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ABSTRACT 

Stochastic cellular structured materials have been 
previously studied as enhanced surfaces for heat sinks used in 
cooling of modern electronics. Open-cell metallic foam has been 
shown to be an effective medium for gas-cooled and liquid-
cooled heat sinks. Numerous studies exist for metal-foam cold 
plates using single phase water but there are few studies 
pertinent to two-phase evaporators. Because of the latent heat of 
vaporization and higher heat transfer coefficients, flow boiling 
is more efficient for cooling of high heat fluxes, as compared to 
single-phase flow. This paper presents an experimental study on 
the thermohydraulic performance of compressed and 
uncompressed copper foam evaporators using R134a 
refrigerant. The foam samples had the same starting pore size of 
40 PPI and porosities of 0.62-0.91, with a heated footprint area 
of 25.4x25.4 mm and a height of 2.5 mm. Experiments were 
conducted for heat flux ranging from 7 to 174 W/cm2, with mass 
flux varying from 150 to 375 kg/m2s at fixed inlet saturation 
temperatures of 31 to 33 oC.  Compressing the foam by up to 4X 
resulted in proportionally smaller effective hydraulic diameter, 
higher surface area per unit volume, higher metal volume 
fraction, and higher bulk thermal conductivity. The compressed 
foam results demonstrated up to three-times lower unit thermal 
resistance and improved critical heat flux. The apparent heat 
transfer coefficient in the tested compressed 4X foam evaporator 
maximized at exit vapor qualities of about 70 to 75 %, and the 
pressure drop increased linearly with exit quality. 

Keywords: Metallic foam, Compressed foam, Flow boiling, 
Porous media, Electronics cooling, High heat flux, Two phase 
cooling 
 

NOMENCLATURE 

A   Area, 2m  
pc   Specific heat, J kg K⋅  

CR   Compression ratio 
CHF  Critical Heat Flux, 2W m  
G   Effective mass flux, 2kg m s⋅  
h   Heat transfer coefficient, 2W m K⋅  
h′   Specific enthalpy, J kg  
I   Current, A  
k   Thermal conductivity, W m K⋅  
L   Base plate length, m  
m    Mass flow rate, kg s  
P   Pressure, Pa  
PPI              Pores Per Inch 

       PCM  Phase Change Material 
Q   Power, W  
q′′   Heat flux, 2W m  
R′′   Unit thermal resistance, 2K m W⋅  
t   Thickness, m  
T   Temperature, K  

       TIM              Thermal Interface Material 
V   Voltage, V  
W   Width, m  
x   Vapor quality 
X   Streamwise direction 
Y   Vertical direction 
Z   Spanwise direction 
Greek Symbols 

mailto:dkisitu@villanova.edu


 2 © 2022 by ASME 

P∆   Pressure drop, Pa  
P L∆  Pressure drop per unit length, Pa m  
T∆   Temperature difference, K  

ε   Porosity (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠 𝐵𝐵𝑣𝑣𝑣𝑣𝐵𝐵 𝑣𝑣𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠⁄ ) 
Subscripts 
act   Actual 
app  Apparent 
base  Base 
Cu   Copper 
ele   Electrical 
f   Liquid phase 
fm   Foam 
g                Vapor phase 
in   Inlet 
i   Direction i 
j   Direction orthogonal to i 
k   Direction orthogonal to i and j 
loss  Losses 
mean  Mean 
out   Outlet/Exit 
sat   Saturation 
unit  Unit 
wall  Wall 

1. INTRODUCTION 

Heat dissipation is one of the most critical issues for the 
reliability of electronics [1]. The advent of high-performance 
electronics is steadily increasing the heat fluxes to be managed 
[2]. Efficient, innovative thermal management solutions are 
therefore needed to maintain allowable junction temperatures, 
especially using compact heat sinks which can be either two-
phase cooled [3]–[6] or single-phase liquid-cooled [2], [7]. Heat 
transfer enhancement using porous media such as metal foams 
are being considered as alternatives to manufactured fin 
structures for electronics cooling. Open-cell metal foams consist 
of a network of interconnected ligaments, forming a porous 
metal structure with good thermal conductivity, high surface area 
to volume ratio, and attractive stiffness and strength [8]. Heat 
transfer is further augmented due to the boundary layer restart 
and enhanced mixing effects of the stochastic ligament structure. 
To date, most of the heat transfer studies have focused on single-
phase thermohydraulic performance of metal foams, with few 
investigations on two-phase flow and heat transfer in these 
tortuous materials. Although two-phase flow in microchannels 
has been extensively investigated due to its high thermal 
performance, Kandlikar et al. [6] reported major issues hindering 
its practical application, among which include flow instability 
and low CHF. Metallic foams [9]  are promising alternatives to 
machined microchannels [4]–[6], [10] for indirect two-phase 
cold plates or evaporators used in high heat flux electronics 

cooling as this porous media may mitigate some of the issues 
arising in parallel microchannels.  

