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ABSTRACT  

 

Direct contact heat exchangers based on wetted string columns offer an intriguing 

alternative to packed beds and spray columns. We experimentally examine the flow and heat 

transfer characteristics of thin liquid films flowing down strings of a diameter approximately 1 

mm against a counterflowing air stream. Numerical simulations are also performed to help 

interpret and validate our experimental results. The Rayleigh-Plateau instability caused by 

interplay among surface tension, gravity, and viscous forces leads to the formation of uniformly 

spaced drop-like liquid beads traveling down a string. The liquid mass flow rate and also the 

nozzle radius influence the radius and spatial/temporal frequency of liquid beads. Aerodynamic 

drag exerted by the counterflowing air stream deforms liquid beads. The relationship between 

flow characteristics and heat transfer effectiveness are examined experimentally for different 

combinations of the air velocities, liquid mass flow rates, and nozzle radii. We show that the 

liquid mass flow rate and the air velocity are two primary factors influencing heat transfer 

effectiveness whereas details of the liquid flow instability affect local bead-to-air heat transfer 

coefficients. We also compare the heat transfer effectiveness and the pressure drop between a 

wetted string column that consists of an array of vertical strings and a well-established 

structured packing that consists of vertical plates. The wetted string column is shown to deliver 

comparable heat transfer performance but at a lower air pressure drop than the structured 

packing. The present work helps improve our understanding of the flow and heat transfer 

performance of string-based direct-contact heat exchangers and helps build a foundation for 

their systematic design and optimization. 

. 
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1. INTRODUCTION 
 

Economic light-weight heat exchangers are an important 

enabling technology for a wide variety of engineering 

applications. One example is dry cooling of thermoelectric 

power plants, whose significant consumption of fresh water 

presents major challenges in the context of the water-energy 

nexus. Conventional air cooled condensers (ACCs) have found 

limited adoption due in large part to their high capital cost and 

heavy weight of metal fins [1]. Alternative heat exchanger 

technologies that can circumvent these limitations are urgently 

needed to enable wider adoption of dry cooling of 

thermoelectric power plants.  

One option is to apply an indirect cooling scheme where 

steam is cooled in a surface condenser using an intermediate 

non-evaporating heat transfer fluid, which is in turn cooled by 

the ambient air in separate direct-contact heat exchangers. Low 

vapor pressure liquids, such as silicone oil or ionic liquids [2], 

may be used as the intermediate heat transfer fluid. 

Packed bed columns, which incorporate tortuous flow 

paths for enhanced heat and/or mass transfer, are well-

established direct-contact heat/mass exchangers [3]–[5]. They 
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have been commonly used in chemical processing and 

syntheses. Relatively high gas-phase pressure drops and liquid 

mal-distributions, however, remain major challenges [6], [7]. 

Spray columns enhance heat and/or mass transfer by dispersing 

liquid droplets into gas streams [8]. However, small droplet 

residence times limit heat transfer efficiency [9]. Scaling up the 

number of liquid nozzles while preventing interference among 

adjacent nozzles also present practical difficulties. 

One promising alternative is a DIrect-contact Liquid-on-

String Heat Exchanger (DILSHE), schematically illustrated in 

Fig. 1. Each DILSHE unit consists of a dense array of aligned 

polymer strings with a diameter of the order of 1 mm. A heated 

coolant (after exiting a surface condenser, for example) is fed 

into the top reservoir of the DILSHE unit. As thin films of the 

liquid coolant flow along the strings, they form traveling liquid 

beads due to flow instabilities. The coolant films/beads are 

cooled by counterflowing air. The straight flow paths for the air 

lead to lower air pressure drop and higher gas load limits when 

compared with packed beds. By inhibiting radial liquid 

transport, DILSHE also reduces liquid mal-distributions. 

Inexpensive polymer strings enable construction of economic 

and low-weight cooling modules that can be readily scaled. 

 

 
Fig. 1. Schematic of a DILSHE module. Such modules may be stacked 

in arrays to handle large cooling loads.   

 

To enable physics-based systematic design of DILHSE, 

we need rigorous understanding of the fluid dynamics and heat 

transfer characteristics of liquid film flowing down a highly 

curved surface. Most studies of liquid films on solid surfaces 

were conducted using plates or tubes of diameters much larger 

than the film thickness [10]. Liquid films flowing over a highly 

curved surface [11] are unstable and form wavy profiles or 

traveling beads due to interplays among the surface tension, 

viscous and gravitational force. Two main types of instability 

experienced by such liquid films are the Rayleigh-Plateau (RP) 

instability [12], and the Kapitza instability [13]. Kliakhandler et 

al. [14] experimentally studied highly viscous liquids flowing 

along vertical strings and proposed a creeping-flow model to 

predict flow patterns in the inertia-less limit. Ruyer-Quil et al. 

[15] added the effects of inertia and viscous diffusion to the 

evolution equation for the local film thickness and the local 

flow rate and predicted spatiotemporal variations of the liquid 

film profiles. A later study [16] improved the model using a 

weighted-residuals approach and considered the effects of 

inertia, azimuthal curvature, and viscous dispersion. This then 

led to the classification of four different flow regimes. Duprat 

et al. [17] examined the response of liquid films flowing down 

a vertical string to inlet forcing and studied the transition from 

the absolute to the convective instability both experimentally 

and theoretically [18]. A later numerical modeling study based 

on a multi-fluid method [19] showed results consistent with the 

previous experimental data in select flow conditions [20]. 

