Chinese Journal of Chemical Engineering 25 (2017) 1352-1359

s

ELSEVIER

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier.com/locate/CJChE

Contents lists available at ScienceDirect

Fluid Dynamics and Transport Phenomena

A numerical study on heat transfer enhancement and design of a heat

@ CrossMark

exchanger with porous media in continuous hydrothermal flow

synthesis system

Pedram Karimi Pour-Fard, Ebrahim Afshari *, Masoud Ziaei-Rad, Shahed Taghian-Dehaghani

Department of Mechanical Engineering, Faculty of Engineering, University of Isfahan, Hezar Jerib Ave., Isfahan 81746-73441, Iran

ARTICLE INFO

ABSTRACT

Atrticle history:

Received 18 June 2016

Received in revised form 4 January 2017
Accepted 21 January 2017

Available online 6 July 2017

Keywords:

Continuous hydrothermal flow synthesis
Heat exchanger

Heat transfer enhancement

Porous media

Numerical simulation

The aim of this study is to use a new configuration of porous media in a heat exchanger in continuous hydrothermal
flow synthesis (CHFS) system to enhance the heat transfer and minimize the required length of the heat exchanger.
For this purpose, numerous numerical simulations are performed to investigate performance of the system with po-
rous media. First, the numerical simulation for the heat exchanger in CHFS system is validated by experimental data.
Then, porous media is added to the system and six different thicknesses for the porous media are examined to obtain
the optimum thickness, based on the minimum required length of the heat exchanger. Finally, by changing the flow
rate and inlet temperature of the product as well as the cooling water flow rate, the minimum required length of the
heat exchanger with porous media for various inlet conditions is assessed. The investigations indicate that using po-
rous media with the proper thickness in the heat exchanger increases the cooling rate of the product by almost 40%
and reduces the required length of the heat exchanger by approximately 35%. The results also illustrate that the
most proper thickness of the porous media is approximately equal to 90% of the product tube's thickness. Results
of this study lead to design a porous heat exchanger in CHFS system for various inlet conditions.

© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

The hydrothermal synthesis method is a system that offers signifi-
cant advantages in the manufacture of nanoparticle metal oxides and
is preferred to traditional synthesis methods [1]. Another method,
which is developed to overcome the restrictions of hydrothermal reac-
tions, is continuous hydrothermal flow synthesis (CHFS) [2]. In this
process, using supercritical water instead of organic solvents, results
to high quality nanoparticle production. Metal oxides should be rapidly
cooled and changed from a slurry state to nanoparticles to prevent the
formation of large particles, which reduce the quality of the product.
Employing an efficient heat exchanger with a high cooling capability
helps to attain this purpose [3]. Moreover, devising a method like
using porous media in the heat exchanger to enhance the cooling rate
leads to smaller required size of the heat exchanger and higher quality
of the product [4,5].

Supercritical water is the operating fluid or the solvent in many
processes. In the hydrothermal synthesis processes, the reaction rate
between the oxidizers and organic materials can be increased by using
non-polar organic compounds in supercritical water [6,7]. The oxidation
of supercritical water is a high-efficiency process and does not release
any environmentally damaging materials [3]. This process, known as
supercritical water hydrothermal synthesis, is used widely in CHFS
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systems [8]. In recent researches, various analyses have been conducted
on CHFS in producing materials such as iron oxide nanoparticles, nano-
phosphorous-based flame retardant agent and CeO, nanoparticles,
which demonstrate a wide range of CHFS applications in contemporary
studies [9-11].

