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Abstract

Heat transfer and fluid flow characteristics through a porous medium were investigated using numerical simulations and experiment. For the
numerical simulations two models were created: a two-dimensional numerical model and a Fluent™ computational fluid dynamics (CFD) porous
media model. The experimental investigation consisted of a flow channel with a porous medium section that was heated from below by a heat
source. The results of the numerical models were compared to the experimental data in order to determine the accuracy of the models. The
numerical model was then modified to better simulate a matrix heat exchanger. This numerical model then generated temperature profiles that
were used to calculate the heat transfer coefficient of the matrix heat exchanger and develop a correlation between the Nusselt number and the
Reynolds number.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

During the pursuit of compact heat exchangers that are able
to perform in demanding circumstances a series of stacked
plate-spacer pairs was developed to exchange heat between
multiple streams. This micro-heat exchanger is called a matrix
heat exchanger. The plates are made of a highly thermally con-
ductive material and are used to transfer the heat between the
fluid streams. The spacers are made of less thermally conduc-
tive material and are used to inhibit axial conduction and enable
flow re-distribution. Fig. 1 is a schematic of a matrix heat ex-
changer, from now on referred to as MHE.

When the fluid passes through the holes of the perforated
plate heat is exchanged between the plate and the fluid. The per-
forated plate surface area consists of the front and back of the
plate as well as the (inner) wall surface area of each perfora-

Fig. 1.

tion. The large surface area of each sheet gives the matrix heat
exchanger a large surface area to volume ratio, thus enabling
compact exchangers with high heat transfer rates.
* Corresponding author. The flow characteristics through an MHE have been studied
E-mail address: mettler@aol.com (A.M. Hayes). by numerous researchers. Many of the researchers have stud-
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Nomenclature
Da Darcy number.............. ..ol m~2
Cp fluid specificheat....................... J/kgK
d diameter .......... ... ... il m
F inertia coefficient (dimensionless)
G mass flowrate............ .. ...l kg/s
h heat transfer coefficient................ W/m? K
hy volumetric heat transfer coefficient . .... W/m? K
K permeability ......... .. ... oo m?
L length. ... .o i m
M mass fluxrate ...................... ... kg/m?s
Nu Nusselt number
P* dimensionless pressure
Pr Prandtl number
q heatflux ..., W/m?
Re Reynolds number
T EMPETAtULe. . ..\t eeeeeenn. K
u VeloCIty « o ove i m/s
U dimensionless velocity
\% VeloCity . oo m/s
V| velocity magnitude ,/u2 + u?
w channel width......... ... ... ... ... ... m
X dimensionless length
Y dimensionless height

Greek symbols

plate thickness............... ... ... m
porosity

thermal conductivity ................... W/mK
efficiency

fluiddensity. ...t kg/m>
dimensionless temperature

stream function

fluid viscosity. ... N's/m?

TEDID >0 >

Subscripts

Darcian

dispersion

fluid

mean

particle

solid

distance from heated surface to thermocouple.. m
volumetric

wall

°N I SRy

-
o

x-direction
y-direction

- = g <

ied flow through one perforated plate in hopes to be able to
model the data into a corresponding relationship between flow
characteristics and heat transfer. Sparrow et al. [1] was able to
derive an average Nusselt number correlation as a function of
the Reynolds number and Prandtl number. From that correlation
the average convective heat transfer coefficient for the plate was
determined based on the Reynolds number of the perforated
plate’s hole. Cho et al. [2] performed laboratory experiments us-
ing the naphthalene sublimation technique to determine the heat
transfer coefficient characteristics of a short hole in a plate. The
experiments examined hole-length-to-diameter ratios of 0.5-
1.5 and outer-boundary-to-hole of 1.4—4.5. The hole diameters
were 12.6-38.1 mm, and the Reynolds number varied from 100
to 30,000. The results were broken into three sections: wind-
ward face, inside the hole, and leeward face. Gong et al. [3]
studied how the hole-length-to-diameter ratio of the plate af-
fected the heat transfer coefficient of a perforated plate. They
studied ratios varying from 0.333 to 1.1666. They held the
diameter constant while the thickness was varied. Brunger et
al. [4], studied the effectiveness for each of the three zones of
heat transfer on a perforated plate: the front of the plate, in-
side the tube, and the back of the plate. In their study the pitch
to diameter ratio was quite large (>6.67). Imke [5] developed a
numerical model to simulate micro-channel flow and heat trans-
fer in compact heat exchangers based on the forced convection
porous body approach. Boomsma et al. [6], experimented on the
thermal performance of aluminum metal foams. Experiments
were conducted to determine the pressure drop and the heat
exchanger performance. Applications that incorporate the per-

forated plate are the making of fiberglass threads, the upstream
tube sheet of a shell and tube heat exchanger, and devices that
smooth non-uniform flow [2]. Perforated sheets have also been
widely used in the heating of air for building/office-space air
conditioning.

