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Abstract

Forced convection heat transfer of water and air in sintered porous plate channels was investigated experimentally.

The effects of fluid velocity, particle diameter, type of porous media (sintered or non-sintered), and fluid properties on

the convection heat transfer and heat transfer enhancement were investigated. The results showed that the convection

heat transfer in the sintered porous plate channel was more intense than in the non-sintered porous plate channel due to

the reduced thermal contact resistance and the reduced porosity near the wall in the sintered material, especially for

convection heat transfer of air. For the tested conditions, the local heat transfer coefficients in the sintered porous plate

channels were increased up to 15 times for water and 30 times for air. The heat transfer enhancement due to the sintered

porous media with air intensified sharply with increasing flow rate. However, the influence of particle diameter on the

convection heat transfer in the sintered porous media was not great. The effective thermal conductivity of the sintered

porous media was found to be much higher than for non-sintered porous media due to the improved thermal contact

caused by the sintering process.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Porous media; Experimental research; Convection heat transfer; Heat transfer enhancement; Sintered
1. Introduction

Porous media intensify fluid flow mixing and increase

the surface area in contact with the coolant, so porous

structures are an effective heat transfer augmentation

technique. Heat transfer in porous media has received

much attention for many years due to its importance in

applications such as catalytic and chemical particle beds,

solid matrix or micro-porous heat exchangers, cooling of

electronic equipment and mirrors in powerful lasers,

phased-array radar systems, industrial furnaces, packed-

bed regenerators, combustors, fixed-bed nuclear pro-

pulsion systems, micro-thrusters, transpiration cooling,
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spacecraft thermal management systems, and many

others [1–5].

Jeigarnik et al. [2] experimentally investigated con-

vection heat transfer of water on flat plates and in

channels filled with porous material such as sintered

spherical particles, nets, porous metal, and felts. Most of

their experimental data was for convection heat transfer

in sintered bronze porous layers with different thickness

(0.86–3.9 mm) and particle diameters (0.1–0.6 mm).

They found that the porous media increased the heat

transfer coefficient 5–10 times although the hydraulic

resistance was increased even more. Lage et al. [3]

studied a low permeability microprobe heat sink for

cooling phased-array radar systems. Their results sug-

gested that an increased overall heat transfer coefficient

could be obtained that would reduce the operational

temperature of the electronics for the same waste heat

generation rate. Hwang and Chao [6] experimentally

and numerically studied convection heat transfer of air
ed.

mail to: jiangpx@te.tsinghua.edu.cn


Nomenclature

cpf fluid specific heat, J/(kgK)

dp particle diameter, m

De porous plate channel hydraulic diameter, m

fe friction factor

h average heat transfer coefficient, W/(m2 K)

hc channel height, m

hx local heat transfer coefficient, W/(m2 K)

L channel length, m

M mass flux, (¼ qu), kg/(m2s)

Mt total weight of sintered porous plate, kg

Nu Nusselt number

Dp pressure drop, Pa

Pr Prandtl number

q heat flux, W/m2

ReD Reynolds number based on the plate chan-

nel hydraulic diameter, (¼ qfufDe=lf )

Ree equivalent Reynolds number, (¼ 2Mdp=
ð3lfð1� eÞÞ)

t temperature, �C
Dt temperature difference, �C
u fluid velocity in the x direction, m/s

wp sintered porous plate width, m

x, y coordinates, m

Greek symbols

k thermal conductivity, W/(mK)

lf fluid absolute viscosity, Ns/m2

q fluid density, kg/m3

em mean porosity

rt total thickness of sintered porous plate, m

rc copper plate thickness, m

Subscripts

0 heated section inlet

c copper

f fluid

l lower

m mean or effective

p particle

u upper

w wall

x local
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in 5 · 5· 1 cm sintered porous channels. They showed

that the porous channels can be used as a heat sink for

high-performance forced air cooling in micro-electron-

ics. With a porous heat sink having dp ¼ 0:72 mm, the

forced air heat transfer coefficient was increased from

100 to 5000 W/(m2 K). They also showed that the con-

ventional thermal equilibrium one-equation model

overpredicts the Nusselt number for sintered porous

channel flow. Jiang et al. [7–9] experimentally and

numerically studied convection heat transfer of water or

air in non-sintered porous (packed beds) plate channels

which showed that the packed beds greatly intensified

the convection heat transfer (up to 10-fold). A modified

criterion was then developed to describe the effect of

particle diameter on the heat transfer coefficient [8].