CHES system processes are modeled mathematically and numerically
in many researches. Mathematical correlations are used for simulation of
supercritical water in CHFS system in some studies [12-15]. In addition,
CFD modeling is employed to investigate the fluid flow behavior and the
heat transfer phenomenon in CHFS systems with new approaches [16].
Licht et al. [17] assessed some semi-empirical correlations for heat
transfer coefficients of water at supercritical conditions in a circular
and square annular flow channel. A general agreement was observed
between their simulated results and those obtained through experimen-
tal measurements. They also indicated that the implemented correla-
tions could be applied for both high and low mass velocity tests in the
absence of heat transfer reduction. Cai et al. [18] studied numerically
the effects of inlet conditions on the cooling rate of the product in a
heat exchanger used for CHFS applications. Their results demonstrated
that CFD modeling is an effective means for the design optimization of
heat exchangers used in CHFS systems. In one of recent studies conduct-
ed on CHFS system, Cai et al. [19] simulated a confined jet mixer for
nanomaterials in CHFS system to assess fluid flow and heat transfer
behaviors in the reactors at different scales. Their results showed that
the reactor with laboratory scale had slightly better mixing behavior
than the reactor with pilot plant scale.
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In addition to above-mentioned works, many studies can also
be found in the literatures on heat transfer improvement of heat
exchangers by implementing the porous media in different systems.
Junco [20] investigated the heat transfer phenomenon in a spherical
porous media imbedded in another porous media. Their numerical
results demonstrated that the porous media permeability alters the
mechanism of heat transfer and the magnitudes of the radial velocity
on the surface of the sphere. Rong et al. [21] studied the effect of porous
media on heat transfer improvement in internal flow through tubes.
They found that adjusting the porous media thickness significantly
enhances the heat transfer and the porosity has a small influence on
both the flow and the temperature fields, when other parameters are
fixed. Wajs and Mikielewicz [22] applied a metallic porous layer on
the heat transfer surface of a plate heat exchanger and carried out an
experimental assessment on passive heat transfer intensification in
the unit. Their investigations revealed the merits of applying such heat
exchangers for some fluids and in some flow ranges. Bourantas et al.
[23] implemented a computational approach to verify the effects of
porous media application on heat transfer in nanofluids. Their results
indicated that higher Rayleigh number magnitudes improve the natural
convection flows, which leads to the diminution of the heat source
temperature. Lin et al. [24] numerically employed a porous graphite
foam heat exchanger to increase the cooling power and space limitation
of vehicle cooling application. They illustrated that this type of cooling
applications should be used in vehicles instead of old ones, due to
their high thermal performance and low pressure drop. Wang et al.
[25] proposed a numerical model to study the hydrodynamic character-
istics of a plate-fin heat exchanger (PFHE) through applying the porous
media approach. Their results showed that the flow distribution of the
heat exchanger is enhanced by using perforated fins or by increasing
the fluid dynamic viscosity.

The reviewed studies reveal that although some works have been
separately conducted on continuous hydrothermal flow synthesis
and porous media application in heat exchangers, no research can be
found in the literatures on porous media application (especially partial
porous media) in heat exchangers in the CHFS systems. In this paper,
the effect of using porous media in a heat exchanger in CHFS system
on heat transfer enhancement is investigated numerically. Moreover,
numerous numerical simulations are performed to obtain the minimum
required length of the porous heat exchanger for different inlet
conditions.

In this study, first a computational methodology for modeling of the
fluid flow through a heat exchanger in a CHFS system is presented. At
this step, the product and the cooling water temperature distributions,
as well as the heat transfer coefficients are obtained along the heat
exchanger and validated with experimental data. At the second step, a
metallic porous media (metal foam) is employed inside the heat
exchanger to increase the cooling rate and quality of the product.
Then, six different thicknesses of the porous media are examined to
obtain the optimum thickness based on the minimum effective length
of the heat exchanger. Finally, numerous simulation runs are performed
to obtain the minimum required length of the porous heat exchanger by
changing the inlet temperature and mass flow rate of the product, as
well as the mass flow rate of the cooling water.

2. Simulation of the Heat Exchanger

A CFD model is adopted to simulate the CHFS process in the heat
exchanger. The heat exchanger length is 530 mm and the inlet and out-
let arms have the length of 62 mm. The computational domain at the
first stage of the simulation consists of three subdomains:

(1). The stainless steel inner tube (for the product) with a 4.57 mm
diameter.

(2). The steel wall between the product and the cooling water with a
thickness of 0.89 mm.

(3). The outer tube for the cooling water flow with a 15.75 mm diam-
eter and inlet and outlet arms diameter of 15 mm.

Hot water (at 465 K and 24.1 MPa) flows through the inner tubes,
while the cooling water (inflow temperature of 283 K and 0.6 MPa
pressure) flows in opposite direction of the product through the shell
side. The outer wall of the heat exchanger is assumed to be adiabatic.

In the preliminary simulations, it is assumed that the porous media
be installed in the whole volume between the inner and outer tubes.
However, the results were not encouraging for this configuration.
Hence, a novel configuration is devised in which a porous mantle
(with the same thickness as the stainless steel tube) is installed on the
outer layer of the inner tube, as shown in Fig. 1. This model leads to
satisfactory results.
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Fig. 1. Computational domain for simulation of the heat exchanger.