Venkatarathnam and Sarangi [7] and Venkatarathnam [8]
studied characteristics of heat transfer and fluid flow through
actual MHEs. Venkatarathnam [8] then proceeded to solve nu-
merical models in which to compare actual laboratory results.
Through his numerical solutions he was able to derive number
of transfer units (NTU) relationships, and Nusselt—-Reynolds
correlations for the MHE. He was also able to derive a sys-
tem in which to size the matrix heat exchangers based on fluid
properties and operating conditions.

Researchers have also studied the flow characteristics and
have added terms to the governing fluid flow equations in order
to facilitate the modeling of the conditions that the fluid encoun-
ters as it flows through porous media. The Brinkman extension
and Forchheimer extension are typical additions. Also, when
modeling the heat transfer in porous media, researchers have
derived many different boundary conditions for the numerical
model [9-11].

Over the last two decades there has been an increased
amount of research into the use of porous media for the pur-
pose of enhancing the heat transfer rates. Porous media heat
exchangers (PMHE) offer a large amount heat transfer to occur
within a small volume. The local thermal equilibrium model
(LTE) is widely used to solve the heat transfer characteristics.
This model assumes that the fluid temperature and porous me-
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dia temperature are the same at any point in the porous media.
As opposed to the local thermal equilibrium model (LTE), the
local thermal non-equilibrium model (LTNE) assumes a finite
difference between the fluid and the porous media and solves
for their respective temperatures separately. The LTNE model
has two equations describing the heat transfer within the porous
media. One equation is accounting for the heat transfer due to
the fluid’s convection, while the other equation is accounting
for the heat transfer due to conduction within the porous me-
dia.

Research has been done on the LTNE model’s application to
PMHE. Pavel and Mohamad [12] examined the influence that
different diameter porous media had on the Nusselt number.
Alazmi and Vafai [13] studied how different boundary condi-
tions can affect the heat transfer model. Different parameters
such as the porosity, Darcy number, Reynolds number, iner-
tia parameter, particle diameter, and solid-to-fluid conductivity
ratio were analyzed. Jiang et al. [10] went over an in depth
numerical model of heat transfer in a channel packed with var-
ious materials: glass, stainless steel, and bronze. The numerical
model’s output was compared with experimental data for ver-
ification. The authors tested various boundary conditions that
incorporated the thermal properties of the fluid and the porous
media as well as the porosity and settled on the ideal con-
stant wall heat flux boundary condition. Also discussed were
the effects of viscous dissipation on the heat transfer coeffi-
cient. It was found that for most practical uses the effects of
viscous dissipation can be ignored. Zhang and Huang [14] used
the volume averaging method (VAM) to develop a volumet-
ric heat transfer coefficient (VHTC) model. The paper outlined
the mathematical approach using a closure variable then went
through a solution procedure with periodic boundary condi-
tions. Jeng et al. [15], Whitaker [16] and Khashan et al. [17]
set forth conditions in which the use LTNE model is vali-
dated. These conditions were based on volumetric heat trans-
fer coefficient, the temperature difference between the fluid
and the solid, the length scale ratio, the difference between
the thermal properties of the fluid and solid, and the porosi-
ties.

The present paper investigates the local thermal equilibrium
model used by Fluent™ and the local thermal non-equilibrium
model in relationship to the thermal modeling of heat trans-
fer in a porous medium. The study was used to determine
which model better represents the thermal aspects of the porous
medium, and consisted of a physical model, an in-house de-
veloped numerical model, and a Fluent™ porous media model.
Next, a correlation between the Nusselt number and Reynolds
number was developed for the porous medium heat exchanger
from the data collected. This correlation was then compared to
developed correlations from earlier studies and from other au-
thor’s studies for a matrix heat exchanger.

