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Abstract: In this numerical study, the hairpin type shell and tube heat exchanger is analyzed for heating the cryogenic liquefied natu-
ral gas (LNG). The cryogenic LNG is passed through the tube side and is heated by the hot water on the shell side of the hairpin heat
exchanger. In order to increase the performance of the heat exchanger, maximum heat needs to be extracted from the hot water and
transferred to the LNG stream. Thus, different arrangement of shell and tube sides of the hairpin heat exchanger are used to study the
pressure drop in the hot water and to increase the temperature of the LNG. The effects of horizontal and vertical baffles orientation,
staggered and aligned tube bank arrangements, baffles number (6, 8, 10 and 12), and baffles cut percentages were used to analyze the
pressure drop and temperature difference in the exchanger. The results show that the pressure drop is decreased and the tube outlet
temperature is increased in the heat exchanger for the percentage of baffle cut changes from 22.5% to 37.5%. Also, increasing the
number of baffles increases both the temperature and pressure drop in the hairpin heat exchanger. Furthermore, comparing horizontal
and vertical baffle orientation, pressure drop is always lower and LNG outlet temperature is always higher in the horizontal baffle
orientation for both tube bank arrangement systems. However, in the horizontal baffle orientation the pressure drop for staggered
tube bank arrangement is smaller than that of aligned tube bank arrangement, but the temperature of aligned tube bank is higher
compared to the staggered tube bank arrangement.
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Nomenclature Greek letters:

A = heat transfer area, m? & = effectiveness

U = velocity, m/s p = density, kg/m’

S 3
D = tube outer diameter, m m = mass flow rate, kg/m

S = pitch, m p = dynamic viscosity, kg/s.

K = thermal conductivity, W/(m C) ut = turbulence viscosity, kg/s

Q = heat exchange rate, W C¢1 = k-¢ turbulence model constant, 1

1= tube length, m C¢2 = k-¢ turbulence model constant, 2

N = number of tubes Cw oy, 0¢ = k-¢ turbulence model constant

NTU = number of transfer unit

T = temperature, C Subscripts:

P = pressure, Pa i, j, k =tensor

Cp = specific heat, J/(kg C) Avrg = average value
AT = temperature difference, C max = maximum

U = overall heat transfer coefficient, W/(m C) min = minimum
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s = shell

t = tube

T = transverse
L = longitudinal
D = diagonal

eff = effective

1. Introduction

Liquefied natural gas — the cleanest burning fossil fuel — is
the product of raw natural gas. LNG fuel has many advantages
over conventional fuel, such as higher thermal efficiency, non-
toxicity, and non-corrosiveness. Hence, the demand for LNG
has increased globally. However, most raw natural gas plants
are in remote areas. Hence, it is difficult or impractical to trans-
fer natural gas from the source to the users via pipelines. There-
fore, natural gas is converted to a cryogenic state, where low
temperature of approximately —162 °C shrinks the gas volume
by 600 times. It is then transported to the desired destination.
Once the LNG arrives at the desired destination, it is heated by
a heat exchanger for usage in different applications, such as
automobile engines, power generation [1], air separation [2], air
conditioning system [3], and freeze desalination [4].

There are many types of heat exchangers currently used in
the industry, such as hairpin heat exchanger, plate and frame
heat exchanger, plate-fin heat exchanger, spiral heat exchanger,
air coolers and condenser, direct contact and fired heaters, etc.
[5]. The hairpin type shell and tube heat exchanger is used in
this study. The hairpin heat exchanger is also called as the dou-
ble pipe, multi-pipe, or G-fin heat exchanger. The hairpin heat
exchanger is a double pass shell and tube heat exchanger that is
folded in half, similar to a hairpin. It provides true counter fluid
flow and is particularly suitable for high pressure and tempera-
ture analysis.

