directions. In the fully developed region of the granular flow 

(> 5 particle diameters), as shown in Figure 5-25a and Figure 5-25c, the velocity 

fluctuation 𝑣′ and 𝑢′ are almost constant along the 𝑥  direction. However, as shown in 
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Figure 5-25b and Figure 5-25d, both 𝑣′ and 𝑢′ reaches the maximum value at the wall, 

then decrease and form a plateau after 4 particle diameters away from the wall along the 

𝑦 direction. According to Equation 5-29, a higher velocity fluctuation results in a higher 

diffusivity. This indicates the wall has a significant effect on the diffusive behavior of 

granular flow. Besides, the magnitude of 𝑣′ is twice as much as that of 𝑢′, which is due to 

the mean flow in 𝑥 direction. 

 
Figure 5-25. Streamwise velocity fluctuation 𝑣′ of ID50 in (a) streamwise direction 𝑥 

and (b) transverse direction 𝑦 . Transverse velocity fluctuation 𝑢′  of ID50 in (c) 

streamwise direction 𝑥 and (d) transverse direction 𝑦. 
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According to Equation 5-32, we can acquire the mean-square displacement and 

then the diffusivity of ID50 (Figure 5-26). Figure 5-26a to 5-26c show the mean-square 

displacement curve for bulk velocity of 11 mm-1, 21 mm s-1 and 30 mm s-1, respectively. 

The diffusivity can be estimated from the slope of the linear region. There is a short 

period of time around 20 ms to 30 ms before the curves reach the linear region. In that 

period, the particles need to experience enough interactions with other particles, e.g., 

collisions to sample the correct diffusive behavior. Trivially, the length of this period of 

time is shorter for a larger mean flow velocity. To get the accurate diffusivity, both linear 

fitting method and a second-order difference formula are implemented, and their results 

are consistent. Figure 5-26d shows the diffusivity of ID50 at different mean flow 

velocity. The diffusivity increases as the velocity increases, indicating a stronger disorder 

in the granular flow. In a condition where the near-wall resistance dominates, higher 𝐷𝑦𝑦 

and 𝐷𝑥𝑦 in the transverse direction tend to worsen the contact between particles and the 

wall, and may cause a larger air gap thickness and a lower 𝑘𝑒𝑓𝑓. This agrees well with 

experimental observation of increased near-wall thermal resistance with increasing 

velocity. Besides, 𝐷𝑥𝑥 is around 4 times greater than 𝐷𝑦𝑦 and 𝐷𝑥𝑦 attributed to the mean 

flow in 𝑥 direction, which agree well with that reported in the literature196.  
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Figure 5-26. Mean-square displacement of ID 50 particle at different velocities of (a) 11 

mm s-1, (b) 21 mm s-1 and (c) 30 mm s-1. (d) Diffusivity of ID 50 particle at different 

velocities obtained from equation 5-32. 

 

The diffusivity of ID 50 particles at different bulk velocity can also be 

calculated based on Equation 5-29. The fluctuation velocity is shown in Figure 5-

26. Since the fluctuation velocity 𝑢′  decreases away from the wall in the y-

direction as shown in Figure 5-26d, the calculated diffusivity also decreases away 

from the wall as shown in Figure 5-27a. It is noted that the diffusivity obtained 

from Equation 5-29 is slightly lower than that predicted by the displacement 

Equation 5-32 because in the later equation, perfect elastic collision between 

particles is assumed. If we set the coefficient of restitution 𝑒𝑝  = 0 (i.e., elastic 



187 
 

collision), the same results can be obtained. Nevertheless, since both methods give 

similar diffusivity, we believe that the analysis of particle diffusivity is solid. 

Based on the particle diffusivity 𝐷𝑦𝑦, the airgap layer close to the wall can 

be estimated based on: 

𝐷𝑎𝑖𝑟 = √2𝐷𝑦𝑦𝑡𝑐 
(5-33) 

where 𝑡𝑐 is the characteristic time for particle diffusion and 𝑡 =
𝐷𝑃

𝑢𝑏
 where 𝑢𝑏 is the 

bulk velocity of particle flow. Table 5-3 compares the transverse granular 

diffusivities in modelled from the diffusive placement and fluctuation velocity. It 

is seen that both models give similar results, confirming the accuracy of our 

models. 

Table 5-3. Transverse diffusivities modelled by diffusive displacement and velocity 

fluctuation. 

Diffusivity Bulk velocity (mm s-1) 

11 21 30 

Method 1 

𝐷𝑦𝑦 (m2 s-1) 

1.5 × 10−8 2.4 × 10−8 2.8 × 10−8 

Method 2 

𝐷𝑦𝑦  (m2 s-1) 

1.41 × 10−8 2.78 × 10−8 3.21 × 10−8 
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Figure 5-27. Particle diffusivity based on the granular temperature. Particle 

diffusivity of ID 50 at different velocity in the(a) flow direction (x-direction) and 

transverse direction (y-direction) obtained from Equation 5-29. 

 

Table 5-4 compares the calculated 𝐷𝑎𝑖𝑟(based on Equation 5-33) from the 

particle diffusivities predicted by the displacement and granular temperature, 

respectively, 𝐷𝑎𝑖𝑟 from the COMSOL modeling, and that obtained experimentally. 

It can be found that theoretically predicted 𝐷𝑎𝑖𝑟  gap agrees well with the 

experimental results. Therefore, it is concluded that the near-wall thermal 

resistance can be well explained by the particle diffusion driven.  

Table 5-4. Comparison of experimental and modelled 𝐷𝑎𝑖𝑟. 

𝐷𝑎𝑖𝑟 (μm) Bulk velocity (mm s-1) 

0 11 21 30 

Exp. 0 ~ 20 ~ 30 ~ 30 

DEM+COMSOL ~ 18 ~ 28 ~ 31 ~ 33 

DEM_Displacement 0 25.3 25.7 23.1 

DEM_Fluctuation 0 26.1 23.9 21.6 

 

5.4. Conclusions 

In this chapter, we modified the modulated photothermal radiometry (MPR) setup 

for the thermal conductivity measurement moving particle bed at high temperature up to 
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700℃ and bulk velocity up to 60 mm s-1. Ceramic particles with different average 

particle sizes (150 μm, 275 μm and 400 μm) were measured. It is found that the 𝑘𝑒𝑓𝑓 

decreased with increasing velocity for all the particles. The reduction of 𝑘𝑒𝑓𝑓 was larger 

for larger particles. Silica sands with more irregular particles were also measured. The 

𝑘𝑒𝑓𝑓  of irregular silica sands decreased more than the ceramic particles at the same 

average particle size. 

The 𝑘𝑒𝑓𝑓  decreased mainly due to the near-wall thermal resistance due to the 

invariant bulk density at different velocity. To extract the near-wall thermal resistance, 

we built a thermofluids model using COMSOL. At low frequency, the near-wall wall 

thermal resistance can be obtained by fitting the experiment data with the COMSOL 

model. The near-wall thermal resistance could be well represented by a near-wall airgap 

layer with the properties of air and thickness of 0 – 50 μm with the velocity increasing 

from 0 to 30 mm s-1. The airgap layer was found to increase with increasing particle size 

and flowing velocity. The measured 𝐷𝑎𝑖𝑟 agreed well with that reported in the literature, 

where the global heat transfer coefficient was measured. 

While the existence of the near-wall airgap layer has been extensively recognized, 

there has been a lacking of knowledge how it develops due to the lack of in-situ 

measurement method and observation of granular motion at the microscale.  To probe 

into the micromechanical origin of the near-wall airgap in the moving particle bed, we 

used discrete element method (DEM) to simulate the packing structure and particle 

rheology. We found that the particle motion in a moving packed bed was diffusion-like. 

In analogy to the dense-gas kinetic theory, the diffusivity of particle could be well 

defined based on the fluctuation velocity. The near-wall airgap could be estimated from 
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the diffusive displacement of particles away from the wall, which increased with 

increasing velocity and particle size. The modeled 𝐷𝑎𝑖𝑟 matched well with the experiment, 

indicating that the diffusive behavior of particle close to the wall was the 

micromechanical origin of the near-wall thermal resistance in moving packed bed. 

Chapter 5, in full, is being prepared for publication by Jian Zeng, Xintong Zhang, 

Ka Man Chung, Sarath Reddy Adapa, Tianshi Feng and Renkun Chen. The dissertation 

author was the primary investigator and first author of this paper. 
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Part II: Hydrogel materials for water harvesting and thermal 

management 

6. Chapter 6: Thermo-responsive hydrogel for forward-osmosis 

desalination 

6.1. Introduction 

The mismatch between the soaring demand of fresh water due to the 

industrialization and ever-increasing life standards of mankind, and its less availability 

places emergence on the development of efficient and facile desalination technologies to 

exploit the vast storage of sea water. Forward-osmosis (FO) technology, which uses the 

ionic strength or osmotic pressure gradient across the membrane as the driving force to 

separate the salt and water molecules, has gained significant public concerns since the 

millennium due to the less membrane fouling, reduced reverse flux, and lower energy 

cost compared to the conventional desalination methods210-217. Nevertheless, the 

application envelope and marketing of the FO technique are still restricted by the lack of 

a suitable draw agent. Inorganic electrolytes with high ionic strength, such as NaCl, 

MgCl and NH4Cl 218-220, are widely-used draw agents, which yield a high osmotic 

pressure of ~ 45 atm 220 and a favorable FO flux of ~ 20 LMH 219 with the concentration 

of 1 mol/L. However, the regeneration of the diluted draw agent into the concentrated 

state usually requires an energy intensive process, such as UF (ultrafiltration) and MD 

(membrane distillation), with the reported energy consumption of ~ 10 kWh/m3 221,222. 

The large amount of energy required for the release of water in the follow-up treatment 

and the high reverse flux of inorganic solute 219,223,224 significantly undermine the 
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attractiveness of FO compared to the more prevailing RO process. Therefore, to justify 

the sustainability of FO desalination, it is imperative to develop a new class of draw 

agents with lower regenerative energy consumption, especially from more abundant and 

low-cost energy sources, such as thermal energy from the waste heat and sunlight.  

One of the recently studied draw agents is based on thermo-responsive polymers, 

such as poly(N-Isopropylacrylamide) (P-NIPAAm) due to its potential to reduce the 

energy consumption 225-227. The basic working principle of P-NIPAAm is its phase 

transition from a hydrophilic state to a hydrophobic one when heated up above its lower 

critical solution temperature (LCST). The LCST is caused by the rearrangement of water 

molecules around the hydrophobic and hydrophilic functional groups (alkyl and acrylate, 

respectively) in the polymer chain 227 leading to the collapse of the gel 226 and the fast 

release of the water (or dewatering) . Although P-NIPAAm has attracted an intensive 

interests from the field of drug delivery and release since 1990s 228-231, it is not until very 

recently that its potential for desalination was revealed 232. Dan et al. 233 firstly 

demonstrated the P-NIPAAm-based FO desalination. It was found that the P-NIPAAm 

was able to regenerate ~ 70% of the absorbed water within 2 mins when only heated up 

to 50 °C. Because the latent heat penalty of water is avoided and the phase change latent 

heat for solid P-NIPAAm was low (~ 42 kJ/kg) 226,227,234, the energy consumption of the 

dewatering process is significantly lower compared to other methods such as traditional 

membrane distillation 221,222. As a result of the high swelling ratio of P-NIPAAm (>10 

times), the specific energy consumption for water production can be as low as 1.12 

kWh/m3 235. Besides, due to the low LCST (~ 32 °C 236) of P-NIPAAm, it is possible to 

further decrease the specific cost of energy by utilizing low-grade heat, such as solar-
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thermal energy ( e.g., mixing the P-NIPAAm, with light-absorbing particles 235,237,238) or 

waste heat. Similar to other organic draw agents, the P-NIPAAm, also takes the 

advantage of a negligible reverse flux due to its macromolecular structure 223,239. 

However, polymers without ionic groups generally have lower osmotic pressure than 

those with ionic groups. It was found that the overall FO flux using pure P-NIPAAm is 

still very low (< 0.1 LMH) 240 compared with the inorganic draw solute (typically ~ 20 

LMH 219. In order to address these problems, polyelectrolytes, such as sodium acrylate 

(SA) 237,238, acrylic acid 241, polyvinyl alcohol 240 and sodium styrene-4-sulfonate (SSS) 

242, etc., were co-polymerized with NIPAAm to increase the ionic strength. While the 

copolymers have indeed demonstrated enhanced FO flux, the addition of excessive 

polyelectrolytes hindered the phase transition of P-NIPAAm and thus compromised its 

key property of fast dewatering 243,244. For instance, P(NIPAAm-co-SSS) with over 20 

wt% of SSS did not show the LCST property 242. Therefore, there is an inherent tradeoff 

between the high osmotic pressure and preserving the suitable LCST for fast dewatering 

when it comes to the choice of polyelectrolyte concentration. Amir et al. 235 attempted to 

solve this problem by employing a novel bi-layer design where the bottom layer, i.e., the 

one that was in contact with the FO membrane, had a high concentration of SA while the 

upper layer has a lower concentration. It was demonstrated that such a design yielded a 

higher overall flux than either of pure P-NIPAAm and P-SA. However, it remained 

unclear the mechanism behind this observation. More importantly, it is necessary to 

provide a more comprehensive study on the effect of the gradient of polyelectrolyte 

concentration and configuration of layers on the overall performance of FO in order to 

provide guidance for optimization of P-NIPAAm-based FO desalination. 
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In this chapter, a multi-layer design of P-NIPAAm-based draw agent was 

systematically studied. The design was featured with a gradually decreasing 

concentration of sodium acrylate away from the FO membrane, thus combining both 

merits of the high FO flux contributed by the drawing layer with the highest SA 

concentration and the fast water release by the releasing layer with pure P-NIPAAm. The 

intermediate layer was introduced in between so as to reduce the mass transport 

resistance between the aforementioned layers. A systematic study was conducted with 

regard to the swelling kinetics and capacity, FO flux and dewatering ratio. The 

mechanism for the enhanced overall performance of the multi-layer material was also 

explained in detail. Our study contributes to a better understanding of enhanced 

performance of swelling and water release in P-NIPAAm for the energy- and cost-

efficient FO desalination. 

6.2. Material preparation 

The sodium acrylate (SA, 99%) and N-isopropylacrylamide (NIPAAm, 97%) as 

monomers, ammonium persulfate (APS, 98%) as initiator for the thermally-activated 

synthesis, α-ketoglutaric acid (98%) as photo-initiator for the UV-light activated 

synthesis, N,N’-methylenebisacrylamide (MBA, 99%) as cross linker and sodium alginate 

(99%) as backbone of the hydrogel matrix were purchased from Sigma-Aldrich.  

6.2.1. Preparation of drawing layer 

The drawing layers, which would be in contact with the FO membranes to draw 

water molecules from the feed seawater solution, were made of P(NIPAAm-co-SA) 

copolymers. These layers were synthesized by the free-radical polymerization of 

monomers (NIPAAm and SA) using the thermal-initiated method with the APS as 
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initiator. The monomers were added with the variation of weight ratio, i.e., the ratio of 

SA:NIPAAm varies from 0.3:1 to 1.5:1, to investigate the influence of polyelectrolyte 

concentration. Sodium alginate was added as the backbone to increases the strength of the 

hydrogel 245,246, with 12.5 wt% of monomers in total. The monomers and sodium 

alginates were then dissolved in deionized water to obtain a 14% homogenous solution. 

Afterwards, MBA and APS were added into the solution with a fixed molar ratio of 

monomers, crosslinker and initiator of 50:1:1. After being fully dissolved, the 

homogeneous solution was degassed for 10 mins before being put into the oven of 70°C, 

where the hydrogel was copolymerized for 10 mins. The hydrogel was kept in the oven 

overnight to ensure the complete co-polymerization. Figure 6-1 shows the reaction and 

FTIR spectrum of the NIPAM-co-SA material. During the copolymerization, the NIPAM, 

SA and MBA are connected via the C=C bonds to create an inter-connected matrix as 

shown in Figure 6-1a. As shown in Figure 6-1b, the peaks at the 1650 and 1559 cm-1 

represent the C=O groups in the > C = O⋯H − N <  species (amide band I and II, 

respectively) in the NIPAM and MBA repeat units247-251. The 1386 cm-1 peak refers to the 

C-H vibrations of CH(CH3)
2 in the NIPAM repeated units251. The peak at 1455 cm-1 is 

attributed to the stretching vibration of the –CH2 for SA 237. In addition to that, the peak 

hump at 1705 cm-1 is due to the carboxylate anion of SA units251.  
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Figure 6-1. Characterization of NIPAM-co-SA (a) Chemical reaction (b) FTIR spectrum. 

 

6.2.2. Preparation of releasing layer 

The releasing layer is made of P-NIPAAm without SA. It was synthesized on the 

substrate of drawing layer obtained in the last step by the free-radical polymerization of 

NIPAAm using the UV-light initiated method with the α-ketoglutaric acid as initiator. 

The NIPAAm and sodium alginate, with the same weight ratio stated above, were 

dissolved in deionized water to produce a 14 wt% homogeneous solution. Afterwards, 

MBA and α-ketoglutaric acid were added into the solution with a fixed molar ratio of 

monomers, crosslinker and initiator of 50:1:1. The solution was degassed for 10 mins 

before it was added onto the top of the P(NIPAAm-co-SA) drawing layer in a mould. The 

ensemble was then exposed to UV-light to induce the copolymerization of the releasing 

layer for 12 hours. During the synthesis, some of the NIPAAm solution penetrated into 

the P(NIPAAm-co-SA) layer which created a solid bonding between the two layers as 

shown in Figure. 6-2c.  
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6.2.3. Description of samples 

We prepared three types of samples: multi-layer (ML), bi-layer (BL), and uniform 

single-layer (SL). The sample IDs and their information are listed in Table 6-1. The 

characterization of the materials is given in the supplementary information (Figure S1). 

All the samples have the same total thickness of 3 mm for direct comparison of their 

swelling and dewatering characteristics. The single-layer samples (SL-1 to SL-5) have 

uniform SA concentration in each sample, with SA:NIPAM weight ratios ranging from 

0:1 in SL-5 (pure P-NIPAAm) to 1:1 in SL-1. The bi-layer samples (BL-1 and BL-2) 

have a 1 mm thick P(NIPAAm-co-SA) drawing layer and a 2 mm thick pure P-NIPAAm 

releasing layer. The SA:NIPAAm ratios in the drawing layers are 1.5:1 in BL-1 and 1:1 

in BL-2. The multi-layer samples have three layers (ML-1 to ML-3) or four layers (ML-

4). In addition to a 0.5 mm thick drawing layer with high SA concentration and a 

releasing P-NIPAAm layer (2 mm thick in ML-1 to ML-3, and 1.5 mm thick in ML-4), 

the ML samples also have intermediate layers, with SA concentration between the 

drawing and releasing layers, as shown in Figure 6-2e. We expect that the intermediate 

layers would reduce the mass transfer resistance between the drawing and the releasing 

layers due to the osmotic pressure provided by the SA. The intermediate layers were 

synthesized in the same way as for the drawing layer. After dewatering and then cooling 

down below the LCST, the P-NIPAAm releasing layer is expected to draw the water 

molecules from the intermediate layer more easily when compared with the bi-layer 

hydrogels.  
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Table 6-1. Parameters for all the samples in study  

Sample 1st Layer 2nd Layer 3rd Layer 4th Layer Description 

SL-1 1:1 (3 mm) 

- 

Uniform P(NIPAAm-

co-SA) material with a 

single layer 

SL-2 0.7:1 (3 mm) 

SL-3 0.5:1 (3 mm) 

SL-4 0.3:1 (3 mm) 

SL-5 0:1 (3 mm) Uniform P-NIPAAm 

material without any 

SA 

BL-1 1.5:1 (1 mm) 0:5 (2 mm) - Bi-layers sample with 

different amount of SA 

in the drawing layer 

BL-2 1:1 (1 mm) 0:1 (2 mm) 

ML-1 1:1 (0.5 mm) 0.5:1 (0.5 

mm) 

0:1 (2 mm) 

- 

3-layers sample with 

variation of SA 

concentration gradient 

in thickness-wise 

ML-2 0.8:1 (0.5 

mm) 

0.4:1 (0.5 

mm) 

0:1 (2 mm) 

ML-3 0.6:1 (0.5 

mm) 

0.3:1 (0.5 

mm) 

0:1 (2 mm) 

ML-4 0.8:1 (0.5 

mm) 

0.6:1 (0.5 

mm) 

0.4:1 (0.5 

mm) 

0:1 (1.5 mm) 4-layers sample with 2 

intermediate layers in 

between 
*The ratio in the table indicates the SA:NIPAAm ratio in weight in that specific layer 

with the layer thickness indicated in the parentheses. The total thickness of the as-

synthesized gel was kept the same to be 3 mm. 

 

6.3. Experimental method 

We first measured the swelling ratio of the hydrogels in order to evaluate their  

water absorption capability. Before the swelling test, the hydrogel was placed in the 

freeze drier for 24 hours to ensure that it was completed dehydrated. And then the dry gel 

with the weight of ms0 was immersed in deionized (DI) water for a period of ts to absorb 

water and swelled to mst, where the swelling ratio within this period was calculated by: 

0

0

st s
s

s

m m
R

m

−
=  

  (6-1) 

To test the suitability of the hydrogels for FO desalination, two processes were 

evaluated: the forward-osmosis (FO) step where the water molecules were drawn by the 

hydrogel draw agents, and the water release step where the hydrogel was heated up above 

the LCST for the release of water. The FO flux was tested using a home-built setup as 
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shown in Figure 6-3, where the permeate side was the hydrogel that was in intimate 

contact with a FO membrane (CTA forward-osmosis membrane made from cellulose 

triacetate with an embedded polyester screen mesh as support layer by Fluid Technology 

Solutions, with an area of 9 cm2 which was the same as that used in Ref.) and the feed 

side was 2000 ppm NaCl solution as benchmark to characterize the FO performance 

237,240,252-254. The feed solution was stirred at a constant speed of 100 rpm during the FO 

test in the reservoir to avoid salt accumulation close to the FO membrane. It should be 

noted that the thermo-responsive hydrogel was featured with multi-layers along the water 

transport pathway, as shown in Figure 6-2c and 6-2e, with the drawing layer in contact 

with the FO membrane had the highest concentration of SA (Cd) to provide a high 

osmotic pressure. The layer furthest to the FO membrane was the releasing layer with 

pure P-NIPAAm and zero polyelectrolyte concentration (Cr = 0) to enable fast dewatering 

above its LCST (~ 32 °C) 226,227 as shown in Figure 6-2d. 

 

Figure 6-2. Schematic of experimental setup and characterization of material (a) 

forward-osmosis process (b) Dewatering process with thermal input (c) multi-layer 

material with the drawing layer for FO desalination and (d) releasing layer for fast water 

release (e) multi-layer design with gradual reduction of SA concentration along the water 

transport pathway. 
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Figure 6-3. FO experimental setup (a) Schematics and (b) photo of setup from the side-

view and top-view (insert). The hydrogel was pressed to ensure a good contact with the 

FO membrane. For the same purpose, there was a side tube connecting to the feed 

solution chamber, whose water level was higher than the FO membrane by 40 mm so that 

there was no gap between the feed solution and membrane. It was noted that the height 

difference was so small that the contribution of gravity was < 500 Pa, which was 

negligible compared with the osmotic pressure of hydrogel ( ~ 10 atm236). 

 

The hydrogel was pressed to ensure a good contact with the FO membrane. For 

the same purpose, there was a side tube connecting to the feed solution chamber, whose 

water level was higher than the FO membrane by 40 mm so that there was no gap 

between the feed solution and membrane. It was noted that the height difference was so 

small that the contribution of gravity was < 500 Pa, which was negligible compared with 

the osmotic pressure of hydrogel ( ~ 10 atm236). Before the FO procedure, the as-

synthesized hydrogels were fully swollen by immersing it in DI water for 24 hours and 

then dewatered to ~ 25 % of the weight at the fully swollen state. The FO flux was 

calculated for the first hour of the FO process as follows: 

t 0

w m FO

( )
FO

m m
f

A t

−
=  

(6-2) 
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where m0 and mt are the weights of the hydrogel before and after the FO, respectively; ρw 

is the density of water and Am is denoted as the area of the FO membrane; tFO equals to 1 

hour in this study. 

The dewatering procedure was conducted in an oven at 60°C for a specific period 

of time 𝑡𝑑 where the average dewatering ratio within this period was given by 

0

0

t td
dw

t

m m
R

m

−
=  

(6-3) 

where mt0 represents the weight of hydrogel at the fully swollen state (after being 

immersed in DI water for 24 hours) and mtd is the remained weight of the gel after 

dewatering for a period of td. We investigated two dewatering strategies: continuous 

dewatering by placing a sample in the 60°C oven throughout the test, and intermittent 

dewatering by periodically taking the sample out of the oven and cooling it at the room 

temperature (~23°C) for a specific period of time tc. The idea is to restore the 

hydrophilicity of the P-NIPAAm releasing layer at room temperature, which would then 

drive the water from the drawing and intermediate layers to the hydrophilic P-NIPAAm 

releasing layer at this temperature. This cooling time (tc) was varied from 2 to 25 mins in 

certain bi-layer and multi-layer samples. The dewatering (in the 60°C oven) and cooling 

(at 23°C) cycles were repeated until the cumulative dewatering time reached a certain 

value (e.g., 90 or 120 mins). During the cooling period, the samples were sealed inside a 

small container to avoid water evaporation.   