Past studies also explored the use of liquid films flowing 

down strings for direct contact heat and mass transfer 

applications. Hattori et al. [21] presented approximate 

analytical models for the temperature distribution of a liquid 

film subjected to cross-flows of a cooling gas. A later study 

[22] performed CO2 absorption experiments where they 

compared the performance of spray columns, packed beds and 

wetted string columns and demonstrated the superiority of 

wetted string columns. Extending this work, Uchiyama et al. 

[7] reported an analytical model to predict the CO2 absorption 

performance. Migita et al. [23] constructed a prototype 

containing an array of 109 strings to study CO2 absorption 

effectiveness. They successfully demonstrated that, under the 

same inlet liquid and gas conditions, wetted string columns 

perform better in terms of absorption effectiveness and gas 

pressure drop over conventional packed columns and spray 

columns. Pakdehi et al. [24] investigated the hydrazine 

absorption by a wetted string column with different number of 

strings and confirmed the advantage of wetted string columns 

in gas-phase pressure drop. Hosseini et al. [25] developed a 

CFD model and performed a parametric study to examine CO2 

absorption by a liquid film flowing along a single string. A 

recent study [26] also developed a numerical model for a CO2 

absorption process in a wetted string column and reported good 

agreement with the previous experimental results [23]. 

More recent studies experimentally investigated the fluid 

dynamics of a single wetted string in the presence of significant 

counterflowing air [27] and compared CO2 absorption rates for 

liquid films flowing on single strings and planar surfaces [28]. 

They observed that both gas-side and liquid-side mass transfer 

coefficients of the wetted strings were higher than the planar 

liquid films due to film waviness associated with flow 

instability. Furthermore, due to efficient mixing enabled by 

recirculating liquid flows within liquid beads [9], [21], the mass 

(and also heat) transfer resistance across liquid films is small 

relative to the resistance across the liquid-air interface.  

    Many experimental studies focus on investigating heat 

transfer performance of a turbulent liquid film around a 

Cooling air

Heated coolant 

(e.g., surface condenser)

Cooled coolant

Coolant liquid film 

flow on an array of 

strings
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uniformly heated tube [29]–[37]. Shmerler et al. [30], [31] 

measured the wall heat flux and temperature gradients across 

the liquid films to develop correlations for the normalized 

liquid-side heat transfer coefficients and the Reynolds number. 

These experiments focused on subcooled liquid films or 

saturated liquid films undergoing evaporation. However, very 

few studies were reported on heat transfer characteristics of 

liquid films flowing down thin strings with a counterflowing 

gas. A previous study [9] reported a rather limited experimental 

investigation of the cooling of thin films of a heated silicone oil 

flowing down single strings. By using strings with different 

diameters, they successfully achieved the string-of-bead flow 

and annular film flow at the same liquid flow rate, and 

demonstrated that the string-of-bead flow exhibited a higher 

overall heat transfer coefficient than the annular film flow. 

However, the impact of the air velocity, liquid flow rate and 

nozzle radius on liquid film flow characteristics, and the 

relationship between the flow characteristics and heat transfer 

effectiveness still need further investigations.  

To rigorously understand the flow and heat transfer 

characteristics of thin liquid films flowing along strings, we 

previously experimentally studied the fluid dynamics of thin 

silicone oil film flowing down a vertical string against a 

counterflowing air stream. We demonstrated that the liquid flow 

rate and air velocity were two primary factors affecting the flow 

characteristics [38]. We then constructed a numerical model 

based on the geometric parameters obtained from our 

experiments to predict velocity distributions and temporal 

variations in temperature of liquid beads [39]. The simulation 

results of the average bead temperature evolution agree well 

with the prediction from an analytical model [21]. 

    In the present article, we report a combined experimental 

and modeling study of the flow and heat transfer characteristics 

of thin liquid films flowing down a single string in the presence 

of a counterflowing cooling gas. We focus on the Rayleigh-

Plateau (RP) regime [19] where uniformly spaced drop-like 

liquid beads travel on a thin liquid substrate formed along the 

entire length of a vertical string. Using a high-speed camera and 

micro-thermocouples, we capture liquid film/bead profiles and 

temperatures at different air velocities and at different nozzle 

diameters. Finite element models are constructed to help 

interpret and validate experimentally obtained heat transfer 

characteristics.  

    In Section 2, we briefly discuss the flow regime map as it 

relates to our experimental focus. In Section 3, we discuss the 

experimental setup, procedures and simulation models. In 

Section 4, we present and discuss the results. 
 

2. DESCRIPTION OF FLOW REGIMES 
 

Previous studies [16], [17] suggested a flow regime map 

for thin liquid films flowing down a vertical string. The regime 

map (Fig. 2) is presented in the plane Rw/lc versus  = hN/Rw to 

facilitate practical use. Here, Rw is the string radius, and lc is the 

capillary length of the liquid defined as √𝛾/𝜌𝑔 (e.g., 1.5 mm 

for Rhodorsil v50 silicone oil). Here 𝜌 and γ denote the liquid 

density and surface tension, respectively. The Nusselt thickness 

hN is the thickness of a cylindrical liquid film one would have 

for a given liquid flow rate in the absence of any instability. 