To obtain an effective design of the hairpin heat exchanger,
the flow and heat transfer characteristics are crucial. Fettaka et
al. studied the design of shell and tube heat exchangers using
multi-objective optimization with Non-dominated Sorting Ge-
netic Algorithm (NSGA-I1) algorithm to provide Pareto-optimal
solutions with various decision variables. The results showed
that a low value of heat transfer area and pumping power was
achieved and the three factors, i.e., tube length, diameter, and
thickness, had a minor effect on the optimal cost design [6].
Kumaresan et al. studied the baffle cut impact on a shell-side

heat exchanger with inclined baffles. The results showed that

the heat transfer using an inclined baffle heat exchanger was
maximum compared to a segmental baffle heat exchanger. Ad-
ditionally, for a configuration of 35° baffle inclination angle
and baffle cut of 30% of the inner shell diameter provided high-
er heat transfer rate with minimum pressure drop [7]. Ozden
and Tari studied the shell-side design of a small shell and tube
heat exchanger numerically. They conducted Computational
Fluid Dynamics (CFD) simulations for a single shell and single
tube pass heat exchanger with different number of baffles and
turbulent flows, and they compared the results with that of the
Bell-Delaware method. The results showed that the k—¢ realiza-
ble turbulence model was the best simulation approach [8].
Abdelkader and Zubair studied the performance of the shell and
tube heat exchanger based on the baffle number using the Kern,
Bell-Delaware, and flow-stream analysis methods. The results
showed that as the number of baffles increased, the heat transfer
coefficient and pressure drop increased on the shell-side, and
for a large number of baffles, the square layout had the highest
heat transfer coefficient [9]. H Ay et al. experimentally studied
the local heat transfer measurements of the plate finned-tube
heat exchangers with in-line and staggered tube arrangements
by infrared thermography using the control volume based finite
difference formula. The results showed that there was 14-32%
increase in the averaged heat transfer coefficient of staggered
configuration compared to the in-line configuration [10]. Yadav
experimentally studied the heat transfer and pressure drop char-
acteristics inside a double pipe U-Bend heat exchanger with and
without half-length twisted-tape turbulators. The results showed
that using the half-length twisted-tube turbulator achieved a 40 %
increase in the heat transfer coefficient compared to the plain
exchanger. The heat transfer performance of the twisted tape
turbulator was better than that of the plain exchanger in terms of
equal mass flow rate, and the heat transfer performance of the
plain exchanger was better than that of the twisted tube turbula-
tor in terms of unit pressure drop. Additionally, the results
showed that the thermal performance was 1.3 — 1.5 times better
for the plain exchanger than the twisted tube turbulator [11].
Mohammadi et al. studied the effects of horizontal and vertical
baffle orientations and viscosity on heat transfer and pressure
drop in a shell and tube heat exchanger with leakage flows nu-
merically.

The results showed that the vertical baffle orientation is more
advantageous than the horizontal baffle orientation for all the

shell-side fluids [12]. Dey et al. numerically studied the effects
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of various baffle orientations and sizes on the shell-side pres-
sure drop in a liquefied natural gas vaporizer. The results
showed that the horizontal baffle orientation and the 50% baffle
cut had a low pressure drop compared to other configurations.
Moreover, the pressure drop dependency on the Reynolds num-
ber decreased for all baffle orientations for baffle cuts from 30% to
50% [13].

Although significant amount of work has been conducted for
analyzing the pressure drop and heat transfer characteristics in
the heat exchanger, studies on the hairpin type shell and tube
heat exchanger are scarce.

In this study, the pressure drop and temperature difference in
the hairpin heat exchanger are numerically investigated for
different baffle cuts (22.5%, 30%, and 37.5% of shell inner
diameter), baffle numbers (6, 8, 10, and 12), baffle orientations
(horizontal and vertical), and tube bank arrangements (stag-

gered and aligned).