2. Two-dimensional flow model for porous media

The steady-state two-dimensional governing equations for
single phase fluid flow in an isotropic, homogenous, porous

media based on the Brinkman—Darcy—Forchheimer model with
constant properties can be written as: [1,13]

P jz Fp "o
SV -V)V=-VP— V4 —=|V|V+=VV 1
82( ) X +ﬁ| | +3 (1)

The fluid velocities in terms of the stream-function are:

oy
- 2
Ux dy 2
and
—oy
= 3
y =7 3)
Non-dimensionalizing yields for the x-direction:
AU, AUy e2dpP* &2
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Taking the curl of the x-direction (4) and y-direction (5) mo-
mentum equation, inserting Eqs. (2) and (3) and re-arranging
gives the flow through porous media as:

g (V) +VY = _U [(gxﬁ) + (aYng>}

Re 3y 3y
+?Uy[(axzay)+<a?>} ©

Eq. (6) represents the stream function-velocity model for flow
through porous media. (Eq. (6) was solved by an iterative ap-
proach similar to that used by Gupta et al. [18] until a conver-

< .5E—06; in which n was the nth

gence criterion of ¥

U}'l
iteration, was satisfied. )
In order to solve Eq. (6) it was necessary to obtain the perme-
ability, K, and inertia coefficient, . The Forchheimer equation
was used to obtain these values:
L pFL_,

Ap=""vyvp+ "y @)
P K D \/E D

By substituting C; = uL/K and C; = pFL/vK , Eq. (5) can

be rewritten as:
Ap=Ci1Vp+ GV} (8)

C1 and C; in Eq. (8) were determined by a second order poly-
nomial curve fit to the measured pressure drop across the porous
media for different Darcian velocities. As a result of knowing
C1 and C», it was possible to obtain the coefficients K and F.
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3. In-house model for energy equation

The numerical model was based on Jiang et al.’s [9], work in
the thermal development of flow through porous media. Fluid
velocities obtained from the solution of Eq. (6) were used in the
numerical heat transfer model to obtain the temperature profiles
in the porous medium.

The fluid-phase and solid-phase energy equations for the
thermal non-equilibrium model with consideration of thermal
dispersion, viscous dissipation, constant porosity and constant
properties are as follows. For the fluid phase:

9(Ty) 9(Ty)
Pfcpfg[”x ox T ay ]

d Ty ELF 4
=—(rr+A — |+ —
8y(8 Y d)[ dy :| K Hx

F h
+ﬁﬁiﬂwd+;an—Tﬂ ©)

VK
With viscous dissipation being defined as the rate at which me-
chanical energy is irreversibly converted to thermal energy due
to viscous effects in the fluid [19], and due to the amount of sur-
face area in contact with the fluid as it moves through a porous
media one can see that the work required to keep the fluid in
motion increases substantially.
And for the solid phase:

aT,
dy

Non-dimensionalizing (7) yielded:

d ho B
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The equations were discretized and then solved using the im-
plicit finite-element method.

The boundary conditions for the thermal non-equilibrium
model were those mentioned by Jiang et al. [9] and Alazmi and
Vafai [13]. Following Jiang et al. [9], there are four different
methods for treating the boundary interface of the porous media
and the fluid. As mentioned earlier, the thermal non-equilibrium
model assumes that the temperature of the fluid and the temper-
ature of the porous media are different at this interface.

Ty JT,
= L) =2 13
A fw( dy )w S<3y>w (13

Although the fluid and solid temperature may be very close at
the wall, Jiang et al. [9] showed that Eq. (13) was best for mod-
eling heat transfer in porous media. As a result, Eq. (13) was
used as the boundary condition on the heated wall.

The Reynolds number could be represented by the following
correlations given by Jiang et al. [9], Alazmi and Vafai [13],
and Boomsma et al. [6].

The final equation for the Reynolds number used in this re-
search was

2Md,

Re=——"— (14)
3ul —e)
The local heat transfer coefficient was calculated as:
qw
h,=—1 (15)
5 (Tux — Tin)

And the local Nusselt number as

hyD
Nity = =" (16)

Af

While the mean heat transfer coefficient and Nusselt number
were calculated using the average wall temperature and fluid
temperature as follows

qw

hy = —(Twm T a7
Nuy, = hmﬂ (18)
Afm
with
Dy = Zhi (19)
(h+WwW)

The average wall temperature, Ty,,, was the average of the
thermocouple readings at the wall, while the mean fluid tem-
perature, Ty, was the average of the inlet and outlet fluid
temperatures. The local temperature of the heat transfer surface
was calculated using the measured temperatures of the wall.

