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The hydrodynamics and heat transfer characteristics of a heat exchanger with single-helical baffles are
studied experimentally as well as numerically. A heat exchanger with two-layer helical baffles is designed
by using computational fluid dynamics (CFD) method. The comparisons of the performance of three heat
exchangers with single-segment baffles, single-helical baffles and two-layer helical baffles, respectively,
are presented in the paper. The experiment is carried out in counter-current flow pattern with hot oil in
shell side and cold water in tube side. Overall heat transfer coefficients are calculated and heat transfer
coefficients of shell side are determined by Wilson plots technique. It shows that the heat exchangers
with helical baffles have higher heat transfer coefficient to the same pressure drop than that of the heat
exchanger with segmental baffles based on the present numerical results, and the configuration of the
two-layer helical baffles has better integrated performance than that of the single-helical baffles.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Shell-and-tube heat exchangers are widely used in chemical,
power generation, and petroleum refining industries. The baffles are
of primary importance in heat exchangers because they force the
shell-side fluid to flow across the tubes to ensure high heat transfer
rates and provide support to tube bundles. The most commonly
used baffle, the segmental baffle, improves heat transfer by enhanc-
ing turbulence or local mixing on the shell side of heat exchangers,
but at the cost of a high pressure drop (Webb, 1994; Sthlik and
Wadekar, 2002; Soltan et al., 2004). Various types of baffles such
as deflector baffles, disk-and-donut configuration have been used
in shell-and-tube heat exchangers to improve heat transfer while
maintaining a reasonable pressure drop across the heat exchangers,
but the principal shortcomings of conventional baffle design still
remain (Mukherjee, 1992; Saffar-Avval and Damangir, 1995; Li and
Kottke, 1998; Bell, 2004). Recently, a new type of heat exchanger
with helical baffles is proposed to improve the performance on the
shell side (Lutcha and Nemcansky, 1990; Stehlik et al., 1994; Kral et
al., 1996). The helical baffles eliminate the pressure losses caused by
change of flow direction and maintain helical flow on the shell side,
thus resulting in the improvement of heat transfer and pressure
drop characteristics.

Heat exchangers with helical baffles in shell side have higher
ratio of heat transfer coefficient to pressure drop than that of heat
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exchanger with segmental baffles. Some experimental investigations
of this type of heat exchanger have been conducted. Lutcha and
Nemcansky (1990) investigated the flow pattern and heat transfer of
tubular heat exchangers with helical baffles. They found that prop-
erly arranged helical baffles in tubular heat exchanger could force
the shell side flow field to approach a plug flow condition, which
increased the average temperature driving force due to the reduc-
tion of back mixing. The velocity gradient within the helical chan-
nel induced by the baffles also increased the shell side heat trans-
fer markedly. Stehlik et al. (1994) compared heat transfer and pres-
sure drop correction factors for an optimized segmental baffle heat
exchanger with those for a helical baffle heat exchanger. In their
studies, the correction factors for helical baffles were examined as
a function of baffle inclination angle to better understand the un-
derlying transport phenomena as well as to characterize the baffle
for design purpose. Kral et al. (1996) discussed the performance of
heat exchangers with helical baffles based on test results of various
baffles geometries. Wang (2002) measured the flow field in shell-
and-tube heat exchangers with helical baffles using laser Doppler
anemometry. He pointed out that the optimum helix inclination an-
gle depends on the Reynolds number of the working fluid on the
shell side of the heat exchanger. Zhang et al. (2004) presented an
experimental investigation of heat transfer and pressure drop of a
helically baffled heat exchanger with petal-shaped finned tubes.

A comprehensive experimental investigation of a heat exchanger
is very expensive because of the high equipment cost. In comparison
with experimental study, a validated computational fluid dynamics
(CFD) method can provide flow field information at a much lower
cost. The advancement of computer hardware makes numerical sim-
ulation of heat exchanger possible. Prithiviraj and Andrews (1998a,b)
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simulated fluid flow and heat transfer of shell-and-heat exchangers
with the distributed resistance method combined with volumetric
porosities and surface permeability, in which single computational
cell included multiple tubes. He et al. (2005) conducted a numeri-
cal investigation of three different heat exchangers based on a dis-
tributed resistance concept along with a porous medium model. The
model and developed codes were used to simulate three kinds of
shell-and-tube heat exchangers (vertical baffles, helical baffles, and
finned tube banks).