There have been relatively few investigations on two-phase 
flow in metal foams. Flow boiling characteristics of three copper 
foams, including 0.95 porosity and 10 PPI, 0.95 porosity and 20 
PPI, and 0.92 porosity and 20 PPI, were experimentally studied 
by Kim et al. [11]. Mass fluxes from 20 to 72 kg/m2s and heat 
fluxes of about 6 to 27 W/cm2 were tested. Results revealed that 
the foam sample with high porosity and large pore size (0.95 
porosity and 10 PPI) gave the best thermal performance, 
attaining a heat transfer coefficient of 10 kW/m2 K. They 
concluded that foam porosity can have a slight effect of up to 
23%, on the heat transfer coefficient at high heat fluxes, and for 
a fixed porosity, larger pore size gave higher enhancement on 
heat transfer.  

Pranoto and Leong [12] investigated flow boiling, using FC-
12, in evaporators with graphite porous foams with porosities of 
0.61 and 0.72, and with bypass gaps of 6, 4, and 2 mm. Mass 
fluxes of 50, 100, and 150 kg/m2s and heat fluxes of 4 to 83.3 
W/cm2 were investigated. The results showed that using of 
graphite foams of 0.61 and 0.72 porosities augmented the heat 
transfer coefficients by up to 2.5 and 1.9 times, compared to a 
bare surface. A maximum local heat transfer coefficient of 16.5 
kW/m2 K was achieved with 0.61-porosity foam at a mass flux 
of 150 kg/m2s and a gap of 6 mm gap. From their high-speed 
visualization, more bubble departure frequency was observed 
from the 0.61-porosity foam, attributed to more active nucleation 
sites, which led to a higher thermal performance augmentation.  

In another study, using Selective Laser Melting (SLM), an 
additive manufacturing technique, Wong and Leong [13] 
fabricated specialized 3D porous metallic structures. Flow 
boiling experimental study was performed using FC-72 
refrigerant, and sphere-small (0.36 porosity), sphere-large (0.72 
porosity) and gradient reverse or forward (0.54 porosity) porous 
metallic samples were tested, with mass fluxes ranging from 20 
to 400 kg/m2s and heat fluxes of 1 to 16 W/cm2. The porous 
samples enhanced flow boiling heat transfer due to increased 
nucleation sites and intensified flow mixing. The gradient 
reverse porous substrate had the highest heat transfer 
enhancement, attributed to the channeling of the liquid-vapor 
mixture into tinier cross-sectional areas and delaying of dry out 
for high vapor quality. It was concluded that for any subject 
porous sample type, the heat transfer coefficient rises as the exit 
vapor quality increases and maximizes at exit qualities of about 
30 to 60 %, beyond which it degrades. 

Using a vertical orientation, Madani et al. [1] investigated 
flow boiling inside a channel filled with 36 PPI and 0.97-porosity 
copper foam using n-pentane. Mass fluxes ranging from 10 to 
100 kg/m2s and heat fluxes from 0 to 25 W/cm2 were tested. 
Their comparison with the Gungore-Winterton correlation [14] 
revealed that the metallic foam insert increases the heat transfer 
coefficient up to 4-fold, at low quality.  

Mancin et al. [15] experimentally compared 
thermohydraulic performance of R134a and R1234ze(E) with 
single-phase and flow boiling in a 5 PPI copper foam. Heat 
fluxes of 5 and 10 W/cm2 and mass fluxes of between 50 to 200 
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kg/m2s were test at a fixed saturation temperature of 30 oC. It was 
revealed that thermohydraulic performance of R134a is better 
than that obtained from R1234ze. The higher pressure drops 
associated with R1234ze was attributed to its higher liquid-vapor 
density ratio that induced higher shear stress. Diani et al. [8] 
extended the experimental investigation using in the same test 
setup in [15]. Heat transfer performance of R1234yf, 
R1234ze(E) and R134a were tested during flow boiling. Results 
show that, for all refrigerants, the pressure drops increase 
linearly with both vapor quality and mass flux and R1234ze(E) 
had the highest pressure drops, especially at high mass flux. They 
revealed that heat transfer coefficients could be  increased up to 
4.8 times, compared to the prediction of the Gungor-Winterton 
correlation [14]. It was shown that R134a has the best thermal 
performance, followed by R1234yf. 