At the second stage, the computational domain consists of four
following subdomains:

(1). The stainless steel inner tube (for the product) with the diameter
of 4.57 mm.

(2). The steel wall between the product and the porous media with
the thickness of 0.45 mm.

(3). The porous media between the steel wall and cooling water with
the thickness of 0.45 mm.

(4). The outer tube for the cooling water flow with 15.75 mm in di-
ameter, and inlet/outlet arms with 15 mm in diameter.
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The boundary conditions are considered identical to those of the
first stage.

At the next step, six different thicknesses of the porous media are
examined to obtain the optimum thickness of the porous media based
on the minimum effective length of porous heat exchanger. Table 1
lists six simulation runs corresponding to porous media thicknesses.

Table 1
Numerical simulation case studies for obtaining the optimum thickness of the porous
medium.

Simulation run number Porous medium thickness /mm

0.30
0.35
0.40
0.45
0.50
0.55

DA WN =

At the final step, 36 numerical simulation runs are conducted to
obtain the minimum required length of the porous heat exchanger for
different inlet conditions, as summarized in Table 2. Three different
product and cooling water mass flow rates and four different product
inlet temperatures are included, while other variables are kept fixed in
the simulations.

Table 2
Numerical simulation case studies for obtaining the minimum required length of the
porous heat exchanger

Simulation Product inlet Product flow Cooling water flow
run number temperature /K rate /ml-min~! rate /L-min~"
1 445 20 0.8
2 465 20 0.8
3 525 20 0.8
4 585 20 0.8
5 445 20 15
6 465 20 15
7 525 20 15
8 585 20 1.5
9 445 20 2.3
10 465 20 2.3
11 525 20 2.3
12 585 20 2.3
13 445 30 0.8
14 465 30 0.8
15 525 30 0.8
16 585 30 0.8
17 445 30 15
18 465 30 1.5
19 525 30 15
20 585 30 15
21 445 30 2.3
22 465 30 2.3
23 525 30 2.3
24 585 30 2.3
25 445 40 0.8
26 465 40 0.8
27 525 40 0.8
28 585 40 0.8
29 445 40 1.5
30 465 40 15
31 525 40 15
32 585 40 1.5
33 445 40 2.3
34 465 40 2.3
35 525 40 2.3
36 585 40 2.3

It is worth noting that in this study, the permeability is set to
2.5x 1078 m? and the porous media is made of an aluminum alloy
and supposed to be homogeneous.

2.1. Mathematical formulation

The governing equations for the fluid flow through the heat
exchanger are mass, momentum and energy conservation equations
[26], given by:

au,»i
67,470 (1)
du;))  1dp 10 Ou; Ouj

x 57&*5871 (1 + ) aT,*aTq (2)
d(huj) 10 oT

ox; ~ pdx; <7\eff$j> 3)

According to the approved capability of two-equation k — & model
for numerical simulation of turbulent flow in heat exchangers [18],
this model is chosen for the turbulence simulation in this study. Two
additional transport equations are included in the modeling, as follows:

o(pk) d(pujk) 0 u.\ ok B
T an = a_XJ (H— + U_k) B_xj + G—pe (4)
d(pe) Od(puje) 0 U\ Oe €. . &

ot + ax; = 87] <H + a) 671 +Ce, EG Cezpf (5)

where k and ¢ are the turbulent kinetic energy and turbulent dissipation
rate, respectively. Also, G represents the generation of turbulence
kinetic energy due to the mean velocity gradients, expressed as:

au,- au,- aLlj
G“ta_xj<ﬁj+6_xi> (6)

The four empirical constants 0y, 0, C;,and C, used in Egs. (4) and (5)
are determined by matching the experimental data for simple turbulent
flows. Their typical values are [27]:

Ox=1,0,=13,C;, =1.44,C;, = 1.92

After solving Eqs. (1)-(5) and calculating k and ¢, the turbulent vis-
cosity can be obtained by the following correlation:

k2
He=pCu—r (7)

In the viscosity-affected near-wall region, one-equation model of
Wolfstein (a two region model) is employed [28]. In this model, the
transport equation for k is written as:

I
UGy ®)

a ok, ox o) ax;

d(pk) O(pujk) 9 u.\ ok
< )an

and the turbulent viscosity is calculated from the following equation.

p=pCuVkly,  Cu=0.09 9)

In above equations, I;and I, are two length scales with the damping
effects in the near wall regions. They are defined as:

.
I, = 0.41 ;07 [1— exp(—w;é_m)]y (10)
02by
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—0.75 v
ln=0.41C" {1— exp<—7—0>]y (11)

The Wolfstein model is adopted to determine the flow character-

istics for y* = ypvk/u<200. The computational mesh in near-wall
region is refined so that the first computational cell is located around
y " =5 and the required conditions for the validity of the model are
satisfied.

