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Abstract Experiments were performed to study pressure

drops in copper foams embedded in a rectangular copper

channel. De-ionized water was used as the working fluid

with mass fluxes of 30–200 kg/m2 s, and inlet temperature

of 40–80�C. The copper foam has the porosity of 0.88 and

the pore densities of 30, 60 and 90 ppi (pores per inch).

Both single-phase liquid flow and boiling two-phase flow

are studied. Effects of mass fluxes, vapor mass qualities,

and average pore diameters of metallic foams are investi-

gated. It is found that friction factors for the single-phase

liquid flow are mainly dependent on the Reynolds number

and the average pore diameter of metallic foams. The

friction factors are decreased with increases in the Rey-

nolds numbers, and will approach 0.22 at high Reynolds

numbers. For the boiling two-phase flow, two-phase pres-

sure drops are increased with increases in the outlet vapor

mass qualities, mass fluxes, and ppi values. The two-phase

multiplier is increased with increases in the outlet vapor

mass qualities and mass fluxes, and it is decreased with

increases in the Martinelli parameter and will attain a

constant value depending on the mass fluxes. The larger the

mass fluxes, the larger the constant value is. An experi-

mental correlation considering the effects of vapor mass

qualities, mass fluxes, and average pore diameters of

metallic foams is recommended, showing good accuracy to

predict the two-phase pressure drops in metallic foams.

Keywords Metallic foam � Flow boiling � Pressure drop

List of symbols

C Constant coefficient

Co Form coefficient of channel

Cpl Specific heat of liquid (J/kgK)

Dp Equivalent diameter of metallic foams (m)

df Ligament diameter of metallic foam (m)

dp Pore diameter of metallic foam (m)

dh Hydraulic diameter of the channel (m)

dm Average pore diameter of metallic foam (m)

G Mass flux (kg/m2s)

fk Friction factor for the single-phase liquid flow in

metallic foams

H Height of the rectangular channel (m)

hlg Latent heat of evaporation (J/kg)

I Electric current (A)

K Permeability (m2)

L Channel length (m)

l Ligament length of a unit cell of metallic foams

(m)

m Mass flow rate (kg/s)

p Pressure (Pa)

ppi number of pores per inch for the metallic foam

q Heat flux (W/m2)

Q Effective heating power (J)

Rep Reynolds number based on porous media

Sc Cross-sectional area of channel (m2)

Sv Solid surface area per unit volume (1/m)

T Temperature (K or �C)

t Time (s)
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U Voltage (V)

u Velocity (m/s)

Xvv Martinelli parameter

x Thermodynamic vapor mass quality

W Channel width (m)

z Axial flow coordinate (m)
dp
dz

Pressure gradient along the flow direction (Pa/m)

Dp Pressure drop (Pa)

Dpc Pressure drop due to channel expansion or

contraction (Pa)

Dpa Acceleration pressure drop (Pa)

Dptp,f Two-phase friction pressure drop (Pa)

aout Void fraction at the channel outlet

e Porosity of metallic foam

v Specific volume (m3/kg)

l Viscosity (kg/m s)

q Density (kg/m3)

u The ratio of heat received by the fluid to the

applied heating power

/f
2 Two-phase friction multiplier based on liquid flow

rate

Subscripts

l Liquid phase

g Vapor phase

sat Saturation condition

sp Single-phase

tp Two-phase

w Wall surface condition

in Inlet condition

out Outlet condition

pre Prediction

exp Experiment

1 Introduction

Flow and heat transfer characteristics in porous media have

been studied widely in the past century. The early study

can be tracked back to the Darcy law published in 1856 [1],

which describes the relationship of pressure drop versus

flow velocity and permeability. Following then other

investigators modified the Darcy equation [2–4]. However,

most of these studies refer to the porous media with low

porosities, coving the range of 0.3–0.6. Examples are filled

beds and particle media. Metallic foam was invented in the

twentieth century, having advantageous of high porosity

(can be larger than 0.8), ultra-light, uniform pore size, and

high thermal conductivity of metallic ligament. Great

attention has been paid on the flow and heat transfer in

metallic foams.