Ste
Tyx =Ty — Guwie (20)
As
The local bulk fluid temperature was defined as:
q
Tpp=Tin+ o —Wx 1)

p

Jiang [9] presented a modified thermal dispersion equation that
matched his experimental data well:

ra = C(pcy) pdp,Ju?, +u?,(1—¢) (22)

with
C =1.042(prcprdpurp(l — em))

The above equations were used in the in-house numerical model
and compared to the data obtained from the laboratory experi-
ments and to the output from the Fluent™ model.

—0.8282
in

(23)

4. Boundary conditions for numerical solution

The no-slip boundary condition and no-penetration at the
wall boundary condition were defined for the numerical model,

along with the following.
At X =0: Uiy =constant, Uy =0; o ; = jUnAy

In which j is the y-direction distance from y =0
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1 aU 0 0
0X Y 0X aY
AtY=0andY =1: ¢ =0; Uy,=0; Uy=0

At X =1: 0

In solving the equations for heat transfer in the porous medium
an iteration method was used. The model assumed a constant
wall heat flux. The method involved initial guesses for the tem-
peratures, while the inertial coefficient and permeability were
obtained from the laboratory experiment explained earlier, the
volumetric heat transfer, /,, was known, and the fluid velocities
were known from the solution of Eq. (6). By first solving (9) for
the last term on the RHS and subsequently using its solution to
solve (10) for the aaT‘V expression it was possible to update the

y
solid temperatures and then update the fluid temperatures.

5. Fluent™ model

Fluent™’s porous media model uses the thermal-equilibrium
model to solve numerous problems such as: packed beds, flow
through paper filters, perforated plates, and flow distributors.
Heat transfer can be represented in the porous medium un-
der the assumption of thermal equilibrium between the porous
medium and the fluid. The porous media model in Fluent™
was a two-dimensional model consisting of a flow channel with
a mid-section representing the porous medium. The dimensions
of the Fluent™ model matched the dimensions of the physical
model used in the laboratory experiments. The number of nodes
in the Fluent™ model and the in-house numerical model were
same: 240 in x-direction and 40 in the y-direction.

The porous media model contains settings for the following
variables: the viscous resistance, the inertia resistance, and the
porosity. The viscous resistance and the inertia resistance values
were obtained from the experiment mentioned in Section 2.

After defining the terms it was necessary to define the fluid
properties, the material properties of the porous medium, and
the boundary conditions used in the solution.

The porous medium was modeled in Fluent™ with the addi-
tion of a source term to the momentum equation

3 3

1

Si = —(ZDi,-uvij + Zcij5p|V|Vj> 24)
j=1 j=1

For a simple homogenous porous media, Fluent™’s source term

was

w 1
Si=—<§vi+F5p|V|vi) (25)

The first term on the right-hand side of Eq. (25) takes into con-
sideration the permeability of the porous medium, K, while the
second term takes into consideration the inertial resistance fac-
tor, F.

The thermal equilibrium energy equation used by Fluent for
the solution was:

0 -
o (EPrEp+(L=e)ps Es) + V- (Vo Ef + P))

=V. [AeHVT—ZhiJ,- +(r-6)} + 8% (26)

The last term on the right-hand side of Eq. (26) is the enthalpy
source term which defines any heat from chemical reactions or
any other volumetric heat sources.

The effective thermal conductivity, Aefr, of the porous
medium was defined as

hett = eh g + (1= £)As 27)

The boundary condition used by Fluent™ for the heat flux was:

q=hy(Ts —Ty) (28)

whereas, the fluid side heat transfer was calculated using

Gw=—1s (ﬂ) 29)
ay /.,

The fluid flow model in Fluent™ was based on laminar flow.
This meant that the generation of turbulence within the porous
medium was zero and the effects on the momentum equation
were also zero.

