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Performance of Shell and Tube Heat Exchangers with
Varying Tube Layouts

ABSTRACT

Shell and tube heat exchangers (STHEs) are the most common type of heat exchangers and are
applicable for wide range of operating temperatures and pressures. Numerical analyses on thermal-
hydraulic performance of three sets of shell and tube heat exchangers (STHEs) with d|fferent geometrical
tube layout patterns variations namely; triangular (30 STHE_T), rotated triangular (60 STHE_RT) and
the combined (STHE_C) patterns were carried out in this study. The results from solving the governing
continuity, momentum and energy equations showed that bulk of the heat transfer and pressure drop
occur during the cross-flow of shell-fluid through the tube bundles. Evaluation of the performances of the
heat exchangers showed that the STHE_T is more desirable followed by the STHE_C as they exhibit
higher heat transfer coefficient than the STHE_RT for the same pressure drop in the shell-side.
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1. INTRODUCTION

A heat exchanger (HE) is a device that is used to transfer thermal energy between two or more fluids, at
different temperatures and in thermal contact [1]. Heat exchangers are used in a wide variety of
engineering applications like power generation, waste heat recovery, manufacturing industry, air-
conditioning, refrigeration, space applications, and petrochemical industries [2]. Heat exchangers may be
classified according to transfer process, construction, flow arrangement, surface compactness, number of
fluids and heat transfer mechanisms [3]. Shell and Tube Heat Exchangers (STHESs) are the most common
type of heat exchangers applicable for a wide range of operating temperatures and pressures. This
widespread use can be justified by its versatility, robustness and reliability [4].

As its name implies, STHE consists of a shell (a large pressure vessel) with a bundle of hollow tubes
fitted inside the shell. The basic principle of operation is very simple as flows of two fluids with different
temperature brought into close contact for heat exchange, but prevented from mixing by some sort of
physical or metal barriers (bundle of tubes) [5]. Baffles are provided in the shell to direct the fluid flow and
support the tubes. The assembly of baffles and tubes is held together by support rods and spacers. The
selection of the tube layout pattern depends on fundamental issues that may which influence the shell-
side performance and hence the overall performance. Such include compactness, heat transfer, pressure
drop, accessibility for mechanical cleaning, and phase change if any on the shell-side.

Using Tubular Exchangers Manufacturers Assomatlon (TEMA) standard for tube layouts as shown in F|%
1, triangular (30 )and rotated triangular (60 ) patterns will accommodate more tubes than square (907)

and rotated square (45) patterns for the same tube pitch. While a triangular pattern produces high
turbulence and therefore a high heat-transfer rates but at the expense of a higher pressure drop, a
square, or rotated square arrangement, is used for heavily fouling fluids, where it is necessary to
mechanically clean the outside of the tubes [6,7,8]. This study is however designed to numerically
investigate the performance of STHEs with three different set of tube bundles, namely triangular
(STHE_T), rotated triangular (STHE_RT) and the combined (STHE_C) patterns.
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Fig. 1. Tube layout patterns
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The geometric parameters of the STHEs model are as listed in Table 1. The three layout patterns are as
shown in Fig. 2. It is assumed that there are no clearances between the shell and the baffles except for
the baffle window, and between the baffles and tubes. As the working fluids temperature change, the
thermal properties of the fluids; water and engine oil in tube-side and shell-side respectively vary. This
variations with temperature were found in [9,10].

Table 1. The geometric parameters of the Shell and Tube Heat Exchanger
Shell-side Parameter Shell Diameter 108.06mm

Inlet and Outlet Diameter 30mm
Tube Parameter Tube Diameter, d 15.88mm

Layout Pattern

Triangular (30°), Rotated Triangular
and The Combined Layout

Pitch 1.25d
Number of Tubes 19
Baffle Parameter Number of Baffles 6
Baffle Cut 25%
Baffle Spacing 43.26mm
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Fig. 2. Tube Bundle Arrangement for (a) triangular (STHE_T), (b) rotated triangular (STHE_RT), and
(c) combined (STHE_C) patterns

3. GOVERNING EQUATIONS AND NUMERICAL METHODS

The governing equations for the analysis are given in equations (1) to (5) [11] below:
Continuity Equation