Anothe et al. [5] and Lage et al. [6] investigated the flow

characteristics with air flowing in various aluminum foams

with different compressibility ratios. They found that the

pressure gradient is increased with increases in the flow

velocity. The pressure drop is found to have cubic rela-

tionship with flow velocity. Bastawros et al. [7, 8] obtained

the power law relationship between the pressure drop and

the flow velocity in the transition flow region (Rek = 1.01),

with the pore density of 30 ppi and porosity of 91.5%. The

foam configuration parameters have significant effect on

the pressure drops.

Kim et al. [9] investigated the friction pressure drop

with water flowing in metallic foam fins. The foam porosity

of the fin is 89–96%. It is shown that the friction pressure

drop is influenced by the permeability and porosity.

Crosnier et al. [10] studied the flow behavior in metallic

foams with pore densities of 20, 40 and 60 ppi. The foam

porosity is greater than 90%. Khayargoli et al. [11]

investigated the micro structure effect on the flow charac-

teristics in nickel and nickel–chromium foams. It is found

that the pressure drop is decreased with increases in pore

diameters and permeability, and with decreases in pore

densities and form coefficients. It is noted that porosities

have weak influences on the pressure drops.

Metallic foams are often used in compact heat

exchangers. Dukhan et al. [12] measured and analyzed

the flow behavior with air flowing in compressed and

un-compressed metallic foams. They found that the pres-

sure drop is obviously increased when compressed metallic

foams are used. Compared with the results reported pre-

viously, the foam permeability is well predicted, but the

inertia coefficient is not well handled.

Medraj et al. [13] investigated the permeability of air

flowing in simple and complex metallic foams. For simple-

structured metallic foams, the effect of pore diameter on

the permeability is similar to those reported by other

investigators. For complex-structured metallic foams, the

permeability is decreased with increases in pore diameters.

However, no matter for simple or complex-structured

metallic foams, the pressure drop is decreased with

increases in porosities, which is consistent with other

studies in the literature. Recently, Salas and Waas [14]

studied the effect of the foam thickness on the flow and

heat transfer in metallic foams. The boiling two-phase

pressure drop in metallic foams is less reported in the

references. Bonnet et al. [15] performed experiments for

co-current flow of a water–air mixture using 5 mm–2 cm

thick foam samples. They analyzed different flow patterns

and used the homogeneous model, Lockart–Martinelli

model and separated flow model to calculate two-phase

pressure drops in foams. Gerbaux et al. [16] performed

experiments to determine the hydraulic parameters and

characterize single-phase air flow and two-phase air–water

flow in thin metallic foams with thickness of 1.5 mm.

Three types of nickel foams are investigated. In the flow

154 Heat Mass Transfer (2012) 48:153–164

123

Author's personal copy



rate range tested, their results along with former studies

indicate the importance of the inertial effects. Zhao et al.

[17] experimentally studied the boiling heat transfer in

horizontal metal-foam filled tubes, showing that pressure

drops are nonlinearly increased with the vapor mass qual-

ities and mass flow rates. The metal-foam cell size has a

significant effect on the pressure drop, which is doubled by

reducing the foam cell size from 20 to 40 ppi. The pressure

drop can be reduced by increasing operating pressures.

The objective of this study is to investigate pressure

drops in a rectangular channel soldered with copper foams.

The rectangular channel has the dimensions of 52.0 9

8.0 9 3.0 mm. The channel size used in this study is

comparable to that of electronic chips with larger length to

width ratio. The copper foam has the porosity of 0.88 and

the pore densities of 30, 60 and 90 ppi. Both the single-

phase liquid flow and the boiling two-phase flow are

studied. Effects of the mass fluxes, vapor mass qualities,

and average pore diameters of the metallic foams are

studied. New correlations for both single-phase liquid flow

and boiling flow are recommended. The present study is

useful for the compact heat exchanger design using

metallic foams.