In the analysis of momentum equation for porous media, it should be
noted that in porous media with open porosity, the pressure gradient
causes the flow to permeate the media. Porous media is modeled
using a momentum source for simple homogenous porous media
known as Brinkman's equation that is added to the standard fluid flow
equations. In this equation (Eq. (12)) the first viscous term is the
Darcy term and the second viscous term is an inertial loss term [29].

5= —(guf+c%p\u\u,») (12)
where « is the permeability, C is the inertial resistance.

In present case, owing to existence of non-reactive contact surface
between the fluid and the porous media and high conduction heat
transfer coefficient in the turbulent flow, the thermal equilibrium as-
sumption is valid. For simulations in which the thermal equilibrium
condition between the flow and the porous media is met, the conduc-
tion flux in the porous media uses an effective conductivity and the
transient term includes the thermal inertia of the solid region on the
media [29]:

9
5% {ﬂ/pr £+ (1 —v)psEs} + V. |u(pEs + p)}

—shyv. [Aeffvr—@,-hdo + (ru)} (13)

where Es is the total fluid energy, E; is the total solid media energy, pr
is the fluid density, ps is the solid media density, y is the porosity of
the media, e is the effective thermal conductivity of the media, S} is
the fluid enthalpy source term, J; is the diffusion flux of species i, h; is
the sensible enthalpy of species i and 7 is the average shear-stress
tensor.

The effective thermal conductivity in the porous media (leg), is
considered as the volume average of the fluid conductivity and the
solid conductivity, given by:

Aett = YA + (1=Y)As (14)

where J¢is the thermal conductivity of the fluid phase and A is the solid
media thermal conductivity. Porosity (') is defined as the nonsolid or
pore-volume fraction of the porous media.

The convection heat transfer coefficients are computed on the outer
wall of the inner tube. To calculate the convection heat transfer coeffi-
cients, the amount of heat transfer rate in each computational cell (Q;)
is obtained as follows [18,29,30]:

Q; = ri(hi—h)) (15)

where h is the specific enthalpy and m is the mass flow rate. Hence, the
overall heat transfer coefficient will be:

L
Ui=4aT; (16)

where A; is the cross sectional area and AT; is the temperature gradient
between computational cells along the tube.

2.2. Mesh generation and grid analysis

The computational grid network for the first stage is generated by
dividing the computational domain into three subdomains, including
the inner tube (product's tube), the wall between the product and the
cooling water and the outer tube or shell side (cooling water's tube).
Due to higher temperature gradients, the first subdomain has greater
significance. Therefore, a structured grid arrangement is used for this
subdomain. The generated mesh for the second subdomain has also
a structured arrangement. However, due to the lower temperature
gradients and relatively lower significance of the third subdomain, it
has an unstructured grid arrangement (quadrilateral pyramid). Three-
dimensional grid network is generated by GAMBIT software. Three
different grids are examined with approximately 3 x 10°, 4x 10° and
8.5 10° computational cells for the entire domain to find the appropri-
ate number of cells. The generated mesh containing 4 x 10° cells is
selected as the main grid, since the results do not change more than
1% in comparison with those obtained from the grids with more compu-
tational cells. Furthermore, this grid network is computationally cost
effective. The number of created cells in selected computational grid
for the first, second and the third subdomains is 123118, 79576 and
197325, respectively.

For the second stage, the computational domain is divided into four
subdomains, including the inner tube, the steel wall between the prod-
uct and the porous media, the porous media and the outer tube. In this
case, three different grids are tested with approximately 3.5x 10,
4.7 x10° and 9.2 x 10° computational cells for the entire domain. Finally,
the mesh with 4.7 x 10° cells is picked as the cost effective grid network
with an acceptable accuracy.

