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ABSTRACT OF THE THESIS 

Experimental Investigation of Pressure-Controlled Boiling for Rapid Transient Cooling 

 

by 

 

Matthew Xiaoyu Ma 

Master of Science in Mechanical Engineering 

University of California, Los Angeles, 2021 

Professor Timothy S. Fisher, Chair 

 

Flash boiling is a two-phase cooling method based on the phenomenon of flash boiling in 

which a working fluid is rapidly vaporized upon sudden depressurization, allowing for rapid 

cooling through conversion of the fluid’s sensible heat to latent heat. In this process, the sensible 

heat of surrounding environment around the working fluid decreases. Therefore, flash cooling is 

a promising candidate for transient thermal management. The phase-change process associated 

with flash boiling differs from traditional thermally-driven boiling, as flash boiling inception is 

controlled by a different thermodynamic variable – pressure. Consequently, by allowing pressure 

to be the driving factor, temperature becomes a variable performance metric for flash cooling in 

practical devices. To better understand the nature of flash boiling incipience and measure flash 

cooling rates, experiments were constructed to measure depressurization wave propagation 

through a tube and transient flash cooling in a vapor chamber for various configurations and 

heating loads. Additionally, a metric for flash cooling based on time constants is presented to help 

quantify transient cooling performance.  
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Chapter 1: Introduction 

1.1 Motivation 

As electronic power consumption continues to increase due to semiconductor scaling, the 

need for adequate cooling becomes more and more important as the threat of thermal runaway 

becomes increasingly of concern. Thermal management for next-generation devices should 

address not only the high-heat fluxes associated with such devices, but also the transient 

operation as large changes in power are applied over short times. Temperature is often used as an 

engineering metric to assess the performance and operability of devices under heating loads, and 

so, optimal device functionality requires stringent temporal control for both transient and steady-

state operation.  

Optimal design for transient thermal management should include dynamic cooling, as 

traditional thermal design focuses on steady-state operation that is inadequate for the short time 

scales associated with transient phenomena. A couple of noteworthy examples of applications 

where devices operate for a short duration include both pulsed laser operation [1.1.1] in which 

case temperature stability is crucial for maintaining consistent spectral distribution, and radar 

systems for aiding aircraft landing in degraded visual environments [1.1.2]. 

In this work, an experimental framework was built to elucidate important factors 

associated with transient cooling based on the phenomenon of flash boiling. As with any multi-

phase convective cooling solution, phase-change associated with flash boiling is an efficient 

means of heat removal, as modest amounts of working fluid can achieve appreciable cooling rates 

due to the high latent heat of vaporization of the liquid working fluid. Topics of discussion in this 

work include: insight into flash incipience, application of flash cooling for a vapor chamber 

configuration under steady-state and dynamic heat loads, analysis of the transient cooling 
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performance, and insight into metrics that can be used to quantify flash cooling efficacy. The 

working principles behind flash boiling are discussed in the following section. 

1.2 Background 

 A pressure-temperature (P-T) diagram is useful in explicating the thermodynamic 

requirements for phase-change and its relevance to flash boiling. Fig. 1.2.1 shows the P-T diagram 

for methanol, the working fluid of choice for our studies. Please refer to the Appendix A.1 for more 

information on the choice of working fluid. The working fluid, initially at ambient conditions 

denoted by the blue point in Fig. 1.2.1, exists as a subcooled liquid. In order to vaporize, the liquid 

must first cross the saturation curve into the vapor domain. This process can be achieved in two 

typical ways: (1) increase temperature at constant pressure, as denoted by the purple line, or (2) 

decrease pressure at constant temperature, as shown by the vertical red line.  

 

 

 

 

 

 

Fig. 1.2.1: Thermodynamics of flash boiling. (a) P-T diagram for methanol. (b) Mechanisms for 

phase-change. 

The aforementioned first method requires sufficient heat input to overcome the thermal 

mass of the system that contains the working fluid. Compared to the first method, the latter can 

be quickly realized through rapid depressurization, and is known as a flashing process. With rapid 

depressurization, the liquid transitions from a subcooled liquid to a metastable superheated 

(a) (b) 
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liquid, and begins to boil upon perturbation. (Conventionally, liquid superheat is defined as the 

difference between the liquid temperature and the saturation temperature of the liquid at the 

system pressure.) During the boiling process, the fluid cools, as energy for phase-change is 

supplied by the bulk liquid, until the saturation temperature for the reduced pressure is met, as 

shown by the horizontal red line in Fig 1.2.1. As a pressure-driven process, flash boiling is 

applicable where phase-change is desirable, as discussed in the next section. 

1.3 Historical timeline of flash boiling 

A couple of notable examples of flash boiling are briefly summarized to demonstrate the 

applicability of flash boiling in industry. These applications use the vapor, extracted directly from 

the liquid, to drive processes for energy generation and liquid purification. Such applications 

include flash steam geothermal power generation and flash desalination. Flash steam geothermal 

power plants, the most common utilization of geothermal energy, convert thermal energy from 

within Earth’s core to electrical energy by using vapor to drive steam turbines [1.3.1]. Water deep 

within the Earth exists as a high-pressure, high-temperature liquid, and is pumped up to a 

flashing drum at the surface, where the lower-pressure environment enables the liquid to flash 

into steam. The steam then passes through a turbine, which produces electricity. Steam exiting 

the turbine is then condensed and reinjected into the ground, where it is subsequently reheated 

by Earth’s natural internal thermal energy. This cycle then repeats, acting as a renewable and 

sustainable energy source. Another application of flash boiling is flash desalination, in which a 

thermal process is used to convert seawater into distilled water [1.3.2]. Seawater is preheated and 

exposed to low pressure to induce flashing. The flashed vapor is then condensed and extracted as 

distilled water. However, since the liquid requires pre-heating before flashing, this technique for 

desalination is more energy intensive than non-thermal ones, namely reverse osmosis.  

Aside from applications in which flash boiling is necessary for some process, one instance 

in which flash boiling is undesirable is in the nuclear industry. Pressurized water reactors, the 
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most common utilization of nuclear power in the US [1.3.3], use energy from nuclear fission to 

heat pressurized water flowing within the reactor core. This heated water, as a superheated liquid, 

then flows through a heat exchanger in which water flowing through a secondary system vaporizes 

to produce steam, which subsequently flows through a turbine to generate electricity. For 

relevance to flash boiling, it is the loss of structural integrity of the fluid system handling the 

superheated water that is of concern. In such cases, loss of coolant accidents (LOCA) due to piping 

rupture allows for sudden depressurization of the superheated water, leading to explosive 

vaporization. From a historical perspective, LOCA-induced destruction was partly responsible for 

damage to the nuclear reactor core that led to the Chernobyl disaster [1.3.4].  

The aforementioned examples illustrate the use of flash boiling in which vaporization 

plays crucial roles, but with minimal relation to the cooling phenomena as a result of the phase-

change phenomenon. Here, some examples of flash cooling in industrial applications are 

presented. Flash cooling has found success in the aerospace industry, where the space 

environment provides the ideal vacuum reservoir without the need for additional hardware to 

achieve equivalent depressurization. Specifically, flash evaporator systems were used on the space 

shuttles as primary cooling during ascent and reentry. In those systems, water, the working fluid 

of choice, was sprayed onto Freon cooling loops in either high load or topping evaporators, 

supporting up to 43 kW of cooling [1.3.5]. The byproduct of the flash process, steam, is vented 

overboard and can additionally act as a propulsive source. There also exists commercial 

implementation of flash cooling systems. The V-chiller is designed for cooling beverages at a rate 

of 4 cans per minute, providing on-demand cooling [1.3.6]. By allowing for rapid cooling, the need 

for continuous cooling is eliminated, allowing V-chiller to operate at a substantially lower energy 

consumption compared to typical vapor-compression refrigeration systems. Another example of 

a flash cooling system is a patented rapid cooling apparatus for food processing [1.3.7], in which 

hot liquid (for later consumption) to be cooled flows through coils immersed in working fluid that 
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undergoes flashing [1.3.8]. The container housing the working fluid is connected to a vacuum 

pump, and exposure to low pressures allows the working fluid to extract heat from the hot liquid 

as it boils.  

In terms of academic work, there have been previous insights into thermophysical factors 

that affect flash, and the nature of flash boiling. Sudden depressurization of a pressurized liquid 

container leads to LOCA in which the coolant flashes, and this phenomenon has been studied in 

the nuclear reactor industry in which effects of LOCA must be mitigated [1.3.9]. These studies 

capture the pressure variations in time, but little work has been found to analyze the heat transfer 

during such a process. Sudden depressurization and subsequent rapid boiling have been studied 

in other prior work. Hanaoka et al. experimentally demonstrated low inception superheats for 

flash evaporation similar to homogeneous boiling [1.3.10]. Zhang et al. confirmed the importance 

of initial fluid conditions in determining transient liquid temperature, which is an important 

consideration for transient convective flash cooling [1.3.11]. Saury et al. present an experimental 

study of the effect of liquid amounts and depressurization on flash [1.3.12].  

Other studies on flash boiling include the rate of depressurization and other geometric 

factors, as investigated by Hahne et. al [1.3.13]. Since depressurization-associated dynamics is the 

driving proponent of flash boiling, the nature of the depressurization wave propagation through 

a two-phase mixture is considered by Miyazaki et al. [1.3.14]. More recently, flash evaporation has 

been analyzed for spray cooling [1.3.15], and models have been developed to understand isolated 

bubble dynamics during flash [1.3.16], but little progress has occurred on a transient model or 

correlation for heat removal during flash. The bulk of the experimental work presented in chapter 

4 of this thesis addresses some of the shortcomings associated with quantification of transient, 

step heat removal during flash and also presents metrics to gauge its efficacy. This work was done 

using a vapor chamber setup and is coauthored in an upcoming publication [1.3.17].  
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Chapter 2: Factors that affect flash incipience 

2.1 Motivation 

To investigate the nature of flash cooling, we first reviewed conventional, temperature 

controlled boiling theory and adapted it in a way in which the dependent variable is no longer a 

temperature difference, but a pressure difference. This shift in perspective allows for insight into 

how active control of the system pressure affects conditions within the liquid working fluid to 

promote bubble nucleation. First, the criterion for superheat is established, for both 

homogeneous and heterogeneous nucleation.  