2 Experimental facilities and setup

Figure 1 shows the experimental setup, consisting of sub-

systems of liquid supply, heating, rectangular channel test

section soldered with copper foams, cooling, and data

acquisition. A pump drives the liquid (de-ionized and

de-gassed water in this study) to the test section. A bypass

line is used to adjust the flow rate to the test section. A filter

before the test section prevents solid particles entering the

test section. The flow rate is measured by an orifice flow

meter. In order to fit a wide flow rate range, three

exchangeable orifices are used, with the orifice diameters

of 2.0, 1.4, and 1.0 mm, respectively. The maximum flow

rate can reach 48 kg/h. A constant temperature bath was

arranged before the liquid enters the test section, keeping a

constant liquid temperature at the channel inlet. The pres-

sure drop is measured by a Senex pressure drop transducer

across the tests section. A pressure transducer is also

installed at the inlet of the test section. Two K-type ther-

mocouples measured the fluid temperatures, arranged at the

inlet and outlet of the test section. All the signals were

recorded by a high speed data acquisition system. The

power supplied to the channel test section was provided by

cartridge heaters. Water was used as the working fluid, the

physical properties are available in the open literature.

Figure 2 shows the channel test section (not including

the copper foam inserts). It consists of a copper body,

cartridge heaters, and a Pyrex glass cover. The rectangular

channel has a length of 52 mm, a width of 8.0 mm and a

depth of 3.0 mm, respectively. The filled copper foam has

exactly the same size as that of the rectangular channel.

The copper foam is soldered with the rectangular channel

surfaces. Thus the contact heat resistance between the

copper foam and the channel surface can be neglected. The

bottom heating section is divided into five separated parts,

each consisting of two 100 W cartridge heaters with a

diameter of 6.0 mm. Thus totally there are 10 cartridge

heaters. The gap distance between two neighboring part is

only 0.5 mm.

3 The copper foam and its characterization parameters

Figure 3 shows the three kinds of copper foams used in this

study. The porosity is 0.88 and the pore densities are 30, 60

and 90 ppi, respectively. The foam has an open-celled

structure composed of dodecahedron-like cells, having

12–14 pentagonal faces. It displays the three-dimensional

web structure, forming numerous connected cells with

metallic ligaments. The ligament length is l and diameter is

df. The circumcircle diameter of the foam cell can be

regarded as the pore diameter dp. We measured the foam

parameters by a Leica microscope. Table 1 shows the

measured parameters. It is seen from Table 1 that the pore

diameter, ligament length and diameter are decreased with

increases in ppi values. In order to perform the calcula-

tions, various models of the foam structure are presented,

such as the octahedron structure by Gibson and Ashy [18],

hexahedron structure by Venkataranma and Sankar [19],Fig. 1 The forced convection loop for the present experiment
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and the widely accepted tetrakaidecahedron structure by

Lord Kelvin [20]. The latest one may be reached as an ideal

structure during the foam manufacturing process. The tet-

rakaidecahedron structure is helpful for the evaluation of

the thermal conductivities of metallic foams (Table 2).

4 Data measurement and reduction

The measured parameters are summarized as follows:

Temperatures: The inlet/outlet fluid temperatures and

wall temperatures are measured using k-type thermo-

couples with the response time of 0.2 s and uncertainties

of 0.5�C.

Pressure and pressure drop: Pressure is measured at the

inlet of the copper foam test section. Pressure drop is

measured using a Senex pressure drop transducer, with a

response time of 0.1 s and an uncertainty of 0.1%.

Mass flow rate: Mass flow rate is measured by an orifice

flow meter. The pressure drop across the orifice flow

meter is measured by a Senex pressure drop transducer.

Calibration was performed for the output DC (direct

current) voltage of the pressure drop transducer versus

the mass flow rate.

Because the non-condensable gas has important effect

on the boiling heat transfer in metallic foams, water (the

working fluid in this study) is de-gassed by boiling the

liquid for 2 h before the formal experiment to remove

the non-condensable gas. The effective heat Q is defined as

the net heat received by the fluid and calculated as

Q = uUI, where u is the thermal efficiency, U is the

voltage applied on the cartridge heaters and I is the current

flowing through the cartridge heaters. A set of single-phase

liquid flow and heat transfer experiments were performed

to determine the thermal efficiency, most of data indicates

that the thermal efficiency of 0.92 is suitable for the present

experiment design.