Khanafer and Vafai [10] presented an innovative way to

produce and regulate an isothermal surface in high heat

flux applications through the use of two basic configu-

rations with variable area porous channels.

There have been numerous investigations with theo-

retical analyses and numerical simulations of convection

heat transfer in fluid-saturated porous media. Vafai and

Tien [11] investigated the nature and importance of the

boundary and inertial effects upon the flow and heat

transfer in porous media. They showed that the

boundary effects have very little effect on the overall flow

field. However, the boundary have a significant effect on

the heat transfer. The inertial effects increase with higher

permeability and the lower fluid viscosity. The velocity
gradients near the wall are bound to increase, thereby

increasing the viscous resistance due to the boundary.

Narasimhan et al. [12,13] presented a new theory for

predicting the thermo-hydraulic effect on fully developed

convection by a fluid with temperature-dependent vis-

cosity flowing through a porous medium channel. The

theory incorporates the form-drag effect of the porous

medium by invoking the differential representation of

the Hazen–Dupuit–Darcy (HDD) equation. The theo-

retical predictions were compared with results from a

simpler linear (Darcy) model and with numerical results

simulating the operation of a realistic porous medium

enhanced cold-plate and were verified with experiments.

The comparisons showed that the second-order HDD

model predictions agreed well with the hydraulic simu-

lation results and the experimental results for all of the

heat flux values tested.

In theoretical and numerical investigations of con-

vection heat transfer in porous media, two different

models have been used for the energy equation: the local

thermal equilibrium model and the local thermal non-

equilibrium model. In recent years the local thermal

non-equilibrium model has been used more frequently in

the energy equation in theoretical and numerical re-

search on convection heat transfer in porous media

[6,7,9–19]. With the thermal non-equilibrium model, the

treatment of the boundary conditions for the energy

equation significantly affects the numerical results. A

number of papers have analyzed this problem, e.g.
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[9,14–19]. Alazmi and Vafai [19] analyzed eight different

forms of constant wall heat flux boundary conditions in

the absence of local thermal equilibrium conditions in

the porous media. They showed that different boundary

conditions may lead to substantially different results. In

addition, they pointed out that selecting one model over

the others is not an easy issue since previous studies

validated each of the two primary models and because

the mechanics of splitting the heat flux between the two

phases is not yet resolved.

Jiang et al. [14] numerically investigated forced

convection heat transfer in plate channels filled with

non-sintered metallic or non-metallic particles or sin-

tered porous media using a non-thermal equilibrium

model. Their numerical simulation results were com-

pared with experimental data from Jiang et al. [8,9] and

Hwang et al. [6] to analyze the effects of the assumed

boundary conditions. The analysis investigated the dif-

ference in the convection heat transfer in packed beds or

in sintered porous media and the effects of the boundary

condition assumptions. The results showed that the

numerical simulation of convection heat transfer of air

and water in non-sintered packed beds using a local

thermal non-equilibrium model with the assumption of

equal heat fluxes from the heat transfer surface into the

solid and the fluid agreed best with the experimental

data. However, for sintered porous media numerical

simulations showed that the boundary conditions at the

wall should be that the particles temperatures are equal

to the fluid temperature. In addition, the convection

heat transfer coefficient in sintered porous media is

much higher than that in packed beds. These results

need further clarification with additional experimental

data.