2.2 Depressurization induced boiling 

In flash boiling, bubbles form within the bulk of the fluid, away from walls and surfaces, 

similar to that observed during homogeneous nucleation. As such, we looked to quantify the 

superheat for homogeneous boiling, from a pressure-controlled perspective. For homogeneous 

nucleation, it is assumed that nucleation occurs when excess availability of clusters of activated 

molecules reaches a maximum. From kinetic theory, assuming the rate at which activated clusters 

form is proportional to the frequency of molecular collisions and that the pressure in the cluster 

of activated molecules can be related to the mechanical equilibrium condition, the governing 

equation for homogeneous nucleation [2.2.1] is expressed as: 

 ∆𝑃𝑃 ≡ 𝑃𝑃𝑏𝑏 − 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 =
2𝜎𝜎

�3𝑘𝑘𝑏𝑏𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐4π𝜎𝜎 ln (𝑁𝑁𝑘𝑘𝑏𝑏𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐽𝐽ℎ )�
1
2
 

(1) 

where 𝑃𝑃𝑏𝑏 is bubble saturation pressure (Pa) and corresponds to 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 is system pressure (Pa), 

𝜎𝜎 is surface tension of liquid (N/m), 𝑘𝑘𝑏𝑏 is Boltzmann’s constant (J/K), 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the incipient liquid 

superheat temperature (K), 𝑁𝑁 is number of molecules per unit volume (1/m3), 𝐽𝐽 is an assumed 

rate at which activated clusters appear per unit volume of liquid per unit time  (1/(cm3 ∙ s)), and 

ℎ is Planck’s constant (J ∙ s). Eqn. (1) is plotted for various assumed values of 𝐽𝐽. 
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Fig. 2.2.1: Change in pressure required for homogeneous nucleation, for various values of 𝐽𝐽. 

The intersection of the curve labeled 𝑃𝑃𝑏𝑏 and that corresponding to a particular value of 𝐽𝐽 

gives the maximum temperature that the liquid can sustain before the onset of phase-change for 

a full vacuum-level depressurization. These maximum temperatures are also seen to be only 

weakly dependent on 𝐽𝐽. Additionally, as will be shown later from flash experiments using a custom 

vapor chamber, flash is observed for liquid methanol at room temperature and depressurized to 

soft vacuum (Fig 4.5.6). So, while experimental temperature conditions are inconsistent with the 

aforementioned temperatures obtained theoretically, such theoretical values give the maximum 

liquid superheat temperatures. Furthermore, perturbations to the system, especially those 

introduced by the depressurization wave and the presence of micro bubbles of dissolved gas, act 

to significantly reduce the incipient temperature for nucleation. 

 Another approach to incipient nucleation can be obtained by Hsu’s criteria [2.2.2] for 

heterogeneous nucleation. The governing equation is shown below with the corresponding 

incipient superheat shown as the left-hand side of Eqn. (2).  

 
𝑇𝑇𝑙𝑙 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = �

2𝐶𝐶2𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑞𝑞
𝜌𝜌𝑣𝑣ℎ𝑓𝑓𝑓𝑓𝑘𝑘𝑙𝑙

�

1
2
 

(2) 
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where 𝐶𝐶2 = 1 + cos𝜃𝜃 and 𝜃𝜃 is contact angle between liquid and wall surface, 𝜎𝜎 is surface tension 

(N/m), 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠  is saturation temperature corresponding to system pressure (K), 𝑞𝑞 is applied heat flux 

at the wall (W/m2), 𝜌𝜌𝑣𝑣 is vapor density (kg/m3), ℎ𝑓𝑓𝑓𝑓 is heat of vaporization (kJ/kg), and 𝑘𝑘𝑙𝑙 is 

thermal conductivity of the liquid (W/(m ∙ K)). 

The absolute pressure necessary for heterogeneous nucleation is shown below as a 

function of liquid methanol temperature. For simplicity, 𝑞𝑞 is assumed to equal 10 kW/m2 and 𝐶𝐶2 

is assumed to equal 1. 

 

Fig. 2.2.2: Vacuum pressure requirement for heterogeneous boiling for various liquid 

methanol temperatures. 

From Fig. 2.2.2, for methanol initially at room temperature, the absolute pressure 

required for heterogeneous nucleation assuming a heat flux value of 1W/m2 and contact angle of 

90 degrees is about 18 kPa. This result is compatible with similar vacuum levels (18 − 20 kPa, 

absolute) experimentally applied for methanol initially at room temperature to flash. However, 

we need to proceed with caution, as the assumed heat flux value is not representative of actual 

heat loads. 
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A more general superheat incipience, based on cavity size [2.2.1], can be expressed as:  

 𝑇𝑇𝑙𝑙 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 =
4𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠
𝜌𝜌𝑣𝑣ℎ𝑓𝑓𝑓𝑓𝐷𝐷𝑐𝑐

 
(3) 

where 𝐷𝐷𝑐𝑐 is nucleating cavity mouth diameter. Noting that this expression is independent of heat 

flux, and converting a temperature difference to a pressure difference, the relation between 

pressure reduction and nucleating cavity mouth diameter is plotted in Fig. 2.2.3 for a variety of 

liquid temperatures, assuming the initial state of the working fluid is saturated liquid. This 

assumption is necessary since a corresponding pressure is required for 𝑇𝑇𝑙𝑙. 

 

Fig. 2.2.3: Nucleating cavity diameter as a function of pressure reduction for various 

initial liquid temperatures. 

The smallest cavities, from a temperature-controlled nucleation standpoint, require the 

highest superheat to nucleate. From Fig. 2.2.3, the absolute minimum for each curve corresponds 

to the smallest nucleating cavity, which require only a partial depressurization to nucleate. For 

example, for the 𝑇𝑇𝑙𝑙 = 60℃ case (near saturation temperature for 1 atm pressure), a cavity 

diameter of 2.5 μm can nucleate for a pressure reduction of 53000 Pa. Assuming that actual cavity 

diameters are about equal to surface roughness, which is about 1 − 10 μm for unpolished surfaces, 

this model suggests that an unpolished chamber, initially filled with methanol and heated to 60℃, 
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should produce boiling at a pressure reduction of about half vacuum. Evidence of boiling can be 

determined by measuring the local temperature of the chamber, which would decrease as a result 

of the fluid phase change. However, in relation to heterogeneous nucleation, this model assumes 

bubble growth at a wall, and the effect of dissolved gas is not considered, which can significantly 

lower inception superheat and thus the pressure reduction needed for onset of flash.  

The previous figures in this chapter consider boiling from a wall heat flux, temperature-

driven, surface cavity nucleation. The goals of such models were to convert the governing 

equations such that temperature differences are converted into pressure differences as a first 

approximation of understanding flash boiling as a pressure-driven process. However, in doing so, 

the assumption of flash boiling as a volumetric phenomenon is overlooked. Better models are 

needed to capture the dynamics of flash while staying faithful to physical principles underlying 

the rapid flash process.  

By understanding the main factors that affect the initial stages of flash, an engineering 

model can extract parameters needed for controlling flash boiling in a flash vapor chamber. This 

project aims to demonstrate transient cooling performance of an open-loop flash vapor chamber 

architecture upon heating and provide an interpretive model for flash discharge based on 

thermodynamic theory, real fluid properties, and empirical data. First, we highlight important 

factors that influence bubble nucleation. 

2.3 Pressure undershoot 

As boiling depends on thermophysical conditions both spatially and temporally, the local 

system pressure plays an important role in determining saturation conditions. Pressure is not a 

static quantity, but a dynamic one that only changes with time and location during a flash process, 

as pressure waves propagate once a system is initially depressurized to initiate flash boiling. Here, 

background on pressure wave propagation is presented. As a pressure wave traverses, for instance 

through a tube, it was observed that at the location at the far end of the tube away from the surface 
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closest to the initial depressurization the local pressure briefly dropped to a value below that 

prescribed by the initial depressurization. This phenomenon is denoted as pressure undershoot, 

and an example of pressure undershoot in a tube is shown below. 

 

Fig. 2.3.1: Definition of pressure undershoot. 

This undershoot phenomenon, as a result of the reflected pressure wave at the end of the 

tube, has also been observed experimentally in prior work. Miyazaki et al. demonstrate reported 

pressure undershoots of up to 50% for an air-water mixture in a 2.1 m long vertical tube [1.3.14]. 

This phenomenon has some important implications. Firstly, if local pressure within a 

system can achieve a minimum at a specified location, then localized flash boiling becomes 

possible. Also, the presence of the pressure undershoot reinforces the idea that only a partial 

initial depressurization is needed for flash; the undershoot will deliver a further local reduction 

in pressure that brings the working fluid to conditions suitable for bubble nucleation. 

2.4 Dissolved gas 

Another important aspect that affects the conditions necessary for nucleation is the 

presence of dissolved gases in the working fluid prior to flash. Dissolved gases influence the onset 
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of boiling by lowering the inception superheat. Müller-Steinhagen et al. reported that the type of 

dissolved gas can significantly affect onset of nucleation, e.g., inclusion of dissolved propane in 

heptane reduced the incipient bubble formation temperature from 90.5°C to 3.5°C [2.4.1].  

As such, we hope to promote boiling by introducing dissolved gas, either passively or 

actively. A passive solution would be to have a working fluid reservoir in which gas is dissolved 

prior to cooling. An active solution can be one in which gas bubbles can be introduced to the 

system near the heat source and intelligently timed with the depressurization such that the 

superheat requirement for boiling is lowest for the location of interest, thereby aiding bubble 

nucleation and growth for flash boiling. For experiments conducted in this work, a passive 

approach is used, and effects of dissolved gas are analyzed in section 4.7.3 by comparing flash 

efficacy of degassed and aerated methanol. 
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Chapter 3: Experimental characterization of pressure wave 

propagation and flash incipience 

3.1 Background 

We consider the gaps in knowledge between traditional thermally-driven boiling and 

pressure-driven flash boiling as motivation for our experimental studies. Traditional boiling and 

related phase-change heat transfer processes use heat input to drive bubble growth, nucleation, 

and departure at constant pressure. When boiling is thermally driven, the temperature becomes 

a dependent variable that responds and adjusts to the loading conditions, conflicting with many 

practical engineering needs since temperature also serves as a primary performance metric and 

objective function in thermal management.  

We recognize that, as a pressure-controlled boiling phenomenon, flash boiling, or the 

inception thereof, is sensitive to the pressure-controlled local liquid superheat. To better 

understand the underlying physical processes that drive flash discharge so a predictive model for 

flash can be implemented in real systems, we address the superheat criterion for nucleation. The 

goal of our experiments is to provide insight into flash incipience conditions so that models for 

flash cooling can be developed. 

The efficacy of flash for transient cooling can be understood by considering the general 

conditions required for phase-change heat transfer. In thermally-driven boiling, liquid must be 

heated to (and beyond, i.e., superheated) the saturation temperature corresponding to the system 

pressure. Experimental investigation of the nature of pressure wave propagation offers insights 

about both the spatial and temporal aspects of bubble nucleation as it pertains to pressure 

undershoot. Pressure undershoot has some important implications, especially considering that if 

local pressure within a system can achieve a minimum at a specified location, then localized flash 

boiling becomes possible. Since pressure undershoot has been shown to be quite considerable, 
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only a partial depressurization is needed such that conditions at the far end of the system are 

conducive for boiling. As such, the nature of pressure wave propagation is first investigated, 

followed by depressurization required for flash inception.  