Fig. 2 The rectangular channel

test section (copper foam not

shown, the unit is mm)

Fig. 3 The photos of copper foams (a, b, and c) and a unit foam cell

represented by a tetrakaidecahedron unit (d)

Table 1 Thermophysical properties of water and vapor at atmospheric pressure (saturation condition)

Tsat (oC) ql (kg/m3) qg (kg/m3) Cpl (kJ/kgK) Cpg (kJ/kgK) hlg (kJ/kg) r (N/m) ll Pa s lg Pa s kf (W/mK)

100 958.4 0.597 4.22 2.03 2257 0.0589 0.000277 0.000012 0.683
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The heat flux was defined based on the three heating

surfaces (two side walls and one bottom wall), q is written

as

q ¼ Q=ðWLþ 2HLÞ ð1Þ

where W, H, and L are the rectangular channel width,

height, and length, respectively. The mean liquid flow

velocity is written as

u ¼ G=ql ¼ m=ðqlScÞ ð2Þ

where G is the mass flux, m is the mass flow rate, Sc is the

cross sectional area of the channel.

During the experiment, subcooled liquid enters the test

section. The pressure drop consists of two parts. One part

corresponds to the single-phase liquid flow section (Lsp),

the other corresponds to the boiling two-phase flow section

(Ltp). The two sections are interfaced on the point where

the thermodynamic vapor mass quality is zero (see Fig. 4).

The length of the single-phase liquid flow section is

calculated as

Lsp ¼
mCplL Tsat � Tinð Þ

Q
ð3Þ

where L is the total length of the rectangular channel, Tsat

and Tin are the saturation temperature and inlet liquid

temperature, respectively. The length of the two-phase flow

section is Ltp = L-Lsp. The liquid temperature distribution

along the flow direction in the single-phase liquid flow

section is

Tl zð Þ ¼ Tin þ
Tsat � Tinð Þz

Lsp
ð4Þ

where z is the axial coordinate. The thermodynamic vapor

mass quality is

xðzÞ ¼ Cpl Tin � Tsatð Þ þ zQ=mL

hlg
ð5Þ

where hlg is the latent heat of evaporation.

5 Uncertainty analysis

The temperature measurements have an accuracy of 0.5�C.

The heat flux has an uncertainty of 6%. The pressure and

pressure drop measurements have accuracies of 0.1%. The

mass flow rate and mass flux have uncertainties of 5.0 and

5.8%, respectively.

6 Results and discussion

6.1 The friction factor for the single-phase liquid flow

The friction factor for the single-phase liquid flow is nec-

essary for the two-phase pressure drop calculation. For the

flow in porous media, the pressure gradient can be calcu-

lated based on the Darcy equation in the laminar flow

region.

dp

dz
¼ l

K
u ð6Þ

where l is the fluid viscosity, K is the permeability.

Equation 6 should be modified at high flow velocity,

yielding the following Hazen-Dupuit-Darcy equation:

dp

dz
¼ l

K
uþ qCou2 ð7Þ

where Co is the form coefficient of channel, which can be

determined by the porosity and the channel dimensions

Table 2 Parameters of the

foam cells used in the present

paper

ppi e dp (mm) df (mm) l (mm) dm (mm) df/dp

30 0.88 2.762 0.314 1.074 0.941 0.114

60 0.88 1.192 0.141 0.486 0.448 0.118

90 0.88 0.696 0.081 0.275 0.251 0.116

Fig. 4 A channel interfaced by

single-phase flow section and

two-phase flow section
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filling the porous media [21]. Based on Eq. 7, different

K and Co are necessary to decide the pressure gradient for

different metallic foams. The permeability K results in

difficulties for the pressure gradient computation. Ergun

[22] gave a pressure drop equation for the particle-based

porous media:

Dp ¼ fkLqu2ð1� eÞ
Dpe3

ð8Þ

fk ¼ 150
1� e
Rep

þ 1:75 ð9Þ

Rep ¼
Dpqu

l
ð1� eÞ ð10Þ

where Dp is the equivalent diameter of the metallic foam,

expressed as Dp = 6/Sv. The Reynolds number (Rep) is

based on the equivalent particle diameter. Sv is the solid

surface area per unit volume. In order to consider the effect

of the equivalent diameter of the metallic foam, Ref. [23]

proposed the following equation:

Sv ¼
4e

dmð1� eÞ ð11Þ

where dm is the average pore diameter of the metallic foam.