This paper studies the performance of a heat exchanger with
single-helical baffles with both experimental and numerical meth-
ods. The optimization of the helical baffles is carried out with a
CFD tool to improve the characteristics of heat transfer and pres-
sure drop on the shell side of the heat exchanger. The comparisons
of the performance of three heat exchangers with different baffles
(single-segmental baffles, single-helical baffles, and two-layer heli-
cal baffle) are presented based on numerical results. In the following,
the numerical approach to deal with such complicated configura-
tion will be presented first, followed by the experimental setup and
data processing method. The experimental and numerical results are
then reported in parallel to facilitate the comparison between two
methods. Finally, the performance of those three heat exchangers
are obtained with CFD modeling.

2. Mathematical modeling

2.1. Computational domain

In the present study, the heat transfer and pressure drop perfor-
mance of heat exchangers with three different baffle configurations
were studied numerically. The three configurations are: (a) single-
segmental baffles; (b) single-helical baffles; and (c) two-layer helical
baffles.

Since the configuration of shell-and-tube heat exchangers is
more complicated, and the size of it is usually bigger, it is difficult to
acquire a reliable numerical result adopting whole heat exchanger
model with a personal computer. According to the periodic geomet-
ric characteristic of shell-and-tube heat exchangers, the simulations
are conducted for one period of the three heat exchangers by using
periodic boundaries in this paper. Configurations of the three heat
exchangers with different baffles are illustrated in Fig. 1. In this re-
search, the single-segmental baffles are perpendicular to the tubes
with a baffle cut of 25%, and the helical baffles are quadrant-ellipse
shaped baffles at an angle of 20◦ to the tube axis. Because the pri-
mary objective of this research is to study the influence of different
configurations of shell-side baffles, the tube bundles arrangement
in the shell side is identical for all the three heat exchangers.
Fig. 2 shows the tube bundles arrangement in the shell side. Detailed
physical dimensions of the three heat exchangers are summarized in
Table 1. Oil is the working fluid in the shell side and thermophysical
properties of the fluid are listed in Table 2.

2.2. Governing equations and boundary conditions

The renormalization group (RNG) k–�model of Yakhot and Orszag
(1986) is adopted in this study because this model provides im-
proved predictions of near-wall flows and flows with high stream-
line curvature. The RNG k–� model was derived by using a statisti-
cal technique called renormalization method. Compared with many
other sophisticated models (Reynolds stress model and large–eddy
simulation model), this model takes shorter computing time and less
memory during the simulation process. The RNG k–� model is widely
used in the area of industrial flows and heat transfer because of its
economy and accuracy. Therefore, The RNG k–� turbulence model is
adopted for the numerical simulation of the three heat exchangers.

Fig. 1. Configurations of three heat exchangers with different baffles: (a) heat
exchanger with single-segmental baffles; (b) heat exchanger with single-helical
baffles; (c) heat exchanger with two-layer helical baffles.

The governing equations for continuity, momentum, energy, k and �
in the computational domain can be expressed as follows:

Continuity:

�
�xi

(�ui) = 0 (1)

Momentum:
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(2)
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Fig. 2. Tube bundles arrangement in the shell side.

Table 1
Geometric parameters

Dimension Value

Shell inside diameter (mm) 313
Tube outside diameter (mm) 19
Tube pitch (mm) 25
No. of tubes 93
Length of heat exchanger (mm) 1194
Tube-and-baffle clearance (mm) 0.3
Shell-and-baffle clearance (mm) 1

Table 2
Thermophysical properties of oil

Parameter Value

Cp (J/kgK) 2270.878
Pr 160
�(N s/m2) 0.0094699
�(kg/m3) 826.0872
�(W/mK) 0.132

Energy:

�
�xi

(�uiT) = �
�xi

(
k
CP

�T
�xi

)
(3)

Turbulent kinetic energy:
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Turbulent dissipation energy:
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where

�eff = � + �t , �t = �c�
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�
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,
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The empirical constants for the RNG k–� model are assigned the
following values:

C� = 0. 0845, C1� = 1. 42, C2� = 1. 68, � = 0. 012, �o = 4. 38.

For the periodic fully developed fluid flow, periodic flow has the
following characteristics which are periodic boundary conditions:

u(x, y, z) = u(x, y, z + s) (6)

v(x, y, z) = v(x, y, z + s) (7)

w(x, y, z) = w(x, y, z + s) (8)

P(x, y, z) − P(x, y, z + s) = P(x, y, z + s) − P(x, y, z + 2s) (9)