After defining the necessary boundary conditions and defin-
ing the physical attributes, the model was solved using Flu-
ent™’s finite volume solver. For post processing Fluent™ was
also used. The post processing involved the output files of ve-
locity in the x- and y-direction, the heat input, and the tem-
peratures. Each of the laboratory experiments were replicated
in Fluent™., The data were collected and graphed for compari-
son.

6. Laboratory model

The physical model used in the experiments was very similar
to the model used by Jiang et al. [10]. Fig. 2 is a representation
of the experimental model. The experimental apparatus shown
in Fig. 2, consisted of a water pump (1), a test section (2),
a heater block (3), thermocouples (4), power source (5), data
reader (6), data acquisition computer (7), and the porous
medium test section (8).

The model assumes the porous medium was isotropic and
homogeneous, and the fluid was single phase, with constant
properties. The lower side of the porous medium received a con-
stant heat input, g, while the upper side was adiabatic. The size
of the heated test section was 38 mm x 38 mm. The flow en-

Fig. 2.
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tered the channel with an average velocity, ui,, and constant
temperature, Ti,.

The test section was made from lexan, and consisted of
an upper and lower section. The lower section contained the
flow channel and section for the porous medium. The porous
medium was obtained from ERG, Inc. and was constructed of
aluminum 6101 with constant porosities and a thermal conduc-
tivity of 230 W/mK. Two different pore sizes were tested:
a coarse sample at 10 PPI (pores per inch) and a fine sam-
ple at 40 PPI. The fiber diameter of the fine porosity piece
was 0.0004 m and had a porosity of 0.925, while the diameter
of the coarse porosity piece was 0.001 m and had a poros-
ity of 0.9167. The dimensions of the porous medium were
0.0381 m x 0.0381 m x 0.0127 m.

The upper section also contained the inlet and outlet holes
for the fluid as well as the thermocouple insertion points. The
lower section contained the heater block. The heating block was
constructed of aluminum which held two 120 V/20 W heaters.
It was 38 mm x 38 mm x 19 mm thick. Each heater was a
CSS-10120/120 V model that was 6.35 mm in diameter and
25.4 mm in length. A multi-voltage rheostat applied voltage
to the heaters. The porous medium, after being installed in the
lower test section, was compressed approximately 0.010” after
installing the upper section to insure conformity with the flow
channel.

Four thermocouples were placed along the center line of
the test section. They were inserted mid-way into the porous
medium. The temperature of the fluid next to the wall was mon-
itored along the upper corner with four thermocouples equally
spaced. The fluid temperature next to the heater block was also
monitored along the lower corner with four equally spaced ther-
mocouples. The heat block’s temperature was also monitored
with a thermocouple. The inlet and outlet temperature of the
fluid was measured with a thermocouple placed at the inlet re-
gion and exit region of the lexan test apparatus. Inlet pressure
was monitored using a pressure transducer. The mass flow rate
of the water was controlled by 3-piston pump from Eldex Lab-
oratories, model BBB-4.

Water was used as the working fluid for the experiments.
A typical test involved a specific flow rate, voltage input, and
inlet fluid temperature. The test was conducted at incremental
increases in voltage to the heaters.

The heat loss from the heated section to the adjacent section
by conduction and to the atmosphere by radiation and convec-
tion was determined by a separate experiment similar to that
done by Pavel and Mohamad [12]. Therefore, by knowing the
heat loss at certain power inputs, adjustments were made to ac-
count for the losses in order to determine the overall power
input into the porous medium.

7. Fluent™ porous media results

After determining the inertia and viscous terms it was pos-
sible to set the boundary conditions in Fluent™. Results were
obtained for each of the separate velocities as well as separate
inlet temperatures and heating input. Since the heat was ap-
plied only at the bottom wall, the temperature of the fluid was at

3.02e+02

Fig. 4.

the highest at the bottom of the porous medium and increased
as the fluid traveled in the x-direction along the same plane.
The temperature in y-direction along the same plane decreased
as the distance from the bottom wall increased. Fig. 3 repre-
sents the resulting temperature contours of the porous medium
section. The flow pattern, Fig. 4, as solved for by Fluent™,
showed an initial section of flow re-adjustment due to the pres-
sure jump experienced by the fluid as it entered the porous
medium.