2. Numerical Analysis

2.1 Geometry Modeling and Grid Generation

Figure 1 (a) shows the schematic of the hairpin heat ex-
changer. It consists of two domains, i.e., shell domain and tube
domain. The shell domain consists of shell cover, inlet port,
outlet port, and baffles. The tube domain consists of tubes, inlet
header, and outlet header. The shell cover covers the total shell-
side fluid, and the baffles are welded on the inside of the shell
cover to enhance the mixing and turbulence of the shell-side
fluid stream. The baffles are used to support the structural rigid-
ity of the tube, prevent tube vibration and sagging, maintain
tube spacing, and divert the flow across the tube bundle. There
are several different designs for baffles, such as segmental,
curve, and helical baffles. A segment, called the baffle cut, is cut
away to allow the fluid to flow parallel to the tube axis as it
flows from one baffle space to another. Due to manufacturing
convenience, single segmental baffles are more commonly used
compared to curved or helical baffles. Figure 1 (b) shows a
schematic of the single segmental baffle with horizontal and
vertical baffle cuts according to the shell inlet axis. In heat ex-
changers, tube banks are commonly employed design elements.
Figure 1 (c) shows two types of tube bank arrangements, name-
ly staggered and aligned tube bank arrangements. In the stag-
gered configuration (horizontal direction), all tubes are parallel

horizontally, whereas in the vertical direction the tubes are off-

set. In the aligned configuration, all the horizontal and vertical

tubes are in-line and in a square arrangement.
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Figure 1: Schematic of the hair pin type shell and tube heat ex-
changer; (a) Geometric aspects of the hairpin heat exchanger, (b)
Horizontal and vertical orientation of baffles, (c) Staggered and

aligned tube bank arrangement
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Table 1: Geometrical parameters of the hairpin heat exchanger

Features Details
Shell size 202.7 x 3488.91 mm
Tube outer diameter 14.808 mm
Tube thickness 2.108 mm
Tube pitch 19.05 mm
Tube length 3488.91 mm
Number of tubes 63
Tube material Stainless steel
Tube arrangement Staggered, Aligned
Baffle-cut Single segment
Baffle thickness 4mm
Baffle orientation Horizontal and Vertical
Number of baffles 6,8,10,and 12

Table 1 shows the geometrical parameters of the hairpin heat
exchanger used in this study. CFD modelling and meshing are
performed by CATIA VS5 and ICEM CFD, respectively. The
shell and tube-side domain meshing are generated by the un-
structured tetra-mixed robust (octree) volume mesh method,
whereas the prism mesh is generated near the tube wall. At the
domain interface, the prism meshes on the tube domain and
tetrahedral meshes on the shell domain are connected by the
general grid interface mesh connecting method. The shell-side
hot water transfers heat through the interface material to the
tube-side LNG fluid. Normally, aluminum is used as the tube
material in the shell and tube heat exchanger. However, for the
LNG heat exchanger, stainless steel is used for handling the
cryogenic fluid because, at low temperatures, aluminum chang-
es to its atomic bond and becomes a brittle material. Therefore,
to maintain the hardness of the material stainless steel tubes are

used in the LNG heat exchanger.

2.2 Governing Equations
»  Continuity Equation:

In fluid dynamics, the continuity equation is an expression of
conservation of mass. For a steady and incompressible flow, the

continuity equation is expressed by
]
o (pU;) =0 )

»  Momentum Equation:

The Navier-Stokes equations are the basic governing equa-
tions of fluid flow. They are obtained by applying Newton’s
second law of motion to a fluid element. The Reynolds aver-

aged Navier-Stokes (RANS) momentum equation is given b

2 U =22 4 2 [ (2242
0x; (pUU)) = ox; +ax,- [ueff (axi * ""i)] @

»  Thermal Energy Equation:
The thermal energy is responsible for the change in the tem-

perature of the system, and it is given by
o _ o (kor
ox; (pUT) = ox; (Cp 3"1) ®)

»  k — & standard model:

The k — & standard model of turbulence is based on k and &,
whose values come directly from the differential transport equa-
tions for turbulent kinetic energy and energy dissipation rate.