The dewatering from the releasing layer in the oven has two contributions: 

evaporation of water and the (liquid) water release due to the LCST. The water release 

component is of interest to us as it contributes to the low-energy water recovery from the 

FO process. To quantify this component, we define the water release ratio Rre as:  
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re ML SLR R R= −  (6-4) 

where RML and RSL represent the dewatering ratio of the bi-layer or multi-layer samples 

of interest, and that of the single layer sample, respectively. Here, we used the SL-1 

sample (1:1 SA:NIPAAm ratio) as the reference to obtain RSL. The SL-1 sample (and also 

SL-2 to SL-4) remained hydrophilic (no LCST phase transition) at 60°C as a result of its 

high SA concentration, thus the dewatering in this sample was solely due to the 

evaporation. Therefore, if a multi-layer sample showed a higher dewatering ratio 

compared to the SL-1 sample, we can attribute the extra dewatering ratio to the amount of 

liquid water release induced by the LCST phase transition, according to Equation 6-4. 

The uncertainties for the measurements of ms0 and mst are within 1.7% given the 

resolution of balance we used and the residual of water on the weighting paper. Thus, 

using the method in Ref.255, the uncertainty of swelling ratio is within 2.9%. The 

uncertainty of membrane area due to the error of machining and cutting is assumed to be 

within 2%, and that for the mo and mt are both within 1%. Hence, the uncertainty of FO 

flux is within 2.5%. Similar to calculation for the swelling ratio, the uncertainty for the 

dewatering ratio is within 5.3%. The uncertainty for the water release ratio is thus 

calculated based on the error of dewatering ratio and is within 9.2%. 

6.4. Results and discussions 

6.4.1. Swelling rate and capacity 

Figure 6-4 shows the swelling ratio of the hydrogels as a function time. In order to 

provide a reference for the capability of water absorption for the multi-layer samples, the 

uniform hydrogels with varying SA concentrations (SA:NIPAAm ratio from 0:1 to 1:1) 

were first tested using DI water at 23°C as shown in Figure 6-4a. The hydrogel was 
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completely dry and white before the test ( 𝑡  = 0), and then it swelled and became 

transparent as shown in the inserts in Fig.2b and c (𝑡 = 900 mins). The curves in Figure 6-

4a can be divided into two distinctive stages, i.e., the initial stage with a fast water 

absorption rate at t < 150 mins and a steady stage afterwards for all the samples with the 

SA:NIPAAm ratio higher than 0.3:1. However, the kinetics in the pure P-NIPAAm 

sample (SL-5) was substantially lower and the swelling was still not completed when the 

test stopped at 𝑡  = 950 mins, which indicated that the addition of SA facilitated the 

kinetics of water transport due to the fact that the polyelectrolytes served as hydrophilic 

channels for water transport and more importantly, increased the osmotic pressure of the 

hydrogel 236,242. The swelling ratio increased monotonously with increasing concentration 

of SA, e.g., the swelling ratio tripled from 44 to 135 for the first 15 mins while the 

swelling capacity increased from 60 to 147 as the SA:NIPAAm ratio changed from 0.3:1 

to1:1, which was similar to the findings in earlier reports237,238.  

Similarly, the swelling curves for the multi-layers samples can also be delineated 

into the initial fast swelling stage and the subsequent steady stages after 𝑡 = ~150 mins as 

shown in Figure 6-4b, which indicates that the multi-layer configuration does not affect 

the intrinsic swelling property of the P(NIPAAm-co-SA). However, it was observed that 

the swelling ratio did not just increase monotonously with the SA concentration, but was 

also dependent on both the composition and configuration of the material. For the same 

configuration (ML-1, ML-2 and ML-3), both the swelling rate at the initial stage (t < 150 

mins) and the equilibrium swelling capacity increased with increasing SA concentration, 

e.g., with the SA:NIPAAm ratios increased from 0.6:1 (ML-3) to 1:1 (ML-1) in the 

drawing layer and from 0.3:1 to 0.5:1 in the intermediate layer, the swelling ratio in the 
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first 15 mins increased from 17 to 28 while the swelling capacity increased from 78 to 

127, which was similar to the trend of the uniform samples. However, the swelling rate 

for the 3-layers sample was notably lower than that for the uniform one, e.g., the SL-3 

swelled by 88 times at 𝑡 = 15 mins, which was 200% higher than that for the ML-1 

sample whose drawing layer had the same composition as its counterpart. This is because 

the drawing layer (0.5 mm) for the multi-layer sample is much thinner than the uniform 

sample, and thus, the swelling kinetics at the initial stage is mainly determined by the 

thicker P-NIPAAm layer (2 mm). In addition, the P-NIPAAm releasing layer tends to 

restrict the expansion of the drawing layer due to the difference of swelling rate256,257, 

which further reduces the overall swelling rate. The dominant effect of the releasing layer 

on the swelling kinetics was justified by the gradual increase of the 𝑅𝑠 at 𝑡 >150 mins, 

which was similar to the trend for the SL-5 (pure P-NIPAAm) as shown in Figure 6-4a. 

This was also proven from Figure 6-4c, where the hydrogel tended to curl upwards from t 

= 15 to 45 mins, because the releasing layer swelled at a lower rate than that of the 

drawing layer. Interestingly, the effect of the releasing layer reduces as the material 

approaches its capacity limit. For example, the swelling ratio for the ML-1 sample 

reached 127, which ranged between that of the SL-1 and SL-3, indicating that the 

capacity of the multi-layer hydrogel was limited by the drawing layer. As shown in 

Figure 6-4c, the hydrogel unfolded at t = 105 mins because the P-NIPAAm was fully 

swollen and thus the restriction on the expansion of drawing layer was removed. The 

hydrogel became completely flat again at t = 900 mins as both layers approached their 

absorbing limit.  
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Figure 6-4. Swelling ratio as a function of time (a) for uniform P(NIPAAm-co-SA) 

samples with different concentrations of SA. (b) Multi-layer hydrogels with different 

configuration of layers along the direction of water transport. The inserted figures 

represent the ML-1 sample at t = 0 (top left) and t = 900 mins (bottom right), 

respectively. (c) Folding at the initial stage and unfolding at the saturated state of multi-

layer hydrogel (ML-1) during swelling. 

 

Another phenomenon worth discussing is that the swelling rate can be further 

enhanced by increasing the number of layers, and thus decreasing the gradient of SA 

concentration along the thickness direction with a fixed composition for the drawing layer. 

For example, although the drawing layer of the ML-1 sample had the same SA:NIPAAm 

ratio (1:1) as that for the BL-2 sample, it yielded a Rs of 87 at t = 150 mins, which was 

40.3% higher than that for the latter one. As discussed above, the swelling kinetics at the 

initial stage is primarily determined by the releasing layer due to its restriction on the 

expansion of the drawing layer. Therefore, the small gradient of SA concentration 

between layers reduces the resistance of water transport from the drawing layer to the 
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releasing one, which facilitates the expansion of the P-NIPAAm layer, and thus, leads to a 

higher swelling rate. On the contrary, similar to the 3-layer samples, the swelling 

capability is still limited by the concentration and thickness of the P(NIPAAm-co-SA) 

layer. For example, at t = 900 mins, the Rs for the BL-2 sample reached as high as 160, 

which was 25.9% higher than the ML-1 sample and was close to that for the SL-1 

hydrogel. The same trend still holds when comparing the ML-2 and ML-4 samples. 

In brief, the multi-layer samples preserve the high swelling capability which is 

primarily determined by the drawing layer that has a high osmotic pressure, although the 

swelling kinetics at the initial stage is undermined by the water releasing layer due to its 

restriction on the expansion of the entire structures. Therefore, further increasing the SA 

concentration in the drawing layer could greatly increase the absorption capacity but not 

the kinetics. Increasing the SA concentration in the releasing layer could increase both the 

kinetics and absorption capacity of the whole structure. The overall swelling capability for 

the multi-layer hydrogels is still comparable to the uniform P(NIPAAm-co-SA) hydrogel. 

Therefore, it is concluded that the multi-layer hydrogel shows a favorable performance for 

water storage with a reasonable mass transfer rate.   

6.4.2. Forward-osmosis flux 

Figure 6-5 compares the average FO flux in the first hour for samples with 

different concentrations of SA and configurations of layers. The hydrogels contained 

water that was equivalent to 25wt% of that at the fully swollen state, e.g., the ML-3 

sample had an equilibrium swelling ratio of ~ 80, and thus it contained ~ 5 wt% net 

hydrogel for the FO test. 
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It was seen that the FO flux increased monotonously with increasing 

concentration of SA, i.e., the FO fluxes were 0.08, 0.107, 0.191 and 0.295 LHM for the 

SL-5, SL-4, SL-2 and SL-1 samples, respectively, which agreed with the trends reported 

in the literature 236,240. As expected, the FO flux for the multi-layer hydrogel is mainly 

determined by the composition of the drawing layer. For example, both the BL-2 and 

ML-1 had an drawing layer with the SA:NIPAAm ratio of 1:1, and the FO flux for them 

ranged from 0.236 to 0.292 LMH, which was similar to that for the SL-1 hydrogel having 

the same SA:NIPAAm ratio. As the SA:NIPAAm ratio for the releasing layer decreased 

from 1:1 to 0.8:1 (ML-2), the FO flux decreased from 0.292 to 0.22 LMH, which was 

between that of the SL-1 and SL-2 samples. The reason is that the FO is determined by 

the osmotic pressure of the drawing layer in contact with the FO membrane until the 

concentration of the polyelectrolyte decreases due to the hydrogel swelling so that the 

intermediate layer and releasing layer starts to attract water molecules. However, 

considering the fact that the FO flux is relatively low when compared to the swelling 

capability of the hydrogel, it would take a long time for the drawing layer to get 

saturated. Therefore, it is concluded that the FO performance of the multi-layered 

hydrogel is primarily determined by the drawing layer and it yields a similar FO flux to 

that of a uniform hydrogel with the same SA:NIPAAm ratio as the drawing layer of the 

multi-layer samples. The FO flux of multi-layer sample can be improved by increasing 

the concentration (e.g., using dry polymers rather than 5 wt% polymer in this study) or 

employing other types of polyelectrolytes in the drawing layer as to be discussed in later 

section. 
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Figure 6-5. FO flux for different samples with variation of concentration of SA and 

configuration. The feed solution is NaCl (2000 ppm by weight) solution, that was 

continuously stirred by a magnetic stirrer at a constant speed of 100 rpm. 

 

6.4.3. Dewatering ratio 

As shown above, increasing the SA concentration increases the FO flux. 

However, the P(NIPAAm-co-SA) samples with high SA concentration lost the LCST 

phase transition LCST241. As shown in Figure 6-6a, the pure P-NIPAAm (SL-5) can be 

dewatered by over 95% in the first 15 mins, while the dewatering ratio for all the single-

layer P(NIPAAm-co-SA) samples is lower than 20% under the same conditions. It was 

observed during the experiment that none of the uniform P(NIPAAm-co-SA) samples 

showed the LCST phase transition, and thus, the water was released from these hydrogels 

solely by evaporation. Such trend was also found in Refs 241,242 where the P(NIPAAm-co-

SSS) lost the LCST when an excessive amount of sodium styrene-4-sulfonate (SSS) (> 

20 wt%) or sodium acrylic (> 50%) was added because the hydrophilic groups in the 

polyelectrolytes tended to retain the water molecules, which naturally had an adverse 

effect on the release of absorbed water. Reducing the amount of SA only slightly 

increased the dewatering ratio, e.g., the dewatering ratio for the SL-4 sample at t = 120 
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mins was 71%, which was 22.4% higher than that for the SL-1. However, this was still 

significantly lower than that for the SL-5.  

It is possible to increase the dewatering ratio more by further reducing the SA 

concentration, and is even possible to preserve the LCST phase transition for the 

P(NIPAAm-co-SA) if the SA:NIPAAm ratio is less than 0.08:1 as shown in Ref. 241. 

However, reducing the SA concentration to such a lower level would have a negative 

effect on the FO flux, as shown by the lower FO flux (0.12 LMH) in the SL-4 sample 

(SA:NIPAAm ratio = 0.3:1). The multi-layer configuration, however, helps to increase 

the dewatering ratio while still maintaining a high FO flux. As shown in Figure 6-5, the 

BL-2 and SL-1 samples had similar FO fluxes, but the BL-2 sample had a dewatering 

ratio of 72% at t = 120 mins using the continuous dewatering strategy (tc=0 mins), which 

was 16.2 % higher than that for the SL-1 hydrogel (Figure 6-6b). It even yielded a higher 

dewatering ratio than that of the SL-4 which had a lower SA ratio (0.3:1). The 

enhancement of the dewatering ratio can be attributed to the fast release of water caused 

by the LCST phase transition in the P-NIPAAm releasing layer.  

To further increase the dewatering ratio, the intermittent dewatering strategy was 

applied, during which the dry releasing layer dragged water from the drawing layer after 

being cooled down below the LCST, as shown in Figure 6-6e. Evidently there existed two 

layers for the BL-2 sample immediately after it was taken out from the oven, i.e., a white, 

dehydrated layer on the top representing a shrunk P-NIPAAm after undergoing the LCST 

phase transition and releasing the water it initially contained, and a transparent drawing 

layer at the bottom which remained hydrated. The difference of the swelling ratios 

between the two layers induced the curvature of the sample as the releasing layer shrunk 
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(Figure 6-6e). After the sample was cooled to below the LCST, it became flat again, 

along with the gradual change of color from white to transparent of the P-NIPAAm layer. 

During this stage, water molecules were attracted from the drawing layer to the 

dehydrated P-NIPAAm releasing layer by the hydrophilic and charged groups in P-

NIPAAm, leading to the re-swelling of this layer. This also confirmed that water 

molecules could be attracted by the concentrated P(NIPAAm) from the ionic drawing 

layer, or otherwise, the releasing layer could not swell and expand. The inter-layer water 

transport lasted for ~ 2 mins after which the balance of osmotic pressure was re-

established, manifested by the steady curvature and color of the hydrogel at t > 2 mins. 

Such a water absorbing effect led to a higher dewatering ratio of the multi-layer hydrogel 

in the following dewatering cycle because the water transported to and stored in the P-

NIPAAm would be released at the liquid state due to the LCST, which would otherwise 

have been evaporated had the sample been kept in the oven continuously. For example, 

with the intermittent dewatering strategy having a cooling time tc = 2 mins, the 

dewatering ratio at t = 120 mins for the BL-2 increased to 78% (Figure 6-6b). However, 

further increasing the cooling time from tc = 2 mins to 25 mins only leads to a slight 

increase of dewatering ratio to 85% (Figure 6-6b), which indicated that the inter-layer 

water transport at room temperature was largely saturated after 2 mins, which was in line 

with the visual observation shown in Figure 6-6e. 
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Figure 6-6. Dewatering ratio for different samples (a) Dewatering ratio for uniform 

P(NIPAAm-co-SA) hydrogels with different concentration of SA (b) Dewatering ratio for 

multi-layer sample (BL-2) with different dewatering strategies, where 0 – 25 mins 

indicates cooling time (𝑡𝑐) when the hydrogel is placed in the ambient at room temperature 

(23oC) before being put into the oven again after each measurement (c) Dewatering ratio 

for multi-layer hydrogels with different configurations (d) Contribution of water release to 

the overall dewatering ratio. The water release ratio is defined in Equation 6-4. (e) 

Photographs of the (BL-2) after being removed from the oven and cooling at the room 

temperature for various cooling time (tc) of 0 to 15 mins. The schematics shows the inter-

layer water transport from P(NIPAAm-co-SA) layer to the P-NIPAAm layer, leading to the 

reducing curvature in the multi-layer sample. (f) Photographs of the BL-2 (upper row) and 

ML-1 (lower row) after being removed from the oven and cooling at the room temperature 

for various cooling time (tc) of 30 sec to 1 min 30 sec. 
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In order to quantify the contribution of liquid water release from the releasing 

layer caused by the LCST to the overall dewatering ratio that includes both liquid release 

and evaporation, the water release ratio, which is defined by Equation 6-4, is plotted as a 

function of time in Figure 6-6d. It can be seen that for the BL-2 sample, about 12% of 

water was released by the LCST phase transition before the cooling periods started (the 

first 15 mins). As expected, the contribution of water release increased with a longer 

cooling time (tc) due to the inter-layer water transport, leading to the overall enhancement 

of water release by 23% as the tc increases from 0 to 25 mins. Noticeably, the curves 

plateaus at t = 60 mins, indicating that the P-NIPAAm layer had reached its water release 

limit, after which there was only evaporation. This is because the ionic concentration of 

the drawing layer increased gradually after the loss of water so that the releasing layer 

could no longer attract water from the drawing layer, and thus, there was no inter-layer 

water transport.  

Another point worthy of discussion is that the dewatering ratio can also be 

modulated by the configuration of the layers. As shown in Figure 6-6c, the dewatering 

ratio increased with the decreasing difference of SA concentrations between the drawing 

and releasing layers. For example, using the intermittent dewatering strategy with tc = 2 

mins, the ML-1 sample achieves the dewatering ratio of 72% at t = 90 mins, which is 9.1% 

and 39.5% higher than that for the BL-2 and BL-1 samples, respectively. It is noted that 

there was an intermediate layer for the ML-3 hydrogel, which had a SA:NIPAAm ratio of 

0.5:1. Extending the tc from 2 to 15 mins in intermittent dewatering process further 

increased the dewatering ratio due to the longer time for interlayer water transport. The 

increased dewatering ratio in the ML-1 sample with respect to the BL-1 and BL-2 
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samples can be attributed to the increased water release from the LCST phase transition 

in the releasing layer, as shown by the increased water release ratio in Figure 6-6d. For 

example, the water release ratio for the ML-1 (with tc = 15 mins) reached 28% at t = 90 

mins, which was 17% and 210% higher than that of the BL-2 and BL-1, respectively 

under the same conditions. We hypothesized that the intermediate layer in the ML-1 

decreased the osmotic gradient along the path of water transport, facilitating the mass 

transfer from the drawing layer to the P-NIPAAm releasing layer. It is clearly seen in 

Figure 6-6f that the curvature for the ML-1 sample was smaller than that for the BL-2 

sample, and it was almost flat after 1 min 30s cooling at room temperature, whereas the 

P-NIPAAm layer for the BL-2 hydrogel was still partially dry and the sample still had a 

large curvature. This means that the water was replenished in the P-NIPAAm layer at a 

faster rate in the ML-1 sample compared to the BL-1 sample, due to the enhanced water 

transport enabled by the intermediate bridging layer in ML-1. As a result, a larger amount 

of water could be released by the LCST phase transition from the ML-1 sample during 

the following heating cycle. 

In brief, the analysis above confirms that the bi-layer samples yield a higher 

dewatering ratio than the uniform hydrogel due to the contribution of the releasing layer, 

and the multi-layer samples show an even higher dewatering ratio enabled by the 

enhanced inter-layer water transport. Interestingly, the releasing layer is able to attract 

water molecules from the drawing layer after being dried, which leads to the 

enhancement of water release in the intermittent dewatering process. Such an effect 

allows the optimization of both the layer configuration and the dewatering strategy of 

hydrogels to achieve the best tradeoff between the water production and energy-
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effectiveness. 

6.4.4. Fresh water yield and energy efficiency 

Figure 6-7a compares the FO flux of ML-1 to that of other draw agents. The FO 

flux of ML-1 is comparable to data reported for PSA in 

literatures220,233,235,237,238,240,242,252,258-260. The FO flux depends on the concentration of 

draw agent, e.g., the FO flux of P(SA) reached > 1.35 LMH at the dry state233 while at the 

swollen state (~ 25wt% P(NIPAAm-co-SA), the FO flux was 0.23 LMH 240. The FO flux 

of ML-1, has comparable FO flux to other organic draw agents, e.g., poly(acrylamide) 

(PAM, ~0.45 LMH) 252, ionic liquid (IL, 0.8 LMH) 258 and hyaluronic acid/polyvinyl 

alcohol (HA/PVA, ~ 1.2 LMH) 259. Inorganic electrolytes, such as NaCl generally yielded 

a higher FO flux (~ 8 LMH/M) than the organic ones mainly due to the smaller molecular 

size and higher mobility 220. However, the post-treatment method, e.g., MD (~ 100 

kWh/m3) 261-267, is energy intensive which significantly undermines their attractiveness. 

The multi-layer hydrogel in this study, although has a lower FO flux than that of 

the inorganic solutes, enables an impactful energy saving for water production (~ 13 

kWhth/m
3) due to the LCST phase transition as shown in Figure 6-7b. The sensible heat 

requirement can be calculated as: 

1

=
LCSTT

S p

T

Q C dT  

(6-5) 

where Cp is the heat capacity with fixed pressure for water (4.2 kJ/kg·K) or P(NIPAAm) 

(1 kJ/kg·K on average from T1=298 K ~ TLCST=308 K)225. Assuming the hydrogel swells 

by the swelling ratio of 2, the specific energy consumption for water production is 19 

kWhth/m
3

(water) as given by Equation 6-6. 
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If the thermal energy of the released water (~ 35 °C) is recovered to heat up the 

feed solution from 25°C to 30°C assuming the ideal heat exchange as shown in Equation 

6-7, the energy consumption can be reduced to 13 kWhth/m
3 due to the reduction of 

sensible heating. 
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T T
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(6-7) 

More importantly, the low LCST (~ 35 °C) 268,269 compared to that for MD (~ 75 – 

90 °C 261,265,270,271) allows us to use the low-grade heat, e.g., solar energy, as thermal input 

237. It has a competitive energy consumption when compared to that of other types of 

regeneration methods using solar energy, such as multi-stage flash (MSF) of ~ 70 

kWh/m3 272, multi-effect distillation (MED) of ~ 50 kWh/m3 272, photovoltaic/reverse 

osmosis (PV-RO) of 22 kWh/m3 273,274 and so on, which were commonly used to 

regenerate the non-responsive draw agents. Therefore, although the theoretical energy 

consumption of RO can be as low as 2 kWh/m3, we have to consider the energy 

conversion efficiency from the low-grade heat to electricity for the RO, which would 

have been very low even at the Carnot limit. 

We have shown that the FO flux of multi-layer hydrogel is mainly determined by 

the drawing layer while LCST phenomenon is governed by the releasing layer, indicating 

that we may improve the FO flux by using other types polyelectrolyte in the drawing 

layer without undermining the dewatering ratio. For example, it is possible to yield a high 

FO flux of ~ 4 LMH by replacing the P(SA) with poly(sodium styrene-4-sulfonate) or 
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P(SSS) 242 and even ~ 10 LMH by using poly(acrylic acid-sodium salt) ( PAA-Na) with a 

small molecular size of 1800 Da 260. Both the P(SSS) and PAA-Na are hydrogel-like 

polyelectrolytes and compatible with NIPAAm 275. The ionic strength of PAA-Na has 

similar osmotic pressure to P(SA) at the similar concentration (~ 30 atm at 20 wt.% 

236,260), and thus, the inter-layer water transport should not be compromised. Therefore, it 

is expected that we are able achieve a higher overall water production rate if we explore 

the multi-layer design to other types of polyelectrolytes. Although the FO flux achieved 

in the paper was still low compared to inorganic salt, but the insight of dual layer design 

provided us a new approach to achieve a high FO flux in the future by using highly ionic 

polymer for the drawing layer or reducing the size of the layer, e.g., using Janus microgel 

design. 

 
Figure 6-7. Comparison of FO flux and energy consumption with other draw agents (a) 

FO flux for various type polyelectrolyte at the dry state except for those circled in black. 

(b) Energy consumption for regeneration of non-responsive draw agents and multi-layer 

temperature-responsive hydrogels. 

 

6.5. Conclusions 

To combine both merits of the high osmotic pressure in the polyelectrolytes and 

the fast water release in the temperature-responsive P-NIPAAm, a novel multi-layer 
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temperature-responsive ionic hydrogel was developed for enhanced forward-osmosis 

desalination. The highlights of this study are as follows: 

(1) The multi-layer hydrogel yielded a high equilibrium swelling ratio similar to their 

uniform counterparts, indicating that the water absorption capacity of multi-layer 

hydrogel was determined by the drawing layer. However, the swelling rate for the multi-

layer hydrogel was low at the initial stage due to the constraint of the releasing layer. 

(2) Similar to the swelling capacity, the FO flux of the multi-layer hydrogel was 

mainly determined by the concentration and composition of the drawing layer. Therefore, 

it is possible for the multi-layer hydrogel to yield a higher FO by replacing the releasing 

layer with more ionic polyelectrolytes. 

(3) The multi-layer hydrogel (ML-1) released ~ 60% of the absorbed water at the 

fully swollen state in 60 mins due to the LCST phase transition of the P-NIPAAm 

releasing layer while the uniform hydrogels (SL-1) only released ~ 35% of the absorbed 

water purely by evaporation. Adding more intermediate layers or employing the 

intermittent dewatering strategy increased the dewatering ratio for the multi-layer 

hydrogel because water molecules could be transported from the drawing layer to the 

releasing layer more easily. 

(4) The FO flux of multi-layer hydrogel is still low compared to the inorganic 

hydrogel which is a key obstacle for most organic draw agent. However, the multi-layer 

temperature-responsive hydrogel had a low energy-consumption compared to other 

regeneration methods for non-responsive draw agent due to the LCST phenomenon 

which was rid of the latent heat penalty. The concept of multi-layer designed showed 

promising application by replacing the releasing layer with highly-ionic polyelectrolytes. 
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Through a systematic study under various conditions and configurations of the 

materials, this study provides in-depth insights into the water swelling and releasing 

characteristics of the multi-layer hydrogels and could contribute to further development 

of hydrogel-based energy-efficient FO desalination. 