3.2 Experimental methodology for pressure wave propagation 

The experimental setup to conduct pressure wave propagation measurements is similar to 

that of Miyazaki et al. [1.3.14]. A long, vertical copper tube is filled with methanol and subject to 

various depressurizations, whose magnitudes are captured with pressure gauges placed at the top 

and bottom of the tube. Thermocouples are also placed on the outside of the tube to measure 

changes in temperature associated with flash. The schematic for the experimental setup and the 

actual setup are shown as follows. Further details about the setup are presented in section A.2. 

 

 

Fig. 3.2.1: Pressure wave propagation experimental setup, with sensors comprised of: OMEGA 

SA1-K surface thermocouples and OMEGA PX-119-015AI pressure transducers. 
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3.3 Results for pressure wave propagation 

Data obtained from the experimental setup for various depressurizations are shown. Since 

pressure undershoot was previously demonstrated by Miyazaki to be maximum for the far tube 

location away from the initial depressurization, data for PT-reflect is of interest more than PT-in. 

 

Fig. 3.3.1: Average PT-reflect pressures as functions of time for various prescribed final 

pressures. 

Pressure undershoot is observed to occur within 0.05 s for all depressurizations, with 

higher final prescribed pressures displaying local pressure maxima after the initial 

depressurization that become less pronounced with decreases in final pressure. However, for low 

final pressures, secondary resonance-like behavior is observed. The frequency of these resonant 

oscillations is calculated to be 139 Hz. The data corresponding to all test trials is represented in 

the following scatterplot. 
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Fig. 3.3.2: Scatterplot of pressure undershoot as a function of depressurization 

pressure. 

Here, the goal was to observe relations between pressure undershoot and final prescribed 

pressure, but Fig. 3.3.2 shows that the data have wide variability, especially for low final pressures. 

No clear relation between undershoot and final pressure is apparent, but further testing is needed, 

especially for lower pressures close to the saturation pressure for methanol at standard 

temperature. 

From Fig. 3.3.1, there is an increase in high-frequency oscillations with decrease in final 

pressure. For analysis, a spectral decomposition of the 30, 40, and 50 kPa data is performed using 

a Fast Fourier Transform (FFT). The results are shown in Fig. 3.3.3. 
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Fig. 3.3.3: FFT of PTreflect for selected data. (a) 30 kPa vacuum reservoir. (b) 40 kPa vacuum 

reservoir. (c) 50 kPa vacuum reservoir. 

For low vacuum reservoir levels, a pronounced vibrational effect around 140 Hz is observed. The 

30 kPa data are further analyzed below.  

 

 

 

 

 

 

 

 

Fig. 3.3.4: Comparison of FFT of PTreflect with tube resonant frequencies for 30 kPa vacuum 

reservoir. 

 Here, frequencies corresponding to the natural resonant frequencies of a copper and 

combined copper and methanol tube are shown by the vertical yellow and red lines, respectively 

(a) (b) (c) 

Copper only 
Copper and methanol 140 Hz 

208 Hz 
255 Hz 
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[3.3.1]. Resonant frequencies for the tube are calculated assuming a straight beam hinged at both 

ends under zero axial tension. In Fig. 3.3.4, the areas labeled green (corresponding to local 

maxima in the FFT) lie close to the calculated vibrational modes of the tube, so there is evidence 

to support the notion that both tube geometry and tube material affect the overall pressure 

propagation.  

3.4 Experimental methodology for flash incipience 

 Next, additional experiments were carried out with the long tube setup to understand the 

role of orientation for pressure wave propagation during flash. To aid in flash initiation, the tube 

was heated to a desired steady-state initial temperature before depressurization to increase the 

liquid superheat of the methanol inside the tube after depressurization. The test setup is shown 

as follows: 

 

Fig. 3.4.1: Horizontal tube setup for pressure wave propagation experiments. 

 For these experiments, the PTreflect vacuum gauge would break if the vacuum reservoir 

pressure was too low. Thus, 40 kPa was set as the lowest limit, and the initial temperature was 

chosen such that the liquid methanol would be superheated upon depressurization; that is has a 

temperature higher than that corresponding to saturation at the vacuum reservoir pressure.   
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3.5 Results for flash incipience 

 Results were obtained for calculated superheats of 5°C and 13°C. While care was taken to 

ensure temperature uniformity throughout the tube, the resistive heating wire used to heat the 

tube was wrapped around the middle thermocouple, leading to higher temperature 

measurements than expected at the middle of the tube. The initial temperature is therefore taken 

as the average of the temperatures measured by the top and bottom thermocouples.  

Fig. 3.5.1: Internal tube pressure measurements and external temperature measurements for 

horizontal tube pressure wave propagation experiments. (a) initial temperature: 48°C (est.), 

vacuum pressure: 40 kPa. (b) initial temperature: 56°C (est.), vacuum pressure: 40 kPa. 

(a) (b) 
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For the case with 5°C superheat shown on the left of Fig. 3.5.1, there was no noticeable 

temperature decrease following depressurization, so there was no evidence of flash for this 

configuration. However, for the case with 13°C shown on the right, a pressure spike occurs at 

around 14 s that is evident of vapor generation during flash, which is also corroborated by 

exponential temperature decrease characteristic of flash; therefore, we conclude that flash 

occurred for this configuration, albeit delayed from the initial depressurization. This result seems 

to indicate that, at least for the horizontal tube configuration, a moderate inception superheat 

must be met for the methanol to flash.  

To further add to the comparison of the thermophysical characteristics during 

depressurization for various orientations, a similar set of experiments was performed using the 

long tube in a vertical orientation. By doing this, the effects of 1g on flash boiling can be studied. 

The results are shown as follows.  

 

Fig. 3.5.2: Internal tube pressure measurements and external temperature measurements for 

vertical tube pressure wave propagation experiments. Initial temperature: 44°C (est.), 

vacuum pressure: 60 kPa. 
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 A somewhat surprising result is shown. In this experiment, the saturation temperature for 

methanol at the vacuum reservoir pressure of 60 kPa is 52°C, and the initial steady state 

temperature of the methanol in the tube prior to depressurization is about 44°C. The liquid is not 

superheated, and even not saturated for the conditions after depressurization, but the pressure 

spike at 4s and the temperature drop measured by the middle thermocouple indicate evidence of 

vaporization inside the tube. A close look at the pressure graph reveals a pressure minimum of 49 

kPa, for which the corresponding saturation temperature is 47°C. While the estimated initial 

temperature falls short of saturation conditions, the flash effect could be due to dissolved gas, 

which would reduce the saturation temperature. Even with this peculiarity, by comparing the 

inception superheat for the vertical tube and that of the horizontal tube, there is evidence that for 

a strong dependence on orientation for flash efficacy. Furthermore, the pressure undershoot is 

the driving mechanism for promoting conditions conducive for flash onset, and evidence shown 

above further corroborates the importance of pressure undershoot, and hence pressure wave 

propagation, on boiling inception.  
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Chapter 4: Flash vapor chamber cooling 

4.1 Background 

In this chapter, we consider transient cooling of a vapor chamber for practical assessment 

of flash efficacy. Vapor chambers have become an integral part of many electronic systems 

including aerospace components for steady-state high-heat-flux conditions. However, many 

applications (e.g., high-power radar) are either operated for a brief time or require high initial 

transient cooling before operating at steady state. In such cases, conventionally, an overdesign 

approach is used with a steady-state cooling solution matched to peak heat fluxes. However, a 

more efficient and compact design would use an adaptive approach that can support these high 

transients briefly without extraneous steady-state operation. One such application is 

demonstrated here for flashing in a vapor chamber, and the transient cooling phenomenon as a 

result of flash boiling is what we show in our experimental studies.  

For the experiments, a commercial vapor chamber was used and a thermo/fluid network 

with thermocouple and pressure gauges was constructed to control and monitor fluid flow within 

the open-loop system. A schematic of the setup and corresponding Piping and Instrumentation 

Diagram (P&ID) is shown in Fig. 4.2.1. An idealized closed-loop cycle is also shown, which is used 

later to show regions of interest for each experimental study. Here, we demonstrate flash cooling 

processes that use pressure to control boiling heat transfer in an open system to achieve on-

demand rates of heat transfer with targeted operating temperatures. Subsequent sections address 

gaps in knowledge arising from the inadequacy of temperature-driven approaches to flash 

modeling, and the transition difficulty from single bubble dynamics/heat transfer to system level 

heat transfer performance. This pressure-driven boiling approach can provide rapid, transient 

cooling at specific temperatures (including sub-ambient) with active control. 
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4.2 Experimental methodology 

The testing conditions for this setup primarily focus on flash vapor chamber cooling for 

two different heat loading conditions. The first heat loading condition consists of a constant heat 

load (used to achieve steady-state initial conditions in the vapor chamber prior to flashing) that 

is maintained before and after flash initiation. These circumstances correspond to an initial low 

level of heating that is spread throughout the vapor chamber without increasing the fluid 

temperature beyond its boiling point, followed by a flash event that promotes rapid phase change. 

The second heat loading condition consists of a step-change in heat load applied simultaneously 

with flash initiation, hereafter denoted as a step heat load. For this case, flash initiation and 

change in heat load are applied after steady-state initial conditions in the vapor chamber are met. 

These circumstances correspond to impulsive, transient heat loads. Fig. 4.3.1 and Fig. 4.3.4 

provide context for flashing with a constant heat load and flashing with step heat loads, 

respectively.  

  To help quantify flash cooling rate, the temperature of the vapor chamber was averaged 

over two thermocouples: one placed on the top side of the vapor chamber near the discharge port, 

and one placed on the bottom side, towards the edge, as shown with the magnified inset view in 

Fig. 4.2.1. The initial equilibrium setting was achieved by ensuring a temperature drift of no more 

than 0.2 °C/min for a given heat load. Primary variables of interest include (1) the amount of 

working fluid, expressed as a filling ratio, which is defined as the volume of liquid methanol 

divided by the volume of the internal volume of the vapor chamber, and (2) initial temperature. 

Further details about this setup can be found in section A.3.  

To conduct experiments, the chamber is first evacuated to soft vacuum with the help of 

the vacuum pump. Afterwards, a specific amount of methanol is introduced using the injection 

syringe as shown in Fig. 4.2.1. Brief perturbation on the exterior of the vapor chamber is necessary 

to minimize liquid deposition within the dead volume inside the tubing. Heat was then applied to 
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the bottom of the vapor chamber to create elevated steady-state temperature conditions with 

minimal temperature drift. During the heating process, a ball valve connected to the open ambient 

is periodically controlled to maintain an internal pressure of 101 kPa. At steady state, the solenoid 

valve connected to the accumulator is opened, allowing flashing to begin. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.1 Schematic and P&ID of experimental flash vapor chamber setup. 

4.3 Results for flash incipience in vapor chamber 

Flash onset can be used to characterize fluid state during flash. Experimentally, flash onset 

is determined by a local rise in pressure following depressurization. From these empirical 
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measurements, equivalent flash inception superheats are plotted for cases of flash cooling under 

constant heating and transient step heating, shown in Fig. 4.3.3. and Fig. 4.3.6, respectively.  