The aspect ratio  which is independent of the ratio Rw/lc, can 

be varied by changing the liquid flow rate. This approximate 

regime map does not account for the influence of the liquid 

substrate thickness and other complications [16]. 

The RP instability can be arrested by the mean flow when 

the film thickness hN is sufficiently small compared with the 

ratio Rw
3/lc

2.  This arrest of the growth of the RP instability by 

the flow advection, often referred to as saturation [17], is 

characterized by the saturation number *: 

 

𝛽∗ = [
3𝑢𝑁

2𝑢𝑖
 

𝛼

(1+𝛼)4
]

2

3
(
𝑙𝑐

𝑅
)

4

3
       (1) 

 

Here, the Nusselt average liquid velocity and the maximum 

velocity at the free interface are denoted as uN and ui 

respectively. The two are in turn functions of the aspect ratio  

and the viscosity of the liquid. Note that, for a given liquid, * 

is a function only of  and Rw/lc.  

The curve representing * = 1 approximately divides the 

plane into two regions. On the left hand side of the curve, * is 

larger than 1 and the characteristic time of growth of the RP 

instability is smaller than the characteristic time necessary to 

displace the waves over their length. One then expects the RP 

instability mechanism to dominate over the flow advection 

[18]. By analyzing the dispersion relation of traveling 

beads/waves, one can determine *≈1.507 as a more refined 

characteristic number defining transition between the absolute 

instability of the Rayleigh-Plateau instability regime and the 

convective instability. 

We focus in the present study on the RP regime that 

exhibits the absolute instability where a uniform train of 

traveling liquid beads are observed along the entire length of a 

string.  his greatly facilitates interpretation of our heat transfer 

characterization experiments. The black symbols in Fig. 2 

represent the liquid flow rates studied in this article, ranging 

from 0.03 g/s to 0.09 g/s.   

 



4 

 

 
Fig. 2. A flow regime map proposed in an early study [17]. The regime 

map is constructed for v50 silicone oil. RP refers to the drop-like 

regime dominated by the Rayleigh-Plateau instability. Black symbols 

indicate the experiment conditions used in our study. 

 

 

3. EXPERIMENTAL SETUP AND NUMERICAL MODEL 
 

3.1. Experimental 

 
Figure 3 shows a schematic of the experimental setup used 

in the present study. The setup consists of a vertical glass tube 

(inner diameter = 10.2 mm), a top liquid reservoir, a polymer 

string and an air cone. The polymer string (Rw = 0.1 mm) with a 

weight attached at the end is suspended along the glass tube.  

The string is aligned using a X-Y stage to be concentric with a 

circular nozzle attached to the bottom of the liquid reservoir 

(Fig. 4). An electrical heater is used to heat the liquid inside the 

reservoir before it enters the nozzle. 

 After exiting the nozzle, the liquid flows along the string 

and is then collected at the bottom container. The collected 

liquid is fed back to the top reservoir using a gear pump.  

Compressed air (inlet pressure ~ 1.3 bar, temperature ~ 22 

°C) is fed into the glass tube from the bottom. The converging 

cone at the bottom of the glass tube is fitted with a flow 

straightener to ensure uniform air distribution. A variable-area 

flow meter is used to measure the volumetric air flow rate.   

A high speed video camera (capable of up to 16000 fps) is 

used to record liquid film profiles. These high-speed video 

recordings are analyzed using a custom made imaging 

processing code to extract the geometric parameters of the 

liquid films. 

The liquid nozzle radius, Rn (Fig. 4) is one of the 

parameters that influence the liquid bead size and spacing. We 

use nozzles with three different radii, 0.4 mm, 0.5 mm, and 0.6 

mm, in the present study. The uncertainty in nozzle radius 

measurement is ± 0.02 mm. 

 

 

 

 
 

Fig. 3.  Schematic of the experimental setup used to study flow and 

heat transfer characteristics of a non-evaporating liquid film flowing 

down a vertical string. 

 

 

  
Fig. 4. An enlarged view of the top liquid reservoir and the liquid 

nozzle.   
 
 

Four micro-thermocouples of diameter 250 m are placed 

at axial locations 0.3 m, 0.6 m, 0.9 m, and 1.5 m from the 

nozzle to measure liquid temperatures. The thermocouples are 

mounted on the shafts of micro-positioners so that we can 

adjust their positions to coincide with the center of traveling 

liquid beads. Outputs from the thermocouples are monitored 

using a 24-bit high-precision data acquisition system. The 

power applied to the heater is adjusted for each flow rate such 

that the liquid temperature at the first thermocouple location is 

maintained at 37 °C.  

6

1. X-Y stage
2. Reservoir
3. Glass tube
4. Liquid bead on wire
5. Weight
6. Container 
7. Storage tank
8. Oil pump
9. Air source
10. Air cone
11. Camera 
12. Thermocouples
13. Electrical heater
14. Liquid nozzle

Solid line loop: oil path
Dash line loop: air path

1

3

2

9
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4
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8
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A micro-thermocouple located at a fixed position is 

“immersed” to temporally varying extents in the liquid as a 

train of liquid beads travel past that location. Fast Fourier 

transform of the temporal temperature recordings therefore 

yields well-defined frequencies, which correlate well with 

liquid bead traveling frequencies obtained from video 

recordings as discussed further in Section 4.1. 