The convection heat transfer in porous media has

been widely investigated experimentally and theoreti-

cally; however, the difference between the convection

heat transfer in sintered and non-sintered porous media

was not investigated systematically. The mathematical

model for convection heat transfer in porous media still

needs to be improved which will require extensive

experimental data. The present work experimentally

studied forced convection heat transfer of water or air in

plate channels filled with sintered bronze particles. The

study investigated the effects of the fluid type, the flow

velocity, the particle diameter and the type of porous

media (sintered or non-sintered) on the convection heat

transfer. Research on convection heat transfer in sin-

tered porous media has practical importance for

improving and analyzing some important technologies

such as transpiration cooling, micro-porous heat

exchangers and micro-thrusters which use sintered

metallic porous structures. The experimental data was

also used to clarify the mathematical model and

numerical results for convection heat transfer in sintered

porous media.
2. Experimental system and data reduction

The experimental systems used to investigate con-

vection heat transfer of water and air in porous media

are shown schematically in Fig. 1. The water system

included a water tank, a pump, a constant water head

tank, a test section, a heat exchanger, a data acquisition

system (Keithley 2000), pressure gauges, thermocouples

and an electrical power input and measurement system.

The constant water head tank was especially useful when

verifying the accuracy of the experimental system for an

empty plate channel with small mass flow rates. The

system used to investigate convection heat transfer of air

in porous media included a compressor, a test section,

two volumetric flow meters, a data acquisition system

(Keithley 2700), pressure gauges, thermocouples and an

electrical power input and measurement system.

The test section enclosure that sealed the test section

was made from stainless steel plates. The sintered porous

channel was made of bronze particles sintered to a thin

copper plate which was placed in the stainless steel

channel. The test section is shown in Fig. 2. The upper

copper plate of the test section was 1.0 mm thick. The

sintered bronze material was 89/11 copper/tin mix with a

typical 0.3% phosphorous content. The nominal particle

sizes of the sintered porous plates were 0.5–0.71, 1–1.4

and 1.4–2 mm. The length and width of the sintered

porous plates were 210 and 120 mm, and the thicknesses

of the three sintered porous plates were 11.73, 10.87 and

10.22 mm. The porosities of the sintered porous plates

were 0.402, 0.444 and 0.463. The upper copper plate on

the channel received a constant heat flux, qw, while the

bottom and side plates were adiabatic. The flow entered

the channel with an average velocity, u0, and constant

temperature as shown in Fig. 2.

To prevent leakage of the fluid along the contact

surface between the sintered porous plate and the

stainless steel channel, a thin layer of polytetrafluoro-

ethylene (PTFE) was placed on the bottom and sides

between the porous plate and the stainless steel and

sealed. An electrical heater was placed on the copper

plate with a heavy stainless steel cover placed on top

with the four edges of the upper surface of the test

section sealed with a silicon–rubber sealing pad. The top

was then tightened down with screws. Many tests

showed that the leakage was very small even for rela-

tively high pressures (e.g. 6 bar). The test section and

most of the tubes including the inlet and outlet mea-

surement sections were insulated using silicate glass fiber

and sponges.

The heater was manufactured by wire machining a

0.1 mm thickness nickel–chromium sheet (Cr20 Ni80)

into a continuous serpentine strip. The strip was

mounted on a thermally conductive rubber pad (boron

oxide, JS-T500) having a thermal conductivity of 2.05

W/(mK) as an insulator which could sustain 4000 V.



Fig. 1. Experimental apparatus for heat transfer of water (a) and air (b) in porous media. (a) 1: water tank, 2: filter, 3: pump, 4: test

section, 5: voltmeter, 6: voltage regulator, 7: voltage stabilizer, 8: data acquisition system, 9: personal computer, 10: heat exchanger, 11:

constant water head tank, 12: valve. (b) 1: compressor, 2: water filter, 3: pressure regulator, 4: filter, 5: by-pass, 6,7: volumetric flow

meters, 8: test section, 9: data acquisition system, 10: computer, 11: voltmeter, 12: voltage regulator, 13: voltage stabilizer.

Fig. 2. Test section and schematic diagram of the physical system.