4.3.1 Flash incipience under a constant heat load 

Local pressure inside the vapor chamber is shown in Fig. 4.3.1 for representative data, in 

which the sharp drop in pressure is caused by opening of the valve connecting the vapor chamber 

to the vacuum reservoir, and corresponding periods of pressure increases due to vaporization are 

circled.  

 

 

 

 

 

 

 

 

Fig. 4.3.1: Vapor chamber pressure and heat load as functions of time during flash for various 

filling ratios under constant 6.2 W heating, with flash onsets circled. 

With the onset of flash determined from pressure measurements, the incipience of flash can be 

prescribed in terms of temperature by using analogous liquid superheats. Doing so allows for flash 

boiling, a pressure-controlled phenomenon, to be compared to traditional thermally controlled 

boiling processes.  
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 First, the experimental flash onsets are compared to the saturation pressures 

corresponding to the initial steady-state temperature before flash, shown in Fig. 4.3.2. While the 

experiments were conducted under constant heating conditions, variability in the ambient 

environment led to temperature variations between 56.5°C and 59.5°C. Nonetheless, each 

experimentally-derived flash onset falls below the corresponding saturation pressure, supporting 

the notion that the liquid methanol is adequately depressurized for phase-change to occur. To 

express flash inception in terms of liquid superheat, the difference between the initial liquid 

temperature and the saturation temperature corresponding to the flash onset pressure is plotted 

in Fig. 4.3.3.  

 The results in Fig. 4.3.3 indicate that flash boiling has low superheats characteristic of 

heterogeneous boiling. Keeping in mind that flash boiling is a volumetric phenomenon, it retains 

the qualities of homogeneous boiling while only requiring liquid superheats characteristic of 

heterogeneous boiling. This characteristic of flash was also observed in prior work [1.3.9]. 

 

 

 

 

 

 

 

Fig. 4.3.2: Experimental flash onset for various filling ratios under constant 6.2 W heating, 

with corresponding saturation pressures. 
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Fig. 4.3.3: Experimentally derived liquid superheats for flash inception at various filling ratios 

under constant 6.2 W heating. 

4.3.2 Flash incipience under various step heat loads 

For flash cases with step heating, the raw data for vapor chamber pressure during the first 

few moments of flash are shown in Fig. 4.3.4 for step heat loads of 45 W, 98 W, and 189 W, with 

circles indicating flash onset determined by the first measured increase in pressure. Additionally, 

the step heat loads of 45 W, 98 W, and 189 W are shown by the magnitudes of the step change in 

heating at 𝑡𝑡 = 0. Prior to flash initiation, a heat load of 4.3 W was applied to achieve initial steady-

state temperatures of about 61°C. (A lower heat load was required to achieve similar initial 

temperatures for those corresponding flash with various filing ratios because this experimental 

setup was better insulated). For these experiments, the filling ratio was kept constant at 20%. 
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Fig. 4.3.4: Vapor chamber pressure and heat load as functions of time during flash for various 

step heat loads, with flash onsets circled. 

 From Fig. 4.3.1 and Fig. 4.3.4, the experimental flash onset occurs on a timescale of the 

order of 0.1 s. However, we proceed with caution as Fig. 4.7.6 and Fig. 4.7.2 in the proceeding 

sections indicate rapid vapor chamber cooling within 0.005 s, or about 20x faster. While the 

experimental flash onset is determined empirically, it is not without consideration of pressure 

buildup due to vaporization induced by sudden phase-change. However, the actual onset of 

bubble nucleation could be sooner, as pressure buildup due to vapor formation can result in a 

reduction in the initial rate of pressure decrease in the vapor chamber upon flash initiation, 

instead of a momentary pressure recovery as indicated with the blue circles in Fig. 4.3.4. Further 

experiments to more accurately determine vaporization onset would aid in better understanding 

thermophysical conditions necessary for flash. Nevertheless, the criteria used for experimental 

flash onset are useful in defining upper thresholds for incipient flash superheat, shown in Fig. 

4.3.6. 
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Fig. 4.3.5: Experimental flash onset for various step heat loads, with corresponding saturation 

pressures. 

The changes in pressure are converted into superheats and plotted in Fig. 4.3.6. 

Comparing Fig. 4.3.6 and Fig. 4.3.3, no distinct change in mean incipient flash superheat due to 

the effect of step heating is apparent, but the plotted data variance is significantly reduced for the 

former. As discussed previously, these values represent the upper limit on inception superheat, 

as flash boiling can potentially begin at higher absolute pressures than the ones denoted in Fig. 

4.3.5. Thus, superheat conditions necessary for flash boiling can be reasonably approximated as 

those corresponding of heterogeneous boiling.  
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Fig. 4.3.6: Experimentally derived liquid superheats for flash inception at various step heat 

loads. 

4.4 Approach to quantify flash vapor chamber cooling under constant heat loads 

To provide an interpretive model to quantify flash behavior and performance, a lumped 

capacitance-based energy balance on the vapor chamber structure is performed. The governing 

equations follow and include contributions from heater input P(t), natural convection 𝑞𝑞𝑛𝑛𝑛𝑛, 

radiation 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟, and flash cooling 𝑞𝑞𝑓𝑓𝑓𝑓. 

 Ėin(t) = Ėst(t) + Ėout(t) (4) 

 P(t) = Ėst(t) + 𝑞𝑞𝑛𝑛𝑛𝑛(𝑡𝑡) + 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) + 𝑞𝑞𝑓𝑓𝑓𝑓(𝑡𝑡) (5) 

 
P(t) = 〈𝑚𝑚𝐶𝐶𝑝𝑝〉

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

+ 〈ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴〉(𝑇𝑇(𝑡𝑡) − 𝑇𝑇𝑎𝑎) + 〈𝜖𝜖𝜖𝜖𝜖𝜖〉(𝑇𝑇(𝑡𝑡)4 − 𝑇𝑇𝑎𝑎4) + 𝑞𝑞𝑓𝑓𝑓𝑓(𝑡𝑡) 
(6) 

In Eqn. (6), 𝑇𝑇(𝑡𝑡) is the temperature of the vapor chamber as a function of time, ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the heat 

transfer coefficient between the exterior of the vapor chamber and the ambient environment, and 

𝑇𝑇𝑎𝑎 is the ambient room temperature (taken to be 25°C).  
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To simplify the analysis, a few assumptions are made. First, the heat transfer coefficient, ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is 

treated as a constant for each individual experimental run and depends only on the initial steady-

state temperature for each experimental trial, heat load, and ambient room temperature. Second, 

it was initially assumed that radiation contribution is negligible. This assumption was justified in 

retrospect, since the heat loss from radiation is at most 2-3 W (compared to peak cooling rates 

above 60 W shown in Fig. 4.5.1 (b)) assuming an emissivity value of 1, i.e., a black surface. Thus, 

upon substitution of relevant properties, the final energy balance equation takes the following 

form: 

 
𝑃𝑃(𝑡𝑡) = 〈𝑚𝑚𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐〉

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

+ 〈ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴〉(𝑇𝑇(𝑡𝑡) − 𝑇𝑇𝑎𝑎) + 𝑞𝑞𝑓𝑓𝑓𝑓(𝑡𝑡) 
(7) 

Eqn. (7) is directly solved for 𝑞𝑞𝑓𝑓𝑓𝑓, as all other quantities are either known or calculated from 

experimental data. 

The theoretical maximum energy dissipation from flash boiling, 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚, is calculated based 

on the mass of methanol used, 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, and the difference in enthalpy, 𝛥𝛥ℎ, between initial and 

final conditions. The initial enthalpy, ℎ𝑓𝑓, is calculated based on initial steady-state conditions in 

the vapor chamber. The final enthalpy, ℎ𝑔𝑔, is calculated using accumulator pressure and average 

temperature of the vapor chamber. This approach highlights the best-case scenario for a two-

phase coolant to exchange heat with the chamber under specific experimental conditions at 

thermodynamic equilibrium. Thus, subsequently obtained efficiencies in Fig. 4.5.1 (d) are the 

limiting worst-case efficiencies for the flash pulses. The enthalpy calculations were performed 

with a MATLAB script accessing thermofluidic properties using the CoolProp database [4.4.1]. 

 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎Δℎ (8) 

The definition of cumulative efficiency, 𝜂𝜂, follows as the ratio of total cooling energy over a certain 

time interval, 𝐸𝐸𝑝𝑝, to the theoretical maximum:  
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𝜂𝜂 =

𝐸𝐸𝑝𝑝
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

 
(9) 

where 𝐸𝐸𝑝𝑝 is defined by integrating the flash cooling rate, as shown below. 

 
𝐸𝐸𝑝𝑝 = � 𝑞𝑞𝑓𝑓𝑓𝑓(𝑡𝑡)𝑑𝑑𝑑𝑑

𝑡𝑡𝑓𝑓=𝑡𝑡

𝑡𝑡𝑖𝑖=0
 

(10) 

 

4.5 Results and discussion for flash vapor chamber cooling under constant heat 

loads 

The following results pertain to flash cooling of a vapor chamber that is initially at steady-

state conditions. Parameters tested are: filling ratio, inclusion of a porous outflow plug, and initial 

liquid temperature.  

4.5.1 Effect of filling ratio 

 The amount of liquid methanol in the vapor chamber was varied from 2.0 mL to 6.0 mL 

in these tests, and thus constitute filling ratios of 10% to 30%. Averaged data over several identical 

experiments for the change in vapor chamber temperature with constant heater input of 6.2 W 

are shown in Fig. 4.5.1(a). The exponential decay-like evolution of the change in temperature for 

the entire flash duration is also in agreement with prior work [4.5.1] [1.3.11] [1.3.12]. The internal 

methanol temperature was not directly measured; however, the methanol present in the vapor 

chamber after initial depressurization should exhibit a lower temperature than that of the outside 

of the vapor chamber. As a result of both the decrease in methanol temperature and the local 

pressure increase due to vapor generation, the liquid superheat is reduced, subduing the flashing 

phenomenon.  
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Fig. 4.5.1: Effect of filling ratio for constant 6.2 W heat load. (a) Change in average vapor 

chamber temperature as a function of time for different filling ratios. (b) Flash cooling rate, 

𝑞𝑞𝑓𝑓𝑓𝑓, as a function of time. (c) Cumulative energy dissipation, 𝐸𝐸𝑝𝑝, as a function of time. (d) 

Cumulative efficiency, 𝜂𝜂, as a function of time. 