9 9 9
Fo (pUik) = — (y + Z—;) a_:] + P, — pe 4

0x;j

(00 = o |(e+2) 2|+ 2 CaPi=Care)  ©)

x;
The effective viscosity is given as
Perr = B+ Ut (6)

The k — & model assumes that the turbulent viscosity is
linked to the turbulent kinetic energy and energy dissipation rate
by the relationship shown below:

= Cup’; )

Py, is the turbulence production, which is modelled by

ou; | 0U;\ au; zauk( oUy
axj 3 0xy

Dk = Ut (67, + o0 3ty t pk) 8

The values of physical constants for k — ¢ are assigned as
Ce1= 144, C=1.92, (,=0.09, gy = 1.00, 0, = 1.3

»  Heat Transfer Prediction:

The exit temperatures are calculated by the e-NTU method,
as shown in [14]. The e-NTU method formulas are defined as
the rate of heat transfer in the shell-side fluid of the heat ex-

changer. It is given by
Qs = g X Cp,s X (Ts,in - Ts,out) 9)

The rate of heat transfer in the tube-side fluid of the heat ex-

changer is given by
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Qr =y X Cpp X (Tt,out - Tt,in) (10)
The average heat exchange rate is

— Qs+Qt

Qavrg = > (11)

The heat transfer area is expressed as
A = N;nDI (12)

The heat exchanger effectiveness is given by

e=f(NTU, 222 ) (13)

Cmax

The number of transfer units is calculated by

UA

NTU = —= (14)
min

The maximum possible heat transfer is expressed as

Cmin — Amax (15)

MminX (Ts,in_Tt,in)

2.3 Boundary Conditions

The fluid mass flow rate and temperature are used as the in-
put parameters at the inlets of hot and cold fluids, respectively.
The hot water is passed through the shell-side of the heat ex-
changer. The inlet mass flow rate of hot water is considered as
10-20 ton/hr. Based on the inlet mass flow rate of hot water, the
Reynolds number is calculated. The Reynolds number is de-
fined as

4m

Re = p— (16)

The inlet temperature is taken as 80 °C. The water density is
997 kg/m3, heat capacity is 4181.7 ] /kg °C, dynamic viscosity
is 8.899x 10™*kg/ms , and
0.6069 W/m°C. The cryogenic LNG is passed through the

thermal conductivity is
tube-side of the heat exchanger. The mass flow rate and temper-
ature of the LNG are 2 ton/h and —145 °C, respectively. The
LNG density is 0.717 kg/m3, heat capacity is 2210 J/kg °C,
dynamic viscosity is 11.1 X 10~%kg/ms, and thermal conduc-
tivity is 343 x 10™* W/m °C. In both domains, the boundary

conditions for the outlet is defined as the pressure outlet, and

the pressure value is assigned as zero Pascal to create a pressure
variation for the flow to continue smoothly through the bounda-
ry. The momentum boundary condition of no slip and adiabatic

heat transfer are set for all solid walls.

3. Results and Discussion

3.1 Grid Independence Test

Figure 2 shows the number of nodes used to calculate the in-
dependence of grid size. From the figure, it can be observed
that the tube-side outlet temperature increased gradually with an
increase in the number of nodes from 1.37 X 10° to 6.98 X
10°. Additionally, the tube-side outlet temperature was investi-
gated for the node number 7.53 X 10 and 8.39 x 10°. Howev-
er, the tube-side outlet temperature remained unchanged be-
cause the grid became independent. The number of nodes cho-
sen as the final mesh size for performing the simulation was

6.98 x 10°.