Conventionally, flow boiling heat transfer in small channels 
is mainly governed by nucleate boiling and convective boiling 
mechanisms. In channels, convective boiling results from the 
convective effects with dominance at high mass fluxes, while 
nucleate boiling results from the nucleating bubbles and their 
subsequent growth and departure at the heated surface, with 
dominance at low Reynold numbers [16]. Thin film evaporation 
is also reported to be an additional mechanism in smaller cross 
sectional microchannels due to bubble confinement effects [10]. 
Inadequate investigations on flow boiling mechanisms in 
metallic foam exist in the literature. 

The current study is motivated by the clear lack of quality 
experimental data for two-phase heat transfer with refrigerants 
in metallic foams for heat fluxes greater than 100 W/cm2.  
Modern electronics cooling requires managing heat fluxes up to 
200 W/cm2 or higher.  Secondly, previous preliminary work by 
this team on single-phase water cooling has shown that selective 
foam compression leads to dramatic increase in thermal 
performance. Thus, the current work is an initial investigation to 
determine if foam compression has similar benefits in two-phase 
refrigerant cooling. This work focuses on experimentally 
investigating the effect of metal foam compression on 
thermohydraulic performance, with heat fluxes up to 174 W/cm2 
using R134a as a working fluid. Data are presented for copper 
foams with up to 4X compression.  The aggregate data reveal 
that compression leads to major improvement in the thermal 
performance and boiling trends that are quite different from flow 
boiling in traditional microchannels. 

2. Experimental Setup and Test Procedure 
2.1 Experimental Setup  

The experimental rig, illustrated in Figure 1, was designed to 
control and measure the test section inlet conditions. The two-
phase flow loop is divided in three sections the test section, the 
condenser section, and the flow conditioning section. Upstream 
of the test section is the brazed plate heat exchanger condenser, 
where heat rejection is achieved by a NESLABTM HX Series 
recirculating chiller that controls the condensation temperature. 
The saturated liquid refrigerant is stored in the reservoir 
instrumented with a 1/8 in type-K thermocouple probe and a 0-

300 psi OmegaTM PX209 pressure transducer. The reservoir 
achieves saturation conditions and therefore equilibrates to its 
saturation pressure at the reservoir temperature. The liquid 
refrigerant from the base of the tank is pumped by a positive 
displacement gear pump with a digital speed controller. The flow 
leaving the pump is filtered and then metered by an EmersonTM 
Micro Motion® ELITE® Coriolis flowmeter.  Finally, the flow 
temperature is precisely controlled by passing the flow through 
a coiled-tube heat exchanger immersed in a ThermoNESLAB 
isothermal bath which allows precise control of the temperature 
and therefore the degree of subcooling entering the evaporator.  
The evaporator inlet temperature and pressure are measured 
using an inline 1/8 in type-K thermocouple probe and a 0-300 psi 
OmegaTM PX209 pressure transducer. The average evaporator 
base temperature is measured with a butt-welded type-K 
thermocouple embedded in the center of the evaporator base. The 
pressure drop across the evaporator is directly measured using a 
0-50psid SetraTM DPT2301 differential pressure transducer. The 
temperature of the two-phase mixture exiting the evaporator is 
measured by an inline 1/8 in type-K thermocouple probe. 

