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a b s t r a c t

Pressure drop predictions on the shell side of a shell and tube heat exchanger (STHX) are investigated
using the concept of Finite Element Method (FEM). In this model the shell side region is discretised into
a number of elements and by taking into account the effect of flow pattern, the pressure drop on the shell
side of a STHX is determined. The present method is simple to apply and the predictions agree reasonably
well with a large number of experimental data available in the literature. The range of applicability of the
present method extends beyond that used by others in the literature. The earlier predictions were
restricted to tubes in the window region, however, the predictions of the present method are extended
to the cases of no tubes in the window (NTIW) region also.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Shell and tube heat exchangers are very widely used in a
number of industries and its applications include transformer oil
cooling, exhaust gas heat recovery, solvent distillate process,
ethanol mash-stillage, power plants, air-conditioning units, etc.
This heat exchanger (HX) comprises of one fluid flowing through
the tubes and the other fluid flowing in the shell across the tube
bundle. The flow in the shell side of a shell and tube heat exchan-
ger (STHX) with segmented baffles is quite complex. The flow in
baffle region is illustrated in Fig. 1, in terms of main stream SH,
leakage stream between tubes and baffle SL and bypass stream
between tube bundle and shell SB. The gaps between a baffle and
the tube cause leakage stream SL, which may modify the main
stream SH significantly. As the tubes cannot be placed very close
to the shell, bypass streams SB may be formed, which also influ-
ences the main stream. The flow direction of the main stream rel-
ative to the tubes is different in the window sections created by the
baffle cut from that in the cross flow sections existing between the
segmental baffles. This necessitates the use of different equations
to calculate the pressure drop in the window sections to those used
in the cross flow sections. The spacing between the tube plates and
the first and the last baffle differs in many cases from the spacing

between two adjacent baffles. Some of the afore mentioned
streams are not present in the first and the last section of the
HX. A large number of investigations which describe methods to
calculate the shell side pressure drop in a STHX have been
published [1–5]. A critical review of these methods is given by
Palen and Taborek [6]. They have compared the different
calculation procedures against a large number of experimental
measurements on small units and on industrial HXs. According
to them, the methods of Tinker [3,4] and of Delaware [5] gave
the best result as compared to the other methods. The method of
Tinker [3,4] has been criticized as it is relatively complicated.

Gaddis and Gnielinski [7] have followed the Delaware method
[5] to calculate the shell side pressure drop, except that, instead
of using diagrams – as in the Delaware method – to calculate the
pressure drop in the ideal tube bank, they have used equations pre-
viously presented by them in [8,9]. Correction factors are then
used, as in the Delaware method, to take into account the deviation
of the flow inside the shell from that in the ideal case of a tube
bank. They have compared pressure drops predicted by their
model with those obtained experimentally by different investiga-
tors. The comparison is represented by the ratio, Dpm/Dpc for all
available experimental points, as a function of Reynolds number
(Re). The comparison shows that for large number of experimental
points the deviations between measurements and theoretical pre-
dictions are as high as ±35% for Reynolds number range from 10 to
105. Further, about one third of the experimental points have devi-
ations more than ±35%. They also found that in extreme cases, the
measured pressure drop is as low as one fifth or as high as four
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times the calculated values. This clearly indicates that the method
of Gaddis and Gnielinski [7] cannot be applied safely in the form
suggested by them. Kapale et al. [10] have proposed a theoretical
model to calculate the shell side pressure drop. Their model incor-
porates the effect of pressure drop in inlet and out let nozzles along
with the losses in the segments created by baffles. For the range of
Reynolds number between 103 and 105, they found that their
results match more closely (deviation between +2.4% and �4%)
with the available experimental results. But they have not shown
the validity of their model to predict pressure drop in HXs with
NTIW. The calculation adopted by Kapale et al. [10] is complex.
They have not predicted pressure drop for all the cases for which
experimental data is available. Thus, there is a need to develop a
simple model to calculate pressure drop on the shell side of STHXs.
All the theoretical models reported in literature to calculate the
shell-side pressure drop in a STHX require a lot of calculations with

a number of variables involved in the calculations. Further these
models use different correlations for window section and cross
flow section. In all the above mentioned references, the methodol-
ogy to find pressure drop coefficient involves tedious calculations
which include various geometrical parameters and is time con-
suming. These pressure drop coefficients have been changed time
and again, yet no coefficient has been found which works satisfac-
torily for all cases.