Chapter 6, in full, is a reprint of the materials as it appears in ‘Multi-layer 

temperature-responsive hydrogel for forward-osmosis desalination with high permeable 

flux and fast water release’ Desalination, 459 (2019), 105-113 by Jian Zeng, Shuang Cui, 

Qingyang Wang and Renkun Chen. The dissertation author was the primary investigator 

and first author of this paper. 
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7. Chapter 7: Polyelectrolyte hydrogel for continuous solar-driven 

desalination 

7.1. Introduction 

Efficient harnessing of solar energy attracts wide-spread interest in the context of 

water-energy nexus. Recently, solar steam generation has become an attractive research 

area due to the promising application for water purification and desalination212,276-278 

assisted by the conceptual and technological breakthroughs in the fields of nanophotonics 

and nanomaterials that enabled the high solar-thermal energy efficiency. It is estimated 

that up to 325 GW of solar power is potentially available in the United State and the 

power density of natural evaporation is comparable to the current wind and solar 

technologies279. While the solar-thermal energy conversion efficiency was intrinsically 

limited by the performance of the absorber which already reached ~ 94%12,13, the overall 

performance of the solar-thermal desalination system would be compromised without 

sufficient water supply and the ability to resist salt contamination. To solve this problem, 

several studies explored the capillary pumping effect as a passive liquid supply 

mechanism where liquid was driven by the capillary pressure in the micro-pores280,281, 

micro-grooves282, fibrous meshes283,284 and carbon foam285,286, etc. Although the capillary 

pumping is able to provide high liquid flux, there are two challenges associated with the 

capillary-driven desalination. First, there is an inherent tradeoff between capillary 

pumping pressure and flow resistance, as the former scales inversely with the pore size 

(i.e., 1/d) and the latter as d2 for the same flow rate. As a result, the pore diameter cannot 

be too small in order to ensure a certain flow rate. This tradeoff is even more prominent 

in solar desalination, as the thickness of the capillary pumping layer has to be large 
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enough to minimize the dissipation of solar heat to the underlying seawater, a major 

contributor to the total heat loss283, which in term limits the overall flow rate due to the 

flow resistance. Typically, a thick thermally insulating layer was used to separate the 

absorber and seawater287,288. We calculated the maximum achievable flow rate for various 

foam thickness and thermal conductivity in a capillary pumping layer when the heat loss 

to the bulk seawater is less than 10% of the incident solar energy under the 1 and 3-sun 

condition. These optimal flow rates are far lower than the theoretical flow rate of solar 

evaporation due to the solar heat if the thick foam is used. Second, as the capillary 

pumping pressure is inversely proportional to pore size, so small pores, often at micron 

scale, are usually used for liquid pumping. The fine porous structures as liquid pathways 

were inherently prone to the clogging by contamination 12,289,290 during the evaporation, 

which undermined the liquid flux and stability in the long term. The salt sediment on the 

top of the absorber would reduce the solar absorbance289 as well as the effective area for 

evaporation. Therefore, the absorber needed to be taken out for cleaning periodically12, 

which may impact the durability of the absorber and stability of the entire system even 

though anti-scratching carbon-based absorber was developed for periodic salt-removal291. 

Although salt-dissoluble fabric292 and Janus membrane 293 were developed to allow the 

salt crystal to diffuse back to the sea at night and thus systems were stable on the daily 

basis, it was still unclear if this system would sustain when operated under concentrated 

sun light or working with more concentrated brine water where the salt sediment rate 

could exceed the rate of salt back diffusion. Therefore, despite the great improvement in 

the material/structural designs with increasing efficiency over the years, interfacial solar 

desalination is still not ready for practical application due to the lack of efficient salt-
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rejection strategies294. The problem of membrane fouling is also a critical concern in 

many other applications, including forward-osmosis (FO) and reverse-osmosis (RO) 

separations. 

In this work, instead of capillary pumping, we proposed a new ionic pumping 

effect utilizing common highly ionic polyelectrolyte hydrogel for simultaneous high 

liquid flux and salt rejection. The high water flux is achieved through the osmotic 

pressure provided by the polyelectrolyte, e.g., 14 wt.% the Poly(Sodium Acrylate), or 

P(SA) have a high osmotic pressure of ~ 90 atm236, which was a factor of 105 higher than 

the capillary pressure in micro-groove/pores (e.g., 360 Pa for micropore of 400 μm in 

diameter in the completely wetting state given by the Young-Laplace equation). Due to 

the high osmotic pressure, the ionic hydrogels (e.g., P(SA)236, poly(sodium styrene-4-

sulfonate (PSSS)242, and poly(acrylate acid260,295), showed a high FO flux of > 10 LMH. 

The swelling ratio of P(SA), defined as the weight ratio of hydrogel at the fully swollen 

state to that at the dry state, could reach ~ 100253. The ionic hydrogel also showed 

promise for humid vapor absorption due to the favorable hygroscopic effect296. More 

importantly, the ionic hydrogel was able to resist ~ 35% of the salt molecules going 

through it 297,298 due to its high ionic strength. Although some salt molecules could enter 

the hydrogel, they were trapped inside the crosslinking network owing to 

electroneutrality297. And thus, there would be zero salt-sediment on the top of the solar 

evaporator if ionic hydrogel is used as the path for water pumping.  

To demonstrate the ionic pumping effect as a new liquid supply mechanism for 

simultaneous high flux and salt-rejection, we developed a polyelectrolyte hydrogel foam 

(PHF) with P(SA) embedded in the micro-porous matrix. The PHF could provide high 
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flux of ~ 24 LMH, equivalent to the evaporative flux under 15 suns condition with DI-

water and > 80% salt-rejection ratio for 3.6 wt.% NaCl solution. To demonstrate the 

practical application of the PHF, we applied the PHF for solar-driven desalination. Due to 

the efficient liquid supply, a thick (~ 5 mm) PHF could be used, which reduced the heat 

loss and thus yielded a high evaporative flux (~ 1.6 LMH under one sun condition with 

DI-water). The strong salt-rejection ability of the PHF help maintained a high evaporative 

flux of ~1.3 LMH (i.e., a high energy efficiency of ~ 79%) in the long-term test, i.e., 72 

hours consecutively in the lab and 6 days outdoor using a 3.6 wt.% NaCl solution. The 

successful demonstration of PHF for solar-driven desalination could be extended to a 

broader range of application in chemical processing and separation where both high flux 

and salt-rejection are required. 

7.2. Design of osmotic-driven solar-evaporator 

To demonstrate the high flux and salt-rejection performance of the ionic pumping 

effect, we tested the PHF for solar-driven desalination using 3.6 wt.% NaCl solution 

mimicking the seawater. As shown in Figure 7-1a and 7-1b, the CF or PHF floated on the 

3.6 wt.% NaCl solution in a glass beaker. The incident light (varying from 1 to 3 suns, 

i.e., 1 kW/m2 to 3 kW/m2) was absorbed by the carbon foam which heated up the thin 

layer of the foam close to the surface as well as the liquid trapped therein. It should be 

noted that water was driven by different pumping mechanisms between the CF and the 

PHF. In the CF, the seawater was driven upward from the bulk to the top surface due to 

the capillary force provided by the micropores, which was heated up and evaporated 

when transported close to the top surface. Due to the thick foam design (5 mm), little heat 

was dissipated to the bulk seawater. However, to sustain the high liquid flux through the 
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thick foam, the micropores in the CF were small (~ 400 μm) and thus were intrinsically 

prone to the clogging of salt and contamination during evaporation due to the lack of salt-

resistance. In addition, the salt sediment on the top of the CF reflected some of the 

incident solar power which also degraded the performance of the CF absorber in the long 

term. The trade-off of pore size and thickness is resolved by the ionic pumping effect. 

The PHF avoided the clogging and sediment of salt while maintaining high liquid flux 

due to the ionic pumping effect of the P(SA) embedded in the micropores of the foam. As 

shown in Figure 7-1c, the PHF were filled with 20 wt.% P(SA) hydrogel which had a 

high osmotic pressure (> 100 atm236) to provide high liquid flux. The osmotic pressure of 

20 wt.% P(SA) was measured to be 230 atm (see chapter 7.3) while that for the 3.6 wt.% 

NaCl solution was 27.6 atm. After absorbing water, the osmotic pressure of P(SA) close 

to the seawater decreased due to the reduced concentration while the top layer maintained 

a high concentration due to the continuous evaporation, and thus there was an osmotic 

pressure gradient established inside the hydrogel, which pumped water from the bottom 

to the top. The salt-rejection at the brine/foam interface was realized by the high ionic 

strength difference between the polyelectrolyte hydrogel and seawater. Although some 

ions (< 20%) might penetrate into the P(SA), they were trapped by the charged group in 

the P(SA) chains (e.g., negatively charged CH2=CHCOO- acrylate groups and mobile 

Na+) during the water transport in the micropores, and thus, there was little salt sediment 

on surface of the PHF absorber, which ensured the long-term stability of PHF. If 

polyelectrolyte hydrogels with higher ionic strength are used, we could obtain higher flux 

and better salt-rejection effect, e.g., the osmotic pressure doubles and the ionic strength 
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quadruples if poly(Magnesium acrylate) [P(MA)] is used because of the doubly-charged 

Mg2+.  

As shown in Figure 7-1c, the PHF was synthesized by copolymerizing the P(SA) 

hydrogel with SA monomers in the micropores of the porous carbon foam (CF). It should 

be noted that the CF was chosen for the demonstration of the solar-driven desalination 

due to its high solar absorbance, i.e., 97.8% in the solar spectrum (320 ~ 2600 nm) as 

shown in Figure 7-1d. Different types of microporous foam or membrane could be used 

based on the requirements for particular application. The sodium acrylate (SA, 99%) as 

monomer, ammonium persulfate (APS, 98%) as thermal initiator and N,N’-

methylenebisacrylamide (MBA, 99%) as cross-linker were purchased from Sigma-

Aldrich and used as-received. SA, MBA and APS were dissolved in DI-water with a 

fixed molar ratio of 50:1:1 to obtain a 20 wt.% homogeneous solution. Before the 

synthesis, the carbon foam (CF) was cleaned by sonication in DI-water for 30 mins and 

then was completely dried in an oven. The dry CF was immersed in the SA solution for 

overnight to ensure that the pores in the foam were filled with solution, after which it was 

put into an oven at 70 °C for 2 hour for copolymerization of SA. After the synthesis, the 

pores in the CF were filled with P(SA), and was named as PHF. The SEM images and 

EDS mapping of CF and PHF were captured with FEI Apreo SEM. The FTIR of P(SA) 

was conducted on a NICOLET 6700 FTIR (Thermoscientific Inc.), and the absorbance of 

CF before/after salt sediment and the PHF were evaluated with a UV-Vis 

spectrophotometer (JASCO V-770). Two sizes of samples were prepared: 5.52 cm2 

sample for bench-top experiment and 132 cm2 (Figure S7) for long-term stability test at 
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the ambient environment. This also proved that our design could be easily applied for 

large-scale production. 

To evaluate the contribution of ionic pumping by P(SA) to liquid supply and salt 

rejection, pure P(SA) hydrogel was also prepared with the same recipe described above 

except that the SA solution was poured into a mould to obtain P(SA) hydrogel sheet with 

the thickness of 2 mm. For comparison, copolymers P(N-isopropylacrylamide-co-SA) 

[P(NIPAAm-co-SA)] with the NIPAAm:SA ratio of 1:1 by weight and pure P(NIPAAm) 

are also prepared. The NIPAAm and SA monomers were dissolved in deionized water to 

obtain a 20 wt.% homogenous solution. And then MBA and APS were added into the 

solution with a fixed molar ratio of monomers, crosslinker and initiator of 50:1:1. After 

being fully dissolved, the homogeneous solution was degassed for 10 mins before being 

put into the oven of 70°C for copolymerization of P(NIPAAm-co-SA). The P(NIPAAm) 

was made by the free-radical polymerization of NIPAAm using the UV-light initiated 

method with the α-ketoglutaric acid as initiator. The NIPAAm were dissolved in 

deionized water to produce a 20 wt.% homogeneous solution. Afterwards, MBA and α-

ketoglutaric acid were added into the solution with a fixed molar ratio of monomers, 

crosslinker and initiator of 50:1:1. The solution was degassed for 10 mins and then 

exposed to UV-light to induce the copolymerization for 12 hours. It should be noted that 

the NIPAAm monomers were not ionic and thus its osmotic pressure was much lower 

than that of the P(SA) and P(NIPAAm-co-SA). Similarly, due to the reduction of SA 

concentration, the osmotic pressure of P(NIPAAm-co-SA) was lower than that of the 

pure P(SA). 
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As shown in the SEM image in Figure 7-1c, the micropores in the CF matrix have 

a diameter of ~ 400 μm and are interconnected as liquid pathway driven by the capillary 

force. The chemical residual on the carbon fibers is adhesive for fiber connection. After 

copolymerization, the micropores were filled with P(SA) hydrogels, indicating the 

successful synthesis of PHF. The average absorbance value of the PHF is 97.7%, which 

indicates that the P(SA) does not changes the high absorbance of the active carbon foam. 

The Fourier-transform infrared spectroscopy (FTIR) spectrum of the P(SA) is displayed 

in Figure 7-1e. The peaks at the 1650 and 1559 cm-1 represent the C=O groups in the 

>C=O ⋯ H-N< species (amide band Ⅰ and Ⅱ, respectively) in the NIPAM (N-

isopropylacrylamide) and MBA (N,N’-methylenebisacrylamide) repeated units 247-251. 

The 1386 cm-1 peak refers to the C-H vibrations of CH(CH3)2 in the NIPAM repeated 

units 251. The peak at 1455 cm-1 is attributed to the stretching vibration of the –CH2 for 

SA 237. In addition, the peak at 1705 cm-1 is due to the carboxylate anion of SA units 251. 

The polyelectrolyte hydrogel, i.e., 20 wt.% P(SA), has two functions:  

(i) the high osmotic pressure (𝛱), which is measured to be ~ 230 atm, drives the 

water from the bulk solution upwards to the top of the foam. The osmotic pressure of 

P(SA) is a factor of 105 higher than the capillary pressure in the micropores (e.g., 360 Pa 

for pore of ~ 400 μm in diameter assuming the completely wetted state).  

(ii) The P(SA) resists the ions at the brine-foam interface due to the high ionic 

strength and entraps the ions which penetrate into the hydrogel by the charged groups 

(i.e., negatively-charged CH2=CHCOO-). Therefore, the PHF is expected to possess good 

anti-fouling capability. It is noted that we just used a common porous activated-carbon 
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foam and P(SA) hydrogel which could be easily replaced by other materials in different 

application scenarios. 

 
Figure 7-1. Experimental setup and schematics of dual ionic pumping and salt rejection 

effects offered by polyelectrolyte hydrogel poly(sodium-acrylate) [P(SA)]. (a) Bench-

scale evaporation test with 3.6 wt.% NaCl solution mimicking the seawater. CF or PHF 

with the thickness of 5 mm floated on the bulk solution to receive solar radiation varying 

from 1 to 3 suns. (b) Polyelectrolyte hydrogel foam (PHF) absorber with its micropores 

filled with P(SA). Liquid flow is pumped by the osmotic pressure gradient between the 

bulk seawater (𝛱 ~27.6 atm) and P(SA) hydrogel (𝛱 ~230 atm). Salt ions are rejected at 

the PHF-seawater interface due to the high ionic strength of P(SA), and thus there is no 

salt clogging and sediment in the PHF. Liquid water is heated up close to the top of the 

PHF and evaporates. The surface temperature rises with increasing input solar flux. (c) 

Composition and microstructures of the PHF. The micropores with the diameter of ~ 400 

μm are filled with P(SA) hydrogels after the copolymerization. (d) High absorbance of 

PHF and CF in the solar spectrum. (c) FTIR characterization of P(SA) hydrogel. 
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7.3. Characterization of osmotic pumping and design of evaporator 

7.3.1. Diffusivity in hydrogel 

Instead of the surface tension in the capillary pumping mechanism, in the ionic 

pumping mechanism, the liquid is pumped by the osmotic pressure difference between 

the polyelectrolyte hydrogel and seawater. Therefore, we first determined the osmotic 

pressure of the 20 wt.% PSA by comparing it to the NaCl solution of equivalent 

concentration as shown in Figure 7-2a. The average absorption flux in the first 5 mins, 

defined by Eq.3, decreased linearly from 2.3 LMH to 0.25 LMH as the osmotic pressure 

of the NaCl solution increased from 27.6 atm (equivalent to 3.6 wt.%) to 230 atm 

(equivalent to 30 wt.%), which was in line with the theory of diffusion. The diffusion-

govern water transport in the hydrogel was also observed in literatures253,299 and could be 

proven by the analysis of diffusive permeability. We record the water absorption by the 

20 wt.% P(SA) hydrogel in the 7.2 wt.% NaCl solution as shown in Figure 7-3a. In this 

test, the as-synthesized 20 wt.% P(SA) hydrogel with the dimension of ~ 20×20×2 mm 

and initial weight of m0, was immersed in the 7.2 wt.% NaCl solution for a specific 

period of time, after which the weight of the swollen hydrogel mt was measured. This 

curve is in correspondence to that in Figure 7-2b under the condition of P(SA)-7.2 wt.% 

NaCl. The absorption results were fit to the following Fickian diffusion model Equation 

7-1 300-303 to calculate the water diffusivity in the Hydrogel Dw.  
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(7-1) 

where l is the thickness of the test sample (2 mm), Mt is the amount of water absorbed at 

time of t, and M∞ is the total amount of water absorbed by the hydrogel at infinite time. 
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Although the curve did not complete plateau when the test was finished but it was 

reasonable to assume that the maximum mass was < 2 g as the curve stabilized after 1 

hour. Therefore, the M∞ was estimated to be 2 g. Mt / M∞ was plotted as a function of t1/2 

in Figure 7-3b which showed a good linear fitting and gives the slope of 0.0193. Noted 

that we only chose the region of Mt / M∞ < 0.6 for fitting as recommended in literature 303, 

which gave the diffusivity of water in P(SA) of 2.92E-10 m2/s. This value was close to 

that reported for GMA, TEGDMA and HEMA hydrogels299, which indicated the 

diffusion governed process instead of the viscous flow in the hydrogel as it was smaller 

than the self-diffusion coefficient of water (2E-9 m2/s)304. It could be estimated from 

Figure 7-2a that the osmotic pressure of 20 wt.% PSA was around 240 atm although we 

did not further increase the NaCl concentration due to the dissolution limit, which was a 

factor of 105 higher than the capillary pressure of the CF with ~ 400 μm micropores 

assuming the completely wetting state (~ 360 Pa), and would still be ~1000 times higher 

than the capillary pressure of ~ 1 μm pores. More importantly, the osmotic pumping 

pressure is independent of the pore size and hence is independent of the flow resistance, 

and thus it can still be very high even with large pore sizes. The high osmotic pressure of 

P(SA) was attributed to the ionic SA monomers. By reducing the weight ratio of SA from 

100 wt.% [pure P(SA)] to 50 wt.% [P(NIPAAm-co-SA)] and 0 wt.% [P(NIPAAm)], the 

equivalent osmotic pressure of hydrogels decreased to ~200 atm and < 30 atm, 

respectively. 
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Figure 7-2. Ionic pumping mechanism for high flux and salt-rejection. (a) Average water 

absorption flux in 5 minutes of 20 wt.% P(SA), P(NIPAAm-co-SA) and P(NIPAAm) 

hydrogels with variation of osmotic pressure of NaCl solution. The osmotic pressure of 

solution at the flux of zero indicates the equivalent osmotic pressure for the hydrogels. 

(b) Instantaneous water absorption flux of hydrogels with different osmotic pressures and 

CF. The inset shows the contact angle on the surface of CF. (c) Salt-rejection ratio for 

hydrogels and CF using 3.6 wt.% NaCl solution, which is defined by the weight ratio 

between the NaCl salt rejected by hydrogels when it absorbs water from the 3.6 wt.% 

NaCl solution and that contained in the 3.6 wt.% NaCl solution of equivalent mass to the 

absorbed water (See Supplementary Information Section S1). (d) Heat transfer modelling 

of the solar desalination system. 
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Figure 7-3. Measurment of diffusivity of water in P(SA) hydrogel (a) Mass change of 20 

wt% P(SA) during the water absorption in 7.2 wt% NaCl solution (b) Linear fitting of Mt 

/ M∞ as a function of t1/2. 

 

7.3.2. Osmotic pressure and liquid flux 

The high absorption flux was sustained by the osmotic pressure of the hydrogels. 

The osmotic pressure ∏ of strong inorganic electrolytes with certain molar concentration 

C (i.e., NaCl solution) can be calculated with the assumption of complete hydrolysis 

according to  

iCRT =  (7-2) 

where i is the dimensionless van’t Hoff index, R is the ideal gas constant and T is the 

temperature in K. However, it is still difficult to directly calculate the osmotic pressure of 

hydrogel. Instead of directly calculating the osmotic pressure of 20 wt.% P(SA), it was 

determined by comparing the concentration of NaCl solution CNaCl where the immersed 

P(SA) could not swell, i.e., the P(SA) and the NaCl solution reach the thermodynamic 

equilibrium. Since the solubility limit of NaCl solution is 26.47 wt.% (~ 170 atm) where 

the absorption flux of P(SA) was still large as shown in Figure 2a, we further increased 

the osmotic pressure of solution to ~ 210 atm using 28 wt.% Na2CO3 solution (Only for 

this specific point). It is noted that the P(SA) swells when immersed in a solution of low 
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concentration, driven by the difference in the osmotic pressures until an equilibrium of ∏ 

between the swollen P(SA) and solution is reached. Therefore, the osmotic pressure of 

P(SA) was considered the same as that of the NaCl solution calculated from Equation 7-

2. 

To evaluate the liquid flux sustained by the PHF, we measured the absorption flux 

for hydrogels with different osmotic pressure (from 240 atm to 30 atm as described 

above) and CF as a function of time as shown in Figure 7-2b. A 20 wt.% P(SA) with 

mass of m0 and external surface area of S0 was immersed in DI water and 7.2 wt.% NaCl 

solution for a period of time t, and then the mass and external area of swollen P(SA) were 

recorded as m1 and S1, respectively. The absorption flux ṁa during this specific period of 

time was given according to Equation 7-3. 

1 0
a

w a a

m m
m

A t

−
=  

(7-3) 

The absorption flux of CF immersed in DI water was also given as comparison, 

which was driven only by the capillary force of the micro-pores. The tests were 

conducted under the ambient condition. The maximum real-time absorption flux of 

carbon foam was only 16.8 LMH, which was 16.8% lower than that of the P(SA) 

hydrogel. The reason is that the CF foam was merely hydrophobic as its contact angle 

with DI-water was ~ 85° as shown in the inset in Figure 7-2b, leading to the reduced 

capillary force from 360 Pa at the completely wetting state to ~ 30 Pa. The absorption 

flux monotonously decreased from 24 LMH [pure P(SA)] to 0.84 LMH [pure 

P(NIPAAm)] using DI water as the osmotic pressure decreased from 240 atm to 30 atm. 

Assuming that the evaporative flux is ~ 1.6 LMH/sun, the PHF using the P(SA) will be 
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able to provide stable liquid supply even under the 15-sun condition for DI-water and 

6.6-sun for 7.2 wt.% NaCl solution.  

7.3.3. Salt rejection ability 

As shown in Figure 7-4a, to quantify the salt-rejection ability of the P(SA), 

P(NIPAAm-co-SA), P(NIPAAm) and the CF, the 20 wt.% P(SA)/P(NIPAAm-co-SA) 

and P(NIPAAm) hydrogels were firstly dried in the oven for 48 hours to the mass of m1 

and then immersed in the 3.6 wt.% NaCl solution for 24 hours to allow the fully swelling. 

Then the fully swollen hydrogel with the mass of m2 was dried again in the oven for 3 

days to the mass of m3, which included both the dry mass of hydrogel (m1) and the salt 

penetrated into the gel. The salt rejection ratio φ was given by Equation 7-2: 

( )
3 1

2 1

1
0.036

m m

m m


−
= −

−
 (7-2) 

As shown in Table 7-1, the P(SA) was able to reject > 80% of the salt in the 

seawater when absorbed water. Due to the high ionic strength gradient at the brine/P(SA) 

interface, over 80% of the Na+ ions were rejected by the P(SA). In the P(SA) hydrogel, 

the Na+ ions are mobile while the negatively charged acrylate groups in the matrix are 

immobile. At the gel-brine interface, some Cl- ions may still permeate through while 

most Na+ ions are rejected. As a result, the gel side of the interface is locally negatively 

charged while the solution side is positively charged. The ionic strength decreased 

monotonously from P(SA), P(NIPAAm-co-SA) and P(NIPPAm) due to the decreasing 

content of SA monomers. And thus, the salt rejection ratio also decreased monotonously 

from 80% to 32% accordingly. For comparison, the salt rejection ratio for the CH was 

also measured using the same method descried above except that the CH did not swell 

after absorbing water. The CH did not show the ion-rejection ability because the ion-
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rejection ratio was < 3.6%. Therefore, the PHF maintained a more stable evaporative flux 

in the long-term test compared to the CF. Figure 7-2c shows the salt-rejection ratio for 

the hydrogels and CF using 3.6 wt.% NaCl solution. 