2088 P.-X. Jiang et al. / International Journal of Heat and Mass Transfer 47 (2004) 2085–2096



P.-X. Jiang et al. / International Journal of Heat and Mass Transfer 47 (2004) 2085–2096 2089
This heater worked very well and never burned out. A

detailed numerical analysis showed that the heat flux on

the bottom surface of the test section was sufficiently

uniform when using this heater

The parameters measured in the experiments in-

cluded the wall temperatures, the inlet and outlet tem-

peratures, the working temperature and pressure of the

volumetric flow meters, the inlet and outlet pressures,

the flow rate and the heater voltages. The local tem-

perature of the plate channel was measured with 25

copper–constantan thermocouples. Seventeen thermo-

couples were inserted into the upper plate of the test

section (0.5 mm deep) along the centerline. Eight more

thermocouples were inserted into the upper plate of the

test section (0.5 mm deep) along a line 25 mm from the

centerline to monitor the temperature variations across

the test section. The inlet water temperature was mea-

sured by 2 thermocouples located at the inlet. Three

thermocouples were located at the plate channel outlet

after a mixer to measure the bulk exit temperature. Prior

to installation, the thermocouples were calibrated using

a constant-temperature oil bath. The overall accuracy

was within ±0.1 �C. The inlet and outlet pressures were

measured using accurate manometers with accuracies of

0.25% of the full scale range of 0.1, 0.6 and 1.6 MPa.

The water mass flow rate was measured by weighing the

fluid flowing from the channel for a given time period.

The air volumetric flow rate was measured using two

volumetric flow meters with accuracies of 1.4% of the

full scale range of 0.7–7 and 4.5–45 Nm3/h. The heater

voltage was measured by a digital voltmeter. The electric

power input to the heater was calculated from the

measured voltage readings and the heater resistance.

The same measurement method was used for the con-

vection heat transfer in the porous media and in the

empty channel.

The flow rate, input power and inlet fluid tempera-

ture were fixed for each test. The thermocouples were

connected to a data acquisition system (Keithley 2700)

with the temperatures monitored and then recorded

after steady-state conditions were reached. The flow

rate, inlet and outlet fluid bulk temperatures, and volt-

age across the heater were also recorded. The local bulk

fluid temperature at each measuring section was calcu-

lated from the inlet temperature, flow rate and power

input, or from the inlet and outlet temperatures using

linear interpolation. The fluid enthalpy rise was checked

against the electric power input. The experimental

uncertainty for the heat balance was ±5%.

The bulk porosities of the sintered porous plates were

measured and computed using

e ¼ 1� Mt � qcrcwpL
qpðrt � rcÞwpL

: ð1Þ

The experimental uncertainty in the porosity was esti-

mated to be ±1.0%.
The data reduction method was similar to that used

in previous experimental research on forced convection

heat transfer of water in non-sintered porous plate

channels [8]. Preliminary tests were performed for data

calibration and error estimates. The maximum error in

the flow rate was less than 0.43% for water and 2.4% for

air. Steady-state was said to be reached when the devi-

ations of the wall temperatures, the inlet and outlet

temperatures were all within ±0.25 �C for 15 min. The

experimental uncertainty in the convection heat transfer

was mainly caused by experimental errors in the heat

balance, axial thermal conduction in the copper plate

test section, temperature measurement errors and the

calculation of the heat transfer surface temperature.

Detailed error analyses showed that the experimental

uncertainties in the convection heat transfer coefficient

and pressure drop were estimated to be ±11.2% and

±2.9%.

The convection heat transfer coefficients in an empty

plate channel were measured before the experimental

research on the convection heat transfer in the sintered

porous media. The experimental setup was evaluated by

comparing the results for convection heat transfer in the

empty plate channel with established correlations and

numerical simulations. Experimental data was obtained

in the empty plate channel for laminar, turbulent and

transition flow. For laminar flow (ReD < 2300), the

convection heat transfer in the empty plate channel was

calculated numerically. The local heat transfer coeffi-

cients for turbulent and transition convection heat

transfer in the empty plate channel were calculated using

the formulas proposed by Petukhov et al. [20]. The

standard deviation of the experimental results relative to

the predictions was ±10.0%. The experimental uncer-

tainties near the inlet and outlet were relatively large due

to longitudinal thermal conduction along the test sec-

tion. In general, the experimental system accuracy was

well within acceptable limits for convection heat transfer

tests.
3. Experimental results and discussion

3.1. Flow resistance and friction factor

Fig. 3 shows the pressure drop for water and air in

the sintered porous plate channels as a function of

Reynolds number based on the hydraulic diameter.