2.3. Solution method

Numerical simulations are carried out based on a three-dimensional
model. The continuity, momentum and energy equations together with
turbulence k - € equations are solved using Fluent software (version
6.3.26) [31]. For the viscosity-affected near-wall region, one-equation
model of Wolfstein (enhanced wall treatment model) is applied [28].
The standard SIMPLE pressure-velocity coupling is used with a second
order upwind scheme for the discretization of the convection terms.
Numerical computations are conducted with the pressure-based solver.
The Convergent criterion of relative residual 1x 10~ is adopted for the
continuity, the momentum and turbulence k - ¢ equations and the
energy equation, takes the criterion of 1x 1078,

3. Results and Discussion
3.1. Validation of the results

In this study, a new configuration of porous media is applied to im-
prove heat transfer in a heat exchanger in continuous hydrothermal
flow synthesis system. There is no experimental setup for the exact
identical configuration to validate the numerical results. Hence, the
numerical results are validated with two different cases; in the first
case, the numerical results are validated with experimental data for
the same geometry but without porous media and in the second case,
porous model is validated with analytical data for a channel filled with
metallic porous media.

In the first case, a heat exchanger with the same geometry but with-
out porous media is selected. Product and cooling water temperature
gradients as well as heat transfer coefficient along the heat exchanger
are compared with experimental data reported by Cai et al. [18].
The boundary conditions for experimental setup include product inlet
temperature of 465 K, cooling water inlet temperature of 283 K, product
flow rate of 40 ml-min~"' and cooling water flow rate of 2.3 L-min~ .
Numerical simulation for validation purposes is performed on exactly
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these boundary conditions and exactly the same geometry (as illustrated
in part. 2).

Temperature gradients of the product and the cooling water along
the heat exchanger are shown in Fig. 2. Temperature gradients are mea-
sured in the middle region of the inner tube and its vicinity. It can be
seen in Fig. 2 that at the positions very close to the axis, the predicted
temperature profiles are in better agreement with experimental data,
compared with those located exactly on the axis, because it is very
difficult to place the thermocouples exactly on the axis of the inner
tube in experimental setup. It is also observed that the product temper-
ature is reduced by 100 K passing a 130 mm distance through the inner
tube during 2 s. This means that the cooling rate of the product will be
50 K-s~!. Temperature of cooling water at the end of the cooling
water tube increases sharply, because the stagnant zone (the space
in the cooling water tube, between Z = 490 mm and Z = 530 mm in
Figs. 1 and 2; in this area the cooling water is almost stagnant because
of the distance between the cooling water exit and the product inlet)
after the water outlet traps the water, and also product's temperature
is very high in this area that leads to a sharp increase in the temperature
of the trapped water.

490

Center line of product

460 |
[ = = =Close to the center line ’,
430 |
— . =Cooling water 4
400 | . v 3
i W Experimental data [18] ’

Temperature/K

250 ©

Zlmm

Fig. 2. Simulated temperatures and experimental data for the product and the cooling
water along the heat exchanger.

Fig. 3. illustrates the distribution of heat transfer coefficients through
the outer wall of the inner tube. The heat transfer coefficients remain
almost constant between the inlet and outlet regions of the cooling
water. At the cooling water inlet and outlet, the heat transfer coefficient
is increased and the maximum values occurred in these regions. At the
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Fig. 3. Distributions of heat transfer coefficients along the heat exchanger (simulated
results and experimental data).

middle of the heat exchanger, the simulated results are in a high preci-
sion agreement with the experimental data. Although the basic trend is
followed well near the inlet and outlet regions, there are some differences
between simulated results and experimental data in these regions. These
differences occur because in the experimental study some correlations
are used to estimate the heat transfer coefficient that are not applicable
exactly for the operating condition and they are only closest possible
equations for the operating conditions [18]. Thus, because of the
mentioned problem the trend of the results are more important in the
comparison of the simulated results and experimental data than the
exact reported data; by considering the trend of the simulated results
in Fig. 3, the basic trend is followed with high precision.

In the second case, fluid flow and heat transfer is investigated
through a channel filled with metallic porous media. Velocity distribu-
tion and Nu numbers for the numerical results are validated with avail-
able trustful data reported by Xu et al. [32]. The geometry for this case
is shown in Fig. 4. L and H are the length and half of the height of the
channel, respectively. The parameters defined for this part of simulation
are porosity = 0.9, Re = 1500, H = 0.01 and L = 0.1.
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Fig. 4. Geometry of the simulation for validation of the porous model (a channel filled with
porous media).