 
Figure 7-4. Characterization of salt-rejection ratio. (a) Measurement method of the salt-

rejection rate for hydrogel. (b) EDS mapping of carbon and chloride elements in 

P(NIPAAm) (upper row) and P(SA) (lower row) after the salt-rejection ratio tests. A lot 

of Cl elements were identified in the P(NIPAAm) while little was found in the P(SA). 

Figures are SEM image, EDS mapping of carbon and EDS mapping of chloride from left 

to right. 
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Table 7-1. Salt rejection ratio of P(SA) and CF 

Sample  Dry Mass 

m1/ g 

Swollen 

Mass m2/ g 

Dried Mass with 

Salt m3/g 

Salt Rejection 

Ratio 

1  0.292 2.65 0.303 88.2% 

2  0.273 2.57 0.288 81.9% 

3  0.137 1.26 0.176 3.53% 

4  0.136 1.19 0.173 2.49% 

5  0.140 1.60 0.155 74.2% 

6  0.165 1.93 0.186 70.3% 

7  0.08 0.592 0.095 32.8% 

 *Sample 1 and 2 are P(SA); 3 and 4 are CF; 5 and 6 is P(NIPAAm-co-SA) with the 

NIPAAm:SA weight ratio of 1:1; 7 is the pure P(NIPAAm). 

 

The unequal ion solute concentration distribution across the membrane across the 

membrane creates the Donnan potential which resist the ionic diffusion. We calculated 

the theoretical salt-rejection ratio for the 20 wt.% P(SA) hydrogel against the 3.6 wt.% 

NaCl solution based on the Donnon exclusion theory 

1 1 1 1

s s m m

Na Cl Na Cl
C C C C+ − + −=  (7-3) 

where 
1

s

Na
C +

 and 
1

s

Cl
C −

 are the Na+ and Cl-1 concentrations in the solution respectively, 

1

m

Na
C +

and 
1

m

Cl
C −

 are the Na+ and Cl-1 concentrations in the membrane respectively. Due to 

electroneutrality, 
1

m

Na
C +

can be expressed as: 

1 1 1

m m m

Na Cl R
C C C+ − −= +  (7-4) 

and thus Equation 7-4 can be expressed as: 

( ) ( )1 1 1 1

2 2

0m m m s

Cl Cl R Cl
C C C C− − − −+ − =  (7-5) 

Considering that only a small amount of Cl-1 penetrates into the membrane, i.e., 

1 1

m s

Cl Cl
C C− − , the concentration of Cl-1 in the membrane can be expressed as: 
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=  

(7-6) 

which allows us to evaluate the salt-rejection ratio by the P(SA) hydrogel. For example, 

we calculated that the 
1

m

R
C −

is ~ 7.3 M, and the 
1

s

Cl
C −

in the 3.6 wt.% NaCl solution is 0.64 

M. Accordingly, the 
1

m

Cl
C −

 is calculated to be 0.056 M. The salt rejection ratio, defined in 

Equation 7-7, is calculated to be 0.91, which is close to our measured value (0.85). 

1

1

1
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s

Cl

C
R

C

−

−

= −  

(7-7) 

Although there were still 10 – 20% of the Na+ ions that penetrated into the P(SA), 

they would be trapped by the charged group of the P(SA). Ali et al. 298 confirmed that the 

P(SA-co-N-Isopropylacrylamide) was able to retain ~ 23% of NaCl. Therefore, we 

believe that there will be little salt sediment on the top of the PHF in practical application 

due to the salt-rejection and trapping of the P(SA). The high salt-rejection ratio of P(SA) 

was due to the ionic strength of the SA monomers, confirmed by the decreasing salt-

rejection ratio from 85% to 32% with the decreasing SA concentration from 100 wt.% 

[pure P(SA)] to 0 wt.% [pure P(NIPAAm)]. On the other hand, the CF could not reject 

the ions, indicated by the salt-rejection ratio of < 3.6%. Due to the lack of ion-resistance, 

the CF would be prone to the salt crystallization and fouling of the foam in the long run. 

Figure 7-4b shows the EDS mapping of P(SA) and P(NIPAAm) after the salt-

rejection tests (i.e., with the mass of m3) at the cross-sectional direction to qualitatively 

compare their salt-rejection ratios. It should be noted that the Cl elements are attributed to 

the NaCl salt absorbed by the hydrogel only because there was no Cl element in the 

composition of either P(SA) and P(NIPAAm). Due to the weak ionic strength, the 
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P(NIPAAm) had a low salt-rejection ratio and thus a lot of Cl elements could be found in 

the gel. On the other hand, little Cl element was found in the dry P(SA) because of its 

high ionic strength which helped rejected > 80% of the salt ions at the brine/gel interface 

when it absorbed water. 

To evaluate the degradation effect of salt on the performance of P(SA) hydrogel 

and the lifetime of the membrane, we compared the absorption ratio of P(SA) hydrogels 

in several cycles using both DI-water and actual pacific seawater (collected from the La 

Jolla shore and provided by the Scripps Oceanography Institute). The 20 wt.% P(SA) 

hydrogel was dried in the 70℃ oven for 24 hours to the mass of m1 and then immersed in 

the DI-water or actual seawater for 5 mins and 30 mins, respectively to let it swell to the 

mass of m2. The swelling ratio Rs for the time period of interest was calculated as follows: 

2

1

s

m
R

m
=  (7-8) 

     After the test, the P(SA) hydrogels were kept in the solution for 24 hours to allow 

it to fully swell. Subsequently, they were dried in 70℃ oven for 24 hours again before 

the next cycle. 3 cycles were done for the DI-water tests while 5 cycles were done for the 

actual seawater to better evaluate the salt degradation effect. Figure 7-5 shows the 

swelling ratio of P(SA) using DI-water and actual sweater as solution in the first 5 mins 

and 30 mins. It is seen that the swelling ratio of P(SA) is stable using DI-water, where the 

swelling ratios in the first 5 mins and 30 mins slightly decrease from 11.2 to 8 g/g and 

from 58.3 to 49.2 g/g over 3 cycles. The good salt-rejection effect of the P(SA) was 

proved by the stable swelling ratio using actual seawater over the 5 cycles. The swelling 

ratios ranged 6.7 to 9.3 (g/g) in the first 5 mins and from 11.6 to 14.8 (g/g) in 30 mins, 

indicating the minor salt degradation effect on the PHF. The swelling ratio of P(SA) in 
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actual seawater was significantly lower than that in the DI-water due to the much higher 

osmotic pressure of seawater. 
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Figure 7-5. Swelling ratio of P(SA) hydrogel using DI-water and actual seawater in 

different cycles. 

 

7.3.4. Thermal modeling 

The results from these tests clearly demonstrated the high mass flux and salt-

rejection capability of the ionic pumping mechanism using the polyelectrolyte hydrogel 

foam. We showed the high flux of up to 24 LMH and salt-rejection ratio up to 80% using 

the P(SA) ionic hydrogel. The simultaneous efficient liquid supply and salt-rejection 

achieved by the ionic pumping effect provide us an entirely new strategy to solve the 

tradeoff seen in capillary assisted solar desalination. Figure 7-2d shows the heat transfer 

model of the solar desalination system. The energy efficiency of the evaporator was 

calculated as follows: 

1 2=
evp solar c r c de

solar solar

q q q q q q

q q


− − − −
=  

(7-9) 

where qsolar, qc1, qr, qc2 and qde are the solar flux, convective heat loss, radiative heat loss, 

conductive heat loss and additional heat loss due to insufficient liquid supply, 

respectively, which are calculated based on the measured surface temperature of CF/PHF. 
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The radiative heat loss is given by Equation 7-10: 

( )4 4

r s aq T T= −  (7-10) 

where ε and σ are the emissivity at the peak radiation wavelength (~ 0.95 at 10 μm) and 

Stefan-Boltzmann constant; Ta is the ambient temperature in the lab environment (25 ℃). 

It gives the radiative heat loss of ~ 112.3 W/m2. 

The convective heat loss from the upper surface to the environment is given by: 

( )1 1c s aq h T T= −  (7-11) 

where h1 is the convective heat transfer coefficient and is given by the Nusselt number  

1
1

1

h L
Nu

k
=  

(7-12) 

where L is the characteristic length of the surface (2.4 cm). And for the free convection 

condition on a horizontal hot surface, the Nusselt number is given by 

1/4

1 10.54Nu Ra=  (7-13) 

where Ra1 is the Rayleigh number which can be expressed as the product of Grashof 

number Gr and Prandte number Pr : Ra1 = Gr1·Pr1 

and  

( ) 3

2

S aT T L
Gr





−
=
g

 
(7-14) 

where g is the gravity acceleration, β is the coefficient of thermal expansion of fluid, 

1 1

1

Pr
pC

k


=  

(7-15) 

where Cp and μ are the heat capacity and viscosity of fluid, respectively. Plugging the 

physical properties of air at the average of Ts and Ta (i.e., at 34℃) into Equation 7-12 to 
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7-15, we obtain the heat transfer coefficient h1 for the upper surface of 7.41 W/m2-K. 

Thus, the convective heat loss of the upper surface to the air is 133.4 W/m2. 

    To evaluate the conductive heat loss from the bottom surface to the bulk water, we 

firstly obtained the thermal conductivity of the PHF using a steady-state method which 

was found to be ~0.25 W/m-K. Assuming the one-dimensional heat conduction through 

the PHF with the thickness l1 of 5 mm, the temperature of the bottom surface Tb was 

28.6℃ using the Fourier’s law: 

1

1

  b s
s c r CFH

T T
q q q k

l

−
− − = −  

(7-16) 

During the experiment, the bulk water was confined in the small reservoir and the 

hot surface was on the top without external perturbation, so we could assume that the heat 

loss to the bulk water was via thermal conduction instead of convection292. Thus, the heat 

loss from the bottom surface of the PHF to the bulk water is given by Equation 7-17 and 

is 21.6 W/m2. 

2

2

q a b
c w

T T
k

l

−
= −  

(7-17) 

  It should be noted that although increasing the foam thickness helps reduce 

the conductive loss to the bulk water and increase the salt rejection ability, the 

energy efficiency is limited by the maximum liquid flux as shown in Figure 7-2b. 

Increasing solar power or thickness of the foam so that the sustainable liquid flux 

is lower than the theoretical maximum evaporative flux, the redundant solar flux 

will be dissipated, which leads to the qde given by Equation 7-9. P(SA) was chosen 

to incorporate with the CF to produce the PHF to achieve the high salt-rejection 

ratio (85%). In the meantime, to achieve high energy efficiency > 70% with the 
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solar flux ranging from 1 to 3 suns, the thickness of the foam should be carefully 

chosen. Based on the absorption flux of P(SA), the foam thickness of PHF using 

the P(SA) was chosen to be 5 mm. 

7.4. Demonstration of osmotic pumping for solar-driven desalination 

Next, we set to demonstrate the feasibility of applying the ionic-pumping effect 

for continuous solar-driven desalination, which is an attractive topic in recent years in the 

context of water-energy nexus. Despite the abundant efforts in improving the energy 

efficiency of the solar absorber, the continuous solar-driven desalination is yet to achieve 

because most previous studies employed the capillary-pumping effect for liquid supply 

using microporous structure, which inevitably resulted in the salt clogging and sediments 

under the conditions of high solar flux, high salt concentration and long irradiation time. 

And thus, previous studies only achieved the stable solar-driven desalination on the daily-

basis at best with self-diffusion at night 292,293. In the previous section, we demonstrated 

the high flux using the ionic pumping effect, which enabled the efficient liquid supply 

even under the high suns condition. More importantly, due to the strong salt-rejection 

ability of P(SA), the problem of salt clogging in the foam and sediment on the top of the 

receiver were resolved. The sufficient liquid supply of ionic pumping was confirmed in 

the DI water test while the salt-rejection performance was evaluated in the test using 3.6 

wt.% NaCl solution. 
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Figure 7-6. Ionic pumping effect for liquid supply and salt-rejection in solar-driven 

evaporation. (a) Evaporation mass loss of DI-water vs time under the 1-sun and 3-sun 

conditions, respectively. (b) Evaporative flux and surface temperature using DI-water 

under the 1-sun and 3-sun conditions, respectively. (c) Evaporation mass loss of 

simulated seawater (3.6 wt.% NaCl solution) with the solar flux varing from 1 to 3 suns. 

(d) Evaporative flux and surface temperature using the simulated seawater under 1 to 3 

suns conditions. (e) Salt clogging in the micropores for the CF without salt-rejection 

effect. (f) Infrared thermal images of PHF and CF under the 1 and 3 suns conditions 

using simulated seawater. The surface temperature of CF was similar to that of PHF 

under the 1 sun condition but it was much higher than that of PHF under the 3 suns 

condition, due to the salt clogging in the micropores which led to insufficient liquid 

supply. 
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7.4.1. Osmotic-pumping assisted water supply 

Figure 7-6a shows the mass loss of DI-water in the bulk due to evaporation using 

the CF and PHF as absorbers under the 1-sun and 3-sun conditions, respectively. The 

evaporation was stable during the one-hour test indicated by the linear relation of mass 

loss over time. The PHF absorber yielded 1.3 g mass change in 60 mins, which was 30% 

greater than that of the CF under the 1-sun condition. It showed a more evident advantage 

over the CF under the 3-sun condition where the PHF yielded 4.1 g mass change which 

was only 3.1 g for the CF. Figure 7-6b shows the evaporative flux for the CF and PHF 

under the 1 and 3 suns conditions in accordance to the mass changes shown in Figure 7-

6a. The PHF yielded 1.65 LMH and 4.6 LMH under the 1 and 3 conditions, which were 

42.2% and 79.9% higher than that for the CF, respectively. Interestingly, the surface 

temperatures for the PHF and CF were similar, which were ~ 43 °C and ~ 65 °C under 

the 1 and 3-sun conditions, respectively. This indicates that the heat loss due to radiation, 

convection to air, and convection to bulk liquid underneath the absorber were similar for 

the PHF and CF as shown in chapter 7.3.4, and thus both samples had similar energy 

efficiency η of ~ 75% under the one-sun condition, which agreed with that of CF (72.5%) 

given by 𝜂 =
ṁ ℎ𝑙𝑔

𝑞𝑠
 where qs is the solar flux and hlg is the evaporative latent heat. 

Therefore, we believe that the PHF yielded a higher evaporative flux than the CF due to 

the more efficient liquid supply. 

To validate the measurement method, we measured the evaporative flux of pure 

water under 1 and 3 suns condition using DI-water with the surface area of 35.3 cm2. The 

evaporative flux and temperature of the water surface under 1 sun condition were shown 

in Figure 7-7. The mass loss was 2.8 g in 1 hour, which was equivalent to 0.795 LMH. 
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The temperature increases slightly overtime from 33℃ to 40℃, and thus we took Ts = 

311 K as the surface temperature and Ta = 300 K to calculate the theoretical evaporative 

flux, with the estimation of relative humidity RH of 60% and air velocity v of ~ 0.5 m/s 

in the lab environment.  

The evaporative flux is given by an empirical equation  

( )sm x x= −  (7-18) 

where ṁ is the evaporative flux, φ (kg/m2-h) is the evaporation coefficient and is 

estimated by: 

25 19v = +  (7-19) 

Noted that theφ does not match the unit since this is an empirical equation. xs is 

the maximum humidity ratio of saturated air at the surface temperature Ts and for ideal 

gas, it could be expressed as: 

0.62198 ws
s

a ws

P
x

P P
=

−
 

(7-20) 

where Pws is the saturation pressure of water vapor at Ts, and Pa is the atmospheric 

pressure of moist air (1.01e5 Pa). The saturation pressure of water vapor is given by Eq. 

S4-4 and is 6555 Pa by plugging Ts = 311 K into the equation. 

8.2

7235
exp 77.345 0.0057 s
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 
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(7-21) 

The x is the humidity ratio: 

0.62198 w

a w

P
x

P P
=

−
 

(7-22) 
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where Pw is the partial pressure of water vapor in the moist air which at Ta, and is given 

by: 

w wsP RH P=   (7-23) 

Noted that the Pws in Equation 7-23 is calculated at Ta instead of Ts. With RH = 60% and 

Pws(Ta = 300 K) = 3524 Pa, the Pw is equal to 2114 Pa. By plugging in Pws and Pw, we 

have xs = 0.0436 and x = 0.0134. And thus, the evaporative flux of water at Ts = 311 K 

and RH = 60% is estimated to be 1.04 LMH, which is only 30% higher than the 

experimental value.  

 

Figure 7-7. Evaporation of DI-water without receiver under 1 sun condition. (a) Mass 

change of water and water surface temperature during evaporation (b) IR-camera image 

of the water surface at Ts = 37.9℃. 

 

Figure 7-8 showed the mass change and water surface temperature for DI-water 

under 3 suns condition. The surface temperature rose from 50 to 60 ℃ in the 1 hour test 

and thus we set Ts = 328 K as the characteristic surface temperature while keeping Ta = 

300 K and RH = 60% as for the 1 sun condition test. The mass change was 12.6 g in 1 

hour, which was equivalent to 3.58 LMH. Similar to the analysis for the 1 sun condition, 

we obtain the Pws = 15583 Pa at Ts = 328 K and Pw = 2114 Pa at Ta = 300 K and RH= 

60%, which gives xs = 0.115 and x = 0.0134. And thus we obtain the theoretical 



246 
 

evaporative flux of 3.5 LMH, which is very close to the experimental data. Therefore, we 

believe that the experiments were solid. 

 

Figure 7-8. Evaporation of DI-water without receiver under 3 suns condition. (a) Mass 

change of water and water surface temperature during evaporation (b) IR-camera image 

of the water surface at Ts = 55.4℃. 

 

7.4.2. Osmotic-pumping assisted salt-rejection 

In addition to facilitate the water supply, the P(SA) also served as the salt-

rejecting agent at the seawater-PHF interface due to its high ionic strength, which helped 

avoid the salt clogging in the porous foam and salt sediment on the upper surface of the 

receiver. Figure 7-6c shows the mass loss of 3.6 wt.% NaCl solution due to evaporation 

for 1 hour under the 1-sun and 3-sun conditions. It was found that the PHF and CF had 

similar mass change rate at the 1-sun condition but the PHF yielded a higher mass change 

rate under the 3-sun condition. Figure 7-6d compares the evaporative flux for the PHF 

and CF from 1 to 3 suns. The PHF yielded higher evaporative flux than the CF under all 

conditions, e.g., at the 1-sun condition, the evaporative flux for the PHF was 1.24 LMH, 

which was 27.8% higher than that of the CF. This could be attributed to the relatively 

insufficient liquid supply for the CF compared to the PHF. As discussed in chapter 7.3.2, 

the PHF yielded a higher water absorption flux than the CF due to its high osmotic 
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pressure. More importantly, although the absorption flux for the PHF slightly decreased 

when using 7.2 wt.% NaCl solution as shown in Figure 7-6b, the PHF still maintained a 

higher liquid flux than the CF due to the salt-rejection effect.  

Figure 7-6e shows the SEM and EDS images of the CF after the 1 hour test under 

the 3-sun condition. It is clearly seen that the micropores in the CF were clogged by NaCl 

which crystallized in the pore as water evaporated. This undermined the liquid supply 

through the micropores. In addition, the salt sediments on the top of the foam reduced the 

solar absorbance because it reflected the sun light. As shown in Figure 7-9a, the solar 

absorbance of CF was reduced from 97.7% before the test (Figure 7-1d) to ~ 94.2% after 

the 1-hour test. As a result of the high ionic strength of the P(SA), most salt ions were 

rejected at the water-foam interface while the small amount of salt that penetrated into the 

foam were captured by the ionic group of P(SA) (acrylate group), and thus there was little 

salt sediment on the top surface of the foam. Figure 7-9b shows the absorbance of CF 

after the 6-hour test under 2-sun condition using 3.6wt.% NaCl solution. The average 

absorbance in the solar spectrum was reduced to 88.9% from 97.7% before the test. 
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Figure 7-9. Solar absorbance of CF after (a) 1 hour under 1-sun condition with 3.6wt.% 

NaCl solution (b) 6 hours under 2-sun condition with 3.6wt.% NaCl solution. 

 

The salt-rejection effect of the PHF became more prominent under the high sun 

condition where the salt crystal grew faster. For example, as the solar radiation increased 

from 1-sun to 3-sun, normalized the evaporative flux (i.e., the evaporative flux divided by 

the solar power, LMH/sun) for the CF decreased by 45.2% while that for the PHF only 

decreased by 23%. Due to the insufficient liquid supply, the surface temperature of CF 

was higher than that of the PHF, e.g., under the 3-sun condition, the surface temperature 

was 79°C for the CF and 63°C for the PHF as shown in Figure 7-6f and 7-6d. According 

to the calculation in chapter 7.3.4, the PHF had a 30% higher energy efficiency than the 

CF under the 3 suns condition using 3.6 wt.% NaCl solution. 
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7.4.3. Demonstration of continuous solar-driven desalination 

Figure 7-10a compared the evaporation flux of the PHF and CF under the 2-sun 

condition with 3.6 wt.% NaCl in the bulk for 6 hours. In the first hour, the PHF yielded 

2.4 LMH evaporative flux which was 41.2% higher than that of the CF. The PHF 

maintained a stable evaporative flux ranging from 2.36 to 2.56 LMH throughout the 6-

hours test. However, the evaporative flux for the CF gradually decreased from 1.7 to 1.46 

LMH in the first 4 hours and dropped to 1.1 LMH in the 5th hours where the salt 

crystallization became prominent as shown in Figure 7-10b. The absorbance of the CF 

decreased to 88.92% after the 6-hours test as shown in Figure 7-9b. This test also proved 

that the PHF was stable for 12 hours under 1 sun condition, which was equivalent to the 

stability on the daily basis. The stable solar-driven desalination on daily basis under the 

1-sun condition was also demonstrated in Refs.292,293. However, without the salt-rejection 

effect, it is difficult to further increase the equivalent sun-hours stability because the rate 

of salt crystallization exceeds that of the dissolution and diffusion of salt under the high 

sun condition. Therefore, the stable solar-driven desalination exceeding the 12 sun-hours 

was challenging. 

As shown in Figure 7-10c, we managed to achieve the continuous and 

stable solar-driven desalination exceeding the 12 sun-hours using the ionic 

pumping effect. The PHF was placed under 1-sun condition for 72 hours 

consecutively and its evaporative flux was measured every ~ 24 hours. The 

evaporative flux was an average value in 1 hour, the same way we measured the 

flux shown in Figure 7-6b and Figure 7-6d. The evaporative flux maintained stable 

between 1.2 and 1.3 LMH within 72 hours. It is evident that there was no 
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significant salt sediment on the top of the PHF (insets of Figure 7-10c). To further 

prove this, we did an EDS mapping on the PHF after test and compare it to the CF 

as shown in Figure 7-11. Salt crystals could be clearly seen on the surface of the 

CF as shown in Figure 7-11b after 2-days test under 1 sun, indicating by the 

existence of Cl element in the EDS figure. On the contrary, the PHF surface 

maintained smooth and salt sediment was not observed. In addition, we did not 

identify the Cl element in the EDS mapping. 

 

Figure 7-10. Continuous and stable solar-driven desalination exceeding 12 sun-hours 

sustained by the ionic-pumping effect. (a) Mass change and evaporation flux of CF and 

PHF under 2 suns condition for 6 consecutive hours. (b) Salt sediments (shown within the 

dashed circles) on the CF. (c) Stable evaporation flux for the PHF throughout the 72-hour 

test under 1 sun condition in the lab. The insets show the absence of the salt sediments on 

the PHF. (d) Evaporation flux (left axis) and daily water production rate normalized by 

daily solar irradiation (right axis) over the course of six days of continuous operation 

under natural solar irradiation on a rooftop. The daily solar irradiation flux was obtained 

from the NASA database305. 
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Figure 7-11. SEM and EDS of PHF and CF. (a) PHF after 12-days test under 1 sun 

condition using actual seawater. No salt sediment was observed from the SEM image and 

Cl element was not identified in the EDS mapping. (b) CF after 2-days test under 1 sun 

condition using actual seawater. Salt crystal could be clearly seen in the SEM image 

which was further confirmed by the existence of Cl element in the EDS mapping. 

 

In the real application, assuming the 12-hour daylight, we can apply at least 6 

suns onto the PHF while still maintaining the high evaporative flux of ~ 1.2 LMH/sun. 