 
Figure 1: Schematic of two-phase setup 

2.2 Test Section  

The test section, shown in Figure 2 (a), is comprised of a base 
with a seat for the test article and a lid with a transparent viewing 
window. Both the base and the lid are fabricated from stainless 
steel.  The base is designed so as to allow flow to enter the inlet 
manifold from below and exit through the outlet manifold 
through flow ports that match the ports in the manifolds of the 
test article, Figure 2 (c).  Heat is supplied to the 1 in. x 1 in. base 
of the test article by a heat concentrator bar with a 1 in. x 1 in. 
cross-section.  The test section is mounted onto the surface of the 
bar with a spring-loaded hold-down fixture. The spring loading 
allows precise and repeatable control of the loading pressure, set 
to about 29 psi. A Honeywell PTM 7950 PCM TIM with thermal 
conductivity of about 8.5 W/m-K, was used between the 
evaporator base and the concentrator. The heat concentrator, 
Figure 2 (b), is made of copper with an upper rod, 1 in. x 1 in. in 
cross-section transitioning to a large base with four embedded 
Tempco cartridge heaters. The four heaters are connected in 
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parallel to a KEYSIGHT N8762A DC Power Supply. The 
concentrator allows direct measurement of the temperature 
gradient through the bar using four equally spaced type-K 
thermocouples embedded to the bar centerline. Fourier’s law is 
used to determine the heat flow using the known thermal 
conductivity of the copper rod. 

2.3 Foam Test Samples  

The test coupons consisted of a copper base with a machined 
pocket allowing the foam sample to sit in the middle with a well-
defined flow manifold at the inlet and exit as seen in Figure 3. 
The foam samples measured 25.4 x 25.4 mm x 2.5 mm.  The base 
was 2 mm thick. ERG Duocel® copper foam test samples [9] 
were soldered onto the base in an inert environment using SAC 
305 (96.5% Sn, 3% Ag, and 0.5% Cu) solder foil. Figure 3 shows 
the two test coupons used in this study – one with uncompressed 
foam, and one with foam compressed by a factor of 4X, i.e., ratio 
of the initial volume to final volume of the sample is 4.  It is 
important to note that the direction of the compression was in the 
streamwise direction, i.e., in the x-direction shown in Fig. 3. 
Table 1 shows details about the foam samples and their structure.  
The surface area estimates are based on CT-scan data collected 
by ERG Aerospace on comparable 40 PPI metal foams. 
Compressing the metal foam increases the surface area per unit 
volume proportionally. Foam sample B was deliberately 
compressed in the streamwise direction to increase foam 
effective thermal conductivity in the y-direction, i.e., in the 
direction of the applied heat flux while also minimizing pressure 
drop impact due to compression. 

a) 

 

b) 

 
c) 

 

Figure 2: (a) Test section loading assembly, (b) Concentrator, and  
(c) Test section assembly with exploded view and flow configuration 

Thermal conductivity is estimated based on Eqn. (1), and is 
a function of the porosity, the conductivity of the metal, and the 
compression ratios (CR) parallel and orthogonal to each 
dimension.  

( ),

.1 1
3

j k
fm i fm Cu

i

CR CR
k k

CR
ε= − ⋅  (1) 

     The factor of 1/3 was shown by Krishnan et al. [17] to closely 
match empirical data for thermal conductivity of open-celled 
metal foams. Ozmat et al. [18]  demonstrated the importance of 
compression direction on the effective conductivity of 
compressed foam – namely that thermal conductivity increases 
proportionally to compression ratio in the direction orthogonal 
to compression but decreases proportionally in the direction 
parallel to compression. Compressing in the streamwise 
direction also has the additional benefit of keeping the pores 
open to the incoming flow, resulting in a comparatively lower 
pressure drop penalty derived from compression. 

 
Figure 3: Uncompressed and compressed (4X) test coupons 

2.4 Test procedure  

     All experiments were conducted using R134a as the working 
fluid. To investigate the effect of compression, identical tests 
were conducted on uncompressed (sample A) and 4X-
compressed (sample B) Cu foams [9], with details given in Table 
1. For the initial tests shown in Figures 4 and 5, the inlet 
saturation temperature and degree of subcooling were held 
constant at 33 oC and 3 oC respectively.  Mass flow rate was held 
constant at 15 g/s. Heat flux was varied from 7 to 103 W/cm2. 
     For only 4X compressed sample, other tests were performed 
to study the effects of mass flux, heat flux, and exit vapor quality 
while holding constant the saturation temperature to 31 oC and 
degree of subcooling to 1 oC. Mass flux was varied from 150 
kg/m2s (6 g/s) to 250 kg/m2s (10 g/s), heat flux was varied from 
7 to 174 W/cm2 and exit vapor quality varied from 3 to 100%.   
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     The thermophysical properties of R134a were obtained from 
CoolProp [19]. 