During theses hydraulic tests the channel was not he-

ated. The inlet fluid temperatures for water and air were

about 16 and 21 �C. The pressure drop in the porous

media greatly increased with increasing flow rate and

decreasing particle diameter. Smaller particle diameters

increased the contact area between particles and reduced

the pore size and the porosity in the porous media. All of

these factors increased the flow resistance. In the
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experiments the air velocity was much larger than the

water velocity (10 times), but the air flow resistance was

less than the water flow resistance due to the lower air

density.

Previous work [8] showed that the friction factor, fe,
calculated from the experimental data for fluid flow in

non-sintered porous media can be well predicted using

the equation given by Aerov and Tojec [21]:

fe ¼
e3m

1� em

qfdp
3M2

Dp
L

¼ 36:4

Ree
þ 0:45 ðfor Ree < 2000Þ:

ð2Þ

Fig. 4 compares the friction factor, fe, calculated

from the experimental data for fluid flow in the sintered

porous media with the friction factor predicted using

Eq. (2). The friction factors in the sintered porous plate

channels decreased with decreasing particle diameter for

a given Ree. The friction factor in the sintered porous

plate channel with the smallest particle diameters of 0.5–

0.71 mm corresponded well with Eq. (2), while the
friction factors in the sintered porous plate channels

with the larger particle diameters of 1.0–1.4 and 1.4–2.0

mm were higher than predicted by Eq. (2). The increased

friction factor for the porous media with larger particle

diameters may result from the number of particle layers

in the vertical direction decreasing with increasing par-

ticle diameter so that the porosity variation in the por-

ous channel became sharper than that for the data used

to develop Eq. (2). The increased pressure drop resulted

from the sintering process changing the porous structure

so that the porosity close to the wall became less than

that in non-sintered porous media [22]. Therefore, the

friction factor in the sintered porous media may be

larger than that in non-sintered porous media. The fol-

lowing relation better predicts the friction factor in the

sintered porous channel for larger particles:

fe ¼
117:9

Ree
þ 0:63 ðfor Ree < 800Þ: ð3Þ

This correlation was developed using a least square

analysis of the present experimental data for particle

diameters from 1.0 to 2.0 mm.
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3.2. Heat transfer coefficients and heat transfer enhance-

ment

Figs. 5 and 6 show the distribution of the local heat

transfer coefficients for convection heat transfer of water

and air in the sintered bronze porous plate channels and

the calculated results in the empty plate channel. The

local heat-transfer coefficients increased with Reynolds

number and decreased along the axial direction except

near the outlet section where the heat transfer increased

due to the exit effect. The porous media greatly increased

the heat transfer coefficient compared to the empty

channel. For the sintered bronze packed beds, the local

heat transfer coefficient was enhanced 5–15 times for

water and 6–30 times for air depending on the mass flow

rate. The influence of Reynolds number (or flow rate) on

the local convection heat transfer coefficient for air in

the sintered porous media was much stronger than for

water as will be discussed later.

Fig. 7 compares the local heat transfer coefficients at

the middle of the test section for convection heat
0 2 4 6 8 10

10
3

10
4

10
5

, , , : Experim ental da ta in  porous m ed ia
       : C alcula ted  resu lts in em pty channe l

43

2
1

1,  R eD=130;  2 ,  R eD=597

3,  R eD=1369; 4 ,  R eD=2525

h x
/W

(m
2

 C
)-1

x/De(a)

0 2 4 6 8 10

10
3

10
4

10
5

43

2
1

, , , : Experim ental data in  porous m edia
       : C alcula ted resu lts in empty channel

1 ,  R eD=167;  2,  R eD=716

3,  R eD=1340; 4 ,  R eD=2200

h x
/W

 (
m

2  C
)-1

x/De(b)