The PHF was also tested under the natural sun light irradiation for 6 days consecutively 

(24 hours per day) on a rooftop without cleaning or replacing the receiver. The 

evaporative flux was measured at the mid-day where the solar irradiation was close to 1 

kW/m2 and was averaged over 1 hour. The evaporative flux still maintained stable over 

the course of 6-days. The small fluctuation of the flux was due to the unstable ambient 

conditions. Similarly, due to the variation in the total solar radiation energy from day to 

day in the 6-day test, the production rate (in L/m2-day) fluctuated as shown in Figure 7-

12a.  However, after normalization with the daily solar radiation energy, which was 

quoted from the NASA database as shown in Figure 7-12b, the normalized water 

production rate was stable ranging from 1 to 1.5 L/kWh-day as shown in Figure 7-10d.  
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Figure 7-12. Long-term stability test. (a) Water production rate before normalization by 

daily solar radiation energy. (b) Daily solar radiation energy in the course of 6 days 

 

We also demonstrated the long-term stability of PHF using actual seawater. Here 

we showed the PHF evaporative flux under 1 sun condition using actual Pacific Ocean 

seawater provided by Scripps Oceanography Institute, UCSD for 12 days consecutively, 

i.e., a 288 hours non-stop test. The evaporative flux was measured every 24 hours and the 

measurement lasted for 1 hour in the same way as we measured all other evaporative flux 

reported in this study. Figure 7-13a showed that the PHF yielded a stable evaporative flux 

around 1.3 LMH in the course of the 12-days test, indicating that the PHF was also stable 

in the real application scenario. It is seen from Figure 7-13b that there was no salt crystal 

on the surface of PHF. To further prove this, we have shown an EDS mapping on the 

PHF after test and compare it to the CF as shown in Figure 7-11. Salt crystals could be 

clearly seen on the surface of the CF as shown in Figure 7-11b after 2-days test under 1 

sun, indicating by the existence of Cl element in the EDS figure. On the contrary, the 

PHF surface maintained smooth and salt sediment was not observed. In addition, we did 

not identify the Cl element in the EDS mapping. Figure 7-11c shows the stable surface 

temperature of the PHF over the 12 days test. The analysis above proved that the PHF 

was also stable using the actual seawater for at least 12 days under 1 suns.  
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Figure 7-13. 12 days long-term test of PHF using actual seawater under 1 sun conditions 

in the lab. (a) Evaporative flux and surface temperature. (b) Surface condition on 

different days. (c) Surface temperature monitored with IR-camera.  

 

 To identify the critical condition that the PHF could sustain, we tested the PHF 

under 3 suns condition using actual seawater for 6 days consecutively, i.e., a 144 hours 

non-stop test as shown in Figure 7-14. Similarly, the evaporative flux was measured 

every 24 hours and the surface condition was monitored. We found that under the 3 suns 

condition, the evaporative flux was stable in the course of the 6-days test as shown in 

Figure 7-14a. As shown in Figure 7-14b, we did not observe salt sediment on both the top 

and bottom surface of the PHF until the day 5 when salt started to accumulate at the 
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bottom of the PHF. The surface temperature of the PHF was monitored as shown in 

Figure 7-14c. On day 6, salt start to accumulate on the top surface of the PHF. Therefore, 

under the 3 suns condition, the PHF was able to continuously reject salt for 5 days. 

 

Figure 7-14. Evaporative of PHF under 3 suns condition using actual seawater for 6 days 

consecutively. (a) Evaporative flux and surface temperature on different days. (b) Surface 

conditions of PHF. (c) IR-image of the PHF top surface during measurement. 

 

We demonstrated the facile purified water collection from vapor from the PHF 

using a desiccator as shown in Figure 7-15a. We collected the condensed water every 24 

hours to show the stable yield of product water as shown in Figure 7-15b. The PHF was 

placed under 1 sun irradiation for 24 hours/day and for 12 days, i.e., a constant total daily 

solar energy of 24 kWh/day throughout the test. Since the setup was place in the lab, it 

was not prone the environmental change. We measured the weight loss of the bulk 

solution as well as the weight of collected condensed water every 24 hours to obtain the 

evaporative and condensation water yield on daily basis. As shown in Figure 7-15a, the 

PHF and bulk solution were placed in a desiccator. It is clearly seen that the vapor 

condensed on the inner surface of container which could be easily collected. As shown in 
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Figure 7-15b, the evaporative product water yield ranged from 23g to 26 g and we 

collected 18 g to 24 g of condensed water every day. The average evaporative and 

condensation flux stabilized around 1.2 LMH and 0.97 LMH, respectively. This result 

confirmed that the PHF can sustain a stable product water yield as long as the ambient 

conditions are stable. 

 

Figure 7-15. Water production rate test under 1 sun condition using actual seawater. (a) 

Photo of setup and product water. (b) Yield of product water and average flux on 

different day.  

 

Figure 7-16 compares the salinity and specific ion concentrations for product 

water (collected from the condensed water as shown in Figure 7-15a and original 

seawater. The salinity of the seawater used in this study was 33180 ppm with the mass 

fraction of Na+, Mg2+, Ca2+ and K+ ions of 10221 ppm, 1214 ppm, 390 ppm and 371 

ppm, respectively. The salinity of the condensed water was 112 ppm with the mass 

fraction of Na+, Mg2+, Ca2+ and K+ ions of 35 ppm, 4 ppm, 1.3 ppm and 1.3 ppm, 

respectively, indicating the high quality of the product water. 
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Figure 7-16. Salinity and specific ion concentrations in Pacific seawater and purified 

water from PHF. 

 

7.5. Comparison between osmotic pumping and capillary pumping 

Figure 7-17 compares the evaporative flux achieved by the PHF to that by other 

evaporators in literatures12,13,278,280,281,287,289,293,306-322 using the capillary pumping effect 

under equivalent solar irradiation time. The evaporative flux was normalized by the solar 

flux for the convenience of comparison. The equivalent solar irradiation hour is defined 

as the multiplication of the concentration suns and time of test, e.g., in Ref.316 the receiver 

was exposed to the 5 suns irradiation for 1 hour and thus the equivalent solar radiation 

time was defined as 5 hours. It is evident that the PHF yielded competitive evaporative 

flux to other evaporators. More importantly, it demonstrated a much longer continuous 

operational period than most of the previous evaporator, which makes it attractive in the 

real application. Although some studies showed higher flux than that of the PHF, they 

adopted the capillary wick for liquid pumping and did not demonstrate the continuous 

desalination, e.g., cyclic desalination with each evaporation period lasting 1- 2 hours and 

rinsing in between was demonstrated in Ref.12,13,309,313,315,323. Ni et al.292 and Xu et al. 293. 

demonstrated the stable evaporation on the daily-basis using salt-dissoluble foam and 
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Janus foam, respectively but the stability exceeding the 12 sun-hours was yet to be 

demonstrated. Without the self-dissoluble design, the foam was completely covered by 

salt sediments within 5 days289. Another advantage of the PHF is the cost-effectiveness 

because the chemicals and the activated carbon foam are inexpensive compared to the 

materials used for other studies, e.g., structured graphene12,13,317,321, plasmonic 

nanoporous membrane306,308 and so on, making it suitable for the large-scale production. 

In addition, due to the high liquid flux sustained by the PHF, it was able to maintain high 

energy efficiency even with a much thicker foam than that the CF, which was favorable 

for better salt-rejection.  

 

Figure 7-17. Comparison of evaporative flux and continuous operation time of PHF to 

other solar evaporators in literatures. 

 

7.6. Conclusions 

In this chapter, to provide simultaneously high flux and salt-rejection ability for 

chemical processing and separation, we proposed a new liquid pumping mechanism using 

the polyelectrolyte hydrogel which had high osmotic pressure for liquid pumping and 
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high ionic strength for salt-rejection. Different from the conventional capillary pumping 

effect, the ionic pumping effect tapped the water diffusion in the polymer network instead 

of viscous flow in the micropores, and thus it was not prone to the fouling for the porous 

wick. The ions were rejected at the solution/foam interface due to the strong ionic 

strength of polyelectrolyte. We successfully demonstrated the feasibility of ionic 

pumping for chemical separation in the solar-driven desalination test. The PHF using the 

ionic pumping effect always yielded higher evaporative flux than that of the CF using the 

capillary pumping effect both using the DI-water and brine water under different sun 

conditions due to the sufficient liquid supply and salt-rejection. For the first time, the 

continuous and stable solar-driven desalination with the operation period in 72 

consecutive hours under 1 sun conditions was reported without cleaning or replacing the 

absorber, or equivalent to 12 hours under concentrated 6-suns condition. The high flux 

using the ionic pumping effect allowed us to use thicker foam to obtain better thermal 

insulation and foul-rejection without compromising the energy conversion coefficient. 

The successful application of ionic pumping effect in the solar-driven desalination 

showed its promise for miscellaneous chemical transport and separation processes where 

both high flux and good anti-fouling ability are required. 

Chapter 7, in full, is a reprint of the materials as it appears in ‘Osmotic pumping 

and salt rejection by polyelectrolyte hydrogel for continuous solar desalination’ Advanced 

Energy Materials, 9(38), 2019 1900552 by Jian Zeng, Qingyang Wang, Yang Shi, Ping 

Liu and Renkun. . The dissertation author was the primary investigator and first author of 

this paper. 
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8. Chapter 8: Sorption-based water harvesting and thermal 

management  

8.1. Introduction 

The increasing power while miniaturizing design of power electronic devices, 

such as 5G antenna324,325,  electric-vehicle (EV) battery326,327, wearable electronics328, 

CPU/GPU329, and photovoltaic (PV) panels330,331, etc., places challenge on the high-

performance thermal management. One of the challenges stems from the unsteady, 

fluctuating power of these electronics, for example, during on/off peaks hours for 5G 

devices and transient computing loads of a CPU/GPU. The unsteady heat loads require 

active control of power supply and cooling capacity332,333. Passive cooling methods, such 

as radiative cooling334,335 and natural convection, failed to provide long-term and efficient 

cooling [heat transfer coefficient (HTC) of ~ 10 W m-2 K-1) and their performances were 

highly contingent on the terrain and application scenario336. Active cooling techniques, 

such as forced convection by ventilating air and flowing liquid, provided high HTC ~ 

103-104 W m-2 K-1 and critical heat flux ~ 100-1000 kW m-2 337,338, but suffered from the 

bulky design, high energy consumption for coolant supply and flow instability. The key 

to suppress the temperature fluctuation is the adaptive thermal energy storage and release 

to mitigate the thermal mismatch between the on-/off-peak hours. Conventional phase 

change materials (PCMs), such as Paraffin wax, and salt hydrates,339,340, have been 

widely used to buffer the temperature surge during the peak-hour by the solid-to-liquid 

phase change latent heat. The cooling potential was restored during the off-peak hour 

when the absorbed thermal energy was released to the ambient. However, the latent heat 

of traditional PCMs was only 50-200 J g-1
PCMs (as opposed to ~ 2300 J g-1

water for 
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evaporative latent heat of water) and thus their cooling power was limited. Besides, the 

PCMs needed to be sealed in an enclosure to avoid leakage, which exerted technical 

difficulty in many applications.  

Water evaporative cooling utilized the high latent heat of water and thus provided 

high conductance, (~ 100 W m-2 K-1 341) and thermal energy density (> 200 kWh m-3
 
342). 

However, the difficulty in holding a thin water layer on the electronic surface, the risk of 

short-circuiting in water leakage, requirement of periodic liquid refill (or otherwise 

hermetic environment) and bulky design hindered its application in compact electronics. 

Recent advance on hygroscopic materials opens the possibility to explore the high latent 

heat of water while preserving the simple design. Several studies have been carried out 

on the sorption-based evaporative cooling where liquid-phase water was stored in the 

sorbent, such as hydrogel328,330,331,341,343-350 and metallic-organic framework (MOF)329,351 

to avoid leakage. MOF absorbed moisture from air (~ 0.5 gwater g-1
sorbent) at low 

temperature. Water stored in the sorbent evaporated under high heat flux for cooling and 

was regenerated during the off-peak hour for the long-term operation in the passive 

fashion. MOF was used for electronic cooling due to the high adsorption capacity329,351, 

however, the high cost limits its large-scale application (124844 USD kg-1)342. Hydrogel 

simultaneously possess high adsorption capacity, low cost (e.g., ~ 10 USD kg-1 as shown 

in Table S3), and good mechanical strength352,353. Due to superior metrics of hydrogel, it 

has been used for cooling of battery343,354, PV panel330,349, building341,344, thermo-galvanic 

cell331 and wearable devices328, but with active liquid-phase water refill. Recent progress 

on hydrogel-based water harvesting14-18 showed that hydrogel absorbed 1-5 gwater g
-1

sorbent 

(e.g., mixed with chloride-doped polypyrrole (PPy-Cl)14,355, graphene16 and Zn-O 
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network296) from air at relative humidity around 70-90%, showing their potential of 

passive liquid supply by absorbing moisture from air during the off-peak hour. It is of 

great interest to integrate high moisture storage in hydrogel and high evaporative 

conductance to make scalable passive cooling devices for high-power electronics. 

In this study, we designed a hydrogel-based moisture thermal battery (MTB) for 

passive thermal management of electronics. The MTB was made by coating a thin 

polyelectrolyte hydrogel poly (sodium acrylate) [P(SA)] layer on the surface of an Al 

substrate with large effective surface area. This hydrogel has been used by the authors 

before for desalination10,11. The hydrogel layer captured and stored moisture from air 

during the off-peak hour and dissipated heat from the electronic by water evaporation 

during the peak-hour. The on-/off-peak fluctuation was mitigated via the synchronized 

thermal energy storage/release in MTB in pace with the on-/off-peak power of the 

electronics. While the thermodynamics of MTB (adsorption capacity) was determined by 

the intrinsic properties of hydrogel, the heat and mass transfer kinetics (thermal capacity 

and conductance) depended on the geometric design of the MTB at the meso- to macro-

scale. The hydrogel thickness and surface area were carefully designed at the tradeoff 

between the HTC, thermal capacity and regeneration time. With ~ 100 μm thick hydrogel 

layer on ~ 760-fold extended effective surface area, we achieved high effective heat 

transfer coefficient (ℎ𝑡) > 1000 W m-2 K-1, cooling power (𝑞𝑠) > 27 kW m-2 and thermal 

capacity (𝑄𝑠) > 200 kWh m-2, which have not been achieved before by other passive 

cooling methods328-331,341,343-345,347-351. We first systematically analyzed the rational of 

MTB design and the effect of operational conditions on its performance. Later, as proof-

of-concept demonstrations, we used the MTB for the thermal management of high-power 
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field-effect transistor (FET) and CPU and demonstrated the reduction in the electronic 

temperature by ~ 15 K and automatic regeneration in the long-term test. The achieved 

heat transfer coefficient and capacity met the daily cooling demand for 5G chips, power 

battery, server/data center and diode laser, etc., showing its general impact on residential 

and industrial cooling.  

8.2. Sorption-based water harvesting from air using thermo-responsive hydrogel 

Figure 8-1 shows schematics of water harvesting from air using thermo-

responsive hydrogel based on sorption-water release process. As shown in Figure 

8-1a, about 3% of the accessible freshwater on earth is trapped in the air, which is 

about 6 times higher than the total volume of freshwater storage in river40. 

However, compared to other resources, e.g., lakes and rivers, etc., it has been 

rarely developed to quench the worldwide thirst. As shown in Figure 8-1b, under 

the ambient temperature (𝑇𝑎) of 22 ℃ and relative humidity (RH) of 85%, the 

moisture concentration in air is ~ 15 g m-3 41, indicating that only a small space of 

200 m-3 is needed to meet the daily need for human (~ 3 Liter). To explore the vast 

freshwater resources in air, we developed thermo-responsive hydrogel materials to 

harvesting moist from air based on sorption-desorption process. The hydrogel layer 

was synthesized by copolymerizing (N-isoproplyacrylamide, or NIPAm) in Poly 

(sodium-4-styrenesulfonate), or P(SSS) ionic liquid solution using ammonium 

persulfate (APS) as thermal initiator and N,N-Methylenebis(acrylamide) (MBAA) 

as crosslinker. As shown in Figure 8-1c, we developed a thermo-responsive 

P(SSS)-P(NIPAM) hydrogel to absorb water molecules from air at low 

temperature due to the high ionic strength of the hydrogel. The water molecules 
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are trapped in the polymeric network. It is noted that the hydrogel possesses the 

unique lower-critical temperature solution (LCST) phase transition, where when 

heated up above the LCST temperature (~ 35 ℃), water entrapped in the hydrogel 

will be released as liquid phase. Different from the conventional desorption 

process from sorbent where the high evaporative latent heat penalty is introduced, 

the LCST phase change is rid of the high latent heat penalty, and thus it is more 

energy-efficient (energy consumption < 1/10 of evaporative latent heat of water 10) 

and the water release kinetic is much faster with the time constant of ~ 5 min. It is 

hypothesized that based on the fast adsorption-LCST release cycles, high water 

yield could be obtained with low energy consumption. 

 

Figure 8-1. Schematics of adsorption-desorption based water harvesting from air using 

thermo-responsive hydrogel materials. (a) Water resource distribution on earth, cited 

from Ref. 40.  (b) Moisture content in air under different ambient conditions, cited from 

Ref. 41. (c) Schematics of water harvesting using thermo-resposnive hydrogel by 

adsorption-LCST phase change process. 



264 
 

 

The freshwater yield not only depends on the thermodynamic (intrinsic properties 

of material) but also the kinetics, which is contingent on the scale-design of the hydrogel. 

As shown in Figure 8-2a, we test the adsorption kinetics of a 2 mm thick hydrogel under 

the condition of 𝑇𝑎 = 22 ℃ and RH = 85%. It is obvious that the adsorption process is 

diffusion-driven. It can be well described by the diffusion theory at a constant 

concentration at the boundary: 

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 

𝐶𝑥=0,𝑡>0 = 𝐶0 

𝐶𝑡=0 = 0 

𝜕𝐶

𝜕𝑥
|𝑥=𝛿 = 0 

(8-1) 

where 𝐶𝑜  is the moisture concentration in the air. 𝑥 is the coordinate in the thickness 

direction of hydrogel where 𝑥 = 0 indicates the surface of hydrogel and 𝑥 = 𝛿 indicates 

the center of hydrogel. Solving the above equation leads to: 
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∆M(𝑡)
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) = ln

8

𝜋2
−𝐷

𝜋2

4𝛿2
𝑡  

(8-2) 

where ∆M(𝑡) is the mass of adsorbed water by the hydrogel at a specific time and ∆𝑀∞ is 

the max amount of water adsorbed by the hydrogel. Notably, the adsorption time constant 

𝑡𝑐 scales as 𝑡𝑐~𝛿
2, indicating that the adsorption kinetics could be significantly enhanced 

with reduced hydrogel thickness. Figure 8-2c shows the time constant experimentally 

determined for hydrogel layer with different thickness. It is seen that 𝑡𝑐 decreases from 

280 min for 2.8 mm thick hydrogel from ~ 10 min for 100 μm thick hydrogel. Therefore, 

to achieve high kinetics, we coat thin hydrogel layer on a porous scaffold with high 
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surface area. By doing so, a number of cycles can be done to obtain high water yield on 

daily basis. 

 

Figure 8-2. Adsorption kinetics of P(SSS)-P(NIPAMm) with the thickness of 2 mm 

under the condition of 𝑇𝑎 = 22 ℃ and RH = 85%. (a) Adsorption capacity as a function 

of time. (b) Adsorption time constant (𝑡𝑐) as a function of hydrogel thickness. 

 

Figure 8-3a shows the photo of porous Al foam coated with 100 μm thick P(SSS)-

P(NIPAMm) hydrogel layer on the surface scaffold. The porous Al foam provides 6-7 

times extend surface area compared to the projection area. Figure 83-b shows the 

synthesis process of the hydrogel coated foam. The monomer solution was prepared as 

follows: 1.9 g of NIPAM was mixed with 0.2334 g sodium alginate (Alg) in 15 ml 30 

wt.% PSSS solution and 13.9 ml of DI water. 0.075 g and MBAA and 0.075 g of APS 

were added and fully dissolved in the above solution. The amount of Alg should be well 

controlled to adjust the viscosity of monomer solution so that a thin solution adhered to 

the surface of scaffold after dip-coating. As shown in Figure 8-3b, the porous Al foam 

was immersed in the viscous monomer solution for 10 min, and was then placed on a 

spinning machine to remove the excessive solution. Subsequently, the foam was placed in 

an oven at 70 ℃ for 20 min for copolymerization and was kept at the ambient 
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temperature overnight for full reaction. As a result, we coat a 100 μm thick hydrogel 

layer on the surface of Al scaffold. 

 
Figure 8-3. Porous Al foam coated with thin hydrogel layer. (a) Photo of the porous 

foam. (b) Schematics of synthesis procedures.  

 

Figure 8-4 demonstrates water harvesting from air using the hydrogel-coated Al 

foam. As shown in Figure 8-4a, the foam was kept at 𝑇𝑎 = 22 ℃ and RH = 85% for 10 

min to adsorb moisture from air. Due to the small thickness of the hydrogel layer, the 

time constant is ~ 10 min as shown in Figure 8-2, and thus the hydrogel layer reached the 

adsorption capacity fast. Afterwards, the foam was heated up to 70 ℃ for 1.5 min to 

trigger the LCST phase transition when the adsorbed water molecules were released in 
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the liquid phase. It is noted that due to the low LCST temperature (~ 35 ℃), the LCST 

initiation is subject to the universal low grade heat source, e.g., solar energy and waste 

heat from industry, making a potentially energy-efficient water harvesting process. Figure 

8-4b shows the cyclic adsorption-release process for 120 min, with 𝑡𝑟 = 10 min and 𝑡ℎ = 

1.5 min. The mass change of the foam was recorded, which was solely due to the mass 

change of water. Therefore, the cumulative water harvesting capacity could be obtained 

from the difference between the peak and valley. The water yield in 120 min is ~ 2.7 

gwater g
-1

gel, which is projected to ~ 34 gwater g
-1

gel day-1, or ~ 12-liter m-2 day-1 based on the 

projection area of the foam, both of which are higher than the state-of-the-art water 

harvesting capacity based on adsorption process14,15,18,296,356-366. 

 
Figure 8-4. Water harvesting using hydrogel-coated Al foam. (a) Schematics of 

adsorption-LCST water release cycle. (b) Water yield from fast cycles. 
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8.3. Thermal management using hydrogel-based moisture thermal battery 

8.3.1. Working principle of moisture thermal battery 

Figure 8-5A shows the typical normalized operation power of data center333 and 

cell tower367 within a day. Due to the swinging dataflow between the daytime and 

nighttime, the operation power is high in the day and low at night, leading to the 

fluctuating temperature of the electronics. The key to suppress the temperature 

fluctuation is to store the thermal energy in the peak-hour and release it during the off-

peak hour. This can be realized using a moisture thermal battery (MTB) as shown in 

Figure 8-5B. The hygroscopic sorbent inside the MTB stores liquid water by absorbing 

water moisture from air during the off-peak hour. The water stored in the MTB 

evaporates during the peak-hour and dissipates a large amount of heat from the 

electronics by the evaporation latent heat of water. Figure 8-5C shows the design of the 

MTB by coating a thin P(SA) hydrogel layer on the pin surface of a solid Al pin-fin heat 

sink (named as solid heat sink for convenience) to provide large effective surface area. 

The hydrogel layer absorbs and stores moisture from air in the off-peak hour. The 

hydrogel layer is 0.5-1 mm thick, and the fin geometry is as follow: fin length (𝐿) is 45 

mm, fin diameter (𝐷) is 3.4 mm, and fin pitch (𝑃𝑓) is 6.4 mm with the base diameter of 

78 mm. The hydrogel thickness and geometry of the solid heat sink were carefully 

designed to ensure high water adsorption capacity and ℎ𝑡  of the MTB, which will be 

discussed in the next section. The hydrogel layer was coated on the surface of Al heat 

sink by dip-coating method (Figure 8-6). Before dip-coating, to ensure the good adhesive 

strength between the gel coating and pin surface, the surface of Al heat sink was sand 

blasted to increase the surface roughness (Figure 8-7A) and was treated with functional 
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silane solution (3-(trimethoxysilyl) propyl methacrylate) to form a strong covalent 

bond352 (Figure 8-6C).  

 
Figure 8-5. Working principle of moisture thermal battery (MTB) to mitigate on-/off-

peak temperature fluctuation of electronics. (A) Typical normalized operation power of 

data center333 and cell tower367 in a day. The power fluctuates due to the swinging 

dataflow between the on-peak (daytime) and off-peak hours (nighttime) (Ref. Wang et 

al.333 Copyright, 2018, IEEE and Ghatikar et al. 367, 2008, California Energy Comission). 

(B) Mitigation of thermal mismatch between on-/-off peak hours by an MTB. The MTB 

synchronizes the thermal energy storage/release with the on-/off-peak power, via 

moisture adsorption/vapor evaporation by the hygroscopic polyelectrolyte hydrogel layer 

on the extended surface of an Al heat sink. The MTB cools the electronic devices by 

evaporation of water stored in the hydrogel layer during the peak hour and regenerates 

during the off-peak hour by moisture adsorption. (C) Photography of the MTB consisting 

of a solid Al heat sink coated with a thin hydrogel layer. Pin-fin heat sink with length 𝐿 = 

45 mm, pin-diameter 𝐷 = 3.4 mm, pitch 𝑃𝑓 = 6.4 mm and a base diameter of 78 mm is 

coated with 0.5-1 mm thick 𝐷𝑔 Poly (sodium acrylate) [P(SA)] hydrogel on the extended 

Al pin-fin surface. The surface is functionalized with silane to form covalent bonds with 

the hydrogel layer 352. The double network of sodium alginate (Alg) increases the bulk 

mechanical strength of hydrogel.  

The viscosity of monomer solution was adjusted by adding suitable amount of 

sodium alginate (Alg) so that a thin monomer solution layer adhered on the pin surface 

after dip coating. After dip-coating, the solid heat sink was placed in an oven at 80 ℃ for 

30 mins for copolymerization of hydrogel and kept in the ambient overnight for full 

reaction. The thickness of the gel coating could be controlled by the viscosity of 

monomer solution and the number of dip-coating process. Increasing the Alg 

concentration in the monomer solution increased the viscosity (Figure 8-7 and Table 8-1). 
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In addition, as shown in Figure 8-5C, the toughness of the hydrogel layer was enhanced 

by the Alg double network341. 

