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ABSTRACT

Concentric tubes (dual pipe), shell and tube, and plate heat exchangers are the most
popular heat transfer devices. It has been used in various food processes such as sterilization,
pasteurization, cooling, etc. In this paper, a Computational Fluid Dynamics (CFD) model of a
double pipe heat exchanger was set up using the finite element method (FEM) to analyze the
fluid characteristic inside the heat exchange. The model of the heat exchanger was built by
coupling two major transport equations for fluid flow and energy at a steady-state, i.e., a k-
epsilon turbulence model for the turbulence flow and energy transport equation for heat
transfer. According to the results, the experimental data and prediction from the simulation are
similar for the tube side. However, the experimental data was different from the prediction for
outlet temperature at the shell side due to the heat loss from the shell to the outer environment
which did not take into account in the model.
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1. INTRODUCTION

A heat exchanger (HX) is equipment that transfers or exchanges heat energy for various
purposes. Heat exchangers are extremely significant in the manufacturing industry and play a
vital role to recover heat energy from fluids [1]. Concentric tubes (dual pipe), shell and tube,
and plate heat exchangers are the most popular heat transfer devices. The basic and simplest
heat exchanger equipment is the double pipe heat exchanger, which is used to exchange heat
energy in either a parallel or counter-flow arrangement [2]. The double-pipe heat exchanger is
used when the desired heat transfer area is small (up to 50 m?) [3]. Double pipe heat exchangers
have various applications in industries, especially in the food industry because of their
flexibility, low design, maintenance and installation costs. It is frequently used in many food
industrial processes such as convenience food processing, sauces processing, vegetable creams
and infant food processing, industrial vegetable processing, dairy processing, broths, industrial
fruit processing, and soft drinks processing. In these processes, it involves the sterilizer
process, aseptic process with direct cooling, tubular pasteurizer, and tubular cooler. Therefore,
a well-understanding of the heat exchanger's behavior will help the rating or choosing a proper
configuration and maintain a high heat transfer efficiency [4].

The numerical approach to solving mass, momentum, energy, and species conservation
equations and associated phenomena on computers using programming languages is known as
computational fluid dynamics (CFD) [5]. The basics of CFD are partial differential equations;
and thus, knowledge of numerical methods is essential to find approximate solutions using the
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appropriate numerical technique. The computational branch of fluid dynamics has expanded
beyond simple modeling and simulation of flow. The emergence of powerful and cost-
effective desktop computers has prompted this development. They can model real-world
physical events that are extremely complicated in nature and include a variety of physical
principles, such as mass, momentum, heat, species, and electric or magnetic charge
conservation. With the availability of desktop computing, the term “computational fluid
dynamics” or “CFD modeling and simulation” are often now referred to as Multiphysics
Modeling and simulation.

CFD analysis has been utilized to study the characteristic of a double pipe heat exchanger
by many researchers such as Barzegar [6], Bejena [1], Dhrubajyoti [7], Rubén Cabello [8]. In
this manuscript, a CFD model of a double-pipe heat exchanger was set up using the finite
element method (FEM) to analyze the fluid characteristic inside the heat exchanger. In
addition, the experimental data was conducted based on a lab-scale heat exchanger to verify
the model.

2. MODEL DEVELOPMENT

The model of the heat exchanger was built by coupling two major transport modules for
the transport of fluid flow and energy at a steady state. For the momentum transport, a k-
epsilon turbulence model was included and solved together with Naviestock equations to
describe the characteristic of the turbulence flow for both the shell side and tube side [9]. The
model introduces two additional transport equations as below:
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where
k represents the turbulent kinetic energy
€ represents the turbulent dissipation rate

u; represents the velocity component in the corresponding direction (and applied for
03 directions in the Cartesian coordinate)

Eij represents a component of the rate of deformation

2
u: represents eddy viscosity, t=pC, k—
g

The energy transport equation is

PCU-VT =V (kVT)+Q (3)
The heat transfer between the shell side and the tube side is described as
_n'(_ kVT):dst _VT '(_ dsksvTT) (4)

where
ds is layer thickness, m
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ks layer thermal conductivity, W/(m.K)

C, heat capacity at constant pressure, J/(kg-K
Q represents the heat sources in the fluid domain (W/m)
Qs heat source in the thin film layer (W/m)

T is the temperature, K

pis the fluid density, kg/m?