˚
˚

Fig. 5. Local heat transfer coefficient for water in sintered

porous plate channels: (a) dp ¼ 1.0–1.4 mm and (b) dp ¼ 0.5–

0.71 mm.
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Fig. 6. Local heat transfer coefficient for air in sintered porous

plate channels: (a) dp ¼ 1.0–1.4 mm and (b) dp ¼ 0.5–0.71 mm.
transfer of water and air in the sintered bronze porous

plate channels with those in an empty plate channel. The

local heat transfer coefficients at the middle of the test

section increased as the Reynolds number increased. The

heat transfer coefficients can be related to the equivalent

Reynolds number by

Nu ¼ aRebD ðfor ReD < 8000Þ: ð4Þ

The values of a and b in Eq. (4) for the different fluids

and particle diameters determined using a least square

analysis of the present experimental data are listed in

Table 1. The deviation between Eq. (4) and the experi-

mental data was less than 10%.

The porous media greatly increased the heat transfer

coefficient for both water and air compared to the empty

channel. Table 2 presents the ratios by which the heat

transfer was enhanced in the sintered porous plate

channels compared to an empty channel. For these

conditions, the sintered bronze porous media enhanced

the average heat transfer coefficient 7–14 times for water

and 3–36 times for air depending on the mass flow rate.
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results; –– curve fit of the experimental data.

Table 1

Values of a and b in Eq. (4) for different fluids and particle

diameters

Particle

diameter

(mm)

1.4–2.0 1.0–1.4 0.5–0.71 Empty

channel

Water

a 79.37662 116.5744 80.56446 25.8906

b 0.63627 0.58361 0.62241 0.47124

Air

a 0.0156 0.00868 0.02101 0.15604

b 1.22832 1.30883 1.20259 0.60525

2092 P.-X. Jiang et al. / International Journal of Heat and Mass Transfer 47 (2004) 2085–2096
The results in Table 2 show that the heat transfer

enhancement in the sintered porous media for air in-

creased sharply with increasing flow rate, while the heat

transfer enhancement in the sintered porous media for

water increased gradually with increasing flow rate.
Table 1 shows that the exponents b in Eq. (4) for con-

vection heat transfer of water in sintered porous media

and in empty channel were similar, while for convection

heat transfer of air in sintered porous media the expo-

nents b in Eq. (4) were much larger than that in the

empty channel.

The different influences of the flow rate on the con-

vection heat transfer for water and air in sintered porous

media are caused by their different heat transfer mech-

anisms in porous media. Jiang et al. [8] showed that

convection heat transfer in porous plate channels is

controlled by two factors, the convection heat transfer

between the fluid and the channel surface, and the ‘‘fin

effect’’ of the particles which intensifies with increasing

particle thermal conductivity and Reynolds number.

The ‘‘fin effect’’ of the particles is controlled by the

combined effects of the convection heat transfer between

the fluid and the particles and the thermal conduction

between the particles. For sintered metallic porous

media, the porosity at the wall and the thermal contact

resistance are less than with non-sintered porous media;

therefore, the heat transport from the wall to the interior

of the porous media is more intense for sintered metallic

porous media which enhances the overall heat transfer

coefficient at the wall. For convection heat transfer of air

in sintered porous media, the sintered bronze particles

transfer much more heat from the upper surface to the

volume than is transferred by the air in the porous

media, so the overall heat transfer intensity is mainly

limited by the convection heat transfer from the porous

media to the air. Therefore, the convection heat transfer

enhancement for air in the sintered porous channel in-

creases sharply with increasing flow rate (or Reynolds

number). However, for water, the heat transfer mecha-

nism is quite different since the heat transfer capability

of water is much greater. The overall heat transfer rate

with water depends on both of the convection heat

transfer within the water and the heat transfer through

the sintered porous media into the interior. Therefore,

the increases in the convection heat transfer coefficients

for water in the sintered porous channel were not as

great with variations of the flow rate as for air.