 

8.3.2. Experimental method 

Surface Treatment of Heat Sink 

Pin heat sink was purchased from Newark Inc., (PINLED-7850, 2.33℃/W). The 

heat sink with embedded heat-pipe (HSHP) was purchased from DEEPCOOL, Inc., 

(GAMMAXX400). The surfaces of both heat sinks were sand blasted by silica bead (100-

300 μm in diameter) to increase the surface roughness for better adhesion between the fin 

surface and gel coating (Figure 8-6A). The surface of pin-heat sink was originally coating 

with black coating for radiative cooling which was removed after the sandblasting 

(Figure 8-6A). Without sand-blasting treatment, the monomer solution could not adhere 

to the surface of heat sink even for the most viscous solution (Figure 8-7C). The 

monomer solution adhered well to the sand-blasted surface (Figure 8-7D). The sand 

blasted heat sinks were sequentially cleaned by acetone, ethanol and DI water, and was 

completely dried. Subsequently, they were immersed in a functionalization silane 

solution for 3 h at room temperature  for strong chemical bonding between the polymer 

chain and metal surface352 (Figure 8-6B). The silane solution was prepared by mixing 2 g 

of 3-(trimethoxysilyl) propyl methacrylate (TMSPMA; Sigma-Aldrich 440159) and 20 

μL of acetic acid (Sigma-Aldrich 27225) with 98 g DI water under stirring for 30 mins. 

The functionalized heat sink was washed with ethanol and DI-water, and completely 

dried before it was ready for coating the hydrogels. After treating the Al surface by the 

functional silane solution, the hydrogel layer was crosslinked to the silane layer, which 
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was chemically bonded to the oxide layer on the Al surface by co-valent bonding, 

providing strong mechanical strength (Figure 8-6E). 

 

Figure 8-6. Schematics of hydrogel coating on heat sink surface. Solid heat sink is sand 

blasted with silica bead to increase the surface roughness (step A). It is then treated with 

function saline solution to create the silane layer for strong bonding between hydrogel 

layer and Al surface (step B). Functionalized heat sink is subsequently immersed in the 

monomer solution with proper viscosity (C). The excessive monomer solution was 

removed by hanging the hydrogel in the ambient for 5 mins. A thin monomer solution 

layer attached on the metal surface (step D). The heat sink with monomer solution layer 

was kept in the oven at 80℃ for 20 mins to initiate copolymerization and at the ambient 

temperature overnight for full reaction (step E). After treating the Al surface by the 

functional silane solution, the hydrogel layer was crosslinked to the silane layer, which 

was chemically bonded to the oxide layer on the Al surface by co-valent bonding. 
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Figure 8-7. Surface treatment of solid heat sink and adjustment of solution viscosity. (A) 

Photo of sand-blasted (left) and un-treated heat sink (right). After sand blasting, the black 

coating was removed, and the surface was roughened (zoom-in figure). (B) Photo of 

monomer solution with different viscosity controlled by the amount of Alg. (C) Photo of 

adhesion of monomer solution on the smooth, untreated Al surface. (D) Photo of 

adhesion of monomer solution on sand-blasted, rough Al surface. 

 

Dip-coating of Hydrogel Layer on Heat Sink Surface 

The functionalized heat sink was immersed in a monomer solution to coat the 

hydrogel layers. The solution was prepared with the following procedure. 4.4 g of sodium 

alginate (Alg, Sigma-Aldrich W201502) was fully dissolved in 60 g DI water as solution 

A. 11.6 g of Sodium acrylate (SA, Sigma-Aldrich 408220) was dissolved in 35 g DI 

water as solution B. Solutions A and B were sufficiently mixed to form solution C. Alg 

and SA were separately dissolved due to the high viscosity of Alg solution. The viscosity 

of solution C could be further adjusted if needed by adding suitable amount of Alg (to 

increase viscosity) or DI water (to decrease viscosity). The Alg was also hygroscopic per 

se and it created a double-network structure to enhance the toughness of the hydrogel341. 

0.4 g of N, N-methylenebisacrylamide (MBAA, Sigma-Aldrich 346136) as crosslinker 

and 0.4 g of ammonium persulphate (APS, Sigma-Aldrich A3678) as thermal initiator 
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were dissolved in solution C to form the monomer solution. The heat sink was immersed 

in the monomer solution for 2 min (Figure 8-6C). Subsequently, it was taken out slowly 

and hung at the ambient environment for 5 mins until the thickness of the monomer 

solution on the pin surface stabilized (Figure 8-6D). It was then kept in an oven at 80℃ 

for 20 mins to initiate the copolymerization and then placed at ambient temperature 

overnight for full reaction (Figure 8-6E). The thickness of hydrogel coating was 

controlled by the viscosity of the monomer solution, the surface roughness of the surface 

and the number of dip-coating process. We tried four different viscosities by adding 

different amount of Alg from 1.6 wt.% to 7.7 wt.% (Table 8-1 and Figure 8-7B). The 

viscosity increased with increasing Alg concentration. We found that if the solution was 

dilute (Sample #1 in Table 8-1), the monomer solution cannot attach on the surface. On 

the contrary, the hydrogel coating may be too thick with high viscosity (Sample #4 in 

Table 8-1). Moreover, hydrogel may not be copolymerized if the viscosity is too high. 

Therefore, a suitable viscosity should be selected. Based on the current surface treatment 

and viscosity of monomer solution (i.e., 5.8 wt.% Alg), the hydrogel coating thickness 

was 0.5-1 mm. The facile dip-coating method and inexpensive raw chemicals make this 

method suitable for large-scale production, e.g., the chemicals cost < 2 USD for the MTB 

(Table 8-2).  

Table 8-1. Composition of monomer solution with different viscosity 

Sample Alg (g)  SA (g) DI water 

#1 0.3 2.9 15 

#2 0.7 2.9 15 

#3 1.1 2.9 15 

#4 1.5 2.9 15 
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Table 8-2. Cost breakdown of MTB 

Materials Unit Price Amount Total Price 

(USD) 

Sodium Acrylate 1 USD kg-1 368 46.4 g 0.046 

Sodium Alginate 2 USD kg-1 369 17.6 g 0.035 

MBAA 10 USD kg-1 370 1.6 g 0.016 

APS 50 USD kg-1 371 1.6 g 0.8  

Silane 50 USD kg-1 372 20 g 1  

Al Heat Sink with Heat Pipes 10-30 USD 373-376 1 10-30  

Total 12-32 

 

Measurement of Adsorption Kinetics and Capacity 

The adsorption kinetic of P(SA) hydrogel was measured. The P(SA) hydrogel 

with well controlled geometries was prepared by pouring the monomer solutions into a 

mold. The P(SA) hydrogel was frozen in a refrigerator for 8 h and freeze-dried in a 

freeze-drier (Labconco Inc. LA-6LS) overnight. The dry hydrogel was cut into pieces of 

~ 2×2 cm2 in size (Figure 8-8A). The thickness of hydrogel was controlled by the volume 

of monomer solution in the mold and varied between 0.1 mm to 2.8 mm to study the 

effect of hydrogel thickness on the adsorption kinetics. The SEM image of freeze-dried 

P(SA) hydrogel is displayed in Figure 8-8B. The dry hydrogel was porous after freeze-

drying. The dry hydrogel samples were placed in the humidity chamber (Linpin, Co., Ltd, 

LRHS-100) at a fixed humidity (RH = 20-90%) and temperature (𝑇𝑎  = 22 ℃) under 

natural convection (Figure 8-8C and 8-8D). The temporal mass change of the hydrogel 

was measured by using a balance, and the adsorption capacity 𝑅𝑚 was calculated by the 

following equation.   

𝑅𝑚 =
𝑚𝑡 −𝑚0
𝑚0

 (8-3) 
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where 𝑚0  is the mass of dry gel before test and 𝑚𝑡  is the instant mass of hydrogel 

including the dry gel and absorbed moisture, i.e., the 𝑅𝑚  is evaluated by the mass of 

absorbed water per unit mass of dry hydrogel. Photo of the misted hydrogel is shown in 

Figure 8-7A. 

 

Figure 8-8. Samples and experimental setup for adsorption kinetic and capacity 

measurement. (A) Photo of 1 mm thick P(SA) hydrogel at different status, i.e., as 

synthesized (top), after freeze-drying (middle) and after the moisture adsorption test 

(bottom). (B) SEM image of freeze-dried hydrogel. (C) Schematic of the adsorption test. 

(D) Humidity chamber for adsorption test.  

 

Temperature Rise Measurement 

Temperature rise of MTB and solid heat sink was measured using a home-built 

setup. A constant heat flux 𝑞𝑠  was supplied from the Al heating block at the bottom, 

powered by the cartridge heaters connected to a DC power supply. The heating block has 

the same size of the base area of the solid heat sink (i.e., 7.8 cm in diameter) and was 

wrapped with insulation foam to avoid heat loss. Thermal grease (Halnziye HY400) was 

applied at the interface between the heat sink and heating block to minimize the thermal 
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resistance. To ensure good contact between the heat sink and heater block, pressure was 

applied by a tie. Two K-type thermocouples were attached at the base of the heater sink 

to monitor the base temperature (𝑇𝑏) and the average temperature was used, and another 

K-type thermocouple was attached on the tip of the fin to monitor the fin-tip temperature 

𝑇𝑢. 𝑇𝑏 and 𝑇𝑢 were recorded by a data acquisition instrument (DAQ, Agilent 34970A). 𝑇𝑏 

was used to calculate the effective thermal conductance of the heat sink ℎ𝑡  based on 

Equation 2. In the meantime, the mass loss from the heat sink was also measured with a 

balance with a resolution 0.001 g to estimate the heat dissipated by evaporative latent 

heat. The setup was kept in the ambient environment at 𝑇𝑎 = 22 ℃ and RH = 60%. For 

the forced convection condition, a circulation fan was placed 2 meters in front of the heat 

sink with controllable power and the air speed was monitored by an anemometer 

(BTMETER BT-100) in front of the MTB/solid heat sink. The anemometer was removed 

after measuring the air speed. The flow velocity was controlled to be ~ 1.5 m s-1 for the 

forced convection test. For natural convection condition, the fan was turned off and thus  

𝑣 = 0 m s-1. 

Before the test, the MTB was placed in the humidity chamber at 𝑇𝑎 = 22 ℃ and 

RH = 85% overnight to absorb moisture. Under these conditions, the hydrogel absorbed ~ 

0.9 gwater g
-1

gel. To demonstrate the effect of initial water loading on ℎ𝑡 and 𝑄𝑡 of MTB, 

we varied the initial loading from 0.9 to 4.3 gwater g-1
gel. Due to the limitation of 

adsorption capacity of P(SA), for initial loading > 0.9 gwater g
-1

gel, liquid-phase water was 

supplied to the hydrogel layer by airbrush. 
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Regeneration Test of MTB 

The cyclic measurement was done in the humidity chamber at 𝑇𝑎 = 22 ℃ and RH 

= 85% under natural convection. The hydrogel layer was regenerated by moisture 

adsorption from ambient to demonstrate the autonomous operation of the MTB. The 

same setup for MTB cooling test was placed in the humidity chamber shown in Figure 8-

8D. Before the test, the MTB was completely dried in an oven at 80 ℃ overnight to 

remove all the absorbed water and then placed in the humidity chamber for a specific 

regeneration time 𝑡𝑟 varied from 36 min to 12 h for moisture adsorption. Subsequently, a 

constant heat flux 𝑞𝑠 of 1 kW m-2 was applied from the bottom of the MTB for a fixed 

heating time (𝑡ℎ) of 3 h, followed by the next regeneration period lasting for 𝑡𝑟. Such 

procedures were repeated for at least five cycles. Mass change of the MTB during the 

cyclic test with 𝑡ℎ = 3  h and 𝑡𝑟 = 12  h was also measured to reflect the water 

evaporation/adsorption process. The corresponding water capacity was evaluated based 

on the dry mass of hydrogel coated on the MTB. 

Proof-of-Concept Demonstration 

A 100 W rated FET (STPS41H100CG) with base area of 2 cm×1 cm was 

connected on an electronic load board (MakerHawk, 26111700) and its operating power 

was monitored by the board as shown in Figure 8-9B. The operating power of FET was ~ 

85% of the total input power into the electronic load and was dissipated as heat. 

Therefore, 𝑞𝑠 could be obtained based on the FET power and based area of FET. In this 

test, the MTB was made on a heat sink with four embedded heat pipes. The base area of 

the heat sink was 35 mm×35 mm, which was used to calculate the heat flux 𝑞𝑠. Figure 8-

9A shows the details of the HSHP. The outer dimension of HSHP is 135 mm×80 mm×
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155 mm. There are 46 stacked fins separated at the pitch of 3 mm. The thickness of fin is 

1 mm. 36 out of the 46 fins have the dimension of 135 mm×8 mm and while the 

remaining 10 fins have the dimension of 100 mm×8 mm, which in total enhance an 

effective surface area by ~ 760-fold compared to the base area. The surface of the fin was 

coated with P(SA) hydrogel layer, following the same dip-coating procedure for the pin-

fin heat sink. The MTB was placed on top of the FET with thermal grease at the 

interface. The test setup was placed under the ambient environment of 𝑇𝑎 = 22 ℃, RH = 

70% and natural convection throughout the experiments. 

An 80-W rated CPU (Intel i5-4570 of 37.5 mm×37.5 mm in area) was installed on a 

workstation. Its operating power and core temperature ( 𝑇𝑐𝑜𝑟𝑒 ) were monitored by 

embedded diagnostic power meter and thermometer. The same HSHP-based MTB for the 

FET test was used. 𝑞𝑠 was calculated based on the CPU area. The workstation was placed 

under the ambient environment of 𝑇𝑎  = 22 ℃, RH = 70% and natural convection 

throughout the experiments. In the transient test, the operation power of the CPU was 

controlled by a stress test program in a benchmark software 3DMark and fluctuated from 

0 – 50 W, i.e., 𝑞𝑠 = 0 - 41 kW m-2 based on the base area of the MTB.  To demonstrate 

the passive regeneration, we run a numeric simulation program , discrete element 

modeling using LIGGGHTS 173, on the computer for 48 h.  



279 
 

 
Figure 8-9. Photo and schematics of the HSHP and FET. (A) Details of the HSHP (B) 

electronic load board for FET. 

 

8.3.3. Results and discussions 

Design of Moisture Thermal Battery 

While the moisture adsorption capacity depends on the intrinsic properties of the 

absorbent, the heat and mass transfer kinetics are determined by the meso- to macro-scale 

geometry of the MTB. As shown in Figure 8-10A, the surface of the fin (with diameter 

(𝐷) of 3.4 mm, length (𝐿) of 4.5 cm and separated at the pitch (𝑃𝑓) of 6.4 mm) was coated 

with thin P(SA) polyelectrolyte hydrogel with the thickness of 𝐷𝑔. To maximize the fin 

efficiency, the fin geometry and hydrogel coating thickness should be well configurated. 

The temperature distribution along the fin can be modelled considering both the heat 

condition along the fin, and convective and evaporative heat losses from the external 

surface (derivation in Appendix I), and the final solution is given as follows: 

𝑇(𝑥) =
𝑞𝑡

𝑘𝑠√𝐴
(
cosh(√𝐴𝑥)

tanh(√𝐴𝐿)
− sinh(√𝐴𝑥)) −

𝐵

𝐴
 

(8-4) 

where 𝐴 =
ℎ𝑐𝑃+𝑎∆𝐻𝑓𝑔𝑃

𝑘𝑠𝐴𝑐
 and 𝐵 =

∆𝐻𝑓𝑔𝑃𝑏−ℎ𝑐𝑃𝑇𝑎

𝑘𝑠𝐴𝑐
. 𝑘𝑠 is the solid thermal conductivity of Al 

heat sink (~ 100 W m-1 K-1); 𝐴𝑐 , 𝑃  and 𝐿  are the cross-sectional area, perimeter and 
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length of the fin, respectively; 𝑞𝑡 is the heat flux evaluated based on the cross-section 

area of fin and is related to the heat flux based on the base area (𝑞𝑠) by 𝑞𝑡 = 𝑞𝑠(
4𝑃𝑓

2

𝜋𝐷2
). 𝑇𝑎 

is the ambient temperature set at 22 ℃ and ∆𝐻𝑓𝑔 is the evaporative latent heat of water (~ 

2300 kJ kg-1). 𝑚̇ is the local evaporative mass flux and is a non-linear function of the 

local temperature [𝑇(𝑥)] and ambient relative humidity (RH) (Equation S2 Appendix I). 

To simplify the model, the mass flux can be linearized as a function of temperature, i.e., 

𝑚̇(𝑥) = 𝑎𝑇(𝑥) + 𝑏  at a fixed RH within a certain temperature range (Figure 8-11). 

Within a small temperature range (< 50 K) and at a fixed RH, the mass flux estimated by 

the linearized function is close to that given by the non-linear function with the error less 

than 5%. The constants 𝑎  and 𝑏  have the units of kg m-2 s-1 K-1 and kg m-2 s-1, 

respectively. ℎ𝑐 is the convective HTC of the external surface. It is evaluated separately 

for natural convection (Equation S10 Appendix I) and forced convection (Equation S11 

Appendix I). 𝑇(𝑥) was obtained by iteration until 𝑇(𝑥),  𝑚̇ and ℎ𝑐 converged and 𝑇(𝑥) 

was within the temperature range assumed for linearization of 𝑚̇.  For comparison, we 

also modelled and tested the solid heat sink with the same geometry of the MTB without 

the hydrogel layer. The same model could be used for the solid heat sink except that 

∆𝐻𝑓𝑔 = 0 was set in the model. The base temperature (𝑇𝑏) of MTB can be obtained at 

𝑇(𝑥 = 0). To validate our model, 𝑇𝑏 was also estimated based on the energy balance and 

fin efficiency at the characteristic temperature  𝑇𝑐 =
𝑇𝑎+𝑇𝑏

2
 (Equation S17 Appendix I). 

The maximum discrepancy of  𝑇𝑏 estimated from the two models is only ~ 5%. It is noted 

that at this point, The thermal conductance of the hydrogel layer (𝐺𝑔) layer is ignored but 

will be considered later.  
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Figure 8-10. Rational of Geometric design of moisture thermal battery. (A) Heat transfer 

model of MTB based on Al solid heat sink coated with thin hydrogel coating. The same 

heat sink shown in Figure 8-5 is used. Heat conduction along the pin (x-direction), 

convection heat loss, and evaporative cooling on the external surface are considered. Heat 

flux is applied to the base and evaluated based on the base area 𝐴𝑏 = 𝑃𝑓
2. The ambient 

temperature 𝑇𝑎 is set at 22 ℃ while the relative humidity varies from 60% to 85%. HTC 

is evaluated based on 𝑇𝑏 for natural convection and 𝑇𝑐 =
𝑇𝑎+𝑇𝑏

2
 for forced convection. The 

evaporative flux is evaluated based on the local temperature 𝑇(𝑥), and specific 𝑇𝑎 and 

RH. Detailed derivation of equations can be found in supplementary information section 

S3.1. (B) Modelled cooling performance of MTB and solid heat sink at 𝑇𝑎 = 22 ℃, RH = 

60% and 𝑞𝑠 = 1 kW m-2 under natural convection. The fin temperature 𝑇(𝑥) is plotted as 

a function of distance away from the base where 𝑇(𝑥 = 0) is the base temperature of the 

fin (𝑇𝑏) as shown in Figure 8-10A. (C) Modelled effective heat transfer coefficient ℎ𝑡 of 

MTB in comparison to other heat sinks under both natural and forced convection at the 

airspeed of 𝑣 = 1.5 m s-1. Solid heat sink indicates the same Al heat sink shown in Figure 

8-5C without gel coating, bulk gel indicates a flat P(SA) hydrogel with the thickness of ~ 

1 mm on a flat surface, and the flat surface indicates a solid Al plate without extended 

surface. (D) Measured moisture adsorption kinetics and capacity of P(SA) hydrogel at 𝑇𝑎 

= 22 ℃ under natural convection in a humidity chamber. Upper row: effect of gel 

thickness on adsorption kinetics tested at RH = 60%. The adsorption time constant (𝑡𝑐) is 

determined by fitting the curves with 𝑐(𝑡) = 𝑐0(1 − 𝑒
−𝑡/𝑡𝑐) where 𝑐0 is the adsorption 

capacity. Lower row: the adsorption capacity of P(SA) hydrogel at different RH, 

measured as the mass of adsorbed moisture normalized by the mass of the gel. (E) Design 

of hydrogel layer thickness 𝐷𝑔  showing the tradeoff between thermal capacity (𝑄𝑡 ), 

effective HTC (ℎ𝑡) and regeneration time constant 𝑡𝑐. 
 



282 
 

Figure 8-10B compares the modelled 𝑇(𝑥) of MTB and solid heat sink at 𝑇𝑎 = 22 

℃, RH = 60% and 𝑞𝑠 = 1000 kW m-2 under natural convection. We find that the 

temperature can be reduced by ~ 13 K via the evaporative cooling of the MTB. Figure 2C 

compares the modelled effective heat transfer coefficient (ℎ𝑡) of MTB, calculated based 

on: 

ℎ𝑡 =
𝑞𝑠

𝑇𝑏 − 𝑇𝑎
 (8-5) 

ℎ𝑡 of the MTB (ℎ𝑡,𝑀𝑇𝐵) is calculated to be ~ 400 W m-2 K-1 under natural convection and 

~ 770 W m-2 K-1 under forced convection condition (air speed 𝑣 = 1.5 m s-1, typical for a 

CPU fan) due to high evaporative HTC. On the other hand, ℎ𝑡 of the corresponding solid 

heat sink (ℎ𝑡,𝑠𝑜𝑙𝑖𝑑) is only ~ 65 and ~ 240 W m-2 K-1 under natural and forced convection 

conditions, respectively. Since the evaporative and convective HTC are in-parallel, the 

evaporative HTC (ℎ𝑒𝑣) of MTB can be obtained from the difference of ℎ𝑡 between the 

MTB and the solid heat sink, i.e., ℎ𝑒𝑣,𝑀𝑇𝐵 = ℎ𝑡,𝑀𝑇𝐵 − ℎ𝑡,𝑠𝑜𝑙𝑖𝑑 . ℎ𝑒𝑣,𝑀𝑇𝐵 is calculated to be 

~ 335 and ~527 W m-2 K-1 under natural and forced convection conditions, respectively. 

It is obvious that the HTC depends on the effective surface area of the fin. When 

evaluated based on the effective surface area of fin, i.e., 𝐴𝑓𝑖𝑛 = 𝑃𝐿 (~ 10-fold increase 

compared to base area), ℎ𝑒𝑣 is ~ 33.5 W m-2 K-1 under natural convection and ~ 52.7 W 

m-2 K-1 under forced convection, which are similar to the measured ℎ𝑒𝑣 values for a flat 

bulk gel layer under the same conditions as shown in Figure 8-10C (42.1 W m-2 K-1 and 

72.1 W m-2 K-1  for natural and forced convections, respectively). As a comparison, the 

HTC of a flat solid surface (without gel), i.e., ℎ𝑐, is measured to be ~ 5 and ~ 18.5 W m-2 

K-1 under natural and forced convection conditions, respectively. Due to the high HTC of 
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the MTB, the effective length of the fin (𝐿𝑒𝑓𝑓~√
𝑘𝑠𝐷

4ℎ𝑒𝑓𝑓
 ) for the MTB is only ~ 4.6 cm in 

comparison to ~ 13 cm for a solid heat sink. The ℎ𝑒𝑓𝑓  is evaluated based on 𝐴𝑓𝑖𝑛 

considering both convection and evaporation, i.e., ℎ𝑒𝑓𝑓 = ℎ𝑒𝑣 + ℎ𝑐  . Therefore, the 

length of fin is designed to be 4.5 cm, i.e., 𝐿 = 4.5 cm. This also implies the compact 

design of MTB compared to a solid heat sink.  

 

Figure 8-11. Modeling of evaporative flux at RH = 60% and 𝑇𝑎 = 22 ℃. (A) Evaporative 

mass flux as a function of local temperature. (B) Linear fitting of evaporative mass flux 

within a specific temperature range from 300 – 325 K.  

 

The above analysis has not considered the thermal conductance across the 

hydrogel layer (𝐺𝑔) which scales as 𝐺𝑔 ~ 𝐷𝑔
−1. Therefore, a thinner gel leads to higher 𝐺𝑔. 

Besides, the diffusion kinetics of moisture in the hydrogel is also determined by the gel 

thickness as the diffusion time constant (𝑡𝑐) scales a 𝑡𝑐 ~ 𝐷𝑔
2. Therefore, it is important to 

properly design the thickness of the gel coating to ensure fast heat and mass transfer. To 

this end, we first measured the moisture adsorption kinetic of P(SA) hydrogel with 

different thickness (𝐷𝑔) ranging from 0.1 mm to 3 mm, as shown in Figure 8-10D (upper 

row). Before the test, the sample was freeze-dried (Figure 8-8A) and cut into ~ 2×2 cm2 

pieces (Figure 8-8C). The sample was porous after freeze-drying (Figure 8-8B). The test 



284 
 

was done in a humidity chamber at RH = 60% and 𝑇𝑎 = 22 ℃ (Figure 8-8D) and the 

temporal change in the mass of hydrogel was monitored to calculate the instantaneous 

adsorption capacity. The moisture adsorption kinetics is governed by the diffusion 

process and thus the adsorption time constant scales 𝑡𝑐 ~ 𝐷𝑔
2 while the specific adsorption 

capacity per unit mass of the gel is independent on the gel thickness, as shown in Figure 

8-10D (lower row). 𝑡𝑐 can be obtained by fitting the kinetic curves with 𝑐(𝑡) = 𝑐0(1 −

𝑒−𝑡/𝑡𝑐),  where 𝑐0  is the adsorption capacity. The moisture diffusivity in the P(SA) 

hydrogel can also be obtained from the fitting the kinetic curves at the initial stage. 