We use a well-wetting liquid of low surface energy, 

Rhodorsil v50 silicone oil. Its key properties are: density  = 

963 kg/m3, kinematic viscosity  = 50 mm2/s, surface tension  
= 20.8 mN/m at 20 °C, thermal conductivity k = 0.15 W/(m·K), 

and specific heat cp = 1507 J/(kg K).   

   The liquid mass flow rate is calculated from the geometric 

parameters of the liquid beads and liquid substrates obtained 

through image analyses. In an independent set of experiments, 

we confirmed that the liquid mass flow rates measured using a 

weight scale placed under the bottom collection container 

agreed with those obtained using image analyses to within 

10%. The average air velocity in the glass tube is calculated 

from the measured volumetric flow rates.  

   Following a previous study [21], we quantify the liquid 

profiles in terms of Rb, the longitudinal distance between the 

centerline and the maximum curvature point along the bead; Rs, 

the radius of the cylindrical liquid substrate between two 

neighboring beads; and L, the distance between two adjacent 

travelling beads.  Figure 5 schematically illustrates these 

geometric parameters for a representative case. 

 

  
 

Fig. 5. Geometric parameters of liquid beads traveling along a string 

on a thin liquid substrate. 

 

The uncertainty in the geometric parameters obtained 

through optical image analyses is estimated to be ± 0.03 mm. 

For each run, we typically analyze 3000 images for the bead 

radius, liquid substrate radius, and spacing between two 

subsequent beads. The uncertainty in the air velocity is 

estimated to be 0.1 m/s and the uncertainty in thermocouple 

readings ± 0.1°C. 

 

 

3.2. Numerical Model 
 

To help interpret and indirectly validate our experimental 

data, we construct a quasi-steady model for heat transfer 

between the liquid film and the counterflowing air. We note that 

the mean velocities of air are at least an order of magnitude 

higher than those of liquid beads in all our experiments. In view 

of this, our model assumes that liquid beads are stationary and 

considers only relative air flows. We further assume two-

dimensional axisymmetric flows.  

    Our experimental results are used to specify geometric 

parameters in the model: the thickness of the liquid film, the 

length and maximum radius of the liquid beads, and the spacing 

between beads. In our earlier work [40], we showed that the 

profile of liquid beads in the drop-like regime can be well-

approximated by that of a static liquid drop placed on a string 

coated with a cylindrical liquid substrate. We solve the Laplace 

equation to obtain the liquid bead profile using the 

experimentally determined liquid substrate thickness and 

maximum bead radius as input parameters. 

A commercial computational fluid dynamics package was 

used for our simulation. The simulation domain and the 

relevant boundary conditions are summarized in Fig. 6. We 

solve the steady state Navier-Stokes equations and the energy 

equations, Eqs. (2-4), to obtain velocity fields and temperature 

distributions in both the liquid film and the air.  

 

𝜌(𝒖 ∙ ∇) = ∇ ∙ [−𝑝𝑰 + µ(∇𝒖 + (∇𝒖)𝑇)] + 𝑭     (2) 
 

𝜌(∇ ∙ 𝒖) = 0                  (3) 

 

𝜌𝐶𝑃𝒖 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇)             (4) 
 

Here, u and T are the velocity and temperature fields, 

respectively. p is the pressure. I is the unit tensor. F denotes the 

gravitational force. Cp is the heat capacity at constant pressure, 

k the thermal conductivity,  the density, and  the dynamic 

viscosity. 

    The Navier-stokes equations are first solved to obtain the 

velocity fields.  These were then input into the energy 

equation to obtain the temperature distributions.  The velocity 

fields of the liquid and the air are coupled by the interface 

boundary conditions. At the liquid-gas interface, the zero shear 

stress condition, Eq. (5), the zero normal velocity condition, 

Eq. (6), and the tangential velocity continuity condition Eq. (7) 

are applied.  

 

𝜏𝑙 = 𝜏𝑔 = 0                    (5) 

 

𝒖𝒍 ∙ 𝒏 = 𝒖𝒈 ∙ 𝒏 = 0                (6) 

 

𝒖𝒍 − (𝒖𝒍 ∙ 𝒏)𝒏 = 𝒖𝒈 − (𝒖𝒈 ∙ 𝒏)𝒏          (7) 

z

r

Rs

Rb

Rw

L
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Here, n represents the normal vector. ul and ug denote the 

velocity fields in the liquid and the air, respectively. 

The adiabatic condition (-n·q = 0) and the no-slip 

boundary condition (ul = 0) are applied at the string surface. An 

isothermal wall condition is applied at the glass tube wall based 

on our experimental observation that there were negligible 

temperature variations along the glass tube wall. The ambient 

pressure is assigned at the outlets of the liquid and the gas. Heat 

conduction along the string and at the outlet is neglected.  

    A two-dimensional locally refined triangular mesh of 

approximately 240,000 elements was used for our simulation. 

The element size is varied gradually from 0.005 mm in the 

liquid substrate to 0.1 mm in the air.  A mesh independence 

study was carried out to ensure that the liquid film temperatures 

do not change by more than 3% with further mesh refinement.  

     
  

  
 
Fig. 6. The simulation domain and boundary conditions for our quasi-

steady model. All the geometric parameters of the liquid films are 

those obtained from the experiments. 