Additionally, as shown previously in Fig. 4.3.1, vapor generation during flash increases local 

pressure, thereby decreasing the rate of vaporization. The combined effect of decreased liquid 

temperature and increase in local pressure hinder the boiling process, causing a reduction of 

(a) 

(c) (d) 

(b) 
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cooling flux with time after peak cooling is reached. Additionally, at approximately 3 s after flash 

initiation, rate of temperature change is heavily influenced by filling ratio, as the transient cooling 

curves in Fig. 4.5.1(a) asymptote earlier for smaller filling ratios, signaling a shorter duration of 

cooling. The rapid, transient nature of flash cooling is illustrated in Fig. 4.5.1(b), as the cooling 

rate, 𝑞𝑞𝑓𝑓𝑓𝑓(𝑡𝑡),  is calculated from Eqn. (7) and processed temperature data. The cooling rate peaks 

early after depressurization, creating an initial peak. For cases of 10%, 15%, and 20% filling ratios, 

the onset of peak cooling rate is directly proportional to methanol amount. Maximum cooling 

rates for 10%, 15, and 20% filling ratios are attained at 3.6 s, 5.6 s, and 4.9 s, respectively. Fig. 

4.5.2 shows the existence of an optimal filling ratio to be between 15% and 20%. 

 

 

 

 

 

 

 

 

Fig. 4.5.2: Peak flash cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚, attained as a function of vapor chamber filling. 

After peak cooling, all cooling rates decay to zero, signaling the complete vaporization of 

methanol present in the vapor chamber. We observe that for the case of 25% vapor chamber 

filling, the trend of increases in both cooling rate and onset of peak cooling with methanol amount 
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is no longer followed, demonstrating adverse effects of excess working fluid on cooling 

performance.  

The total energy dissipated over time by a single pulse for different cases is shown in Fig. 

4.5.1(c). The cumulative efficiency over time is shown in Fig. 4.5.1(d) and is calculated by 

evaluating Eqn. (9) at every time step. The cumulative efficiency curve for 30% vapor chamber 

filling shows how additional methanol present in the vapor chamber acts as a diminishing return- 

while an increase in filling ratio allows for prolonged boiling and thus prolonged cumulative 

cooling, it is at the expense of a decrease in peak cooling rate.  

4.5.2 Effect of inclusion of a porous outflow plug 

Another consideration studied is the effect of a porous outflow plug, highlighted in red as 

shown in the following schematic.  

 

 

 

 

 

 

 

Fig. 4.5.3: Schematic showing relative location of porous outflow plug. 

In the foregoing results and corresponding experiments, premature discharge of liquid 

methanol out of the vapor chamber during flash was observed. Ideally, the methanol remains 

inside the vapor chamber during the flash process so that cooling is localized within the vapor 
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chamber and as close to the heat source as possible. With the goal of retaining liquid inside the 

vapor chamber in mind, it was postulated that addition of a porous plug at the outlet of the vapor 

chamber would serve to better contain the liquid and hinder it from escaping the vapor chamber. 

The porous plug used for testing was steel wool, compacted to fit snugly inside the outlet of the 

vapor chamber. 

Experiments performed with the porous plug were conducted in a similar manner to those 

without it, and the results are shown comparing the effect of the porous plug for various vapor 

chamber filling ratios under a constant heat load of 6.2 W. Only one experiment was done for each 

filling ratio due to experimental difficulties; future work should take additional data to 

corroborate these findings. 
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Fig. 4.5.4: Effect of porous plug on flash cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓, for various vapor chamber fillings 

and constant 6.2 W heating. 

From Fig. 4.5.4, peak cooling is reduced when the porous plug is present. Interestingly, 

however, the duration of near-peak cooling is increased, as shown by the broadening of the peaks 

in black. This increase in duration of near-peak cooling can be attributed to the liquid retention 

in the vapor chamber during flash, which is corroborated by visual confirmation during 

experimentation that less methanol was visible in the plastic vapor chamber outlet tubing. 

However, as the porous plug is disruptive to fluid flow, it may have adversely affected the initial 

depressurization wave, which would reduce the initial superheat of the liquid methanol when the 

flash process is initiated and thus reduce the peak cooling. 

4.5.3 Effect of initial liquid temperature 

The last experimental variable tested, and perhaps the most important one, is the 

influence of initial liquid temperature on flash cooling rate. From the viewpoint of thermally 

controlled boiling theory, increases in superheat correspond to higher heat removal rates.  

 

 

 

 

 

 

 

Fig. 4.5.5: Schematic showing relative location of heat source. 
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It follows that the main approach to maximize heat removal rate would be to increase liquid 

superheat. To have results comparable to previous experiments that started from steady-state 

conditions, liquid superheat is directly increased by applying different heat inputs to the filled 

vapor chamber so different steady-state initial temperatures are attained prior to flash.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5.6: Effect of initial liquid temperature for constant vapor chamber filling of 20%. (a) 

Change in average vapor chamber temperature as a function of time for different initial 

temperatures. (b) Flash cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓, as a function of time. (c) Cumulative energy 

dissipation, 𝐸𝐸𝑝𝑝, as a function of time. (d) Cumulative efficiency, 𝜂𝜂, as a function of time. 

(a) (b) 

(c) (d) 
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For experimentation, the effect of no heating (0 W) was compared to that with heating (6.2 W), 

while a porous outflow plug was inserted into the vapor chamber. Due to the general difficulty 

and uncertainty associated with filling the vapor chamber with the porous plug, only one 

experiment was done for the 0 W case. 

A salient observation from Fig. 4.5.6(b) is the dramatic rise in peak cooling with pre-

heating. For the case with pre-heating, the initial temperature attained an average value of 58°C, 

whereas for the case without heating, the average initial temperature was 21°C. For reference, the 

saturation temperature of methanol at 1 atm is 64°C, and it was the goal of the heated case of 6.2 

W to have the liquid methanol be as close to saturation as possible to maximize the initial 

superheat. The results shown in Fig. 4.5.6 give evidence for higher flash efficacy with increased 

heat load. 

These results support the notion that increased heat load induces more rapid phase-

change, as heat must be absorbed for vaporization to occur. Also, an increase in initial 

temperature due to increased heat load corresponds to a larger superheat after depressurization. 

From the viewpoint of thermally controlled boiling theory, increases in superheat correspond to 

higher heat removal rates. In this regard, to maximize superheat, high initial temperatures and 

low accumulator pressures are desirable parameters when using flash to maximize peak transient 

cooling.  

4.6 Approach to quantify flash vapor chamber cooling under step heat loads  

One application of transient cooling also of high interest is flash cooling efficacy under 

dynamic heating loads. Fig. 4.5.1(a) showed the sub-ambient cooling of the vapor chamber under 

constant heating conditions, but in this section, the effect of step heat loads is investigated for 

constant vapor chamber filling of 20%. Recall from section 4.2 that step heat loads refer to step-

changes in heat load applied simultaneously with flash initiation. For these experiments, the 
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vapor chamber setup was modified to incorporate higher heat fluxes using a resistive heater. 

Previous results shown in Fig. 4.5.6 demonstrate the importance of initial steady-state conditions 

prior to flash on maximum cooling rate, and so, for experiments with step heating loads, similar 

initial temperature conditions are prescribed prior to flash. 

Here, the cooling rate due to flash for these sets of experiments is calculated by taking the 

difference between the thermal response of the vapor chamber with 20% filling under (a) step 

heating only with no flash and (b) flash with heating. Mathematically, this cooling rate is 

expressed as: 

𝑞𝑞𝑓𝑓𝑓𝑓(𝑡𝑡) = 𝑚𝑚𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �
𝑑𝑑𝑇𝑇𝑤𝑤/𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ(𝑡𝑡)

𝑑𝑑𝑑𝑑
−
𝑑𝑑𝑇𝑇𝑤𝑤/ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ(𝑡𝑡)

𝑑𝑑𝑑𝑑
�  (11) 

where 𝑇𝑇𝑤𝑤/𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ(𝑡𝑡) corresponds to the thermal response of the vapor chamber under step heating 

with no flash and 𝑇𝑇𝑤𝑤/ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ(𝑡𝑡) corresponds to the thermal response of the vapor chamber 

undergoing both flash and step heating. 

4.7 Results and discussion for flash vapor chamber cooling under step heat loads 

The results for flash cooling of the vapor chamber under a step heat load is summarized 

in the following three sections that report the effects of the magnitude of the applied step heat 

load, the vapor chamber filling ratio, and dissolved gas in the methanol. 

4.7.1 Effect of magnitude of step heat load 

𝑇𝑇𝑤𝑤/𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ(𝑡𝑡) and 𝑇𝑇𝑤𝑤/ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ(𝑡𝑡) data are shown in Fig. 4.7.1, and corresponding flash cooling 

as calculated from Eqn. 11 are shown in Fig. 4.7.2.   
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Fig. 4.7.1: Vapor chamber thermal responses to (1) step heating and (2) flash with step heating 

for constant filling of 20%. 

 

 

 

 

 

 

 

 

Fig. 4.7.2: Effect of various step heat inputs on flash cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓, for constant 20% vapor 

chamber filling. 
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In Fig. 4.7.2, significant transient cooling is achieved with flash, reaching peak cooling above 200 

W for all cases within 1.5 s. Compared to Fig. 4.5.1(b), the cooling rate is 3x more than that without 

step heating, demonstrating the importance of heat input on boiling phenomena even as heat 

input is timed simultaneously with flash initiation and no anticipatory cooling is present. 

Additionally, peak cooling seems to be insensitive to heat input, as the filtered data attain similar 

maximum values, suggesting boiling limits in the vapor chamber have been reached.  

Energy dissipated due to flash cooling is considered as follows. Up until 2 s, the flash 

cooling rates are the same for all applied step heat loads. Thereafter, the flash cooling case 

corresponding to the lowest applied step heating had the highest total energy dissipation in the 

vapor chamber, i.e., the vapor chamber was able to stay colder for longer, as shown in Fig. 4.7.1. 

 

Fig. 4.7.3: Effect of various step heat inputs on flash cooling energy dissipation, 𝐸𝐸𝑝𝑝, for 

constant 20% vapor chamber filling. 

Comparing the energy dissipated to the maximum theoretical yields Fig. 4.7.4 for flash 

efficiency. Compared to Fig. 4.5.1(d), the cumulative efficiencies for flash cooling cases with step 
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heating are higher 20 s after flash initiation, but the final cumulative efficiencies at the end of 

flash are slightly lower. This reduction in final cumulative efficiency could be due to more 

pronounced liquid discharge out of the vapor chamber during flash as compared to the prior flash 

cases under constant heating. 

 

 

 

 

 

 

 

 

Fig. 4.7.4: Effect of various step heat inputs on flash cooling efficiency, 𝜂𝜂, for constant 20% 

vapor chamber filling. 

4.7.2 Effect of filling ratio 

Next, the effect of various filling ratios on flash vapor chamber cooling for step heating is 

investigated. The raw data for dynamic heating with varying filling ratios is shown in Fig. 4.7.5. 

Using the measured thermal response as shown in Fig. 4.7.5 and Eqn. (11), calculated flash 

cooling data are shown in Fig 4.7.6. As with the case of flash cooling with step heat load in which 

magnitude of the heat load was varied, the flash cooling rate reaches over 100 W within 0.005 s. 