Recently Liu et al. [24] modified Eq. 11 to reach the

following friction factor for the metallic foams:

fk ¼ 22
1� e
Rep

þ 0:22 ð12Þ

We measured the friction factors for the copper foams.

Figure 5a shows the comparison between the measured

Rep/(1- ε)
.1 1 10 100 1000

f k
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ppi=30, ε=0.88
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1.19/(1-ε) dp

0.94
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Fig. 5 Friction factors for the single-phase liquid flow in a copper

foam channel
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Fig. 6 The total pressure drop across the rectangular channel filled
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friction factors and the correlations given by refs. [22, 24].

In the laminar flow region at low flow velocities, the

friction factors are mainly influenced by the Reynolds

numbers and the average pore diameters of the copper

foams. The friction factors are decreased with increases in

the Reynolds numbers. Most of the experimental data are

between the two predictions by Ergun [22] and Liu et al.

[24]. For the 90 ppi foams, the measured friction factors are

consistent well with the predictions by Liu et al. [24].

Deviations of the present measured friction factors (by

Eq. 7) from the predictions by refs. [22, 24] become large

with decreases in the ppi values. In order to further

consider the effect of ppi values on the friction factors, the

following equation is obtained based on the present

experimental data:

fk ¼ 5:598� 104 1� e
Re1:19

p

d0:94
m þ 0:22: ð13Þ

Note that the unit of dm in Eq. 13 is m. Figure 5b shows

the predictions by the present curve fit and the measured

friction factors. Good agreement was achieved for all the

three ppi values used in this study.

In the present study, the maximum pressure drop for the

boiling heat transfer can reach 35 kPa in 90 ppi foams. The

pressure drop will be much larger in the turbulent flow

region. Thus we only performed the experiments in the

laminar flow region. Future study will focus on the turbu-

lent flow. It is noted that Eq. 13 is only suitable for the

laminar flow region (Table 2).

For the pressure drop analysis, one must consider the

entrance effect, reflecting the hydraulic boundary layer

development in confined channels. Wua et al. [25] identified

that the entrance length for the hydraulic boundary layer

development is about a couple of times of characteristic cell

size if Reynolds number is smaller than 300. Baril et al. [26]

stated that when the flow is beyond a critical length about 50

times of the pore size, the entrance effect on pressure drops

can be neglected. In the present study, the channel length of

52 mm is significantly larger than 2–50 pore sizes of copper

foams, thus the entrance effect can be neglected.

Table 3 Two-phase pressure-drop correlations

Correlation

(or model)

Reference Frictional component, Dptp,f Acceleration component, Dpa MAE (%)