Non-slip boundary condition is applied on the wall of the three heat
exchangers. The mean velocity is at maximum far away from the
wall and sharply decreases in the near-wall region. High magnitude
of velocity fluctuation is found adjacent to the wall where the large
mean velocity gradients ensure massive turbulence production. To
accurately simulate the flow in the near-wall region, the standard
wall functionmethod is used for the numerical computation. The first
near-wall numerical grid point, P, is located sufficiently far from the
wall with the local turbulent Reynolds number much greater than
unity. In the region between the wall and node P, the expression for
velocity can be written as:

u
u∗ =

{
y+, y+ �11. 225
1
	
ln(Ey+), y+ >11. 225

(10)

where u is the velocity component in flow direction; y is the normal
distance from the wall; y+ is the dimensionless y (y+ =�yu∗/�); 	 is
the von Kármán constant (	=0. 41); E is the empirical constant (E=
9. 81); outside of the viscous sub-layer, the friction velocity defined

as
√


w/�, is computed as u∗ = C1/4� k1/2.
In the near-wall cell, the value of the dissipation rate of the tur-

bulent kinetic energy is defined as

� =
C3/4� k3/2

ky
(11)

The wall heat flux is computed as

qw = �C�u∗ �T/T+ (12)

where T+ is estimated by

T+ =

⎧⎪⎨
⎪⎩
Pr

u
u∗ , y+ �11. 225

Prw

(
u
u∗ + PT

)
, y+ >11. 225

(13)

PT = �/4
sin(�/4)

(
AT
k

)1/2 ( Pr
Prw

− 1
)(

Prw
Pr

)1/4
(14)

where Pr is the molecular Prandtl number; Prw is the turbulent
wall Prandtl number (Prw = 1. 2); and AT is the Van Driest constant
(AT = 26).

2.3. Solution procedure

The computational domain is meshed with unstructured
Tet/Hybrid grids, which are generated by the commercial code
GAMBIT due to its excellent merit of managing very complex 3D
geometries. The region adjacent to the tube is meshed much finer
with the help of successive ratio scheme in GAMBIT. Before any
computational result can be deemed enough to illuminate the phys-
ical phenomenon, it must be justified through a grid independence
test. In the present computation, a series of grid independence tests
have been conducted to ensure that optimized computational mesh
was obtained. Grid independence tests have been carried out for
each mesh model. The grid is refined according to heat transfer
coefficients, which results in increase in number of elements by 2–3
times. The following mesh modes having approximately 2217000
elements, 2 880000 elements, 2 980000 elements, respectively, are
adequate for the three configurations (single-segmental baffles,
single-helical baffles, and two-layer helical baffles).

The computer code FLUENT is used to calculate the fluid flow
and heat transfer in the computational domain. The governing equa-
tions are iteratively solved by the finite-volume-methodwith SIMPLE
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pressure–velocity coupling algorithm. For the solution algorithm, the
segregated approach is selected. This means that the segregated ap-
proach is used to solve a single variable field by considering all cells
at the same time, and then solves the next variable field by again con-
sidering all cells at the same time. The convective terms in governing
equations are discretized by QUICK scheme with three-order preci-
sion. Because of the nonlinearity of the equation set being solved by
FLUENT, the iterative technique with under-relax predictions of ve-
locity and pressure is used. Default under-relaxation factors of the
solver are employed, which are 0.3, 0.7, 0.8, and 0.8 for the pressure,
momentum, turbulent kinetic energy, and turbulent energy dissipa-
tion, respectively. The convergence criterion is that the normalized
residuals are less than 10−5 for the flow equations and 10−8 for the
energy equation. The present computations are performed with a
personal computer with CPU frequency of 4GHz, and usually took
approximately 28h for each task.

3. Experimental study

In the present study, the pressure drop and heat transfer of heat
exchangers with single-segmental and single-helical baffles were
studied experimentally. The baffles of the heat exchanger with
single-segmental baffles are perpendicular to the tubes with a baffle
cut of 25% and baffle spacing of 130mm, and eight segmental baffles
are positioned in the shell side of the heat exchanger. The baffle of
the heat exchanger with single-helical baffles are quadrant-ellipse
shaped baffle at an angle of 20◦ to the tube axis which occupies
one quadrant of the cross section of the shell, and six periods are
included in the shell side of the heat exchanger.

Fig. 3. The experiment setup.

3.1. Experimental setup and operating procedure

The experimental setup of the study is shown in Fig. 3. The sys-
tem includes two independent loops: a cooling water loop (the up-
per loop in Fig. 3) and a heating oil loop (the lower loop in Fig. 3).
The heating oil loop consists of an oil pump, a volumetric flowmeter,
a heater, and a heat exchanger. The oil is heated up by a heater to
reach a predetermined inlet temperature value before entering the
shell side of the heat exchanger. Then it is pumped to the shell side,
where it is cooled down. Finally, the cooled oil returns to the heater.
The cooling water loop consists of a water pump, a volumetric flow
meter, a heat exchanger, and a cooling tower. The cooling water is
pumped to the tube side of the heat exchanger for heat-up. Then it
is cooled down in a cooling tower before returning to the system.
A dedicated valve is used to control the cooling water's volumetric
flow rate. In order to maintain a stable flow for the cooling water, a
tank is designed for the system. To minimize heat loss of the facil-
ity, fiberglass insulation at 40mm thickness is covered on the outer
surface of the heat exchanger.