Table 1: Foam characteristics provided by ERG Aerospace [9] 

 
2.5 Data Reduction 
The electrical power, eleQ supplied by the cartridge heaters in the 
concentrator base, was obtained from the product of voltage, V  
and current, I ; 

eleQ I V= ⋅    (2) 
The applied heat flux, q′′  was determined, as described in [5], 
using Fourier's law for 1-D steady-state conduction on the 
temperatures measured from four equally spaced thermocouples 
installed in the heat concentrator. 

Cu
dTq k
dx

′′ = −   (3) 

The actual power input, actQ  is obtained from the product of heat 
flux, q′′  and the concentrator top footprint area, which is equal 

to the evaporator base area, baseA , in the current setup: 

act baseQ q A′′= ⋅   (4) 
The power losses were determined from Eqn. (5): 

loss ele actQ Q Q= −   (5) 
The exit vapor quality of the test section is defined as: 

out f
out

g f

h h
x

h h
′ ′−

=
′ ′−

  (6) 

Where, the exit specific enthalpy of the test section, outh′ can be 
computed from the energy balance applied to the test section:  

 act
out in

Q
h h

m
′ ′= +



                 (7) 

The inlet specific enthalpy is evaluated from the inlet pressure 
and refrigerant temperature. 

( ),in in inh h P T′ ′=                         (8) 

The fluid and gas specific enthalpies, fh′  and gh′ , are computed 
at the outlet saturation pressure of the test section. 

( ),f sat outh h P′ ′=                         (9) 

( ),g sat outh h P′ ′=   (10) 

The two-phase apparent heat transfer coefficient, based on the  
base footprint area, baseA , is defined as [8], [15]: 

( ),

act
app

base sat mean wall

Q
h

A T T
=

−
  (11) 

Where the mean saturation temperature is defined as the average 
of outlet and inlet saturation temperatures [8], [15]: 

( ), ,
, 2

sat in sat out
sat mean

T T
T

+
=   (12) 

The unit thermal resistance for the evaporator is defined as 
( )base inT T

R
q
−

′′ =
′′

  (13) 

The effective mass flux through the metal foam open cross-
section is defined in Eqn. (14). 

fm

mG
W tε

=
⋅ ⋅


  (14) 

The pressure drop per unit length through the metal foam can be 
computed from: 

/ fm

fm

P
P L

L
∆

∆ =   (15) 

3. RESULTS AND DISCUSSION 
3.1 Effect of compression on thermohydraulic performance 

     The unit thermal resistance derived from uncompressed (A) 
and compressed foam (B) are plotted as a function of heat flux, 
at a constant mass flow rate, �̇�𝑣 of 15 g/s, with inlet saturation 
temperature and subcooling of 33oC and 3oC, respectively. 
Figure 4.  The foam compression reduces the unit thermal 
resistance by up to about 300%. This is attributed to the higher 
surface area per unit volume and higher bulk thermal 
conductivity in the heat flux direction, both of which increase 
proportionally with compression ratio, as noted in Table 1. We 
also postulate that the smaller effective pores in compressed 
foam may introduce bubble confinement effects, which may 
result in thin-film evaporation as a dominant heat transfer 

 Foam Sample A B 

C
ou

po
n 

 

Foam Length (Lfm) [mm] 25.4 25.4 

Foam Width (Wfm) [mm] 25.4 25.4 
Foam Thickness (tfm) [mm] 2.5 2.5 

Base Area (Abase) [cm2] 6.45 6.45 
Base Thickness [mm] 2.0 2.0 

Fo
am

 