Figure 8-12 shows the mass diffusion curve for the P(SA) hydrogel plotted as 
𝑀𝑡

𝑀∞
~𝑡

1

2 to 

calculate the vapor diffusion across the P(SA) hydrogel according to the Fickian diffusion 

model, in correspondence to the data shown in Figure 8-10D.  Although the curves have 

not completely plateaued when the tests stop, it is reasonable to assume 𝑀∞ to be 0.4 

gwater ggel
-1 under RH = 60%. It is noted that we only use the region of 

𝑀𝑡

𝑀∞
< 0.6 for fitting 

as recommended in Ref.303: 

𝐷𝑤 =
𝜋𝐷𝑔

16
(
𝑑 (
𝑀𝑡
𝑀∞
)

𝑑 (𝑡
1
2)
)

2

 

(8-6) 

where 𝐷𝑔 is the thickness of hydrogel, 𝑀𝑡 is the amount of water adsorbed at time of 𝑡, 

and 𝑀∞ is the total amount of water adsorbed by the hydrogel at infinite time. From the 

slope of the 
𝑀𝑡

𝑀∞
~𝑡

1

2 curve, the vapor diffusivity can be obtained and is found to be 10-12-

10-11 m2 s-1 (Table 8-3) which agrees with that reported in the literature 364,377. The 

adsorption capacity increases from 0.2 gwater g
-1

gel at RH = 20% to ~ 0.8 gwater g
-1

gel at RH 

= 85%. 
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Figure 8-12. Fitting of moisture diffusivity in P(SA) hydrogel. (a) Normalized mass 

change of water in P(SA) hydrogel as a function of time. (b) Truncated diffusion kinetics 

with 
𝑀𝑡

𝑀∞
< 0.6 for fitting of moisture diffusivity. 

 

Table 8-3. Fitting of Moisture Diffusivity in P(SA). 

Thickness of Gel (𝐷𝑔, mm) 𝑑 (
𝑀𝑡
𝑀∞
)

𝑑 (𝑡
1
2)

 

Diffusivity (m2 s-1) 

0.1 0.02147 1.12E-12 

0.5 0.00669 2.19E-12 

1 0.00592 6.88E-12 

2 0.00524 2.16E-11 

2.8 0.00532 4.36E-11 

 

Although thinner gel leads to shorter 𝑡𝑐  and thus faster regeneration rate and 

higher 𝐺𝑔, it reduces the thermal capacity of the MTB (𝑄𝑡), which is determined by the 

volume of the water storage and scales as 𝑄𝑡~𝑃𝐿𝐷𝑔𝜌𝑤∆𝐻𝑓𝑔, where 𝜌𝑤 is the density of 

water. Therefore, the gel thickness should be optimized due to the tradeoff between 𝑡𝑐, 𝑄𝑡 

and 𝐺𝑔 as shown in Figure 8-10E. With 𝐷𝑔 = 2.8 mm, 𝑄𝑡 reaches ~ 24.5 kWh m-2 which 

is favorable for the long-term cooling (i.e., the MTB can operate for ~ 24 hours under 𝑞𝑠 
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= 1 kW m-2). However, 𝐺𝑔  is related to 𝐷𝑔  by 𝐺𝑔 =
𝑘𝑤

𝐷𝑔
 where 𝑘𝑤  is the thermal 

conductivity of water. For 𝐷𝑔  = 2.8 mm, 𝐺𝑔  is low (~ 215 W m-2 K-1) and thus it 

introduces a significant thermal resistance to the MTB, e.g., the ℎ𝑡,𝑀𝑇𝐵 decreases from 

400 W m-2 K-1 to 139 W m-2 K-1  under natural convection as it scales 

ℎ𝑡,𝑀𝑇𝐵~[(ℎ𝑒𝑣,𝑀𝑇𝐵 + ℎ𝑐,𝑀𝑇𝐵)
−1
+ 𝐺𝑔

−1]
−1

. In the meantime, 𝑡𝑐 is 280 mins for 𝐷𝑔 = 2.8 

mm, indicating a slow regeneration process if the gel layer is thick. On the other hand, 

with 𝐷𝑔 = 0.1 mm, the 𝐺𝑔 is high (~ 4600 W m-2 K-1) which is negligible compared to 

ℎ𝑒𝑣,𝑀𝑇𝐵 and ℎ𝑐,𝑀𝑇𝐵, and the ℎ𝑡,𝑀𝑇𝐵 maintains at ~ 370 W m-2 K-1. 𝑡𝑐 decreases to 10 mins 

indicating a fast regeneration of gel. However, the thermal capacity is only 1.1 kWh m-2 

due to the low water storage capability in the thin gel. Here, we designed the hydrogel 

layer thickness to range from 0.5 to 1 mm, leading to 𝑡𝑐 ~ 70-100 min, 𝑄𝑡 ~ 5-8 kWh m-2 

and ℎ𝑡,𝑀𝑇𝐵 ~ 240-300 W m-2 K-1. It is noted that the thermal capacity increases linearly 

with increasing water capacity. In this work we chose P(SA) as the absorbent because of 

its facile and low-cost synthesis (~ 2 USD kg-1
P(SA) as shown in Table 8-4). In the 

literature, the moisture adsorption capacity of P(SA) hydrogel have been found to 

increase to 3-5 gwater ggel
-1 by PPy-Cl doping or graphene grafting 14,355. Additionally, the 

gel can be directly recharged with liquid water with over 130 gwater ggel
-1 capacity within 

10 mins10.  
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Table 8-4. Cost breakdown of MTB 

Materials Unit Price Amount Total Price (USD) 

Sodium Acrylate 1 USD kg-1 368 46.4 g 0.046 

Sodium Alginate 2 USD kg-1 369 17.6 g 0.035 

MBAA 10 USD kg-1 370 1.6 g 0.016 

APS 50 USD kg-1 371 1.6 g 0.8  

Silane 50 USD kg-1 372 20 g 1  

Al Heat Sink with Heat Pipes 10-30 USD 373-376 1 10-30  

Total 12-32 

 

Cooling Performance of Moisture Thermal Battery 

The cooling performance of the MTB is evaluated by measuring the transient base 

temperature (𝑇𝑏) of the MTB upon applying a heat load. A solid heat sink without gel 

coating under identical heating condition is measured for comparison.  Figure 8-13A 

shows 𝑇𝑏 of the MTB with the initial water load of 4.3 gwater g
-1

gel and a solid heat sink at 

two heat flux values (𝑞𝑠 = 1- and 2-kW m-2) under natural convection and the ambient 

conditions of RH = 60% and 𝑇𝑎 = 22 ℃. 𝑇𝑏 for the MTB is lower than that for the solid 

heat sink under all the conditions. At 𝑞𝑠 = 2 kW m-2, 𝑇𝑏 for the solid heat sink stabilizes 

at ~ 46 ℃ after 𝑡 = 1 h while that for the MTB at 𝑡 = 1 h is only 36 ℃. Experimentally 

measured 𝑇𝑏  of MTB and solid heat sink at the hydrated state agree well with that 

predicted by the model (Figure 8-14). However, 𝑇𝑏 for the MTB gradually increases as 

water evaporates and eventually converges to that for the solid heat sink at 𝑡 = 11 h when 

the stored water dries out. Figure 8-13B displays ℎ𝑡  of the MTB and solid heat sink 

corresponding to Figure 8-13A, as calculated by Equation 8-5. ℎ𝑡,𝑀𝑇𝐵 keeps decreasing 

as water evaporates and is eventually reduced to ℎ𝑡,𝑠𝑜𝑙𝑖𝑑 when the gel coating dries out. 

ℎ𝑡,𝑀𝑇𝐵 stabilizes around ~ 200-250 kWh m-2 at 𝑞𝑠 = 1 kW m-2 under natural convection 
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from 𝑡 = 1 h to 4 h when the gel maintains hydrated. ℎ𝑡,𝑀𝑇𝐵 decreases faster for higher 

heat flux due to the faster dry-out, e.g., at 𝑞𝑠 = 2 kW m-1 and under natural convection, 

ℎ𝑡,𝑀𝑇𝐵 is about 150-170 kWh m-2 from 𝑡 = 1  h to 4 h.  

Figure 8-13C shows the base temperature rise of MTB and solid heat sink at 

different heat flux (𝑞𝑠 = 1 and 2 kWm-2, respectively) under forced convection (𝑣 = 1.5 m 

s-1) with the initial water load of 4.3 gwater g
-1

gel under the ambient conditions of RH = 

60% and 𝑇𝑎 = 22 ℃. Like the case under natural convection, 𝑇𝑏 for the MTB is lower 

than that for the solid heat sink under all the conditions. Due to the high forced 

convection HTC (ℎ𝑐 ), i.e., ~ 35 W m-2 K-1 opposed to ~ 5 W m-2 K-1 for natural 

convection, at 𝑞𝑠 = 2 kW m-2 and 𝑣 = 1.5 m s-1, 𝑇𝑏 for the MTB at 𝑡 = 0.5 h is 24.6 ℃ 

while that for the solid heat sink is  ~ 29 ℃. Experimentally measured 𝑇𝑏 for the MTB 

and solid heat sink under all the above conditions matches well with the modelled 𝑇𝑏 

(Figure 8-14). Figure 8-13D displays ℎ𝑡,𝑀𝑇𝐵 and ℎ𝑡,𝑠𝑜𝑙𝑖𝑑 corresponding to Figure 8-13C, 

as calculated by Equation 8-5. Like the case of natural convection, ℎ𝑡,𝑀𝑇𝐵 decreases as 

water evaporates and eventually converges to ℎ𝑡,𝑠𝑜𝑙𝑖𝑑 when the gel coating dries out at 

𝑡 =  10 hr. As expected, ℎ𝑡 is significantly higher with forced convection compared to 

natural convection, e.g., at 𝑞𝑠 = 1 kW m-2 and 𝑣 = 1.5 m s-1, ℎ𝑡,𝑀𝑇𝐵 is > 1500 kW m-2 

from 𝑡 = 1 h to 4 h while at 𝑞𝑠 = 1 kWm-2 and 𝑣 = 0 m s-1, ℎ𝑡,𝑀𝑇𝐵 is 200-300 kW m-2 

from 𝑡 = 1 h to 4 h.  
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Figure 8-13. Cooling performance of MTB compared to solid heat sink under natural 

convection (A and B) and forced convection at 𝑣  = 1.5 m s-1 (C and D). (A) Base 

temperature-rise (𝑇𝑏) of the MTB and solid heat sink under natural convection at the heat 

flux of 𝑞𝑠 = 1 kW m-2 and 𝑞𝑠 = 1 kW m-2, respectively. (B) Corresponding effective HTC 

(ℎ𝑡) of MTB and solid heat sink to the conditions in Figure 3A. (C) 𝑇𝑏 of the MTB and 

solid heat sink under forced convection with airspeed 𝑣 = 1.5 m s-1 at the heat flux of 𝑞𝑠 = 

1 kW m-2 and 2 kW m-2, respectively. (D) Corresponding ℎ𝑡 of the MTB and solid heat 

sink to the conditions in Figure 8-13C. 
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Figure 8-14. Heat and mass modeling of MTB at RH = 60% and 𝑇𝑎  = 22 ℃.  (A) 

Schematic of the model and photo of the MTB. (B) Comparison of temperature 

distribution between solid heat sink and MTB at 𝑞𝑠 = 1 kW m-2 under natural and forced 

convections. (C) Comparison of temperature distribution between solid heat sink and 

MTB at 𝑞𝑠 = 2 kW m-2 under natural and forced convections. 

 

Both the HTC and the thermal capacity strongly depend on the water content in 

the hydrogel layer. Therefore, it is important to investigate the performance of heat sink 

under different initial water loadings. Figure 8-15A shows the base temperature rise of 

the MTB with initial water loading ranging from 0.9 – 4.3 gwater g
-1

gel under the ambient 

conditions of RH = 60% and 𝑇𝑎 = 22 ℃ at 𝑞𝑠 = 1 kW m-2 under natural convection. 𝑇𝑏 

increases faster for lower water loading because the hydrogel layer dries out faster, e.g., 

for 0.9 gwater g
-1

gel, 𝑇𝑏 reaches ~ 36 ℃ (dash line indicates 𝑇𝑏 for the solid heat sink under 
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the same condition) at 𝑡 = 6 h while that for 3.5 gwater g
-1

gel is only 30.5 ℃ at 𝑡 = 6 h. 𝑇𝑏 

increases due to the dry-out of the hydrogel layer as shown in Figure 8-15B, where the 

water content indicates the total amount of liquid water left in the hydrogel layer. The 

slopes for different curves are similar indicating similar evaporative flux for different 

cases and that the thermal capacity is almost proportional to the initial water loading. 

Therefore, 𝑇𝑏 increases more slowly for higher initial loading. As shown in Figure 8-15C, 

ℎ𝑡,𝑀𝑇𝐵 gradually decreases to that of the solid heat sink (dash-line) as the hydrogel layer 

dries out and decreases faster for lower initial loading. We also modelled the evaporative 

flux of the MTB and confirmed the increasing 𝑇𝑏  with decreasing evaporative flux 

(Figure 8-16B). Based on the modelled relationship between 𝑇𝑏 and evaporative flux, the 

transient mass flux was back-calculated (Figure 8-16C) based on the experimentally 

measured transient 𝑇𝑏 in Figure 4A. The evaporative was found to decrease with time as 

the hydrogel dried out (Figure 8-16C). The cumulative mass loss can thus be obtained by 

integrating the transient mass flux over time (Figure 8-16E). The measured mass losses 

shown in Figure 8-15B agree weill with the modelled results, with the maximum 

discrepancy less than 30%, e.g., for initial loading of 2.5 gwater ggel
-1, the measured mass 

loss was 29.1 g at 𝑡 =12 h, which was ~ 25% lower than the model prediction (39 g). The 

model generally slightly overestimates the mass loss possibly because the mass transfer 

resistance in the hydrogel layer has not been considered.  

Figure 8-15D displays 𝑇𝑏 of MTB with initial loading of 4.3 gwater ggel
-1 under the 

ambient conditions of RH = 60% and 𝑇𝑎= 22 ℃ and natural convection, with variation in 

the heat flux (𝑞𝑠 = 0.5-2 kW m-2). The corresponding mass loss is shown in Figure 8-15E. 

𝑇𝑏 increases much faster under higher heat flux, and the corresponding ℎ𝑡,𝑀𝑇𝐵 decreases 
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faster as shown in Figure 8-15F. The dash line indicates steady-state 𝑇𝑏  and ℎ𝑡  of the 

solid heat sink under the same condition. The reason is that the evaporative flux is much 

higher for higher heat flux as shown in Figure 8-15E, leading to the faster dry-out of the 

hydrogel layer. As shown in Figure 8-15F, as the hydrogel dries out, ℎ𝑡,𝑀𝑇𝐵 is reduced to 

that of the solid heat sink and it decreases faster for higher heat flux. The transient 

evaporative flux (Figure 8-16D) and cumulative mass loss (Figure 8-16F) of MTB under 

1- and 2- kW m-2 were modelled. The mass loss was faster for higher heat flux, which 

agreed well with the experimental results. For example, at 𝑡 = 12 h, the experimentally 

measured mass losses are ~ 54 g and ~ 38 g for 𝑞𝑠  = 2 kW m-2 and 1 kW m-2, 

respectively, which were ~ 18.6% and 15.5% lower than the modelled mass loss for 𝑞𝑠 = 

2 kW m-2 (70 g) and 1 kW m-2 (45 g), respectively. The above analysis indicates that both 

ℎ𝑡 and 𝑄𝑡 rely on the water storage in the hydrogel layer, which at a fixed 𝐷𝑔, can be 

improved by increasing the effective surface area and the adsorption capacity of 

materials. Recent studies reported that the adsorption capacity of PPy-Cl doping or 

Graphene grafted hydrogel reached 3-5 gwater ggel
-1 at RH = 80% 14,355.  



293 
 

 
Figure 8-15. Parametric study on the cooling performance of the MTB at 𝑇𝑎 = 22 ℃ and 

RH = 60% under natural convection. (A) Effect of initial water loading on the base 

temperature rise (𝑇𝑏) of the MTB under natural convection and at 𝑞𝑠 = 1 kW m-2. The 

initial water loading in the hydrogel layer varies from 0.9 to 4.3 gwater g
-1

gel. The dash line 

indicates the steady state 𝑇𝑏 of solid heat sink tested under the same condition. (B) Mass 

loss of water from the MTB during evaporative cooling in correspondence to Figure 8-

15A. (C) Corresponding effective HTC (ℎ𝑡 ) of the MTB and solid heat sink to the 

conditions in Figure 8-15A. The dash-line indicates the steady-state ℎ𝑡 of the solid heat 

sink. (D) Effect of heat flux on 𝑇𝑏 of the MTB under natural convection with initial water 

loading of 4.3 gwater g-1
gel. The dash line indicates the steady state 𝑇𝑏 for the solid sink 

under the same condition. (E) Mass loss of water from the MTB during evaporative 

cooling in correspondence to Figure 8-15D. (F) Corresponding ℎ𝑡 of the MTB and solid 

heat sink to the conditions in Figure 8-15D. 

 



294 
 

 

Figure 8-16. Modeling of evaporative flux of MTB at RH=60% and 𝑇𝑎  = 22℃. (A) 

Distribution of evaporative flux along the fin at different heat flux at the hydrated state. 

(B) Relationship between 𝑇𝑏 and 𝑚̇𝑎𝑣𝑔 under natural convection at different heat flux 𝑞𝑠 

= 0.5-2 kW m-2. (C) Predicted evaporative flux as a function of time for MTB with 

different initial water loading 0.9-4.3 gwater ggel
-1 under natural convection at 𝑞𝑠 = 1 kW 

m-2, converted from the transient 𝑇𝑏 shown in Figure 8-15A using the relation shown in 

Figure 8-16B. (D) Predicted evaporative flux as a function of time for MTB at different 

heat flux with the initial loading of 4.3 gwater ggel
-1 under natural convection, converted 

from the transient 𝑇𝑏 shown in Figure 8-15E using the relation shown in Figure 8-16B. 

(E) Predicted mass loss as a function of time for MTB with different initial water loading 

0.9-4.3 gwater ggel
-1 under natural convection at 𝑞𝑠 = 1 kW m-2. (F) Predicted mass loss as a 

function of time for MTB at different heat flux with the initial loading of 4.3 gwater ggel
-1 

under natural convection. 
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Regeneration of Moisture Thermal Battery 

The P(SA) gel adsorbs moisture by ~ 0.9 gwater g
-1

gel
 under the condition of 𝑇𝑎 = 

22 ℃ and RH = 85%, which enables the passive regeneration during off-peak hour. To 

demonstrate this, the MTB was tested in a humidity chamber at 𝑇𝑎 = 22 ℃ and RH = 

85% under natural convection, with periodic heat flux, i.e., 𝑞𝑠 = 1 kW m-2 for 𝑡ℎ = 3 h, 

followed by the regeneration period with variation in the regeneration time (𝑡𝑟) from 36 

min to 12 h at 𝑞𝑠 = 0 kW m-2. The above process lasts for 5-6 cycles. Figure 8-17A to 8-

17D displays the periodic base temperature rise of the MTB with 𝑡𝑐 increasing from 36 

min to 12 h. For comparison, the solid heat sink was supplied with periodic heat flux for 

𝑡ℎ = 3 h and 𝑡𝑟 = 3 h as shown in black curve in Figure 8-17B. Since the solid heat sink 

cannot absorb moisture, 𝑇𝑏  of the solid heat sink is independent on 𝑡𝑟 . The base 

temperature rise of the MTB is the same among different cycles for all the conditions, 

indicating the stability of the MTB. As shown in Figure 8-17B, 𝑇𝑏  for the MTB is 

constantly lower than that of the solid heat sink, implying that water evaporates during 

the peak-hour and the hydrogel layer regenerates during the off-peak hour. 𝑡𝑟  is 

determined by the adsorption time constant (𝑡𝑐) of the hydrogel layer (~ 100 min as 

shown in Figure 8-10E). 𝑇𝑏 at the end of the heating period, i.e., 𝑡 = 3 h, was plotted as a 

function of 𝑡𝑟 in Figure 8-17E. 𝑇𝑏 decreases substantially as 𝑡𝑟 increases from 36 min to 

3 h because more moisture is absorbed by the hydrogel layer, leading to higher ℎ𝑡 and 

capacity. However, 𝑇𝑏 is less sensitive to 𝑡𝑟 when 𝑡𝑟 > 3 h because the time constant (𝑡𝑐) 

for 0.5-1 mm thick hydrogel is ~ 100 min. To obtain the time constant for the MTB 

(𝑡𝑟,𝑀𝑇𝐵), the adsorption kinetics of the MTB was tested by placing the freeze-dried MTB 

in the humidity chamber at 𝑇𝑎 = 22 ℃ and RH = 85%. The adsorption capacity of the 
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MTB as a function of 𝑡𝑟 is also plotted in Figure 8-17E in accompanied with 𝑇𝑏. The time 

constant could be obtained by fitting the kinetic curves with 𝑐(𝑡𝑟) = 𝑐0(1 − 𝑒
−𝑡𝑟/𝑡𝑐) 

where 𝑐0 is the adsorption capacity. 𝑡𝑐,𝑀𝑇𝐵 is found to be ~ 4 h, which agrees well with 𝑡𝑟 

when 𝑇𝑏 starts to plateau. 

The short 𝑡𝑐  enables fast regeneration of the hydrogel layer and thus high 

equivalent thermal capacity on daily basis. For example, although the thermal capacity of 

the MTB in a single cycle is limited to ~ 6 kWh m-2 because the moisture adsorption 

capacity is ~ 0.9 gwater ggel
-1 (Figure 8-10E), the total daily equivalent thermal capacity is 

~ 24 kWh m-2 day-1 if 𝑡𝑐  is set at 3 h (i.e., 4 cycles per day). Several recent studies 

reported novel hydrogel materials with high adsorption capacity of ~ 5 gwater g
-1

gel
 14,355. 

However, due to the lack of structural engineering, 𝑡𝑐 is 12 ~ 24 h14,16,296, and thus only 

one cycle can be operated per day, limiting the thermal capacity. The equivalent thermal 

capacity of MTB could be much higher with active liquid refill for extreme heat flux 

condition, where 𝑡𝑐  can be reduced ~ 30 min in cyclic operation and the adsorption 

capacity could be enhanced to ~ 100 gwater g
-1

gel 
10. This indicates the flexibility of the 

MTB for different application scenarios. Figure 5F shows the periodic water content in 

MTB for 𝑡ℎ = 3 h and 𝑡𝑟 = 12 h at 𝑇𝑎 = 22 ℃ and RH = 85%. The MTB evaporates and 

absorbs similar amount water in every cycle, validating the stable evaporation-desorption 

of MTB in the long-term operation. 
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Figure 8-17. Evaporation-sorption cycle of MTB under the ambient condition of 𝑇𝑎 = 22  

℃ and RH = 85% under natural convection.  The MTB is subject to periodic heating (𝑞𝑠 
= 1 kW m-2) for heating time (𝑡ℎ) of 3 h and regeneration (𝑞𝑠 = 0 kW m-2) cycles for 

regeneration time (𝑡𝑟) varied from 36 min to 12 h. The hydrogel layer absorbs moisture 

during the regeneration period and evaporates in the subsequent heating period. Periodic 

base temperature-rise of the MTB tested with 𝑡𝑟 of (A) 36 min, (B) 3 h (the black curve 

indicates the solid heat sink), (C) 6 h and (D) 12 h, respectively. (E) 𝑇𝑏  of the MTB 

recorded at the end of the heating period as a function of the regeneration time 𝑡𝑟 and the 

transient water moisture content in the hydrogel layer of the MTB recorded during the 

regeneration period, which is calculated from the mass gain of the MTB with respect to 

the dry mass of gel. 𝑇𝑏(𝑡𝑟 = 0)  indicates that 𝑇𝑏  of MTB when the hydrogel is not 

regenerated with moisture and is the same as that for a solid heat sink. (F) Water content 

in the MTB during cyclic operation with 𝑡ℎ = 3 h and 𝑡𝑟 = 12 h.  
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Demonstration on Thermal Management of Field-effect Transistor 

To demonstrate the thermal management of 5G devices, we applied the MTB for 

high-power field-effect transistor (FET), a key power element in 5G devices324,378. To 

maximize the performance of the MTB, we used a state-of-the-art solid heat sink with 

embedded heat pipes (HSHP) with ~ 760-fold enhanced surface area (Figure 8-18A), 

which was much larger than that of the pin heat sink characterized above (~ 10-fold 

enhanced surface area). The surface of the fins was coated with 0.5 mm thick P(SA) 

hydrogel using the same dip-coating method as in the pin-fin heat sink. Due to the larger 

surface area, both the effective HTC and thermal capacity were significantly enhanced. 