Velocity distribution through the porous media for numerical results
and analytical data reported by Xu et al. [32] are shown in Fig. 5. The
results show that the fluid flow through the porous model is in a high
precision agreement with the analytical data [32].

- m

= Simulated results

B Analytical data [32]

-

-04 -0.2 1] 0.2 04 06 08 1
Y

Fig. 5. Velocity distribution through the channel filled with porous media (Y =Y/
andU="/,).
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To validate heat transfer in porous media model, Nu numbers are
compared for the numerical results and analytical data reported by Xu
et al. [32]. Table 3 reports the calculated Nu numbers for different values
of X (X =*/y). The results show that Nu numbers are in a good agree-
ment with analytical data and confirm precision of the porous model
in this study.

Table 3
Nu number (numbers are rounded to the nearest number)

X Nu (numerical results) Nu (analytical data) [32]
1 860 875
3 703 710
5 672 680
7 610 625

3.2. Using porous media for heat transfer enhancement

In the typical configuration of the heat exchanger, the product tem-
perature descends 100 K when passes a 130 mm distance through the
inner tube for 2 s, that means the product cooling rate is 50 K-s~ !,
As shown in Fig. 6, by implementing the porous media in the heat
exchanger, the product temperature is reduced by 140 K flowing the
same distance through the inner tube at the same time. This means
that the product cooling rate is 70 K-s™ 'in this case. Accordingly, the
results reveal that using the porous media in the heat exchanger causes
40% increase in the cooling rate, which is a considerable change. The rate
of cooling in the porous heat exchanger enhances for two main reasons:
the characteristics of porous media and the effectiveness of our new
proposed configuration for the porous media, which enhances the
heat transfer in the heat exchanger.

500 |
: == == Porous heat exchanger
450 -
[ Typical heat exchanger ,,
?‘5 400 -
g
2
E !
2 350
£ L
[
300 ;
250 Lo - e e
o 100 200 300 400 500

Z/mm

Fig. 6. Temperature distributions of the product along the heat exchangers (typical heat
exchanger and porous heat exchanger).

Fig. 7 shows the temperature contours around the product inlet and
cooling water outlet regions of typical and porous heat exchangers. The
contours corroborate a considerable increase in the cooling rate of prod-
uct in system with porous media and reveal that applying the porous
media leads to higher cooling capacity. As illustrated in Fig. 7, in porous
heat exchanger, high temperature region of the product ends at 25 mm
far from the inlet, while the corresponding distance is about 60 mm in
typical heat exchanger. Surely, higher amount of the cooling rate leads
to higher quality of the product. Using the porous media, on the other

0.5 I (a)

0.45 |-

Temperature/K |

ta} Typical heat exchanger |

|(b) Porous heat exchanger

035 %=

Fig. 7. Contours of temperature around the product inlet and cooling water outlet regions
(a. Typical heat exchanger; b. Porous heat exchanger).

hand, enhances the heat exchanger effectiveness, which results in 35%
decrease in its required length.

The pressure drop in the heat exchanger should also be taken into
consideration as a restriction of porous media utilization in heat
exchangers. Fig. 8 shows the average pressure distribution of cooling
water along the typical and porous heat exchangers. The pressure
drops of cooling water in the typical and porous heat exchangers are
very close to each other with their maximum not more than 200 Pa
for both stages, as shown in Fig. 8. Therefore, using porous media is
acceptable for this application with relatively low pressure drop.

200
180 == Typical heat exchanger

160

== == Porousheat exchanger

140
120

100

Average pressure/Pa
g

20 |

0 50 100 150 200 250 300 350 400 450 500

Zfmm

Fig. 8. Average pressure distribution of cooling water along the typical and porous heat
exchangers.

3.3. Obtaining the optimum thickness of the porous media

Through examining six different thicknesses of the porous media,
the most efficient thickness for maximum cooling rate is obtained.
By increasing the thickness up to a particular value, reduction in heat
transfer coefficient caused by decrement in the cooling water velocity
(for a constant pressure loss in each side of the heat exchanger) sur-
passes the increment caused by the porous media. Consequently, taking
an optimum thickness for the porous media will improve the operation
of the system. As listed in Table 4, the effective length of the heat
exchanger is increased as the thickness becomes more than 0.40 mm.
Therefore, the value of 0.40 mm is taken as the optimum thickness.
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Table 4
The minimum required length of the heat exchanger with different porous medium
thicknesses