8. Two-dimensional numerical fluid flow results

The velocity profile of fluid flow through porous medium
was similar to plug flow. This was due to channeling effects
of the porous medium, and the constant porosity of the porous
medium. The no slip boundary condition at the wall caused the
steep velocity gradient at the wall [9]. Fig. 5 represents the flow
field from the centerline to the wall traveling in the positive
y-direction.

The entrance effects could not be captured in the numerical
model. These were caused by the sudden change in flow con-
ditions from open channel, uniform velocity to that of flow in
porous medium. Jiang et al. [9] also discussed these effects as
being difficult to numerically model.
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9. Laboratory and numerical results

The Kline-McClintock method for uncertainty was used to
investigate the uncertainty in the heat transfer coefficient. This
involved the uncertainty in the thermocouple reading, the un-
certainty in the measurement of the area of the porous block,
and the uncertainty in the voltage reading. Using these uncer-
tainties the heat transfer coefficient had an error of 2.7%.

The computational domain used in the numerical model was
rectangular in shape, with the length equal to 6 times the height.
Five different grid sizes were checked to determine the effects
on the temperature field. The average of the final column of
temperatures, Toy, checked against each other for each of the
numerical solutions. A vertical grid count of 25, 30, 35, 40,
and 45 was examined. The percent difference between each of
the final temperatures decreased as the grid size increased. The
differences between 35 and 40 was less than 1.7 x 10~°, while
the difference between 40 and 45 was less than 1.6 x 107°.
Therefore, a vertical grid size of 40 was chosen, which lead to
a final grid size of 240 x 40.

The laboratory experiments resulted in temperature profiles
for different Reynolds numbers, different heat inputs and dif-
ferent porosities. The results compared the local heat transfer
coefficient with numerical data based on the bulk fluid temper-
ature next to the wall and the inlet fluid temperature. The heat
transfer coefficient based on the mean fluid temperature will
also be discussed: both will be compared to the data obtained
from Fluent™. The thermal dispersion of the different porosi-
ties will also be discussed. Finally, a correlation between the
thermal modeling of a matrix heat exchanger based on the ther-
mal modeling of porous medium will be evaluated.

Data was collected at various positions along the bottom,
middle, and top of the porous medium section. The input ve-
locities resulted in Reynolds numbers between 0.5 and 2.6 for
the fine medium and between 0.5 and 3 for the coarse medium.
The temperature profiles of the recorded data demonstrated that
the temperatures rose as the fluid moved along the x-direction
through the porous medium. The maximum temperatures were
recorded at the bottom of the porous medium. The tempera-
tures decreased the further the fluid was from the heat source.
The temperature profiles can be seen in Fig. 6. In the following
figures, the term ‘num’ defines the numerical model, while ‘Re’

Temperature (K)

300.0000

299.0000 =

ll.....lll..

L

298.0000 T T T T T T T
0.0000 0.0050 0.0100 0.0150 0.0200 0.0250 0.0300 0.0350 0.0400

Length (m)

+ Lab Data = Fluent Data a Numerical Data

Fig. 6.
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*
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Reynolds Nunber

|—Jiang 4 Coarse + Fine|

Fig. 7.

indicates data from the laboratory experiment, unless otherwise
indicated.

The friction factor for the flow in the fine and coarse porosity
was based on the equation [1]:
e prdy AP

_ m
f_l—em 3M?2 L

where, the mass flux, M, is M = psu and

(30)

Volumeoral — Volumeporous

En =
" Volumeygia
Jiang et al. [9] also presented a correlation for the friction
factor as a function of Reynolds number:

36.4
= 045 31)

This value is valid for Re < 2000. The data collected in the
laboratory experiments is plotted along with Eq. (31) in Fig. 7.

The heat transfer coefficient was evaluated based on the in-
let temperature of the fluid. As mentioned in Section 10, the
entrance effects were hard to capture with the laboratory exper-
iment. As can be seen in Fig. 8§ the difference at the entrance
region is the greatest. The Fluent™ line represents the results
for each of the same heat inputs. While the in-house numerical
model’s data more closely followed the trend of the laboratory
experiments, the difference between the Fluent™ (LTE) results
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and the in-house numerical model (LTNE)/lab results are quite
noticeable.

The overall heat transfer was found to increase as the Re
increased initially within the porous medium, but was found to
converge as the distance from the entrance increased: as can be
seen in Fig. 9. Fig. 10 demonstrates how the Reynolds number
affects the mean heat transfer coefficient based on the mean
wall temperature.