PPI 40 40 
Nominal Compression Ratio (CR) - 4 

Compress Direction - X 
Initial Porosity 0.91 0.90 
Final Porosity 0.91 0.62 

Effective Compression Ratio (CR) 1.00 3.85 
Surface Area per Unit Volume 

[m2/m3] 910 3560 

 T
he

rm
al

 
C

on
du

ct
iv

ity
 Foam Material C10100 C10100 

𝐵𝐵𝐶𝐶𝐶𝐶 [W/m-K] 390 390 

𝐵𝐵𝑓𝑓𝑓𝑓,𝑋𝑋 [W/m-K] 12.0 3.3 
𝐵𝐵𝑓𝑓𝑓𝑓,𝑌𝑌 [W/m-K] (heat flux direction) 12.0 49.5 

𝐵𝐵𝑓𝑓𝑓𝑓,𝑍𝑍  [W/m-K] 12.0 49.5 
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phenomenon. Similar observations have been previously  made 
in flow boiling in smaller cross-section microchannels [10]. 
Remarkably, the thermal resistance for the compressed foam is 
largely independent of heat flux for these test conditions. By 
comparison, the thermal resistance of the uncompressed foam 
strongly decreased with heat flux up to 45 W/cm2 and then 
showed similar insensitivity to heat flux as the compressed 
sample.  By inference to documented flow boiling behavior in 
small channels it may be that insensitivity to heat flux indicates 
convective boiling dominance, whereas the strong dependence 
on heat flux may be due to dominance of nucleate boiling, 
although such comparisons do not account for the tortuous flow 
pathways that are unique to the open foam structure. 
    For the aforementioned test conditions, Figure 5 shows the 
pressure drop trends for the two foam samples as a function of 
heat flux. As expected, the higher thermal performance of the 
compressed foam is accompanied by a higher pressure drop. This 
is because, as shown in Table 1, compressing the foam 
significantly decreases the hydraulic diameter, which generates 
more flow impedance for a fixed mass flow rate, compared to the 
uncompressed foam. For the presently tested configurations, the 
additional pressure drop penalty for compressed foam is 
commensurate to the thermal performance advantage, i.e., the 
pressure drop increases by 300% while the thermal resistance 
decreases by 300%. 

 
Figure 4: Comparison of thermal resistance for uncompressed and 

compressed 4X foams 

 
Figure 5: Comparison of pressure drop for uncompressed and 

compressed 4X foams 

3.2 Effect of mass flux and exit vapor quality on 
compressed foam performance 

3.2.1 Flow boiling curves 

     The 4X compressed foam was tested at different mass flux 
conditions. For three mass fluxes, the heat flux as a function of 
wall superheat are plotted in Figure 6. The boiling curves 
initially collapse to a single curve and the wall superheat 
increases with heat flux, which most likely indicates dominance 
of nucleate boiling.  At higher heat flux, a dependence on mass 
flux is observed as the behaviors diverge for differing mass flux. 
      

 
Figure 6: Boiling curves at different mass fluxes     

At the higher mass fluxes of 200 and 250 kg/m2s, the wall 
superheat is mostly independent of heat flux at high heat flux, 
which may indicate dominance of convective boiling at both 
high mass flux and heat flux.  It should be noted here that the 
limits of the achievable heat flux for the three mass flow rates 
was determined by the pressure drop and the ability of the rig 
pump to overcome the increasing pressure drop at high mass 
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flow rate and high vapor quality.  Thus, at the two highest flow 
rates, there is no indication of onset of dryout or critical heat flux, 
but no doubt this will be observed at increasing heat flux just as 
it is at the smallest mass flux tested      
     For the lowest mass flux (150 kg/m2s), the boiling curve does 
exhibit an inflection point beyond a heat flux of 130 W/cm2, an 
initial indication of the onset of dry-out conditions at high vapor 
quality.  

3.2.2 Apparent Heat Transfer Coefficient and Unit Thermal 
Resistance 

     The apparent heat transfer coefficients are plotted as a 
function of heat flux in Figure 7.  At the lowest heat flux, even 
with low subcooling, it is expected that the heat transfer is in the 
single-phase regime and hence is dependent only on mass flow 
rate.  This is confirmed by the data.  At increasing heat flux, after 
the onset of nucleate boiling, the data for all mass fluxes are 
consistent and appear to show at least three regimes or behaviors. 
First, the heat transfer coefficient increases with a moderate 
dependence on heat flux, followed by a regime with 
demonstrably greater dependence on heat flux, and finally a     
regime in which the heat transfer coefficient maximizes and then 
decreases.  At the highest mass flux, the peak heat transfer 
coefficient was not achieved but it this was due to a limitation in 
the experimental ability to achieve the peak heat flux due to the 
elevated pressure drop.  Figure 8 shows the unit thermal 
resistance which is the inverse of the apparent heat transfer 
coefficient and as expected the data demonstrate that the thermal 
resistance reaches a minimum at a heat flux that is dependent on 
the mass flux.  
 