Porous medium Minimum required length of heat

thickness /mm exchanger /mm
0.30 208
0.35 196
0.40 185
0.45 187
0.50 194
0.55 203

3.4. Design of the porous heat exchanger

The objective of this section is to find the minimum required length
of the heat exchanger for different product inlet temperatures and
different product and cooling water mass flow rates. The minimum
required length of the heat exchanger for different product inlet
temperatures and different cooling water flow rates is obtained in
Figs. 9-11. The product flow rates, respectively, are 20 ml-min~",
30 ml-min~ 'and 40 ml-min~! in these graphs. As shown in Fig. 9,
the required lengths of the heat exchanger for higher flow rates of the
cooling water are more similar compared with those for cooling water
flow rate of 0.8 L-min~ . As the cooling water flow rate increases, the
minimum required length of the heat exchanger decreases and the
minimum length becomes a function of inlet temperature and product
flow rate. Comparing the results presented in Figs. 9-11 reveals that
by increasing the product flow rate, the minimum required lengths
obtained for different cooling water flow rates become closer to each

170 e Co0ling water flow rate 0.8 Lmin™t
160 | 3
- = = Cooling water flow rate 1.5 L-min 4
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Fig. 9. Minimum required length of the porous heat exchanger with the product flow rate

of 20 ml-min~".
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Fig. 10. Minimum required length of the porous heat exchanger with the product flow rate

of 30 ml-min~ .
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Fig. 11. Minimum required length of the porous heat exchanger with the product flow rate
of 40 mL-min~".

other. Fig. 11 shows that in high inlet temperatures of the product,
the minimum required lengths are the same for product flow rate of
40 ml-min~ . Hence, for higher product flow rates and higher temper-
atures, the minimum required length of porous heat exchanger is only a
function of product inlet temperature.

Evidently, by minimizing the heat exchanger length, it is possible to
enhance the quality of the product and reduce the consumed amount of
materials for manufacturing of the heat exchanger in CHFS systems.

4. Conclusions

In this study, a new porous media configuration in a heat exchanger
of a CHFS system is presented to improve the heat transfer and mini-
mize the required length of the heat exchanger. At the first stage, a
CFD modeling is carried out to simulate the fluid flow and heat transfer
in the heat exchanger of the CHFS system. After validating the numerical
results with available experimental data, porous media is added to the
system. Then, six different thicknesses of the porous media are exam-
ined to obtain the optimum thickness. Finally, numerous simulation
runs are conducted to obtain the minimum required length of the
heat exchanger for various inlet conditions.

The obtained results can be summarized as follows:

By applying the porous media in the heat exchanger, the product tem-

perature reduces with the cooling rate of 70 K-s~ ! in 2 first seconds,

which is approximately 40% more than the typical heat exchanger.

Hence, using porous media in the heat exchanger has a significant

influence on the cooling rate, which subsequently leads to higher

quality of the product.

The required length of the porous heat exchanger reduces by almost

35% compared with the typical one, because the porous heat exchanger

has a higher cooling capacity.

* The optimum thickness of the implemented porous media is 0.40 mm
based on the minimum required length of the heat exchanger with
porous media.

* The minimum required length of the porous heat exchanger is com-

puted for different inlet temperatures and flow rates of the product

as well as cooling water flow rates. These minimum required lengths
give the opportunity to improve the quality of the product and reduce
the cost of consumed materials for construction of a heat exchanger in

CHES systems.

Nomenclature

Cross sectional area, m?

Specific heat transfer coefficient, kJ-kg='-K~!
Total energy, kJ

Generation of turbulence kinetic energy
Specific enthalpy, k]-kg ™!

=

SaomA>
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Ji Diffusion flux, kg-m~=2-s~!

k Turbulent Kinetic energy

m Flow rate, kg-s™!

Nu Nusselt number

P Pressure, Pa

Pr, Turbulent Prandtl number

Q; Heat transfer rate, kW

sp Fluid enthalpy source term

T Temperature, K

U; Heat transfer coefficient, kW-m—2.K~!
u Velocity, m-s™!

B Volumetric thermal expansion coefficient, K~
v Porosity

£ Emissivity

A Thermal conductivity, W-m~!-K~!
u Dynamic viscosity, kg-m~'-s~!

o Density, kg-m—3

T Shear stress, Pa

Subscripts

eff Effective

f Fluid phase

S Solid phase

t Turbulent
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