The model was then simulated using COMSOL Multiphysics 5.0 (licensed). To simplify
this model, the 3-section heat exchanger was assumed to be a 1-section heat exchanger with a
length of 3 meters and there was no heat loss in the model. In addition, the model geometry is
in 3D and represented half of the equipment only. This model geometry is illustrated in Figure
la. The mesh grid was calibrated for fluid dynamics applications with a total of 352220
elements after conducting the mesh convergence analysis as described in section 4.1. Figure
1b demonstrates the shape at one end of the double-pipe heat exchanger. The parameters for

the model are in Table 1.

a)

Figure 1. Double pipe heat exchanger model: a) Geometry configuration, b) mesh generated

b)

Table 1. Double pipe model parameters

Parameter
Shell side Diameter, mm 38
Tube side Diameter, mm 19
Tube layer thickness, mm 1
Tube length, m 3

Fluid properties

From the material library of water (temperature dependent)

Wall properties

From the material library of steel with a conductivity of

25 W/m.K (SS304, information from supplier)

The model boundary conditions were set up as in the following table.

Table 2. Boundary conditions set up for the model

Boundary conditions

k-& module

Heat module

Inlet, Shell side

Hot stream velocity in

Inlet hot temperature

Inlet, Tube side

Cold stream velocity in

Inlet cold temperature

Oulet, Shell side

Pressure =0

Outflow condition

Oulet, Tube side

Pressure =0

Outflow condition

Symmetry

Symmetry faces

Symmetry faces
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3. EXPERIMENTS FOR MODEL VERIFICATION

The experiments were conducted on a lab-scale double pipe heat exchanger located at the
Processes and Units Operation lab, Ho Chi Minh city University of Food Industry, Vietnam.
The experimental setup is shown in Figure 2 where the hot stream and cold stream are at the
shell side and tube side, respectively. Both fluids were water during the experiments. The inner
tube diameter is $19/21 mm, and the shell diameter is $38/42 mm. The length of the heat
exchanger is 1 meter. The experiments were conducted to verify the CFD model, and the
parameters are described in the below table.

In the experiments, the hot stream and cold stream were adjusted according to the
specified flow rate mentioned in Table 3. Temperatures were measured at the inlet and outlet
of equipment, the results are in

Table 5.
Table 3. Experiments parameters
Exp No. Hot stream flow rate (I/min) | Cold stream flow rate (I/min)
1 3 3
2 6 3
3 3 9

Flow in
Shell side

Flow out
Lowout |
Tube side

l¢_Flow in

Tube side

Flow out
Shell side

Figure 2. Experimental setup for model verification

4. RESULTS AND DISCUSSIONS

4.1. Mesh convergence analysis

Mesh convergence analysis was performed to estimate the accuracy of the simulation as
in Table 3 and plotted in Figure 3. The accuracy of run no. 5 is about 1.34% and 0.93% for
tube side and shell side temperature, respectively.
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Table 4. The different number of elements and the predicted outlet temperature at the
shell side and tube side

Run No Number of elements Outlet temperature | Outlet temperature
" | (domain + boundary + edge) — shell side — tube side
1 55123 elements 71.835 48.150
2 96295 elements 68.674 51.284
3 184865 elements 70.901 49.085
4 195689 elements 70.470 49.509
5 352220 elements 70.243 49.743
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Figure 3. Mesh convergence analysis based on outlet temperatures (T1 - shell side, T2 - tube side)

As illustrated in Figure 3, the predicted temperature accuracy increased as the number of
elements increased. It means that the predicted temperature stability is increased with the
increase of total elements. From this analysis, the mesh configuration of run 5 was chosen as
the model for laboratory experiment verification and also CFD analysis later on.

4.2. Lab-scale experiment verification and model analysis

Our experiments to validate the model were conducted in the Processes and Units
Operation Lab, and the results are illustrated in

Table 5.. During the experiments, the temperatures of the inlet and outlet for the hot
stream (shell side stream) and cold stream (tube side stream).

The simulations were run based on the inlet condition and predicted the outlet results and
displayed in Table 6.. When comparing the predicted and experimental values, it can be seen
that the tube side temperature is very close to each other while the shell side temperature is far
from the experimental values. It can be explained by the heat loss from the shell to the outside
environment, especially when the shell is not insulated (a simple calculation was made and
found that heat losses in the experiments were about 25%). The current model does not take
into account the heat loss to the environment hence it gave a difference in the prediction of the
shell side of the heat exchanger when the heat loss is high. The future model should include
the environmental conditions and takes into account the heat loss to the environment.
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Table 5. Experimental results for double pipe heat exchanger with two water fluids, counterflow

Exp no. | Hot stream | Cold stream | Tube side inlet | Tube side outlet | Shell side inlet |  Shell side
flow rate flowrate | temperature temperature temperature outlet
(I/min) (I/min) (°C) (°C) (°C) temperature
(9]
1 3 3 45 54 75 64
2 6 3 51 61 76 71
3 3 9 50 53 77 63