1 Homogeneous

model
Dptp;f ¼ Ltp

dp
dz

� �
l

1þ xout

2

vlg

vl

� �h i
Dpa ¼ G2vlxout 322.9%

2 Lockhart-martinelli

[28]
Dptp;f ¼ Ltp

xout

Rxout

0

dp
dz

� �
l
/2

f dx Dpa ¼ G2vl
x2

out

aout

vg

vl

� �
þ 1�xoutð Þ2

1�aout
� 1

h i

/2
f ¼ 1þ C

Xvv
þ 1

X2
vv

, C = 5 a ¼ 1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 20

xout
þ 1

x2
out

q 25.8%

Xvv ¼ ll

lg

� �0:5
1�x

x

� �0:5 vl

vg

� �0:5

3 Mishima and Hibiki

[29]
Dptp;f ¼ Ltp

xout

Rxout

0

dp
dz

� �
l
/2

f dx, /2
f ¼ 1þ C

Xvv
þ 1

X2
vv

Dpa ¼ G2vl
x2

out

aout

vg

vl

� �
þ 1�xoutð Þ2

1�aout
� 1

h i

C ¼ 21 1� exp �0:319� 103dhð Þ½ � a ¼ 1

1þ 1�xout
xout
ð Þ vl

vg

� �2=3
31.9%

Xvv ¼ ll

lg

� �0:5
1�x

x

� �0:5 vl

vg

� �0:5

4 Qu and Mudawar

[30]
Dptp;f ¼ Ltp

xout

Rxout

0

dp
dz

� �
l
/2

f dx Dpa ¼ G2vl
x2

out

aout

vg

vl

� �
þ 1�xoutð Þ2

1�aout
� 1

h i

/2
f ¼ 1þ C

Xvv
þ 1

X2
vv

a ¼ 1

1þ 1�xout
xout
ð Þ vl

vg

� �2=3
41.8%

C ¼ 21 1� exp �0:319� 103dhð Þ½ � 0:00418Gþ 0:0613ð Þ

Xvv ¼ ll

lg

� �0:5
1�x

x

� �0:5 vl

vg

� �0:5

5 Ji and Xu

(present study)
Dptp;f ¼ Ltp

xout

Rxout

0

dp
dz

� �
l
/2

f dx Dpa ¼ G2vl
x2

out

aout

vg

vl

� �
þ 1�xoutð Þ2

1�aout
� 1

h i

/2
f ¼ 1þ C

Xvv
þ 1

X2
vv

a ¼ 1

1þ 1�xout
xout
ð Þ vl

vg

� �2=3
7.18%

C ¼ 0:025G1:801e8:021xd0:455
m

Xvv ¼ ll

lg

� �0:5
1�x

x

� �0:5 vl

vg

� �0:5
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6.2 The two-phase multiplier

It is noted that various factors influence the two-phase

pressure drops in metallic foams. Figure 6 shows the total

pressure drop across the test section versus the outlet vapor

mass qualities at different running parameters: ppi values,

inlet liquid temperatures, and mass fluxes. Figure 6a iden-

tifies the fact that the pressure drop in the empty channel

without copper foam inset is significantly lower than those

in the copper foam channel. Figure 6b shows that the

pressure drops are slightly larger at higher inlet liquid

temperatures. But the differences of the pressure drops

among different inlet liquid temperatures are not large. This

is because the two-phase pressure drop contributes the

major part of the total pressure drop. Figure 6c shows that

the total pressure drops are quite sensitive to the mass

fluxes. The larger the mass flux, the higher the pressure drop

is. All the three subfigures in Fig. 6 shows that the total

pressure drop is increased with increases in the outlet vapor

mass qualities, according to a quasi-linear manner.

The total pressure drop (Dp) consists of the pressure

drops in the single-phase liquid flow section (Dpsp) and the

two-phase flow section (Dptp). Besides, the two-phase

pressure drop also includes three components: the two-

phase friction pressure drop (Dptp;f ), the acceleration pres-

sure drop (Dpa), and the gravitational pressure drop (Dpg).

We note that Dpg should be zero with the test section hor-

izontally positioned, such as encountered in the present

study. In a real application of the heat transfer devices, the

pressure drop also includes the component with the fluid

flowing across an enlarged or contracted geometry, i.e., Dpc.

Thus the two-phase friction pressure drop is calculated as

Dptp;f ¼ Dp� Dpsp � Dpa � Dpc: ð14Þ

Various two-phase friction pressure drop models

have been developed in the literature, including the

homogeneous model and separated flow model. The two-

phase friction pressure drop in metallic foams is less

reported previously. Even though metallic foam belongs to

the family of porous media, metal foam has distinct features

compared with conventional porous media. Metal foam has

quasi-ordered cell structure and large porosity such as 0.9

used in this study. Bonnet et al. [15] used the homogeneous

model, Lockart–Martinelli model and separated flow model

to compute the two-phase pressure drops in metallic foams,

large differences are found between the model predictions

and the experimental results for metallic foams. Hetsroni

et al. [27] stated that most of correlations on packed beds
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and granular porous media are not suitable for metallic

foams. Here we use the homogeneous model, the Lockhart-

Martinelli correlation [28], the Mishima and Hibiki

correlation [29], and the Qu and Mudawar correlation

[30] to calculate the two-phase friction pressure drops and

compare these results with the present experimental data.