50
& Tubes side outlet
I'emperature
45 s A
-

T 40 e
S35 &
=
9
F._.“ 30
5

25 ¢

20

1.37 2.60 6.98 7.53 8.39

Number of Nodes (x10°)

Figure 2: Number of nodes used in this simulation

3.2 Comparison of numerical results with the analytical
method

Figure 3 shows the pressure drop and temperature difference
against Reynolds number and compares the numerical results
with the Kern method [15] and e-NTU method for analyzing the
shell-side pressure drop and tube-side temperature difference,
respectively. The Kern method is a well-known and widely
accepted method used to analyze the pressure drop in a system.
To verify the pressure drop of the heat exchanger, we compared
the pressure drop of the heat exchanger with that of the Kern
method. The pressure drop results showed an average difference

of 5% or more. From the results, it can be concluded that the
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pressure drop of the heat exchanger was well within the agreea-
ble limits. The e-NTU method is used to analyze the outlet tem-
perature of the system only when the inlet temperature is
known. The CFD results showed an average difference of ap-
proximately 5% for outlet temperature compared to the &-NTU
method. This shows that the outlet temperature of the system
was well within the agreeable limits. From the above compari-
sons, it can be concluded that the numerical analysis performed

in this study was reliable.
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Figure 3: Numerical results of pressure drop and temperature

3.3 Effects of Baftle Cut

Figure 4 shows the effect of baffle cuts on the pressure drop
and temperature at the shell and tube-side of the heat exchanger,
respectively. It was found that the pressure drop at the shell-side
of the heat exchanger decreased as the baffle cut percentage
increased, as shown in Figure 4 (a).

On the other hand, the tube-side temperature of the heat ex-
changer increased as the baffle cut percentage increased, as
shown in Figure 4 (b). The results showed that the baffle cut of
37.5% had the lowest pressure drop and highest outlet tempera-
ture because additional shell-side fluid could flow across the
bigger baffle window. However, the temperature decreased for
the baffle cut percentage between 30% and 37.5% due to the

increased dead zone owing to the high Reynolds number.

3.4 Effect of Number of Baffles

Figures 5 and 6 show the pressure drop caused by vertical
and horizontal baffles on the shell-side for the staggered and
aligned tube bank arrangements, respectively. From these fig-
ures, it can be observed that the pressure drop increased linearly

as the number of baffles and Reynolds number increased. The

pressure drop caused by 12 baffles was significantly higher than
that caused by other baffle numbers. This occurs due to the
resistance offered by the increasing number of baffles, which

led to the pressure drop at the shell-side of the heat exchanger.
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Figure 4: Effects of baffle cut percentage on pressure drop and

temperature; (a) shell-side and (b) tube-side
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Figure 5: Shell-side pressure drop for vertical baffles;
(a) Staggered tube bank and (b) Aligned tube bank
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Figure 7: Tube-side temperature for vertical baffles;

(a) Staggered tube bank and (b) Aligned tube bank

Figure 7 (a) and (b) shows the temperature difference at the
tube-side of the heat exchanger for vertical baffles with stag-
gered and aligned tube bank arrangements, respectively. The
tube-side temperature depends on the Reynolds number and
baffle number because when the number of baffles increased,
the spacing between the baffles decreased. Hence, the contact
time increased between the shell and tube-side fluids, which led
to an increase in the temperature of the heat exchanger.

Figure 8 (a) and (b) shows the temperature difference at the
tube-side of the heat exchanger for horizontal baffles with stag-
gered and aligned tube bank arrangements, respectively. From
the figure, it can be observed that the tube-side outlet tempera-
ture changed in a similar manner as that of the vertical baffle

orientation, as shown in Figure 7.
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Figure 8: Tube-side temperature for horizontal baffles;