However, one difference is that the initial cooling rate immediately after flash initiation is much 

more sensitive to filling ratio. While the peak cooling seems to be less sensitive to filling ratio, the 
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effect of filling ratio on the transient cooling prior to peak cooling may find importance in flash 

cooling applications that require impulsive cooling responsiveness within sub-second timescales.  

 

Fig. 4.7.5: Vapor chamber thermal responses to (1) 98 W step heating and (2) flash with 98 W 

step heating for various filling ratios.  
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Fig. 4.7.6: Effect of various filling ratios on flash cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓, for constant 98 W step heat 

input. 

Energy dissipated due to flash cooling is shown as follows. The overall trend in energy 

dissipated is expected, as higher filling ratios are able to supply more cooling due to more available 

methanol to vaporize and absorb heat. Comparing the energy dissipated to the maximum 

theoretical yields the following graph for flash efficiency.   

 

Fig. 4.7.7: Effect of various filling ratios on flash cooling energy dissipation, 𝐸𝐸𝑝𝑝, for constant 

98 W step heat input. 

From Fig. 4.7.8, cumulative efficiency is inversely proportional to filling ratio. Lower 

filling ratios absorb heat more efficiently, and this quality can be attributed to the decreased rate 

of pressure recovery in the vapor chamber, as show in Fig. 4.3.1, which would allow for more 

favorable local thermodynamic conditions for boiling. 
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Fig. 4.7.8: Effect of various filling ratios on flash cooling efficiency, 𝜂𝜂, for constant 98 W step 

heat input. 

4.7.3 Effect of dissolved gas 

Another consideration studied in this work is the presence of dissolved gas in the methanol 

prior to flash. Raw heating data for both aerated and degassed cases are assumed to be equivalent 

to the case for 98 W step heating as shown in Fig. 4.7.4. For these experiments, the filling ratio 

was kept constant at 20%. While the original goal was to test degassed methanol at 98 W heating, 

replacement of the heater used in the experiment (due to malfunction) led to a slight change in 

heating levels for the same settings on the input power supply.  
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Fig. 4.7.9: Vapor chamber thermal responses to (1) step heating and (2) flash with step heating 

to investigate role of dissolved gas for nearly constant 100 W step heating. 

 

Fig. 4.7.10: Effect of degassing on flash vapor chamber cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓, with constant filling 

ratio of 20%. 



48 
 

Here, presence of dissolved gas is shown to be mildly helpful for increasing flash cooling 

rate. Recalling that previous work by Müller-Steinhagen et al. [2.4.1] found that dissolved gas 

reduces boiling inception superheat, a reasonable postulation is that aerated methanol would be 

easier to boil due to increases in nucleation sites, and thus would give a higher flash cooling rate 

than that of degassed methanol. Experimental results as shown in Fig. 4.7.10 indicate that flash 

cooling rate is higher for aerated methanol, but only for post-peak cooling- the maximum cooling 

seems to be insensitive to the effects of dissolved gas. 

Energy dissipated due to flash cooling is shown in Fig 4.7.11. The effect of dissolved gas is 

most noticeable after 5 s, in which case flash cooling with aerated methanol can provide more 

prolonged cooling than degassed methanol. The duration of flash cooling with aerated methanol 

is 18 s, compared to 14 s for degassed methanol. 

 

Fig. 4.7.11: Effect of degassing on flash vapor chamber energy dissipation, 𝐸𝐸𝑝𝑝, with constant 

filling ratio of 20%. 
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Comparing the energy dissipated to the maximum theoretical yields the graph in Fig. 4.7.12 for 

flash efficiency. Comparing these results with the cumulative efficiencies of flash with various 

filling ratios and step heat loads suggest that the efficiency of the flashing process in the vapor 

chamber is difficult to improve. Geometric parameters that were not explored, but may affect flash 

efficacy include diameter of outflow tube and size of vapor chamber. 

 

Fig. 4.7.12: Effect of degassing on flash cooling efficiency, 𝜂𝜂, with constant filling ratio of 20%. 

4.8 Regression metrics to quantify flash vapor chamber cooling efficacy 

Because flash cooling is inherently a transient phenomenon, a metric capable of 

capturing change with time is needed. As such, a dual exponential model is implemented [4.8.1] 

that uses two distinct time constants (and two other fitting parameters) to curve-fit flash cooling 

data, allowing for quantification of flash cooling rate for both the initial, rapid peak-cooling and 

the subsequent waning of cooling rate. The general curve-fitting equation is: 

𝑞𝑞𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝛼𝛼
𝜏𝜏1𝜏𝜏2
𝜏𝜏1 − 𝜏𝜏2

�𝑒𝑒−
𝑡𝑡−𝛽𝛽
𝜏𝜏1 − 𝑒𝑒−

𝑡𝑡−𝛽𝛽
𝜏𝜏2 �  (12) 
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where 𝑞𝑞𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the fitted flash cooling rate, 𝛼𝛼 and 𝛽𝛽 are fitting parameters, 𝜏𝜏1and 𝜏𝜏2 are time 

constants (also fitting parameters), and 𝑡𝑡 is time. This functional form has the property of allowing 

𝜏𝜏1 and 𝜏𝜏2 to be fully interchangeable. The curve-fitting is applied to cases of constant heating, for 

cases in which porous plug was either present or absent, as previously shown in Fig. 4.5.1(b) and 

Fig. 4.5.4, and for cases of different initial temperatures, previously shown in Fig. 4.5.6. In the 

subsequent sections, regression values obtained for the aforementioned cases are presented and 

discussed. 

4.8.1 Metrics for various filling ratio configurations under a constant heat load 

Using the flash vapor chamber cooling experiments conducted with constant heating 

shown in Fig. 4.5.1 for the implementation of the curve-fitting, good agreement is established 

between the curve-fitting and the experimental data for the case in which the porous plug is 

absent.  In constructing the curve-fits for Fig. 4.8.1(a), four fitting parameters were used, namely  

𝛼𝛼,𝛽𝛽, 𝜏𝜏1, 𝜏𝜏2. However, a constraint can be imposed for 𝛽𝛽 such that 𝛽𝛽 = 0 s. Physically, this 

simplification means that the cooling effect due to flash boiling starts instantaneously, which can 

be considered true because flash initiation, in which the vapor chamber is suddenly depressurized, 

can be prescribed to begin at 𝑡𝑡 = 0 s. Thus, by imposing 𝛽𝛽 = 0 s to more realistically capture the 

physical process of flash cooling, the corresponding curve-fit is shown in Fig. 4.8.1(b). 

(a) (b) 
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Fig. 4.8.1: Comparison of data and curve-fitting for flash cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓, under constant 6.2 

W heat input and various filling ratios. (a) unconstrained curve-fits. (b) constrained curve-fits, 

𝛽𝛽 = 0 𝑠𝑠. 

The fitting parameters 𝛼𝛼, 𝛽𝛽, 𝜏𝜏1, and 𝜏𝜏2 associated with the curve-fits are tabulated below. 

As a guide for interpreting the values, small values of 𝛽𝛽 indicate that flash cooling occurs quickly 

after rapid depressurization. The larger the value of 𝜏𝜏1, the longer it takes the cooling to wane, and 

the larger the value of 𝜏𝜏2, the less pronounced the rate of initial cooling is. A scatterplot of 𝜏𝜏1 and 

𝜏𝜏2 as functions of vapor chamber filling can be found in Fig. 4.8.3. A scatterplot of α as a function 

of vapor chamber filling can be found in Fig. 4.8.4.  

Table 4.8.1: Fitting parameters associated with flash cooling of vapor chamber under steady 

6.2 W heating and various initial amounts of methanol. 

Vapor 
chamber  
filling (%) 

Unconstrained curve-fitting Constrained curve-fitting 
α 

(W) 
β 

(s) 
τ1 

(s) 
τ2 

(s) 
α 

(W) 
β 

(s) 
τ1 

(s) 
τ2 

(s) 
10 66.46 0.05 6.91 1.40 64.55 0.00 6.89 1.45 
15 47.97 0.10 9.57 3.02 46.05 0.00 9.40 3.20 
20 46.62 -0.06 11.92 2.96 47.83 0.00 12.02 2.86 
25 38.67 0.03 21.53 2.79 38.23 0.00 21.49 2.83 
30 37.09 0.32 28.52 2.56 32.79 0.00 28.16 2.93 
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4.8.2 Metrics for porous plug configurations under a constant heat load 

The curve-fitting analysis is also extended to cover the effect of a porous plug at the 

vapor chamber outlet.  

Fig. 4.8.2: Comparison of data and curve-fitting for flash cooling rate, 𝑞𝑞𝑓𝑓𝑓𝑓, under 

constant 6.2 W heat input and various filling ratios, with porous plug at vapor chamber outlet. 

(a) unconstrained curve-fits. (b) constrained curve-fits, 𝛽𝛽 = 0 𝑠𝑠. 

The flash cooling rate curves for the cases with a porous plug are flatter than those without 

a porous plug, but the curve-fitting still captures the initial rise and decay of the cooling rate well. 

Corresponding values for the fitting parameters 𝛼𝛼, 𝛽𝛽, 𝜏𝜏1, and 𝜏𝜏2 are tabulated and plotted as 

follows. 

Table 4.8.2: Fitting parameters associated with flash cooling of vapor chamber, with porous 

plug at outlet, under steady 6.2 W heating and various initial amounts of methanol.  

Vapor 
chamber  
filling (%) 

Unconstrained curve-fitting Constrained curve-fitting 
α 

(W) 
β 

(s) 
τ1 

(s) 
τ2 

(s) 
α 

(W) 
β 

(s) 
τ1 

(s) 
τ2 

(s) 
20 24.51 0.38 6.04 7.14 22.99 0.00 6.84 6.84 
25 23.76 0.52 7.71 7.70 22.30 0.00 8.03 8.03 
30 18.9 0.47 31.54 4.48 16.96 0.00 30.9 5.09 

 

(a) (b) 
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The small values of β in the unconstrained curve-fitting give strong support for using the 

physical simplification presented in the constrained curve-fitting. A clearer picture of how 𝜏𝜏1 and 

𝜏𝜏2 are influenced by vapor chamber filling is shown as follows in Fig. 4.8.3, for cases with and 

without the porous plug.  

 

 

 

 

 

 

 

Fig. 4.8.3: Scatterplot of 𝜏𝜏1 and 𝜏𝜏2 as functions of vapor chamber filling for constant 6.2 W 

heating. (a) unconstrained curve-fitting. (b) constrained curve-fitting, 𝛽𝛽 = 0 𝑠𝑠. 

As the difference between the unconstrained and corresponding constrained curve-fitting 

parameters are small, only the unconstrained parameters are plotted for α in Fig. 4.8.4. From Fig. 