3.3. Effect of particle diameter on the heat transfer

The results in Fig. 7 show that for the conditions

studied here, the influence of the particle diameter on the

convection heat transfer of water and air in sintered

porous media was not very great. Jiang et al. [8] pre-

sented a criterion for determining how the convection

heat transfer coefficients in non-sintered porous media

vary with particle diameter. They found that if

q0u0dp > 0:065k�4:82
f k5:82m =cpfðem=ð1� emÞÞ, then the con-

vection heat transfer coefficient will increase with

increasing particle diameter. According to this criterion,

for water in these porous media, the diameter particle



Table 2

Heat transfer enhancement in sintered porous media

Fluid Particle diameter

(mm)

ReD

200 500 1000 2000 5000 10,000

Water 1.4–2.0 7.35 8.55 9.59 10.75 12.50 14.02

1.0–1.4 8.17 9.05 9.79 10.58 11.73 12.67

0.5–0.71 6.93 7.96 8.84 9.82 11.28 12.52

Air 1.4–2.0 2.71 4.80 7.40 11.39 20.17 31.06

1.0–1.4 2.31 4.41 7.18 11.69 22.27 36.27

0.5–0.71 3.19 5.51 8.34 12.62 21.81 33.00
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should have little effect on the convection heat transfer

coefficient of water in the sintered porous media; while

the convection heat transfer coefficient of air in the

sintered porous media should increase with decreasing

particle diameter. However, the results in Fig. 7 and

Table 2 show that this criterion is unsuitable for sintered

porous media. In fact, the effect of solid particle diam-

eter on the convection heat transfer is quite compli-

cated. More detailed analysis and experimental results

describing the effect of particle diameter on the heat

transfer in sintered porous media are needed to com-

pletely understand the effect.

3.4. Comparison of convection heat transfer in sintered

and non-sintered porous media

The main differences between sintered and non-sin-

tered porous media are that for the sintered metallic

porous media, the porosity near the wall and the thermal

contact resistances between the particles and between

the particles and the wall surface are less than in non-

sintered porous media due to fusing in the sintering

process which not only increases the molecular contact

between surfaces but also increases the contact surface

areas. Therefore, the effective thermal conductivity of

the sintered solid phase will be much higher than that of

non-sintered packed beds, and the heat transport from

the wall to the interior of the porous media will be

greater for sintered metallic porous media, which will

enhance the overall heat transfer coefficient at the wall.

According to Achenbach [23], the convection heat

transfer at the wall for fluid flow in a horizontal porous

plate channel can be expressed as:

Nuw ¼ 1

�
� dp
De

�
Re0:61D Pr1=3 ð100 < ReD < 2� 104Þ:

ð5Þ

Nuw at the wall for convection heat transfer in a hori-

zontal porous plate channel depends on three para-

meters including dp=De, ReD and Pr. The convection heat

transfer at the wall in porous channels also depends on

the particle thermal conductivity. For the similar parti-
cle thermal conductivities, the heat transfer rates can be

compared for similar conditions including dp=De, ReD
and Pr.

The convection heat transfer rates in sintered and

non-sintered porous media were compared using the

following experimental conditions: for water in a sin-

tered bronze porous plate channel, dp ¼ 0:605 mm and

De ¼ 21:4 mm, while in a non-sintered bronze porous

plate channel, dp ¼ 0:278 mm and De ¼ 9:41 mm; for air

in a sintered bronze porous plate channel, dp ¼ 1:2 mm

and De ¼ 19:9 mm, while in a non-sintered steel porous

plate channel, dp ¼ 1:2 mm and De ¼ 18:2 mm. The

experimental data for water and air in sintered porous

media is from the present work, the experimental data

for water in non-sintered porous media is from Jiang

et al. [8], while the experimental data for air in non-

sintered porous media is from Jiang et al. [9]. The data

sets have similar values of the similarity variables.

Fig. 8 presents experimental data for the local Nus-

selt numbers of water and air in sintered and non-

sintered porous plate channels. The data shows that the

convection heat transfer of air in the sintered porous

plate channel is much higher than in the non-sintered

porous media. The difference for convection heat

transfer of water in sintered and non-sintered porous

plate channels was not as large as for air.

Fig. 9 presents experimental data for the average

Nusselt number for water and air in sintered and non-

sintered porous plate channels, and in an empty channel.