(a) Staggered tube bank and (b) Aligned tube bank

3.5 Effect of Baffle Orientation

Figure 9 (a) and (b) shows the results of the shell-side pres-
sure drop for vertical and horizontal baffles with staggered and
aligned tube bank arrangements, respectively. For both the baf-
fle orientations, 8 and 12 baffles were used to compare the re-
sults. The shell-side pressure drop for the staggered tube bank
arrangement with 8 baffles horizontally oriented was slightly

smaller compared to the shell-side pressure drop for the vertical
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baftle orientation, as shown in Figure 9 (a). However, the re-
sults of shell-side pressure drop for the horizontal and vertical
baftle orientations with staggered tube bank arrangements and

12 baffles showed no variations.
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Figure 9: Shell-side pressure drop for horizontal and vertical

baffles; (a) Staggered tube bank and (b) Aligned tube bank
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Figure 10: Tube-side temperatures for horizontal and vertical

baftles; (a) Staggered tube bank and (b) Aligned tube bank
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From Figure 9 (b), it can be observed that for the case of 8
horizontal and vertical baffles with a low Reynolds number, the
difference in the shell side pressure drop between the two orien-
tations was 0.25 kPa, and for high Reynolds number, the differ-
ence in the shell side pressure drop between the two orientations
was 1.5 kPa.

Similar results were observed for 12 baffles. Figure 10 (a)
and (b) shows the tube-side temperature for the horizontal and
vertical baffles for the staggered and aligned tube bank ar-
rangements, respectively. From these figures, it can be observed
that the temperature was higher for the horizontal baffles com-
pared to the vertical baffles for both the cases of 8 and 12 baf-
fles.
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Figure 11: (a) Comparison of shell-side pressure drop and (b) tube-
side temperatures for staggered and aligned tube bank arrangements in

horizontal baffle orientation

3.6 Effect of Tube Bank Arrangement

Figure 11 (a) and (b) show the shell-side pressure drop and
tube-side temperature difference for the horizontal baffle orien-
tation for both staggered and aligned tube bank arrangements,
respectively.

The results showed that for baffle numbers 8 and 12, the
aligned tube bank arrangement had a higher pressure drop com-
pared to the staggered tube bank arrangement, as shown in Fig-

ure 11 (a). However, the aligned tube bank arrangement had a
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higher temperature compared to the staggered tube bank ar-
rangement, as shown in Figure 11 (b). This was because the
heated elements in the aligned tube bank were exposed in the

mainstream unlike that in the staggered tube bank arrangement.

4. Conclusion

A numerical simulation is performed to investigate the pres-
sure drop and temperature difference of the hairpin heat ex-
changer using baffle cut, baffle number, baffle orientation, and
tube bank arrangements for various Reynolds numbers. The

following conclusions are derived from this numerical study:

() Three different baffle cuts (22.5%, 30%, and 37.5%) and
Reynolds numbers (49683, 74524, and 99366) are ana-
lyzed. The maximum pressure drop and temperature dif-
ference for the three baffle cuts were 14 kPa, 8 kPa, and 3
kPa, and 7.8 °C, 5 °C, and 5.6 °C, respectively.

() The temperature variation on the tube outlet of the hairpin
heat exchanger is analyzed for different number of baffles,
i.e., 6, 8, 10, and 12. The results showed that the highest
temperature was achieved when 12 baffles were used be-
cause the heat transfer time increased between shell-side
water and tube-side fluid due to the increased number of
baffles.

(1) In the horizontal and vertical baffle orientations for the
two types of tube bank arrangement, the pressure drop and
temperature difference in the vertical baffle orientation
was always higher and lower, respectively, than the hori-
zontal baffle orientation because the shell-side fluid flow
was less twisted and more regular in the horizontal baffle
orientation compared to the vertical baffle orientation.

(IV) A comparative study of tube banks for the horizontal baf-
fle orientation showed that the pressure drop for staggered
tube bank arrangement was smaller than that of the
aligned tube bank arrangement. However, the temperature
of that aligned tube bank arrangement was approximately
4% to 5% higher for baffle numbers 8 and 12 compared to

that of the staggered tube bank arrangement.
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