 

4. RESULTS AND DISCUSSION 
 

4.1. Spatiotemporal diagrams 
 

To help quantify the flow characteristics of liquid films, we 

first construct a spatiotemporal diagram [41] from acquired 

video images. Briefly, at one chosen time step (i.e., video 

frame), we extract a vertical line of pixels, which is selected to 

pass through roughly the centers of liquid beads. We repeat this 

procedure for subsequent time steps at a constant time interval 

and then juxtapose the extracted pixel lines to reveal 

spatiotemporal trajectories of the beads.  

Two representative spatiotemporal diagrams obtained from 

our experiment are shown in Fig. 7. Striations in the 

spatiotemporal diagram reflect the motions of constant height 

structures (i.e., traveling liquid beads). The spacing between 

adjacent striations in the z-direction corresponds to the spatial 

frequency of traveling beads. The spacing between adjacent 

striations in the t-direction corresponds to the temporal 

frequency. The slope of each striation represents the traveling 

velocity of each corresponding liquid bead. 

In the RP instability regime, a series of parallel striations is 

observed along the entire length of a string, indicating that no 

coalescence of liquid beads takes place.  

 

 
 
Fig. 7. Two spatiotemporal diagrams with the same liquid flow rate 

but different air velocities.   

 

 

4.2. Liquid bead radius and frequency 
 

A counterflowing air stream exerts aerodynamic drag on 

liquid beads and influences liquid film flow patterns.  

Comparing the two spatiotemporal diagrams shown in Fig. 7, 

for example, we note that the bead (spatial and temporal) 

frequencies are lower for the higher air velocity.  

Figure 8 shows a set of optical images of liquid beads 

obtained at different air velocities for a fixed liquid mass flow 

rate. The bead radius Rb increases slightly as the air velocity 

Vair increases up to approximately 3 m/s. As the aerodynamic 

drag deforms the liquid beads, their frontal areas increase, 

further increasing the drag force. As the motion of the liquid 

beads becomes retarded, their volumes become larger, 

increasing the gravitational force to counteract the drag force. 

This increase in the liquid volume in turn leads to increase in 

the spacing between two adjacent beads and hence the bead 

frequency. That is, the liquid beads become bigger but fewer. 

The liquid bead radii and spatial frequency extracted from our 

image analysis are shown in Figs. 9-11.   

As the air velocity is increased even further, the air streams 

turn turbulent. The liquid beads deform appreciably and may 

even be pushed upward by strong aerodynamic drag. We limit 

our heat transfer characterization to laminar air flows.  

 

Liquid mass flow rate and 
uniform temperature

Adiabatic wall

1 atm pressure and no 
axial conduction

Uniform velocity and 
temperature distribution

Isothermal wall of 
room temperature

Velocity and 
shear stress 
continuity

1 atm pressure and no 
axial conduction

1.2 m train of beads 
with the  bead shape 
and space imported 
from our experiment

g
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5 t(s) 
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0 

0 
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  = 0.07 g/s   V = 0.48 m/s   = 0.07 g/s   V = 2.88 m/s
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Fig. 8. Optical images of liquid film flows at different velocities of 

counterflowing air streams. The liquid flow rate is fixed at 0.09 g/s. 

 

 

Figure 9 quantitatively shows variations in the liquid bead 

radius Rb as a function of the air velocity. The liquid mass flow 

rate ṁL is varied from 0.05 g/s to 0.09 g/s by using nozzles with 

different values of the inner radius Rn.   

 

 

 
 
Fig. 9. Experimental results for the liquid bead radius, Rb, as a function 

of the air velocity, Vair. Three different liquid mass flow rates are 

achieved using nozzles of different radii. 

 

One can also vary the liquid mass flow rate by adjusting 

the height of the liquid column in the top liquid reservoir while 

keeping Rn constant. Figure 10 compares the measured values 

of Rb from a set of experiments where we vary the mass flow 

rate in this manner for two nozzles of different radii (0.4 and 

0.5 mm).  For a given nozzle radius, the measured bead radii 

at two different mass flow rates remain within 5% of each 

other. In contrast, at a fixed mass flow rate of 0.05 g/s, the 

measured bead radius for the nozzle with Rn = 0.5 mm 

(triangles) is larger than that for the nozzle with Rn = 0.4 mm 

(squares). The impact of these changes in liquid flow patterns 

on heat transfer will be discussed later. 

 

 

 
Fig. 10. Variations in the liquid bead radius Rb for different 

combinations of the nozzle radii and liquid mass flow rates.  A 0.4 

mm-radius nozzle is used for liquid flow rates of 0.03 g/s and 0.05 g/s. 

A 0.5 mm-radius nozzle is used for liquid flow rates of 0.05 g/s and 

0.07 g/s. Both the 0.4 mm- and 0.5 mm-radii nozzles are used to 

generate a liquid mass flow rate of 0.05 g/s. 

 

 

Figure 11 quantitatively shows that the liquid bead 

frequency generally decreases with the increasing air velocity.  

More importantly, as the liquid bead size changes with the 

decreasing nozzle radius, from 0.5 mm (triangles) to 0.4 mm 

(circles), for a fixed mass flow rate of 0.05 g/s, the frequency of 

liquid beads changes in order to keep the mass flow rate 

constant. Figure 11 also shows that, for a given nozzle radius 

(Rn = 0.4 mm), the smaller mass flow rate of 0.03 g/s (squares) 

leads to the smaller bead frequency than the larger flow rate of 

0.05 g/s (circles). 