These models or correlations are listed in Table 3. The

relative error is calculated as (see Table 3).

MAE (% ) =
1

M

X Dppre � Dpexp

�� ��
Dpexp

� 100% ð15Þ

where M is the number of data points, Dppre and Dpexp are the

calculated and measured pressure drops. Figure 7a shows

that the calculated pressure drops by the homogeneous flow

model are significantly larger than the experimental data.

Now we discuss the pressure drop computations by the

separated flow models. Usually the Martinelli model is

used to evaluate the acceleration pressure drop. The axial

vapor mass qualities are assumed to be linearly distributed

along the flow direction. Thus the acceleration pressure

drop in the separated flow model is expressed as

Dptp;a ¼ G2vl
x2

out

aout

vg

vl

� 	
þ 1� xoutð Þ2

1� aout
� 1

" #
ð16Þ

where v is the specific volume, x is the vapor mass quality,

g represents the vapor phase and l represents the liquid

phase, respectively. aout is the outlet void fraction, having

the following expression:

aout ¼
1

1þ 1�xout

xout

� �
vl

vg

� �2=3
ð17Þ

In order to calculate the two-phase friction pressure

gradient, we introduce the Lockhart-Martinelli parameter

Xvv. The two-phase multiplier for the liquid phase /2
f is the

ratio of the two-phase friction pressure gradient to that

which would exist if the liquid phase were to be flowing

alone in the pipe and is written as

/2
f ¼

dp

dz

� 	

tp

,
dp

dz

� 	

l

¼ 1þ C

Xvv
þ 1

X2
vv

: ð18Þ

The Lockhart-Martinelli parameter Xvv is expressed as

Xvv ¼
dp

dz

� 	

l

,
dp

dz

� 	

g

" #1=2

¼ ll

lg

 !0:5
1� x

x

� 	0:5
vl

vg

� 	0:5

: ð19Þ

where dp
dz

� �
l

and dp
dz

� �
g

represent the pressure gradients

assuming that the liquid phase and vapor phase flowing in

channels alone, respectively. Chisholm [31] recommended

the C values in Eq. 18. C equals to 5 for the laminar flow.

The two-phase friction pressure drop is

Dptp;f ¼
Ltp

xout

Zxout

l

dp

dz

� 	

l

/2
f dx

¼ Ltp

xout

Zxout

0

fkG2 1� xð Þ2vl 1� eð Þ
Dpe3

/2
f dx: ð20Þ

Figure 7b shows the comparison between the Lockhart-

Martinelli predictions and the measured two-phase pressure

drops. The result is not satisfactory and the average relative

error reaches 25.8%. We note that the surface tension force

effect is increased by decreasing the channel size. Many

investigators consider the channel hydraulic diameter

effect. Mishima and Hibiki [29] modified the C value to

have the following equation.

C ¼ 21 1� exp �0:319� 103dh

� �
 �
ð21Þ

where dh is the channel hydraulic diameter, the unit is m.

However, modification of the C parameter did not signifi-

cantly improve the accuracy of the two-phase friction
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Fig. 8 The two-phase pressure gradient multiplier versus the outlet

vapor mass qualities
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pressure drops. Figure 7c illustrates that the predicted two-

phase friction pressure drops by the Mishima and Hibiki

[29] model are smaller than the measured values.

Qu and Mudawar [30] noted that considering the pore

diameter of the metallic foam alone in the C parameter is

not enough to improve the accuracy of the pressure drop

computations. The two-phase friction pressure drop shall

consider the effects of mass fluxes, channel dimensions,

and flow patterns etc. Thus the following correlation for the

C parameter is recommended by Qu and Mudawar [30].

C ¼ 21½1� expð�0:319� 103dhÞ�ð0:00418Gþ 0:0613Þ:
ð22Þ

When the predicted pressure drops are compared with

the present experimental data, it is found that large

deviations exist (see Fig. 7d). Thus new two-phase

friction pressure drop correlations should be developed.