4.8.4, an inverse relationship between 𝛼𝛼 and vapor chamber filling is seen, suggesting that in a 

general sense (and definitely for above-optimal filling ratios), impact of increased methanol is 

detrimental to cooling rates attained from flash boiling. From Fig. 4.8.3, some important 

attributes pertaining to flash cooling and the effect of a porous plug are made clear. First, 𝜏𝜏1 

increases with vapor chamber filling, showing how additional methanol present in the vapor 

chamber contributes to available cooling that persists after peak cooling has been reached. 

Physically, this explanation is reasonable, as increases in working fluid volume allow for greater 

(a) (b) 
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latent heat extraction. Second, the values of 𝜏𝜏2 are relatively small and consistent compared to 

those of 𝜏𝜏1. Small 𝜏𝜏2 values indicate that the flash process is rapid, as peak cooling is reached 

quickly. Nearly constant values of 𝜏𝜏2 suggest initial transient cooling is mostly dependent on the 

thermal mass of the vapor chamber, which was constant for all experiments. Additionally, 𝜏𝜏2 

values corresponding to the cases of flash cooling with a porous plug are higher than those without 

a porous plug, indicating longer duration until peak cooling. This observation is corroborated by 

noting that for the flash cases without a porous plug, peak cooling is achieved within 10 s (Fig. 

4.8.1), but cases with a porous plug, on average, reach peak cooling beyond 10 s of flash initiation. 

 

Fig. 4.8.4: Scatterplot of curve-fitting parameter α as a function of vapor chamber filling for 

constant 6.2 W heating. 

4.8.3 Metrics for various initial temperature configurations under constant heat loads 

Curve-fitting analysis is also implemented for flash cooling with various initial 

temperatures. Recall that the curve-fitting is applied to experimental cases in which a constant 

heat load is applied, and so variation in initial temperature is attributed to variation in applied 
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heat load. Here, we consider initial temperatures of 58°C and 21°C in which a porous plug is 

present at the outlet of the vapor chamber. Additionally, we use the constrained curve-fitting 

approach for which 𝛽𝛽 = 0 s. For the case with an initial temperature 58°C, a 6.2 W heat load was 

applied. The corresponding curve-fit was shown previously as the blue curve in Fig. 4.8.2(b), but 

is reproduced in Fig. 4.8.5(b) as follows. 

 

 

 

 

 

 

Fig. 4.8.5: Comparison of data and curve-fitting for flash vapor chamber cooling, 𝑞𝑞𝑓𝑓𝑓𝑓, for 

constant 20% filling ratio and various initial temperatures, with porous plug at vapor 

chamber outlet. (a) Initial temperature of 21°C. (b) Initial temperature of 58°C. 

Table 4.8.3: Fitting parameters associated with flash cooling of vapor chamber, with porous 

plug at outlet, under constant 20% filling ratio and various initial temperatures.  

Initial 
temperature 

(°C) 

Constrained curve-fitting 
α 

(W) 
β 

(s) 
τ1 

(s) 
τ2 

(s) 
21 1.14 0.00 107.50 5.83 
58 22.99 0.00 6.84 6.84 

 

Values for the fitting parameters 𝛼𝛼, 𝛽𝛽, 𝜏𝜏1, and 𝜏𝜏2 are shown in Table 4.8.3. While 

differences in flash cooling due to variation in initial temperature are significant, the results for 

(a) (b) 
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the curve-fitting time constants show similarity in values of τ2. For this case of variable initial 

temperature, τ2 attains an average value of 6.33. Compared to other experiments with a porous 

plug for cases of variable filling ratios, from Table 4.8.2, τ2 attains an average value of 6.65. Thus, 

it is observed that τ2 seems to be independent of loading condition, and only on the geometric 

factors concerning the vapor chamber. For example, when the porous plug is absent, τ2 attains an 

average value of 2.65. 

 

 

 

 

 

 

Fig. 4.8.6: Scatterplot of curve-fitting parameters as functions of initial temperature for 

constant 20% filling ratio. (a) τ1 and τ2. (b) 𝛼𝛼. 

4.8.4 Metrics for various magnitude of step heat load configurations 

 Regression up to this section was applied for flash cooling cases in which constant heating 

was applied before and maintained after flash initiation. However, transient cooling is also useful 

for systems that undergo dynamic heat loads. To address the efficacy of curve-fitting for step heat 

loads, the same constrained curve-fitting approach is applied to flash cooling with step heating 

for cases of variable magnitudes of step heat loads and variable filling ratios, as was shown in 

sections 4.7.1 and 4.7.2, respectively. As a reminder, all experiments regarding the flash vapor 

chamber under various step heat loads and variable filling ratios were conducted without the use 

of a porous plug and started at initial temperatures around 61°C and initial pressures of 101 kPa. 

(a) (b) 
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The curve-fits for flash cooling at 45 W, 98 W, and 189 W step heat loads are shown in Fig. 

4.8.7, with corresponding data taken previously shown in Fig. 4.7.2. Due to the high initial rate of 

increase in cooling rate, curve-fitting overestimates peak cooling, but generally captures the 

subsequent waning of cooling rate. However, for high heat transient loads, especially 189 W, there 

is a local minimum in measured cooling rate at 6.5 s that is not captured by the curve-fitting 

model.    

 

Fig. 4.8.7: Comparison of data and curve-fits for flash vapor chamber cooling, 𝑞𝑞𝑓𝑓𝑓𝑓, under 

various step heat loads and constant 20% filling ratio.   

 Corresponding parameters associated with flash cooling under these step heating 

conditions are shown in Table 4.8.4 and plotted in Fig. 4.8.8. In plotting the fitting parameters as 

functions of step heat load, a few observations are made concerning the evolution of τ1 and τ2 with 

heat load. The inverse proportionality between τ1 and heat load indicates that higher heat load 

results in faster decay of flash cooling. This relationship is expected since, for a constant filling 

ratio, total energy available for flash cooling is conserved, i.e., flash cooling can either offset a high 
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heat load for a short duration or a lower heat load for a longer duration. On the other hand, τ2 

varies directly with heat load. This relationship indicates that high step heat loads result in lower 

initial rates of cooling, which can be explained by the decreased depressurization rates associated 

with high step heat loads as shown in Fig. 4.3.4. Decreased depressurization rate is due to rapid 

vapor generation following flash boiling, which is aided by increases in heat load, as boiling is an 

energy-intensive process.  

 Table 4.8.4: Fitting parameters associated with flash vapor chamber cooling under 

various step heat loads and constant 20% filling ratio.  

Step 
heat load 

(W) 

Constrained curve-fitting 
α 

(W) 
β 

(s) 
τ1 

(s) 
τ2 

(s) 
45 32470 0.00 6.78 0.01 
98 2097 0.00 4.83 0.14 

189 1145 0.00 2.99 0.30 
 

 

 

 

 

 

 

 

Fig. 4.8.8: Curve-fitting parameters as functions of step heat load for flash vapor chamber 

cooling under various step heat loads and constant 20% filling ratio. (a) τ1 and τ2. (b) 𝛼𝛼. 

(a) (b) 



59 
 

4.8.5 Metrics for various filling ratio configurations under a step heat load 

The final regression analysis concerns flash cooling with step heating for cases of variable 

filling ratios from 15% to 30%. Corresponding curve-fits with experimental flash cooling data are 

plotted in Fig. 4.8.9. As for the case of flash cooling under various step heat loads from Fig. 4.8.7, 

curve-fitting overestimates peak cooling due to the high initial rates of increase in cooling rate. 

However, this aspect diminishes with increasing filling ratio since the sharpness of the initial 

transients reduces with increasing filling ratio.  

 

Fig. 4.8.9:  Comparison of data and curve-fits for flash vapor chamber cooling, 𝑞𝑞𝑓𝑓𝑓𝑓, under a 98 

W step heat load and various filling ratios.   

Parameters corresponding to the regression analysis are tabulated in Table 4.8.5 and 

plotted in Fig. 4.8.10. A few observations are noted. The sharpness of the initial transients, shown 

by values of τ2, varies directly with vapor chamber filling, indicating that liquid methanol in the 

vapor chamber with low filling ratios more readily vaporizes under a specified step heat load than 

that of higher filling ratios. This observation is in direct contrast to Fig. 4.8.3(b), in which τ2 
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remains constant for various filling ratios while τ1 varies significantly with filling ratio. To 

summarize, filling ratio affects flash cooling differently depending on the loading condition: for 

flash cooling under constant heating, filling ratio most prominently affects the wane of flash 

cooling past peak cooling, and for flash cooling under step heating, filling ratio affects the initial 

rise of flash cooling up to peak cooling. Aside from the time constants, Fig. 4.8.4 (for the porous 

plug absent case) and Fig. 4.8.10(b) both indicate an inverse relationship between α and filling 

ratio, but is more pronounced for the case in which step heating is applied.  

Table 4.8.5: Fitting parameters associated with flash vapor chamber cooling under a 98 W 

step heat load and various filling ratios. 

Vapor 
chamber  
filling (%) 

Constrained curve-fitting 
α 

(W) 
β 

(s) 
τ1 

(s) 
τ2 

(s) 
15 35280 0.00 3.54 0.01 
20 2098 0.00 4.83 0.14 
25 703 0.00 4.20 0.42 
30 519 0.00 4.31 0.61 

 

 

 

 

 

 

 

Fig. 4.8.10: Curve-fitting parameters as functions of vapor chamber filling for flash vapor 

chamber cooling under 98 W step heat loads and various filling ratios. (a) τ1 and τ2. (b) 𝛼𝛼. 

(a) (b) 
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Thus, with extraction of curve fitting parameters and two time constants associated with 

flash, general qualities of time to peak cooling and rate of decay of cooling can be quantified and 

compared between not only various flash cooling trials, but other transient cooling solutions as 

well. Additionally, as 𝛼𝛼, 𝛽𝛽, 𝜏𝜏1, and 𝜏𝜏2 are plotted as functions of filling ratio and initial 

temperature, flash cooling rate can be predicted using Eqn. (12) for different vapor chamber 

configurations. This regression-based approach allows for the design of a cooling system that can 

be selected to dissipate thermal loads in a transient manner. 
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Chapter 5: Conclusion 

Flash cooling is an approach to transient thermal management in which system pressure 

is quickly modulated to induce sudden boiling for rapid cooling. As typical cooling solutions 

operate in steady-state, flash cooling offers dynamic cooling for short heat loads known a priori.  

For this work, experiments were conducted on a flash vapor chamber assembly to quantify 

transient cooling rate. Results showed that peak cooling above 200 W when heating is applied 

simultaneously with flash initiation for vapor chamber filling ratios above 15%. Flash inception, 

or the onset of vaporization, was investigated with both pressure wave propagation experiments 

and analysis of the flash vapor chamber data. From the pressure wave propagation experiments, 

pressure undershoot was shown to be an important factor in determining local vaporization. This 

setup was used to investigate the fundamental nature of depressurization in a tube. As for flash 

vapor chamber data, flash onset was shown to begin at an average superheat of roughly 5°C. This 

value shows that flash boiling is initiated at thermodynamic conditions corresponding to 

heterogeneous boiling, while retaining the rapidity and bulk vaporization properties of 

homogeneous boiling. 