 

 

0 0.96 1.92 2.88 3.84 4.80 5.76

Air velocity (m/s)

Liquid

Air

Liquid flow rate: 0.09 g/s 
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Fig. 11. The dependence of the bead frequency on the air velocity for 

liquid mass flow rates of 0.03 g/s and 0.05 g/s. The frequencies are 

obtained either through optical image analyses or through FFT of 

temporal temperature recordings. The solid symbols correspond to the 

results from FFT, and the hollow symbols to the result from image 

analysis 

 

 

Although the bead radius Rb increases with increasing Vair, 

the liquid substrate radius Rs (please see Fig. 5) remains nearly 

unaffected by the air flows. We estimate the liquid substrates 

account for less than 5% of the total liquid mass flow rate under 

the present experimental conditions. 

A previous study [27] used liquids with different values of 

surface tension and made qualitatively similar observations.  

That is, for liquids with both high and low surface tension, the 

liquid bead radius increased with increasing gas loads whereas 

the liquid substrate thickness remained nearly unchanged. 

Large differences in the liquid flow rates and the resulting 

differences in the bead size and dominant instability 

mechanism, however, make direct quantitative comparison with 

the previous study difficult.  

 

 

 
4.3. Bead velocity 

 
Figure 12 shows the liquid bead velocity Vb as a function 

of Vair for two nozzles with different radii. Vb is relatively 

insensitive to the air velocity for small liquid beads. Vb can be 

expressed as Vb = L×f, where L is the spacing between two 

adjacent liquid beads and f is the temporal bead frequency.  

Changes in the two parameters tend to offset each other as Vair 

increases. 

The bead velocities measured for ṁL of 0.03 g/s and 0.05 

g/s are nearly the same when the nozzle radius is fixed at 0.4 

mm. However, for a nozzle of 0.5 mm radius, Vb slightly 

increases with increasing Vair for a given ṁL and with increasing 

ṁL for a given Vair. This can be attributed to the fact that larger 

liquid beads are more susceptible to aerodynamic drag. 

     

 
 
Fig. 12. The experimentally measured liquid bead velocity as a 

function of the air velocity. Four different liquid flow rates obtained 

using two different radii nozzle are shown. Note that the error bars are 

small compared with the plotted symbol.  

 
 

 

4.4. Overall heat transfer effectiveness  

 

Figure 13 shows the temperature drops measured at 

different axial locations as a function of Vair. The liquid mass 

flow rate is set to be 0.05 g/s. The liquid temperature at 0.3 m 

from the nozzle exit (set to be z = 0) is fixed at 37 °C and this 

value is used as the reference temperature in calculating the 

temperature drops. The temperature drops increase with 

increasing Vair. This is due in part to enhanced forced 

convection and in part to increased spacing between liquid 

beads. The effect of spacing between adjacent liquid beads on 

heat transfer is further discussed later (Section 4.5). The 

experimental results agree well with our simulation results. 
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Fig. 13. Temperature drops measured as a function of the air velocity 

at three different axial locations. The liquid mass flow rate is 0.05 g/s.  

The solid symbols are experimental data. The dash lines are our 

simulation results. The uncertainties are smaller than the plotted 

symbols. 
 

We use the “local” heat transfer effectiveness [42] at a 

specific downstream axial location to further quantify the heat 

transfer performance: 

 

𝜀 =
𝐶𝐿(𝑇𝐿0−𝑇𝐿(𝑧))

𝐶𝑚𝑖𝑛(𝑇𝐿0−𝑇𝐺)
               (8) 

 

Here, TL0 denotes the inlet liquid temperature, and TG denotes 

the air temperature. We note that the mean air temperature 

remains nearly constant at 22 °C along the axial direction due 

to a relatively large glass tube diameter and hence air volume 

flow rates. The “local” heat transfer effectiveness is then only a 

function of the liquid heat capacity rate, CL, the minimum heat 

capacity rate, Cmin, and the liquid temperature at a specific axial 

location, TL(z). In all the cases considered in our work, Cmin = 

CL. The inlet liquid temperature and the inlet gas temperature 

are both fixed in all our experiments.  We can therefore 

calculate the “local” heat transfer effectiveness using the liquid 

temperature profile alone. 

    Figure 14 shows the calculated heat transfer effectiveness 

as a function of the axial position z for different liquid mass 

flow rates. The experimental results agree well with the 

predictions from our quasi-steady heat transfer model. For a 

given Vair, the overall heat transfer effectiveness  improves as 

the liquid mass flow rate decreases, which is consistent with the 

general behavior of counterflow heat exchangers. 

 

 
 

Fig. 14. The heat transfer effectiveness as a function of the axial 

position.  Four different liquid flow rates are examined.  The 

symbols are experimental data and the dash lines represent our 

simulation results. 