 
Figure 7: Heat transfer coefficient as a function of heat flux and mass 

flux 

     The data of Figures 7 and 8 strongly suggest that vapor quality 
plays a dominant role in establishing the rates of heat transfer 
and the pressure drop, just as it does in flow boiling in small 
channels.  The vapor quality is determined by the level of heat 
flux and mass flow rate as seen in Equations 6 and 7.  At a local 

pore level in the foam, the pore-level heat transfer coefficient is 
dependent on the local vapor content as well as the local 
advective flow, i.e., by the mass flux and velocities. 
     Figures 9 and 10 demonstrate the dependence of apparent 
heat transfer coefficient and pressure drop on exit vapor quality.  
The vapor quality of the exiting flow is a measure of the 
maximum flow quality achieved for a given heat flux and mass 
flux.  Comparison of the data for mass fluxes of 150 and 200 
kg/m2s demonstrate that the apparent heat transfer coefficient for 
each case maximizes at a vapor quality of about 70% beyond 
which it decreases. A similar behavior is commonly observed in 
the behavior of heated channels such as in microchannel 
evaporators and is attributed to a decrease in the local mass flux 
due to the low-density vapor content as well as to the decrease in 
the local bulk thermal fluid thermal conductivity again as a result 
of the increase in low thermal conductivity vapor. 
 
 

 
Figure 8: Unit Thermal resistance as a function of heat flux and mass 

flux 

 
Figure 9: Heat transfer coefficient and pressure drop as a function of 

exit vapor quality at G = 150 kg/m2s 
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Commented [MZ1]: It would make more sense to plot the 
two heat fluxes on the same plot, and the two pressure drop 
curves on another. Actually why not plot all 3 (since you 
have data for 3 flow rates)? I think these vapor quality plots 
are some of the most illuminating of the entire paper, and it 
would be useful to put all 3 flows in context with respect to 
one anther.  

Commented [DK2R1]: I had a discussion with Carol 
today morning, and it may not be possible to merge the two 
exit vapor quality plots because they are separate specific 
cases and combining them is convoluted. In addition, we 
decided to include only exit quality plots of 150 and 200 
kg/m2s because we don’t have complete data for 250 
kg/m2s. I will take more data for 250 kg/m2s, up to higher 
heat fluxes and we will may be include it later after first draft 
paper acceptance.  

Commented [DK3R1]:  
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Figure 10: Heat transfer coefficient and pressure drop as a function of 

exit vapor quality at G = 200 kg/m2s 

3.2.3 Pressure drop 

For flow boiling in compressed 4X metal foam at a fixed mass 
flux, the pressure drop as illustrated in Figure 11 increases 
linearly with increasing heat flux at all mass fluxes. This can be 
attributed to the increased acceleration of vapor as vapor quality 
increases at increasing heat fluxes. Figures 9 and 10 alternatively 
show that pressure drop increases linearly with exit vapor 
quality. The pressure drop is highly dependent on mass flux, 
which may be due to increasing frictional losses associated with 
increasing velocities. Similar observations were reported for 
two-phase flow boiling in microchannels [4], [5], [10].  

 
Figure 11: Pressure drop in 4X foam as a function of heat flux and 

mass flux 

4. CONCLUSIONS  
     Experiments were performed to investigate two-phase flow 
boiling in compressed metal foams using R134a as the working 
fluid.  The following conclusions can be made from this initial 
investigation:   

1. Compressing the copper metal foam by 4X enhanced 
thermal performance by up to 300% with proportional 
increase in pressure drop compared to uncompressed foam 

2. Heat fluxes up to 174 W/cm2 were achieved in the 
compressed foam at mass fluxes up to 200 kg/m2s with wall 
superheat less than 40 oC.  The trends at higher mass fluxes 
indicate that even higher heat fluxes can be achieved 

3. No evidence of dryout was observed at heat fluxes up to 174 
W/cm2 at a moderate mass flux of 200 kg/m2s 

4. The apparent heat transfer coefficients for the compressed 
foam increased with increasing mass flux and heat flux. It 
was found that the heat transfer coefficients for all mass 
fluxes reached a maximum at an exit vapor quality of about 
70% 

5. Similarly, the thermal resistance decreased with increasing 
mass flux and increasing heat flux, reaching a minimum at 
an exit vapor quality of about 70% 

6. Pressure drop increased with increasing mass flux.  At all 
mass fluxes, pressure drop increased linearly with 
increasing heat flux and exit vapor quality 

7. No dynamic instabilities were detected in the ranges of mass 
flux and heat flux tested 

8. By comparing the observed trends in the foam with the data 
and trends observed for flow boiling in microchannels, it is 
believed that nucleate boiling may be the dominant 
phenomena at low mass fluxes and convective boiling at 
high mass fluxes. Trends were also observed that indicate 
that thin film evaporation may be an important physical 
mechanism at the pore level.  
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