V.(ou)=0 (1)
Momentum Equation

puNu=V. —pI+(,u+,uT)((Vu+(Vu)T)—(%)(V.u)I)—(%) pkl}+ F )
Turbulent Kin_etic Energy Equation

pu.Vk:V._(ﬂ+ﬁ—:)Vk}+,uTP(u)—(z—3k)V.u—pe 3)
Turbulent Engrgy Dissipation Equation

puve= V._(ﬂ +%)V€} +(C, f)[,uTP(u) —(z—f)V.u} -C,, % (4)
Energy Equation

pCuNT :V.(kVT)+Q (5)

where P(u) =Vu:(Vu+(Vu)T)—%(V.u)2 ,and fL, :pcﬂ%

The constants of the k- £ turbulence model are given as:
C, =0.09, C,, =144, C,,=192,0,=10, 0, =13

At the computational domain boundaries for the tubes and shell; velocity-inlet and outflow boundary
conditions were applied at the inlets and outlets respectively. The standard wall function condition is
applied to all the tubes and shell walls including the baffles. The inlet temperature for the tube-side was
fixed as 303.15K while the corresponding shell-side inlet temperature was taken as 373.15K. Heat loss to
the environment is totally neglected because shell wall is assumed to be insulated.

The finite element mesh of the computational domain contained tetrahedral elements. Solutions to the
discretized domain were obtained using segregated solvers: two iterative solvers, GMRES with
Incomplete LU as preconditioner for velocity and pressure, and temperature respectively; and one direct
solver for the turbulent kinetic energy and turbulent energy dissipation [12].

A shell gain factor [13], to evaluate the performance of the three STHEs is defined as

h
= 6
I (6)

Where his the coefficient of heat transfer and Ap is the pressure drop.

The performance factor of each STHE is determined as the ratio of the shell gain factor of STHE_T
(chosen as standard) to each of the other layouts. When this ratio is greater than one, it indicates that the
STHE with such tube-layout pattern is more desirable.

4. RESULTS AND DISCUSSION

The vertically cut-plane sections for the velocity distributions of tube-side fluid of all the heat exchangers
are as shown in Fig. 3. In each of the STHEs, the fluid velocity increases from tubes inlet (left) to outlet
(right) and this may be attributed to reduction in fluid density as the shell-side is heated up while its
velocity increases. It is also observed that active zones, portions with higher velocities, occurred between
baffles and this is due to the cross flow heating of the tubes from the shell.
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107  Fig. 3. Velocity distributions (m/s) in the tube-side through the cut-plane section at 0.3kg/s
108  (Re=30000) for (a) the STHE_T, (b) the STHE_RT and (c) the STHE_C

109

110 Fig. 4 shows vertically cut-plane section for the pressure distributions of the shell-side fluid in each of the
111 heat exchangers. It is also observed with the same trend in each of the STHEs that the pressure drop is
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Fig. 4. Pressure distributions (Pa) in the shell-side through the cut-plane section for (a) the
STHE_T, (b) the STHE_RT and (c) the STHE_C

As could be noticed in the region where the Reynolds number is less than 10000 in Fig. 5, the
performance factors of STHE_RT and STHE_C decrease sharply but this trend slowed down in the
higher Reynolds number region. STHE_T has higher performance than the other two.
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Fig. 5. The performance factor as a function of Reynolds Number

In the lower pressure drop region, the overall heat transfer coefficient increases at a faster rate than the
increase observed in the higher pressure drop region as shown in Fig. 6. This substantiate some facts
found in literature that as the mass flow rate or Reynolds number increases, the increase in heat transfer
rate drops with increase in pressure drop [8]. The STHE_T gives higher heat transfer coefficient for the
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same pressure drop than the other two, while the heat transfer coefficient for STHE_C is also higher than
that of STHE_RT for the same pressure drop.
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Fig. 6. Heat transfer coefficient as a function of pressure drop

5. CONCLUSION

In this study, numerical investigation has been carried out for predicting the performance of shell and tube
heat exchangers with three different tube layout patterns. The results showed that much of the heat
transfer and pressure drop occur during the cross-flow of shell-fluid through the tube bundles. From the
two criteria selected to evaluate the performances of the heat exchangers, the STHE_T is more desirable
follow by the STHE_C as they exhibit higher heat transfer coefficient than the STHE_RT for the same
pressure drop in the shell-side.
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