 

 

As noted before, a nozzle with a smaller radius generally 

produces smaller but more liquid beads than a nozzle with a 

larger radius at a fixed liquid mass flow rate. We examine the 

impact of this behavior on the heat transfer effectiveness. Our 

experimental results, shown in Fig. 15, indicate that the heat 

transfer effectiveness is rather insensitive to the liquid bead size 

(Rn = 0.4 mm versus Rn = 0.5 mm). Due to internal recirculation 

flows within liquid beads and hence efficient internal mixing 

[9], [21], the details of liquid film profiles play a rather minor 

role. The total liquid mass flow rate is the dominant factor 

affecting the heat exchanger effectiveness. The same trends are 

observed for both air velocities (0.96 and 1.92 m/s) examined. 
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Fig. 15. Comparison of the heat transfer effectiveness between the 

case with Rn = 0.4 mm and the case with Rn = 0.5 mm for the same 

liquid flow rate of 0.05 g/s. Two sets of results with different air 

velocities (0.96 m/s and 1.92 m/s) are shown. The symbols are 

experimental data and the dash lines are simulation results. 

 
 
 

4.5. Bead-to-air heat transfer coefficient 
 

Although the two cases with different nozzle radii 

discussed above deliver the same heat transfer effectiveness , 

“local” heat transfer coefficients for convective heat transfer 

between individual liquid beads and air h can still differ.  

To examine this further, we use a lumped capacitance 

analysis [43] to estimate the liquid bead-to-air heat transfer 

coefficient:  

 

 
𝑇−𝑇𝐺

𝑇𝐿0−𝑇𝐺
= exp [(−

ℎ𝐴𝑠

𝜌𝑉𝑐
) 

𝑧

𝑣
]        (9) 

 

Here, As represents the surface area of a liquid bead and V 

represents its volume. and c represent the density and the 

specific heat of the liquid, respectively.  v represents the liquid 

bead velocity and h represents the liquid bead-to-air heat 

transfer coefficient.  Equation (9) is used to fit the measured 

axial temperature distribution and extract h. 

Figure 15 shows the liquid bead-to-air heat transfer 

coefficients, h, obtained for the same two cases with different 

nozzle radii at a fixed ṁL of 0.05 g/s. The heat transfer 

coefficient h is larger for the bigger nozzle radius at a given ṁL 

and a given Vair. A larger surface area of liquid beads exposed to 

the air and a larger inter-bead spacing lead to enhanced heat 

transfer for liquid film flows produced by the bigger nozzles. 

 
 

Fig. 16. The liquid bead-to-air heat transfer coefficient obtained from 

the lumped capacitance analyses. The results from the two nozzles 

with different radii (0.4 mm and 0.5 mm) are shown. The liquid flow 

rate, ṁL, is fixed at 0.05 g/s are compared. The symbols are 

experimental data and the dash lines are simulation results. 
 

 

When the inter-bead spacing is changed, the heat transfer 

rate is also changed due to the influence of recirculation/ wake 

zones formed in the inter-bead region [44]. Figure 17 compares 

representative streamlines and temperature profiles obtained in 

our numerical simulation for two cases with the same liquid 

bead size but different inter-bead spacing values (and hence 

different mass flow rates). At the larger inter-bead spacing, the 

flow separation angle (measured from the forward stagnation 

point) increases and the recirculation zone narrows in width. 

This then leads to increased radial temperature gradients and 

hence local heat transfer rates. A similar trend of enhanced heat 

transfer with increased inter-sphere spacing values was 

observed in an earlier study of linear arrays of spheres [45]. 
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Fig. 17. The predicted streamlines (left) and temperature profiles 

(right) for liquid film flows with the same liquid bead size but with 

different inter-bead spacing values.  
 

 

Figure 18 compares the heat transfer coefficients obtained 

from two different mass flow rates for a fixed nozzle radius Rn. 

Under the conditions used, the liquid bead size and the bead 

traveling velocity remains nearly unchanged, whereas the inter-

bead spacing is larger for the smaller liquid mass flow rate. And 

indeed, the lower mass flow rate leads to enhanced bead-to-air 

heat transfer coefficients. 

 

 
 

Fig. 18. The liquid bead-to-air heat transfer coefficients as a function 

of the air velocity. The nozzle radius is fixed while the liquid flow rate 

is changed from 0.03 g/s to 0.05 g/s by adjusting the liquid heads in 

the reservoir. The symbols are experimental data and the dash lines are 

simulation results. 

 

 

Combining Eq. (8) and Eq. (9), we rewrite the heat 

transfer effectiveness as  

 

𝜀(𝑧) = 1 − exp [(−
ℎ𝐴𝑠

𝜌𝑉𝑐
) 

𝑧

𝑣
]  (10) 

 

This offers one way to visualize how the heat transfer 

effectiveness for liquid films is nearly independent of the 

nozzle radii for a given value of ṁL. Changes in the heat 

transfer coefficient h and the liquid bead velocity are 

counteracted by changes in the liquid volume and hence 

thermal capacitance of liquid beads. 

 

4.6. The comparison with a structured packing  

 

    Liquid films falling down the surfaces of vertical plates or 

large-diameter tubes have been widely used for mass and heat 

transfer applications.  Comparing heat transfer performance of 

these “planar” liquid films with that of liquid films flowing 

down on small-diameter strings is not straightforward as one 

must account for system-level constraints (for example, total 

cross-sectional area/volume). 

For an illustrative purpose, we compare the heat exchange 

effectiveness and the gas-phase pressure drop in two different 

direct-contact heat exchangers.  One consists of an array of 

wetted strings (our system) and the other incorporates a vertical 

plate structured packing [5], [46], [47] (Figure 19). The two 

systems have the same overall dimensions: 1 m wide, 1 m long 

and 1.2 m tall. 