Table 6. Simulation results for double pipe heat exchanger with two water fluids, counterflow

Simulation Tube side inlet Tube side outlet Shell side inlet Shell side outlet
no. temperature (°C) temperature (°C) temperature (°C) temperature (°C)

1 45 52.963 75 67.087

2 51 60.385 76 71.354

3 50 53.091 77 67.807

Based on the model, the fluid flow characteristics can be predicted and shown in Figure
4 and Figure 5. Figure 6 represents the change in velocity magnitude and temperature of a hot
stream and a cold stream along the length of the heat exchanger. Figure 4 used the “Slices
plot” to illustrate the distribution of velocity magnitude across the heat exchanger. Ten slices
were used across the model, and velocities distribution on each slide was presented. The
surface plot in Figur 5 demonstrates the temperature distribution on the surface of the tube and
shell of the double-pipe heat exchanger. In the software, the user can see and rotate the model
to see the temperature distribution of the whole heat exchanger. However, only two ends of
the heat exchangers were portrayed in this manuscript. Another picture usually gets interesting
is the relationship between the temperature of the hot stream and cold stream along the length
of the heat exchanger as depicted in Figure 6. It shows the behavior or the interaction between
the hot and cold streams. There is much more information that can be extracted from the
model, however, it will not be discussed here. In a nutshell, this model can be used to
characterize the fluid flow inside the double-pipe heat exchanger, however, it is outside the
scope of this manuscript.

Figure 4. Velocity magnitude across the heat exchanger (unit of the legend is m/s).
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Figure 5. Temperature distribution at one end of the heat exchanger (tube side inlet, shell side outlet)

76 = - =
74+ - — — Cold stream | 4
%) 72} - - '" — Hot stream | |
o | i
el 70!
£ 68
o
2 66 |
w
E 64
w 62
= 60
[5]
] 58
o
E 56
54t
52+
0 0.5 1 1.5 2 2.5 3
Arc length

Figure 6. Temperature distribution across the length of the heat exchanger
(shell side is the hot stream and the tube side is the cold stream).

5. CONCLUSION

The momentum and heat transport equations were applied and coupled to the double pipe
heat exchanger to approximate the fluid flow behavior, and the results are well consistent with
experiments for the tube side. However, the characteristic of the shell side is not fully
simulated due to the extreme heat loss to the environment of the lab-scale equipment. It should
include the environment factor in the future model and get a more accurate model for the shell
side, especially when the heat loss is high. In a nutshell, CFD modeling helps to reduce the
cost, time consumption, and effort in predicting the characteristic of a double-pipe heat
exchanger.
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TOM TAT

MO HINH PONG HOC LUU CHAT TRONG THIET BI TRUYEN NHIET
ONG LONG ONG: MO HINH HOA VA KIEM CHUNG THUC NGHIEM

Trinh Hoai Thanh™, Tran Thi T Nga2

YTrirong Pai hoc Cong nghiép Thuc phdm TP.HCM
2Triong Pai hoc Sw pham TP.Ho Chi Minh
*Email: onalone2000@gmail.com

C4c loai thiét bi trao d6i nhiét dng 16ng dng, thiét bi vo dng, va tam ban 1a nhirng thiét bi
trao doi nhigt pho bién. No duoc st dung trong nhiéu qué trinh trong thyc pham nhu 1a thanh
tring, tiét tring, 1am nguoi, v.v. Bai viét nay trinh bay mé hinh dong hoc luu chat
(Computational Fluid Dynamics - CFD) ciia mot thiét bi trao ddi nhiét dang 6ng long ong
Phuong phap phan ta hitu han (FEM) duoc st dung dé phan tich tinh chét cua cac luu chat
trong thiét bi truyén nhiét. M6 hinh nay két hop giai dong thoi hai phuong trinh vi phan chinh
ctia qua trinh truyén van cho dong chay va néng lugng ¢ trang thai 6n dinh. Phuong trinh k-
epsilon cho dong chay réi va phuong trinh truyén nang lugng cho qué trinh truyén nhiét. Két
qua mo phong va thuc nghiém cho thay rang gia tri tinh toan duoc tir mé hinh va thyc nghiém
khé gidng nhau ddi véi dong chay phia ong. Tuy nhién, dbi vai dong chay phia vo, s6 lieu thyuc
nghiém thap hon nh1eu so v&i sb liéu tinh toan tir md hinh do sy mat mét nhiét tir ra ngoai
thanh thiét bi, mot yéu té chua duoc dua vao trong md hinh hién tai.

Tir khéa: M6 phong dong hoc dong chay, thiét bj truyén nhiét ong 1ong éng, phuong phap
phan tir hitu han.
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