Let us re-evaluate the effect of outlet vapor mass qual-

ities on the two-phase friction pressure drop first. Figure 8

shows that the two-phase multiplier is increased with

increases in the outlet vapor mass qualities. At the same

outlet vapor mass quality, the higher the mass fluxes, the

larger the multiplier is (see Fig. 8a). Besides, the multiplier

is larger for smaller ppi values when the outlet vapor mass

quality is fixed (see Fig. 8b).

Figure 9 demonstrates the two-phase multiplier versus the

Martinelli parameter Xvv. Generally /f
2 is decreased with

increases in Xvv. But /f
2 approaches a constant if Xvv is con-

tinuously increased. For example, /f
2 is about 10 if Xvv is

larger than 0.8 (see Fig. 9a). It is also seen from Fig. 9a, b that

/f
2 is larger for larger mass fluxes at the same Xvv. Figure 9c

gave the further evidence that /f
2 is insensitive to the inlet

liquid temperatures. It is found from Fig. 9d that /f
2 is

decreased with increases in the pore densities. Under the

condition that the pore diameters are decreased by increasing

the pore densities, the two-phase mixture approaches to be

distributed uniformly in metallic foams, causing the decreased

possibility of the stratification flow in the channel. In order to

consider the effects of the mass fluxes, vapor mass qualities,

and the average pore diameter of the metallic foams, the fol-

lowing correlation for the C parameter is recommended:

C ¼ 0:025G1:801e8:021xd0:455
m : ð23Þ

Combining Eqs. 18, 20 and 23, we can calculate the

two-phase friction pressure drops in metallic foams with

high porosities. Figure 10 shows the total pressure drops

against the heat fluxes. The data points are the pressure
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drops measured by the pressure drop transducer. The cal-

culated total pressure drops consist of several components

which are described above, among which the two-phase

friction pressure drop is evaluated based on Eqs. 18, 20

and 23. It is seen that the pressure drop predictions match

the experimental data very well. Other models or correla-

tions such as the Qu and Mudawar correlation [30], the

Mishima and Hibiki correlation [29], and the Lockhart-

Martinelli correlation [28] can not predict the pressure

drops. Deviations of these model predictions and the

measured values are large. Figure 11 shows that most of

the predicted pressure drops by Eqs.18, 20 and 23 deviate

from the measured values by less than 15%.

It is noted that metallic foam has network structure with

foam ligaments connected each other. Heating causes bubble

formation within pores and the applied pressure drop pushes

bubbles to the channel downstream. Bubbles are penetrated by

the foam ligament, causing large bubble deformation. An

increased pressure drop shall be provided to overcome the

large shear stress at the vapor–liquid interface during the

bubble deformation and breakup process when the bubbles are

being penetrated by the foam ligaments. The higher the heat

flux, the larger number of generated bubbles is, yielding

higher pressure drop. This is the reason why the pressure drops

have a parabolic increase with heat fluxes, as shown in Fig. 10.

7 Conclusions

Experimental studies with the single-phase liquid flow and

the boiling two-phase flow flowing in a rectangular channel

filled with copper foams were studied. The following

conclusions can be reached:
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• The friction factors for the single-phase liquid flow are

mainly dependent on the Reynolds number and

the average pore diameters of the metallic foams. The

friction factors are decreased with increases in the

Reynolds numbers, and will approach 0.22 with high

Reynolds numbers in the laminar flow region.

• Pressure drops in metallic foams are significantly larger

than those in empty channels. The two-phase pressure

drops are increased with increases in the outlet vapor

mass qualities, mass fluxes, and ppi values.

• The two-phase multipliers are increased with increases

in the outlet vapor mass qualities and mass fluxes. They

are decreased with increases in the Martinelli parameter

and will attain a constant value. The constant value

depends on the mass fluxes. The larger the mass flux,

the larger the constant value is.

• The homogeneous model, Lockhart-Martinelli model

[28], Mishima and Hibiki model [29], and Qu and

Mudawar model [30] can not predict the two-phase

pressure drops for metallic foams. A new correlation

was recommended for the C parameter, considering

effects of the mass fluxes, vapor mass qualities, and the

average pore diameters of the metallic foams.
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