 

 
Fig. 19: The schematics of a wetted string column (left) and a vertical 

plate structured packing (right). 

 

    We keep the superficial liquid velocity VL= ṁL/(LAf), and 

the superficial air velocity VG= ṁG/(GAf) the same for both 

systems. Here, ṁL and ṁG denote the total inlet liquid and air 

mass flow rate, respectively. L and G denote the liquid and air 

density, respectively. Af is the column cross-sectional area (1 

m2).  

    For our wetted string column system, the string pitch is 

selected to be 10 mm, resulting in a total of 10,000 strings in 

the unit.  For the vertical wall structure packing, we also 

choose the same mm pitch (p = 10 mm).  The plate thickness t 

is set to be 1 mm such that the total thickness (plate and liquid 

films) is comparable to that for the wetted strings. 
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For the wetted string array, we use 3D numerical 

simulation over a square unit cell to predict the overall heat 

exchanger effectiveness  and pressure drop.  

 

𝜀 =
𝐶𝑙(𝑇𝐿,𝑖𝑛−𝑇𝐿,𝑜𝑢𝑡)

𝐶𝑚𝑖𝑛(𝑇𝐿,𝑖𝑛−𝑇𝐺,𝑖𝑛)
             (11) 

 

    For a vertical plate structured packing, the heat exchanger 

effectiveness and the pressure drop are evaluated using the 

empirical correlations for the heat transfer coefficients and 

friction factor [5], [48]–[50].  

Figure 20 shows the heat exchanger effectiveness of both 

the array of wetted strings and the structured packing as a 

function of the superficial air velocity. Two different superficial 

liquid velocities, consistent with our experimental values for a 

single string, are examined. Figure 20 shows that the array of 

wetted strings has generally higher heat exchanger 

effectiveness values than the structured packing.  At the higher 

liquid superficial velocity, the heat exchanger effectiveness is 

lower for both systems.  For the lower VL, especially at 

sufficiently high air velocities, the two systems exhibit nearly 

identical heat transfer performance.  

 

 
Fig. 20: The comparison of the heat exchanger effectiveness between 

the array of wetted strings and the vertical plate structured packing 

under the same gas and liquid supply conditions. 

 

In contrast to the heat transfer performance, the air 

pressure drops of the two systems show significant difference 

(Fig. 21). At a given superficial liquid velocity, the air pressure 

drop along the structured packing is almost one order of 

magnitude higher than that along the wetted string column. This 

is consistent with the observations of prior studies [23]. We also 

note that the air pressure drop along the array of wetted string is 

less sensitive to the superficial liquid velocity than the 

structured packing.  This is in part because the fraction of the 

cross-sectional area available for air flows varies less for the 

array of wetted strings than the structured packing. 

 

 
Fig. 21: The comparison in axial gas phase pressure drop between a 

wetted string column and a vertical plate structured packing at the 

same gas-liquid supply conditions 

 

 
We repeat similar comparison for different values of the 

pitch p and plate thickness t under the fixed liquid and air 

superficial velocities. The results, shown in Fig. 22 and 23, are 

consistent with the earlier results in that the two types of heat 

exchange systems (the array of wetted strings and the vertical 

plate structural packing) show comparable heat transfer 

performance but very different air pressure drops. Both  and 

dP/dz decrease as the pitch increases in part because the flow 

area is larger and the effective air velocity is lower. At a given 

pitch, the systems with thicker plates show slightly higher heat 

exchanger effectiveness and larger air pressure drop due in part 

to higher effective air velocities.  
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Fig. 22: The comparison in the heat exchanger effectiveness 

between the array of wetted strings and the vertical plate 

structured packing for different pitches and plate thickness. 

 

 

 
 
Fig. 23: The comparison in the pressure drop between the array 

of wetted strings and the vertical plate structured packing for 

different pitches and plate thickness. 

 
5. CONCLUSION 
 

In summary, we experimentally studied the relationship 

between flow characteristics and overall heat exchanger 

effectiveness for the thin liquid film flowing along a single 

string against a counterflowing air stream.  

The experimental results demonstrate that the flow 

characteristics are affected by the liquid mass flow rate, air 

velocity, and nozzle radius. The increase in air velocity or 

nozzle radius for a fixed liquid flow rate leads to the increase in 

liquid beads volume but at a compromise of temporal 

frequency. Smaller liquid flow rate for a fixed nozzle only 

lowers the temporal bead frequency. Liquid substrate radius 

remains nearly unchanged for all cases. 

The overall heat exchanger effectiveness is determined 

experimentally and validated by a finite element model. we 

show that the liquid mass flow rate and the air velocity are two 

dominant factors affecting heat transfer effectiveness whereas 

the details of the flow pattern only affect local bead-to-air heat 

transfer coefficients. The increase in air velocity or inter-bead 

spacing results in the increase in local bead-to-air heat transfer 

coefficient. 

We also compare the heat exchanger effectiveness and the 

gas phase pressure drop between a wetted string column and a 

structured packing of vertical plates. The wetted string column 

shows comparable heat exchanger effectiveness but lower gas 

phase pressure drop than the structured packing. 

The present work helps improve our understanding of the 

string-based direct-contact heat exchangers performance and 

helps establish a foundation for their systematical design and 

optimization. 
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