The dimensionless length, L=De, for the present data for

the sintered porous channel is larger than for the data

for the non-sintered packed beds [8,9]; therefore, the

average Nusselt number in the sintered porous channel

were recalculated using the same L=De as in the non-

sintered packed beds. The results show that the average

Nusselt number for water and air in the sintered porous

plate channel is larger than for the non-sintered porous

media, especially for air. Experimental research on

convection heat transfer of air in non-sintered porous

media [9] showed that the heat transfer enhancement by

the non-sintered porous media was not large (only 5-

fold) because the thermal contact resistance between the

particles and between the particles and the wall with air
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in the non-sintered porous media was relatively large

and because the contact surface area between the par-

ticles and the wall was relatively small for non-sintered

porous media. Therefore, sintered porous media provide

much more heat transfer enhancement than non-sintered

packed beds, especially for low thermal conductivity

fluids.

3.5. Effective thermal conductivity of sintered and non-

sintered porous media

In Section 3.4, the higher heat transfer coefficient in

sintered porous media compared to non-sintered packed

beds was attributed to the better thermal conductivity of

the sintered solid phase. To prove this point, the effective

thermal conductivities of the sintered and non-sintered

porous media were measured experimentally.

The plane-heat-source method was used to measure

the effective thermal conductivity of the porous media. A

constant heat flux was applied to the upper surface of
the porous plate, while the bottom surface of the plate

channel was cooled by water with a large flow rate to

keep a constant bottom surface temperature. The sur-

roundings were well insulated. The average temperatures

of the upper surface, tu, and the bottom surface, tl, were
measured by thermocouples. The heat flux measurement

method was the same as described in Section 2. The

effective thermal conductivity of the porous media was

calculated using

km ¼ qw � hc
tu � tl

: ð6Þ

Three sintered porous plates with different particle

diameters and one non-sintered packed bed were tested.

The experimental results are listed in Table 3. A detailed

analysis estimated the experimental uncertainty in the

effective thermal conductivity of the porous media to be

±10.3%.

The data in Table 3 shows that for the 0.5–0.7 mm

diameter particles, the experimental data for non-sin-



Table 3

Effective thermal conductivity of sintered and non-sintered porous media

Type of porous media dp [mm] km [W/(m �C)]

Experimental data Correlation for non-

sintered [24]

ks � ð1� emÞ

Sintered 1.4–2.0 2.012 0.348 29.0

Sintered 1.0–1.4 2.865 0.378 30.0

Sintered 0.5–0.71 3.411 0.453 32.3

Non-sintered 0.5–0.7 0.798 0.606 35.8
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tered porous media agrees well with the equation rec-

ommended by Zehner and Schlunder [24] for the effec-

tive thermal conductivity of non-sintered porous media,

while the experimental results for the effective thermal

conductivity of the sintered porous plate were much

larger (4 times). Therefore, the sintering process signifi-

cantly improved the thermal contact between the parti-

cles and between the particles and the wall, which

enhanced the effective thermal conductivity. The effec-

tive thermal conductivities of the porous media calcu-

lated using ks � ð1� emÞ are much higher than the

experimental data. Table 3 shows that the effective

thermal conductivity of the sintered porous plate chan-

nel with smaller particles was larger than that with larger

particles probably due to the lower porosity with the

smaller particles.
4. Conclusions

(1) The sintered porous media greatly increased the

heat transfer coefficient. For the conditions in this paper,

the sintered bronze porous media enhanced the local

heat transfer coefficient 15-fold for water and up to 30-

fold for air depending on the mass flow rate.

(2) The heat transfer enhancement due to the sintered

porous media with air increased sharply with increasing

flow rate, while the heat transfer enhancement due to the

sintered porous media with water increased gradually

with increasing flow rate.

(3) For the conditions studied here, the particle

diameter had little effect on the convection heat transfer

in sintered porous media.

(4) The convection heat transfer in the sintered por-

ous plate channels was higher than in non-sintered

porous plate channels due to the reduced thermal con-

tact resistance and the reduced porosity at the wall in the

sintered channels. The difference between the convection

heat transfer in sintered and non-sintered porous media

for air was much larger than for water.

(5) The effective thermal conductivity of the sintered

porous media was found to be much higher than for

non-sintered porous media due to the improved thermal

contact caused by the sintering process.
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