Jiang et al. [9] found that the coefficient in the thermal dis-
persion conductivity model (Eq. (23)) decreased as the velocity
increased. The amount of surface area in the porous medium

0.1000

/
/
il

£ 00950

0.0900
0.0850

0.0800 -
0.0750

00700

£ 00650 ,,,/

0.0600 T
0.5000 1.0000

ermal Dispersion (W/m

——

T T

1.5000 2.0000 25000 3.0000

Reynolds Number

—a—Fine —— Coarse|

Fig. 11.

section is large: therefore the amount of water in contact with
the porous surface is also large. The amount of heat transfer
credited to the thermal dispersion can be seen in Fig. 11.

10. Application to the matrix heat exchanger

Research into the heat transfer coefficient of a perforated
plate was conducted to determine a relationship between the
Nusselt number and the Reynolds number taking into account
the convection of the front, the back, and inside the perforation
hole. It was found through various modeling done in Fluent™
that a correlation between the Nusselt number and the Reynolds
was as follows:

Nu = 0.397Re"-052 (32)

This correlation was based on the plate being a constant tem-
perature. Sparrow et al. [1] did a similar experiment but based
his results on the naphthalene sublimation technique. His ex-
periment considered only the windward face of the perforated
sheet.

The numerical porous model was modified to better repre-
sent the flow through a matrix heat exchanger. First, efficiency
was assumed for the matrix heat exchanger. This efficiency was
based on work done by Venkatarathnam [8]. Next gmax Was de-
termined by defining, m, T ; and T, ; using

dmax = mcp(Th,i - Tc,i) (33)

Using (33) and the efficiency, g for the heat exchanger could be
found.

g =1 - gmax (34)

The model was solved again for the temperature profiles. Dif-
ferent Reynolds numbers were investigated in order to de-
termine the heat transfer characteristics. The average Nusselt
number was then found and graphed. The resulting correla-
tion between the matrix heat exchanger Nusselt number and the
porous medium Nusselt number can be seen in Fig. 12. Fig. 12
also represents data of matrix heat exchanger research pre-
sented by Venkatarathnam and Sarangi [7] and Krishnakumar
and Venkatarathnam [20] in which different researchers work is
present: matrix heat exchangers with shifted holes and shifted
slots from Subbotin’s work, Venkatarathnam [8], Anashkin’s
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et al. [21] correlation, Mikulin and Shevich’s early work at the
N.E. Bauman technical Institute [8], Dorignac et al. [22], Lu
et al. [23], Jiang et al. [10], Shevyakova and Orlov [24] and the
Porous Medium Model from the current work.

The resulting equation for the Nusselt number using air as

the working fluid:

Nu = 0.445Pr'/3 Re0-607

(35)
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Or with Pr =0.707
Nu = 0.396Re%697 (36)

The difference in the data for the Nusselt number correlations
above can be attributed to the different test parameters each
of the authors presented. For example, Dorignac’s et al. [22]
data was based on a perforated plate with large diameter per-
forations: on the order of 10 mm. While Jiang’s et al. [10]
micro-heat exchanger was 20 mm in length and had channels
of dimensions 0.2 mm by 0.6 mm.

Krishnakumar and Venkatarathnam [20] made a number of
transfer units, NTU, comparison in which they reported that
the maximum slope (dimensionless temperature/dimensionless
time) for a transient blow test at the exit of a matrix heat ex-
changer will occur when the total NTU is greater than 2. They
showed that the total NTU must be less than 4 in order for con-
ventional methods to be used in treating the heat exchanger. For
10 plates this gives a limit of NTU/plate of 0.2 and 0.4, while
for 20 plates this yields a limit of 0.1 and 0.2. Fig. 13 uses the
same assumptions as Krishnakumar and shows the variation of
overall NTU/plate as a function of Reynolds number for various
Nusselt number correlations. The points plotted are the results
of the porous medium model, which lies within this range.

11. Conclusion

Through the use of a porous media model and assuming the
thermal non-equilibrium a thermal model for heat transfer in a
porous medium was developed and verified against laboratory
data. This model was then modified to better assimilate a matrix
heat exchanger. The results show favorable agreement between
existing Nusselt correlations for heat transfer in a matrix heat
exchanger as well as between NTU per plate correlations.
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