Friction factors for flow over rectangular tube banks have been
given by Zukauskas [11] and Gunter and Haw [12]. A Finite ele-
ment model of STHX for determining amount of heat transfer has
been developed by Ravikumaur et al. [13] in 1988 but application
of such a model to determine pressure drop in STHX has not been
carried out so far.

Yonghua et al. [14], experimentally investigated the shell-side
thermo-hydraulic performance of a shell and tube HX with trefoil
hole baffles under turbulent flow regime. Based on the experimental
results, empirical correlations of the Nusselt number and pressure
loss as a function of the Reynolds number are obtained. To analyze
the mechanisms of these thermo-hydraulic characteristics, numer-
ical computation is carried out. Ender and Ilker [15], investigated
the baffle spacing, baffle cut and shell diameter dependencies of
the heat transfer coefficient and the pressure drop by numerically
modeling a small HX. The authors refer to the Bell-Delaware [5]
method as a very detailed and an accurate method to estimate the
outlet parameters and have compared their results to that method,
but Bell-Delaware method itself does not predict pressure drop val-
ues close to the experimental values. The authors have also com-
pared the pressure drop results to Kapale’s [10] model and have
found a deviation of up to 34%. Results obtained from the CFD sim-
ulations show that the existing analytical methods under predict
the pressure drop in many cases. Vera et al. [16], present a model
to determine the outlet conditions of a shell and tube HX working
in a refrigeration cycle either as a condenser or evaporator only.
The model does not take the internal geometrical information into

Nomenclature

a relative transverse pitch of tube bundle, a = xt/do

Abmin minimum cross- sectional area at the baffle tip (m2)
Amin minimum area of flow of fluid in a cross section (m2)
Anozzle nozzle cross-section area (m2)
b relative longitudinal pitch of tube bundle, b = xl/do

c relative diagonal pitch of tube bundle, c = xd/do

d0 outer tube diameter (m)
Dotl diameter of the circle encompassing the end tubes (m)
Ds inner diameter of shell (m)
Eu Euler number (friction factor), Eu ¼ 2DPA2

min

nqQ2

Euc corrected friction factor after using angular correction
factor

Kw correction for angular flow
kn nozzle pressure drop coefficient for each nozzle
lc baffle cut in (m)
N number of rows in a particular element, if it is inter-

baffle element it is necf and if it is window element it
is new

Nc number of elements in inter-baffle region
necf number of rows in inter-baffle element = Ds�2lc

xlNc

new number of rows in window section = 0:8lc�
Ds�Dotl

2
Nw

2 xl

Ntw number of tubes in window section
Nw total number of elements in upper and lower window

section
Pi pressure at ith node

p tube pitch, p ¼ pt
do

pt tube pitch (m)
Q volume flow rate in (m3/s)

Re Reynolds number, Re ¼ qQd0
Aminl

S baffle spacing (m)
xd diagonal pitch of tube bundle (m)
xi distance between outer most tubes at cross section

(Fig. 2(b)) at the end of ith element (m)
xe space between the outer most tube in a shell and shell

outer diameter (m): Ds � Dotl
xl longitudinal pitch of tube bundle (m)
xt transverse pitch of tube bundle (m)
x(i) net distance at the exit of ith element within the tube

outer limit (m), xðiÞ ¼ xiþxi�1
2

l viscosity of the fluid (in Pa s)
q density of shell side fluid (kg/m3)
wm acute angle the fluid makes with the tube in the

mid-section in radians
ww acute angle the fluid makes with the tube in the window

section in radians
DP pressure drop (Pa)
DPc calculated shell side pressure drop
DPexp experimental pressure drop
DPfem pressure drop predicted by Finite element model
DPm measured shell side pressure drop
hb angle subtended by the baffle cut

Fig. 1. Flow through shell of shell and tube heat exchanger with segmental baffle
with leakage streams. [7].
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