For example, at 𝑞𝑠 = 7.5 kW m-2 under natural convection, when using the HSHP, 𝑇𝑏 of 

the HSHP-MTB was consistently ~ 10 K lower than that of the MTB using the pin heat 

sink in a cyclic test for longer than 30 h (Figure 8-19A). The HSHP-MTB could sustain 

up to 𝑞𝑠 = 60 kW m-2 for up to 3 h under natural convection condition which was 30 

times higher than the maximum 𝑞𝑠 demonstrated by MTB based on pin heat sink (Figure 

8-19B). Under forced convection, the HSHP-MTB can sustain 𝑞𝑠  = 60 kW m-2 for 𝑡𝑟 

longer than 3 h in cyclic operation (Figure 8-19B). 
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Figure 8-18. Photo and schematics of the HSHP and FET. (A) Details of the HSHP (B) 

electronic load board for FET. 

 

 

Figure 8-19. Comparison between HSHP (without gel) and HSHP-based MTB (with gel). 

The heat flux is supplied from a heater. The initial loading is 4.3 gwater ggel
-1 by liquid-

phase water airbrushing. The setup is placed in the ambient environment of RH = 70% 

and 𝑇𝑎  = 22 ℃. During the regeneration period, water is regenerated by moisture 

adsorption from air by the hydrogel layer without active liquid replenishment. (A) The 

base temperature rise (𝑇𝑏) with 𝑞𝑠 = 7.4 kW m-2 for 𝑡ℎ= 3 h and regeneration time 𝑡𝑟 = 3 

h. (B) 𝑇𝑏 with 𝑞𝑠 = 60 kW m-2 for 𝑡ℎ = 3 h and regeneration time 𝑡𝑟 = 6 h. 

 

As shown in Figure 8-20A and 8-20B, the HSHP-MTB (simply called MTB for 

convenience from now on) was placed on top of the FET of 10 mm×20 mm in area and 

the setup was kept under the ambient condition of 𝑇𝑎  = 22 ℃ and RH = 70% under 

natural convection. The chip temperature (𝑇𝑐) was recorded by a thermocouple attached 
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on the side of the FET. The operating power of FET was controlled and monitored by an 

electronic load controller (Figure 8-18B). 85% of the operating power was dissipated by 

the FET as heat. The infrared images of the FET taken at  𝑞𝑠 = 2.7 kW m-2 and, that of 

the HSHP (simplify called solid heat sink for convenience from now on) and MTB taken 

at the steady state at 𝑞𝑠 = 27 kW m-2 are also displayed in Figure 8-20B. Figure 8-20C 

compares the temperature rise of the FET (𝑇𝑐ℎ𝑖𝑝) at different heat flux (𝑞𝑠 = 11.3 – 27 kW 

m-2) cooled by the MTB with initial water loading of 4.3 gwater ggel
-1 and the solid heat 

sink. The heat flux 𝑞𝑠 is adjusted by the input power to the FET, which is 11.3 kW m-2, 

18 kW m-2 and 27 kW m-2, respectively, based on the base area of MTB (35 mm × 35 

mm in area). 𝑇𝑐ℎ𝑖𝑝 of the FET cooled with the MTB is ~ 15 K lower than that cooled by 

the solid heat sink at all the heat fluxes. Fin temperature (𝑇𝑓𝑖𝑛) of the MTB is also lower 

than that of the solid heat sink as shown in Figure 8-20B (lower row), e.g., at 𝑞𝑠 = 27 kW 

m-2, 𝑇𝑓𝑖𝑛 of MTB is ~ 32.8 ℃, which is ~ 12 K lower that that of solid heat sink. Due to 

the high effective surface area of HSHP, the cooling power of HSHP-based MTB is much 

higher than that based on the pin heat sink studied above (i.e., 27 kW m-2 vs 2 kW m-2). 

The effective HTC of the MTB, i.e., ℎ𝑡 =
𝑞𝑠

𝑇𝑐ℎ𝑖𝑝−𝑇𝑎
, is calculated to be 1230 W m-2 K, 880 

W m-2 K and 720 W m-2 K, at 𝑞𝑠 = 11.3 kW m-2, 18 kW m-2 and 27 kW m-2 respectively, 

which is comparable to the single-phase microchannel heat sink (~ 1000 W m-2 K-1 379). 

Figure 8-20D shows the cyclic operation of the FET with alternating on-/off-peak hours 

every 3 h with 𝑞𝑠 = 11.3 kW m-2 on peak and 𝑞𝑠 = 0 kW m-2 off-peak at 𝑇𝑎 = 22 ℃ and 

RH = 70% under natural convection. The hydrogel was regenerated by moisture 

adsorption during the off-peak hours. It can be seen that 𝑇𝑐ℎ𝑖𝑝  with MTB stabilizes 

around 37-40 ℃ in the six cycles and is consistently 6~7 ℃ lower than that cooled by the 
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solid heat sink, indicating the stable operation of the MTB. We calculated the equivalent 

thermal capacity (𝑄𝑡) by the product of heat flux and stable operational time (𝑡𝑐), e.g., the 

MTB can stably operate for 18 h at 𝑞𝑠 = 11.3 kW m-2, and thus the thermal capacity is 

203 kWh m-2 in the six-cycle test.  

We compare the effective HTC and thermal capacity of the MTB to other 

sorption-based evaporative cooling devices328-331,341,343-345,347-351 as shown in Figure 8-

20E. In general, the previous sorption-based devices are limited with low HTC and 

capacity (i.e., ℎ𝑡 < 100 W m-2 K-1 and 𝑄𝑡 < 10 kWh m-2 due to the thick hydrogel layer 

and small effective surface area. Our design improves the state-of-the-art ℎ𝑡 and  𝑄𝑡 by 

an order of magnitude to ℎ𝑡 ~ 1000 W m-2 K-1 and 𝑄𝑡 ~ 200 kWh m-2) via scale structural 

engineering. The MTB is scalable because the raw materials (SA and Alg, etc.) and 

substrate (Al heat sink) are inexpensive. The hydrogel layer was synthesized by scalable 

facile dip-coating and thermally driven processes. The cost of MTB is estimated to be as 

low as ~ 12 USD (Table 8-4). The hydrogel materials only cost ~ 2 USD. The 

autonomous operation with high cooling performance makes the MTB a suitable 

candidate for thermal management of high-power electronics, e.g., 5G chips (𝑞𝑠 ~ 60 kW 

m-2 and 𝑄𝑡 ~ 400 kWh m-2 378), power battery (𝑞𝑠 ~ 1 kW m-2 380,381 and 𝑄𝑡 ~ 10 kWh m-

2), server/data center (𝑞𝑠  ~ 100 kW m-2 for CPU and 1-10 kW m-2 for racks382) and 

optoelectronics (𝑞𝑠 ~ 10 kW m-2 for diode laser383), etc.  
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Figure 8-20. Thermal management of high-power (100 Watt) field effect transistor (FET). 

The experiments are conducted under the condition of 𝑇𝑎 = 22 ℃ and RH = 70%. (A) 

Photograph of the FET board cooled by the MTB. The FET is connected on an electronic 

load board with 85% of input power dissipated by the FET as heat. The operating power 

of the FET is monitored in-situ by the board and the temperature of the FET is recorded 

using a thermocouple. (B) Schematic of the testing setup (upper left). Infrared images of 

the FET and cooling device. FET temperature without heat sink at 𝑞𝑠  = 2.7 kW m-2 

(upper right), with solid heat sink at 𝑞𝑠 = 18 kW m-2 (bottom left) and with MTB at 𝑞𝑠 = 

18 kW m-2 (bottom right). (C) FET chip temperature (𝑇𝑐ℎ𝑖𝑝) at different operation power 

when cooled by the solid heat sink and MTB. (D) Cyclic operation of the FET with 

alternating peak hour (𝑞𝑠 = 11.3 kW m-2) and off-peak hour (𝑞𝑠 = 0 kW m-2) by every 3 h. 

The MTB adsorbs moisture during the off-peak hour for evaporative cooling in the 

subsequent heating cycle in the peak hour. (E) Comparison of effective HTC and thermal 

capacity of the MTB in this study to other sorption-based cooling devices in the literature 
328-331,341,343-345,347-351. 

 

Thermal Management of CPU for Workstation 

The annual energy consumption of data center worldwide is estimated to be ~ 200 

TWh, corresponding to about 1.4% of worldwide electricity consumption384. About 40% 

of the energy flow in the data center is dissipated as heat385. In this section, we 

demonstrated the passive the thermal management of an 80 W-rated CPU for workstation 

using MTB. As shown in Figure 8-21A. The MTB was placed on top of the CPU and the 
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setup was kept under the ambient condition of 𝑇𝑎 = 22 ℃ and RH = 70% under natural 

convection. The same HSHP-based MTB demonstrated for the FET was used. As shown 

in Figure 8-21B, we first characterized the transient performance of the CPU with 

fluctuating power from 0 - 50 W for 30 mins, corresponding to 𝑞𝑠 = 0 - 41 kW m-2. The 

core temperature of CPU (𝑇𝑐𝑜𝑟𝑒) was monitored. As shown in Figure 8-21C, due to the 

fluctuating power, 𝑇𝑐𝑜𝑟𝑒 also fluctuates during the 30-min stress-test. 𝑇𝑐𝑜𝑟𝑒 with MTB is 

consistently 10-15 ℃ lower than that with solid heat sink. 

 To demonstrate the passive regeneration, we run the CPU with alternating high- 

and low utilization (i.e., high and low power) for 48 h. As shown in Figure 8-21D, the 

CPU was run on and off randomly during the test, with maximum duration of peak-hour 

of 5 h and the minimum off-peak hour of 3 h between two peak-hours. The peak power 

was ~ 23 W (i.e., 𝑞𝑠 ~ 18.8 kW m-2) and the off-peak power was ~ 3 W (i.e., 𝑞𝑠 ~ 2.4 kW 

m-2). While the operational time was random, the total CPU energy consumption was 

kept the same at ~ 400 Wh in 48 hours for both the MTB and solid heat sink cooling. 

Figure 8-21E shows the CPU core temperature in the 48-h test. 𝑇𝑐𝑜𝑟𝑒  with MTB is 

consistently lower than that with the solid heat sink by about ~ 10 ℃ throughout the test, 

confirming the effective and autonomous cooling of MTB.  
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Figure 8-21. Thermal management of an 80W CPU (Intel i5-4570) for workstation. (A) 

Photograph of the workstation with an MTB on top of the CPU for thermal management. 

The setup is placed in the benchtop environment of 𝑇𝑎 = 22 ℃ and RH = 70% under 

natural convection. The CPU temperature and power are monitored by the embedded 

thermometer and power meter in the CPU. (B) Transient CPU power and (C) CPU 

temperature with and without the MTB for a 30-min test when operating a benchmark 

program (3D Mark). (D) CPU power and (E) CPU temperature with and without the 

MTB with periodic on-/off- peak CPU power by running a numerical simulation program 

for two consecutive days. The peak power is ~ 23 W and the off-peak power is ~ 3 W. 

The total energy consumption by the CPU is identical (~ 400 Wh) for both cases while 

the operational time is randomly chosen. The maximum duration of peak-hour is 5 h and 

the minimum off-peak duration is 3 h.   

 

8.4. Conclusions 

Passive thermal management of high-power electronics has been challenging due 

to the fluctuating power between on-/off-peak hours, which requires active power supply 

and cooling capacity. In this study, we developed a scalable moisture thermal battery for 

passive thermal management of power electronics with capability of adaptive thermal 

energy storage and release to mitigate the temperature fluctuation. The MTB dissipates 

heat flux from electronics by evaporative cooling on-peak and regenerate off-peak. The 

MTB was made by coating thin P(SA) hydrogel layer on the external surface of an 
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aluminum substrate with 10-760-fold enhanced effective surface area. The hydrogel layer 

absorbed moisture from air during the off-peak hour which evaporated during the peak-

hour to carry away a large amount of heat from electronics by the evaporative latent heat 

of water. The performance of MTB depended on the effective surface area of the 

substrate and the hydrogel layer thickness, which should be carefully designed at the 

tradeoff of thermal conductance, thermal capacity and regeneration time. The effect of 

operational conditions, including convection effect, initial water loading, heat flux and 

regeneration time were systematically analyzed. We demonstrated the passive thermal 

management of high-power field effect transistor and CPU using MTB with an effective 

surface area of ~ 760-fold compared to the base area and achieved ultra-high thermal 

conductance (~ 1000 W m-2 K-1) and thermal capacity (~ 200 kWh m-2) which have not 

been attained before. The metrics of MTB meet the requirement of thermal management 

for 5G chips, power battery, server/data center, and optoelectronics, etc. The MTB was 

made of cheap materials (e.g., sodium acrylate and commercial aluminum heat sink) by 

facile dip-coating methods. The cost of the MTB is estimated to be ~ 12 USD, which is 

favorable for large-scale production. 

Chapter 8, in full, is being prepared for publication by Jian Zeng, Xintong Zhang, 

Ka Man Chung, Ravi Prasher and Renkun Chen. The dissertation author was the primary 

investigator and first author of this paper. 
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9. Chapter 9: Summary and future work 

9.1. Summary 

90% of today’s energy budget centres around thermal energy. In face of the 

increasing severe energy crisis and water-energy nexus, efficient harnessing and 

effective management of thermal energy have been considered critical steps 

towards the ambitious goal peak the carbon emission by 2030 and neutralize 

carbon emission by 2050.  

Concentrating solar power (CSP) shows the potential to convert solar 

energy into high-grade thermal energy for on-demand electricity generation due to 

its storage capability and high thermal efficiency at high operation temperature. 

However, the development of CSP has been hindered by lack of knowledge of 

thermal transport mechanism in high-temperature media, such as in the solar 

absorbing coating, containment materials, granular flow and molten salt flow, etc. 

To solve this bottleneck, a non-contact laser-based modulated photothermal 

radiometry (MPR) system was developed to measure the thermophysical properties 

of a variety of high-temperature components in CSP up to 700℃. The MPR 

system showed high compatibility with thermal conductivity measurement under 

extreme conditions due to the high signal-to-noise ratio at high temperature and 

robustness of the thermal emission from black coating surface. We first 

demonstrated that the MPR system could measure the thermal conductivity of solar 

absorbing coatings and high-temperature bulk alloys with error less than 10%. 

Subsequently, it was modified to measure the intrinsic thermal conductivity and 

convection heat transfer coefficient of flowing fluid in a channel. The critical 
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criteria for intrinsic property measurement was rigorously derived, which provided 

a strong in-operando diagnostic tool of flowing molten salt in the CSP plant. 

Afterwards, the MPR system was applied for the measurement of moving particle 

bed for CSP. The system was modified to measure the effective thermal 

conductivity of moving particle with variation in the flowing velocity, temperature, 

particle size, and particle morphology. It was found that the effective thermal 

conductivity decreased with increasing flowing velocity, which became more 

prominent for larger and more irregular particles. We conducted a discrete element 

modelling (DEM) to extract the packing structure of moving particle bed and 

found that the near-wall thermal resistance was the major reason for the degraded 

performance of particle heat exchanger at high velocity. The near-wall thermal 

resistance was induced by the near-wall airgap layer, where the particles diffused 

away from wall at high velocity. This was the first experimental and theoretical 

evidence of the mechanistic origin of near-wall thermal resistance in granular flow 

while it has been known to exist since 1970s. 

  Low-grade thermal energy is universal from industrial waste-heat, power 

electronics, and distributed sunlight, etc. They are more ready to be explored for 

mitigate the water-energy in the less-developed area because of the easy-access 

and cheap infrastructures. The efficient utilization of low-grade thermal energy 

from power devices has the potential to save 8-21% of the annual electricity 

consumption, which otherwise has to be actively cooled. To explore this energy 

source for water-energy nexus, we developed a new class of thermoresponsive 

hydrogel for forward-osmosis desalination where the hydrogel draws water 
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molecules across the membrane from seawater due to its high ionic strength. This 

new class of draw agent processed the unique LCST phase transition to release 

water in liquid phase at 35℃ to avoid the latent heat penalty in conventional FO 

desalination. Subsequently, we applied polyelectrolyte hydrogel for continuous 

solar-drive evaporative desalination, where solar energy was directly converted to 

heat to evaporate the seawater. To avoid the intrinsic geometric limit and salt 

crystallization problem in conventional capillary wick, we used the high osmotic 

pressure in polyelectrolyte hydrogel to pump seawater to the evaporative surface. 

Due to the high ionic strength of hydrogel, we avoid the salt crystallization 

problem. Lastly, we demonstrated that the hydrogel materials can also be applied 

for water harvesting from the moisture in air by adsorption-desorption process. 

The generic idea was to coat a thin hydrogel layer on a metallic scaffold with 100-

1000-fold enhanced effective surface. Due to the thin hydrogel thickness and large 

surface area, the daily water yield from our design was much higher than the state-

of-the-art techniques. Due to the evaporative latent heat in the desorption process, 

we found that the water harvesting device also manifested itself a superior heat 

sink for power electronic thermal management. Based on the same design, we 

developed a moisture thermal battery (MTB) and demonstrate the passive thermal 

management of 5G device and CPU using the MTB. 

9.2. Future work 

  In the MPR measurement of moving particle, we have experimentally 

quantified the near-wall airgap thickness and identified the diffusive behaviour of 

particle motion as the mechanistic origin of the near-wall airgap. However, our 
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measurement has been limited the fully developed region. It is still not well 

understood how the near-wall thermal resistance develops along the channel. 

Besides, the operational conditions were limited, e.g., we only measured particle 

sizes from 150 to 400 μm and the flowing velocity was limited to 60 mm s-1. It has 

been recognized the trade-off between the convective heat transfer and near-wall 

thermal resistance as the velocity increased. It is intuitive that the particle flow 

would become fluid-like as the particle size decrease where the near-wall thermal 

resistance might diminish. Therefore, it is of interest to extend the operational 

condition to further investigate the critical condition where the near-wall airgap 

become prominent. In addition, the MPR shows great potential for in-operando 

measurement at industrial-level. It will be of great excitement to work with our 

collaborators from the industry to integrate this technique with the MW level CSP 

system for in-situ diagnostic. 

In the water harvesting from air project, we have demonstrated that 

ultrahigh water yield could be obtained from fast adsorption-desorption cycle by 

improving the kinetics. However, up to now, we only presented the water yield in 

the form of mass change in the hydrogel layer. Due to the small sample used, it is 

difficult to collect the released liquid water. Therefore, in the next step, we will 

make larger samples and use centrifugal method to collect the liquid-phase water. 

Besides, the high osmotic pressure of the polyelectrolyte hydrogel could be used to 

pump liquid flow in two-phase heat transfer devices, e.g., to replace the capillary 

wick in heat pipe. The osmotic pressure in hydrogel is a few order of magnitude 
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higher than the capillary pressure in microporous media, implying the potential of 

higher critical heat flux when using the osmotic pumping mechanism.  
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Appendix 

Appendix I. 

The temperature distribution along the fin can be modeled considering both the 

convection and evaporation heat losses as follows: 

𝑘𝑠𝐴𝑐
𝑑2𝑇

𝑑𝑥2
− ℎ𝑐𝑃(𝑇 − 𝑇𝑎) − ∆𝐻𝑓𝑔𝑃𝑚̇ = 0 

(S1) 

−𝑘𝑠
𝑑𝑇

𝑑𝑥
|𝑥=0 = 𝑞𝑡 

𝑑𝑇

𝑑𝑥
|𝑥=𝐿 = 0 

where 𝑘𝑠 is the solid thermal conductivity of heat sink made of aluminum (~ 100 W m-1 

K-1); 𝐴𝑐, 𝑃 and 𝐿 are the cross-sectional area, perimeter and length of the fin; 𝑇𝑎 is the 

ambient temperature kept at ~ 22 ℃ and ∆𝐻𝑓𝑔 is the evaporative latent heat of water ~ 

2300 kJ kg-1. 𝑞𝑡 is the heat flux through the fin and is related to the heat flux based on the 

based area 𝑞𝑠 by 𝑞𝑡 = 𝑞𝑠(
4𝑃𝑓

2

𝜋𝐷𝑓
2). 𝑚̇ is the local evaporative mass flux and is an exponential 

function of the local temperature 𝑇(𝑥) and ambient relative humidity RH (~ 60%) as 

follows: 

𝑚 =̇ 𝜙(𝑥𝑠 − 𝑥) (S2) 

where 𝑚̇  is the evaporative flux (kg m-2 h-1); 𝜙  is the evaporation coefficient and is 

estimated by: 

𝜙 = 25 + 19𝑣 (S3) 

where 𝑣 is the air speed. For natural convection, 𝑣 = 0 m s-1. For forced convection, it is 

determined by the anemometer. It is noted that the unit of 𝜙 does not match the unit on 

the left-hand side of the equation because this is an empirical correlation. 𝑥𝑠  is the 

maximum humidity ratio of saturated air at the surface temperature 𝑇(𝑥) and for ideal 

gas, it is given as: 

𝑥𝑠 =
0.622𝑃𝑤𝑠
𝑃𝑎 − 𝑃𝑤𝑠

 
(S4) 

where 𝑃𝑤𝑠  is the saturation pressure of water vapor at 𝑇(𝑥) and 𝑃𝑎  is the atmospheric 

pressure of moist air (1.01 × 105 𝑃𝑎). The saturation pressure of water is given by: 

𝑃𝑤𝑠 =
exp (77.345 + 0.0057𝑇𝑠 −

7235
𝑇𝑠

)

𝑇𝑠
8.2

) 

(S5) 
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𝑥 is the humidity ratio: 

𝑥 =
0.622𝑃𝑤
𝑃𝑎 − 𝑃𝑤

 

 

(S6) 

where 𝑃𝑤 is the partial pressure of water vapor in the moist air at 𝑇𝑎 and is given by: 

𝑃𝑤 = 𝑅𝐻 × 𝑃𝑤𝑠
𝑎  

 

(S7) 

where 𝑃𝑤𝑠
𝑎  is 𝑃𝑤𝑠 estimated at 𝑇𝑎.  

 It can be clearly seen that 𝑚̇ is a highly nonlinear function of 𝑇(𝑥) as shown in 

Figure 8-11A, making Equation S1 difficult to solve analytically. To simplify the model, 

we linearize 𝑚̇(𝑇) by fitting the 𝑚̇(𝑇) within a specific temperature range, e.g., from 300 

K to 325 K as shown in Figure 8-11B where the linear fitting has high 𝑅2 > 0.967. In 

this case, 𝑚̇(𝑇) (in the unit of kg m-2 s-1) can be expressed as: 

𝑚 =̇ 𝑎𝑇 + 𝑏 (S8) 

where 𝑎  = 0.0617/3600 kg m-2 s-1 K-1 and 𝑏  = -18.264/3600 kg m-2 s-1. As a result, 

Equation S1 can be simplified as: 

𝑘𝑠𝐴𝑐
𝑑2𝑇

𝑑𝑥2
− ℎ𝑐𝑃(𝑇 − 𝑇𝑎) − ∆𝐻𝑓𝑔𝑃(𝑎𝑇 + 𝑏) = 0 

(S9) 

−𝑘𝑠
𝑑𝑇

𝑑𝑥
|𝑥=0 = 𝑞𝑡 

𝑑𝑇

𝑑𝑥
|𝑥=𝐿 = 0 

The dimension of the pin heat sink (i.e., 𝐴𝑐 and 𝑃) and thermal conductivity of 

heat sink (𝑘𝑠 = 100 W m-1 K-1) are known. The convection heat transfer coefficient for 

natural convection (i.e., 𝑣 = 0 m s-1) is given by: 

ℎ𝑐 = 1.43 (
∆𝑇

𝐿
)
1/4

 
(S10) 

where L is the length of fin and ∆𝑇 = 𝑇𝑏 − 𝑇𝑎. For forced convection it is given by: 

ℎ𝑐 = 0.664𝑅𝑒𝐿
1/2
𝑃𝑟1/3 (S11) 

where 𝑅𝑒𝐿 is the Reynolds number 𝑅𝑒𝐿 =
𝑣𝐿

𝑣𝑎
, 𝑣𝑎 is the kinematic viscosity of air at the 

characteristic temperature 𝑇𝑐 =
𝑇𝑎+𝑇𝑏

2
, respectively; 𝑃𝑟 is the Prandtl number of air, 𝑃𝑟 =

𝑣𝑎

𝛼
 where 𝛼 is thermal diffusivity of air at 𝑇𝑐. Equation S9 can thus be analytically solved 

and the temperature distribution along the fin can be obtained:  
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𝑇(𝑥) =
𝑞𝑡

𝑘𝑠√𝐴
(
cosh(√𝐴𝑥)

tanh(√𝐴𝐿)
− sinh(√𝐴𝑥)) −

𝐵

𝐴
 

(S12) 

where 𝐴 =
ℎ𝑐𝑃+𝑎∆𝐻𝑓𝑔𝑃

𝑘𝑠𝐴𝑐
 and 𝐵 =

∆𝐻𝑓𝑔𝑃𝑏−ℎ𝑐𝑃𝑇𝑎

𝑘𝑠𝐴𝑐
. 

 Since the ℎ𝑐  is dependent on the base temperature 𝑇𝑏  and the 𝑚̇  is linearized 

within a certain temperature range (e.g., 300-325 K as shown above), it is necessary to 

check the following points after simulation: 

a.  Assumed ℎ𝑐 (based on an assumed 𝑇𝑏) is close to the one calculated on based on 

the modelled 𝑇𝑏; 

b. Calculated 𝑇𝑏 is within the presumed temperature range for linearization of 𝑚̇. 

Iteration is conducted until the above criteria are fulfilled.  
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