Flash is promising in its ability to offset transient loads, and the experiments were done 

for single pulse heat loads. However, real applications may require pulsed cooling or anticipatory 

cooling. Considering that the low static pressure at high altitudes can be readily exploited for flash 

cooling, the gamut for potential applicability of flash cooling is wide for both aerospace systems. 

In this work, basic insights into flash cooling were presented, and while transient thermal 

management is still an important area of consideration for the thermal engineer, this work 

presented both metrics in which other transient cooling methods can be compared and a 

framework in which transient flash cooling over its entire duration can be modeled for various 

systems parameters such as filling ratio and initial temperature.  
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Appendix 

A.1 Choice of working fluid 

The ideal working fluid has the following properties: high latent heat, high thermal 

conductivity, low liquid and vapor viscosities, low surface tension, and low freezing point. 

Additionally, the working fluid must be compatible with the tubing in which the fluid is 

transported, namely copper and polypropylene [A.1.1]. 

Table A.1: Selection of working fluid. 

Working Fluid 
Freezing 
point 
(°C) 

Boiling 
point  
(°C) 

Latent 
heat  
(kJ/kg) 

Surface 
tension 
(mN/m) 

Copper 
compatibility 

Polypropylene 
compatibility 

Ethanol -112 78 846 22 Excellent Excellent 
Methanol -98 64 ~1000 22 Good Excellent 

Water 0 100 2256 72 Good Excellent 
Acetone -95 57 518 25 Excellent Excellent 
Pentane -129 36 ~350 16 N/A Poor 
R-134A -103 -26.3 217 8.5 Excellent Good 

HFE7100 -135 61 125 13.6 Good Good 
Ammonia -78 -33 1369 23 N/A Excellent 
Dowtherm 12 257 407 40 Good N/A 
Heptane -91 98 318 20 Excellent Fair 

 

A.2 Details about pressure wave propagation setup 

Regarding the sensors used in the experiment, the experimental setup was constructed so 

that the pressure wave propagation between the two pressure gauges could be picked up within 

the gauge sampling rate. The local acoustic speed in methanol is about 1100 m/s, and the distance 

between PT-in and PT-reflect is 1.5 m, giving a wave travel time of about 1 ms. The sampling rate 

of the pressure gauge is rated for 1 kHz, and the sampling rate data acquisition system that collects 

pressure gauge data was also for 1 kHz. By doing this, the pressure wave propagation is accurately 

captured. Thermocouple responsiveness is a lot slower, on the order of 0.1s, but due to the nature 
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of the experiments in measuring pressure wave propagation, and not thermophysical properties 

during flash per se, the sampling rate for the thermocouples was of lesser significance than that 

of the pressure gauges. However, temperature measurements on the outside of the tube offer 

insights into overall transport phenomena inside the tube. 

Multiple sources of error exist within the experimental system, mainly regarding pressure 

and vacuum level measurements. One source of pressure measurement error stems from the 

actual liquid column height of methanol between experimental trials. This was mitigated by using 

valves to close off the tube exit leading to the vacuum reservoir between experimental trials and 

having a pressurized methanol reservoir to favor filling the long tube as much as possible during 

filling. The tube connecting the solenoid valve to the vacuum reservoir is constructed of clear 

plastic, so it was visible when excess methanol would seep out of the tube after filling. Assuming 

the variability in liquid height varies between the valve leading to the vacuum reservoir and the 

clear tube, the variability in pressure measured by the pressure gauges due to changes in 

hydrostatic head is about 2 kPa. Another source of pressure measurement error was found while 

running experiments, whereby it was found that a more significant cause of variation in initial 

pressures before depressurization occurs from the gradual increase in pressure within the tube, 

presumably due to the increase in partial pressure of the methanol once the tube is sealed from 

the ambient environment before each depressurization trial. The maximum variability in initial 

pressures before flash was measured to be 5 kPa, corresponding to a final depressurization to 30 

kPa. This final depressurization had the largest variability in initial pressures due to the increase 

in time required for the vacuum pump to reach 30 kPa, which allowed the pressure in the tube to 

build up, thus being a source of random error. As for error in prescribing the vacuum level, the 

final prescribed pressures vary by ±1 kPa, which correspond to half-tick marks on a manual 

pressure gauge connected to the vacuum reservoir. The vacuum level was set manually, and so, 

represents a source of human systematic error. 
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A.3 Details about flash vapor chamber experimental setup 

 In addition to the vapor chamber as the desired hardware for measuring flash cooling 

efficacy (courtesy of Aavid Thermacore), a thermal-fluid test setup was constructed to ensure 

accurate fluid transport and experimental repeatability. Referring to Fig 4.2.1, important 

hardware consists of a methanol reservoir and accumulator, (identical 11.4 L stainless steel 

pressure vessels), a vacuum pump (Edwards RV3), K-type thermocouples (Omega SAI-K), and 

pressure transducers (Omega PX419-030AI). For experiments with a porous plug, steel wool was 

compacted and inserted into the single tube connected to the vapor chamber. To make the test 

setup as leakproof as possible, metal tubing and Swagelok compression fittings were used 

wherever possible, and all joints were covered with vacuum grease. Also, to minimize effects of 

temperature fluctuations due to changes in ambient room temperature, melamine foam and 

insulation tape were wrapped around the vapor chamber. 

 Data acquisition and experimental control was done through LabVIEW using a micro-

controller (NI CompactDAQ). An in-house developed state-machine-based code allows for valve 

control, monitoring of temperature and pressure data, and start/stop of data collection. The 

experimental data is formatted as a five-row text document, with the first row corresponding to 

vacuum reservoir pressure, second row vapor chamber pressure, third row top vapor chamber 

temperature, and fifth row bottom vapor chamber temperature. The fourth row is unused. 
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A.4 Readme for MATLAB code used for flash vapor chamber analysis 

This section presents an outline of the MATLAB code used to analyze experimental data. 

The code is divided into various sections- the first section must be run first, and it is advised to 

run all preceding sections before the desired section due to shared variables used throughout the 

code. Outputs of each section are summarized below.  

Section 1: must run this section first 

• No figures, only calculates parameters needed for plotting in subsequent sections 

Section 2: flash with step heating, and curve-fitting 

• Figure 1: heating vs. time and flash cooling vs. time for various step heat inputs 

• Figure 2: q vs. t for various step heat inputs 

• Figure 3: q vs. t for various step heat inputs and constant 20% filling ratio, with 

corresponding constrained curve-fits (𝛽𝛽 = 0) 

• Figure 4: time constants vs. step heat input for flash with constant 20% filling ratio 

• Figure 5: curve fitting parameter α vs. step heat input for flash with constant 20% filling 

ratio 

• Figure 6: energy dissipated vs. t for various step heat inputs 

• Figure 7: efficiency vs. t for various step heat inputs 

• Figure 8: heating vs. time and flash cooling vs. time for various filling ratios 

• Figure 9: q vs. t for various filling ratios 

• Figure 10: q vs. t for various filling ratios, 98 W step heating, with corresponding 

constrained curve-fits (𝛽𝛽 = 0) 

• Figure 11: time constants vs. filling ratio for flash with 98 W step heating 

• Figure 12: curve fitting parameter α vs. filling ratio for flash with 98 W step heating 
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• Figure 13: energy dissipated vs. t for various filling ratios 

• Figure 14: efficiency vs. t for various filling ratios 

• Figure 15: heating vs. time and flash cooling vs. time for aerated/degassed methanol 

• Figure 16: q vs. t for aerated/degassed methanol 

• Figure 17: energy dissipated vs t. for aerated/degassed methanol 

• Figure 18: efficiency vs t. for aerated/degassed methanol 

Section 3: flash with constant heating, and curve-fitting 

• Figure 1: q vs. t for various filling ratios (porous plug absent) 

• Figure 2: q vs. t for various filling ratios (porous plug present), and corresponding 

unconstrained curve-fits 

• Figure 3: q vs. t for various filling ratios (porous plug present), and corresponding 

constrained curve-fits (𝛽𝛽 = 0) 

• Figure 4: q vs. t for various filling ratios (porous plug absent) and corresponding 

unconstrained curve-fits 

• Figure 5: q vs. t for various filling ratios (porous plug absent) and corresponding 

constrained curve-fits (𝛽𝛽 = 0) 

• Figure 6: 𝜏𝜏1 and 𝜏𝜏2 vs. filling ratio (for both porous plug absent and porous plug present) 

for case of unconstrained curve-fitting 

• Figure 7: 𝜏𝜏1 and 𝜏𝜏2 vs. filling ratio (for both porous plug absent and porous plug present) 

for case of constrained curve-fitting (𝛽𝛽 = 0) 

• Figure 8: α vs. filling ratio (for both porous plug absent and porous plug present) for case 

of constrained curve-fitting  

• Figure 9: 𝜏𝜏1 and 𝜏𝜏2 vs. filling ratio (for porous plug present) for case of constrained curve-

fitting (𝛽𝛽 = 0) 
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• Figure 10: α vs. initial temperature (for porous plug present) for case of constrained curve-

fitting 

Section 4: flash with constant heating, porous plug focus 

• Figure 1: energy dissipated vs. time for various initial temperatures (58°C and 21°C) 

Optional: energy dissipated vs. time for various filling ratios 

• Figure 2: Efficiency vs. time for two cases with porous plug and 20% filling: (1) 58°C and 

(2) 21°C 

• Figure 3: Change in temperature vs. time for two cases with porous plug and 20% filling: 

(1) 58°C and (2) 21°C 

• Figure 4: q vs. t for various initial temperatures (58°C and 21°C) 

• Figure 5: constrained curve-fit (𝛽𝛽 = 0) for flash at initial temperature of 58°C 

• Figure 6: constrained curve-fit (𝛽𝛽 = 0) for flash at initial temperature of 21°C 

Section 5: flash with step heating, pressure data focus 

• Figure 1: vapor chamber pressure vs. time and flash onsets for various step heat inputs 

• Figure 2: absolute pressure required for flash, for various step heat loads 

• Figure 3: superheat for various step heat loads 

Section 6: unused graphs (but still informative) 

• Figure 1: vacuum reservoir pressure vs. time for all data 

• Figure 2: vapor chamber pressure vs. time, vacuum reservoir pressure vs. time, driving 

pressure vs. time, and bubble onset for all data 

• Figure 3: specific internal energy vs. time 

• Figure 4: predicted methanol temperature during flash vs. time 
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Section 7: P-T diagram for methanol, calculated from CoolProp 

• Figure 1: P-T diagram for methanol, with dot for typical initial state 

Section 8: testing raw data and goodness of fit for filter used in flash analysis with step heat loads 

• Figure 1: raw temperature and filtered temperature vs. time for arbitrary data 

• Figure 2: raw vapor chamber pressure and vacuum reservoir pressure vs. time for arbitrary 

data  
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