Measurements of inlet and outlet fluid temperatures are carried
out using Pt100 sensor. The volumetric flow is measured with a
flow meter at a range of 0–60m3/h and the signal is transmitted to
an electrical transmitter, which provides an electrical output in the
range of 4–20mA. The pressure difference between inlet and outlet
of the shell side is measured with a differential pressure transmitter
with precision of 0.25% at a range from 0 to 30kPa. Data Acquisition
System (KEITHLEY2700) records readings of the temperature sensor,
flow meter and pressure transducer.

The experiment was being conducted under steady state condi-
tions with water and oil as the working fluid. The procedure was
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repeated a few times for different flow rates of the shell side ranging
from 4 to 24m3/h, while the flow rate of the tube was maintained
constant. Prior to each experiment, an energy balance test was con-
ducted. Usually, it took approximately 120min to reach a steady
state which was judged by the temperature reading fluctuation of
within ±0. 1 ◦C. After reaching the stable condition, the temperature
measured by each Pt100 temperature sensor was recorded by a Data
Acquisition System for 10min maintaining a span of 5 s between two
successive readings. At the same time, the volumetric flow rate and
the pressure data were recorded.

3.2. Data reduction

The shell-side Reynolds number and friction factor are defined
by Eqs. (15) and (16):

Res = �ucde
�

(15)

f = �P

1/2�u2c
· de
L

(16)

uc = qm
�Amin

(17)

where uc is the mean velocity at the minimum transverse area; de
is the characteristic dimension which takes the value of the tube
diameter d; qm is the shell-side mass flow rate; � is the fluid density;
L is the length of the tube; and Amin is the minimum transverse area,
which is determined by

Amin = 1
2
BD

(
1 − d

p

)
(18)

where B is the axial distance of a period; D is the diameter of shell
side; and p is the tube pitch.

Prior to experimental run, a heat balance test was conducted.
The difference of heat duties between the hot oil and cooling water
needs to be within 5.0% for all runs. The heat balance equation is∣∣∣∣Qs − Qt

Qave

∣∣∣∣ �5. 0% (19)

Qave = Qs + Qt
2

(20)

Qs = �s × Vs × Cp,s(Ts,in − Ts,out) (21)

Qt = �t × Vt × Cp,t(Tt,out − Tt,in) (22)

where Qs and Qt are heat transfer rate of the shell side and the
tube side; Ts,in and Ts,out are shell-side temperature at the inlet
and outlet, respectively; Tt,in and Tt,out are tube-side temperature at
the inlet and outlet. Cp,s and Cp,t are specific heat of oil and water.
The thermodynamic and transport properties of water and oil are
calculated according to average temperature values of the inlet and
outlet for the section.

The overall heat transfer coefficient, U, is equal to

U = Qave
A�TLMTD

(23)

where A is the surface area, and �TLMTD is the log mean temperature
difference, which is determined by

�TLMTD = �T2 − �T1
ln(�T2/�T1)

(24)

�T1 = Ts,out − Tt,in, �T2 = Ts,in − Tt,out (25)

Heat transfer coefficients of the shell side are calculated with tradi-
tional Wilson plots technique as described by Rose (2004). Wilson

plots technique is applied by calculating overall heat transfer coef-
ficients for a number of trails where fluid flow of one side is kept
constant and fluid of the other side is varied. In this study, the flow
inside the tubes is kept constant and the flow of the shell side varies.
It is assumed that the tube-side heat transfer coefficient is constant
at a constant volumetric flow rate. The tube-side heat transfer coef-
ficient is calculated with Gnielinski (1976) Equation

Nut = (ft/8)(Ret − 1000)Prt

1 + 12. 7
√
ft/8(Pr

2/3
t − 1)

[
1 +

(
d
L

)2/3]
ct (26)

ct =
(

Prt
Prw

)0.11
(27)

ft = (1. 82lg Ret − 1. 64)−2 (28)

Once the Nusselt numbers are determined, the tube-side heat trans-
fer coefficient is obtained from the conventional definition

ht = �t
Nut
d

(29)

The overall heat transfer coefficient is given by the relation

1
U

= 1
hs

+ As
At

Rw + As
Atht

(30)

In this equation, At and As are inside and outside surface area of tube,
respectively, Rw is the thermal resistance of the tube wall, which is
defined as

Rw = dinner ln(douter/dinner)
2�

(31)

Substituting Eq. (29) into Eq. (30) after calculating the overall heat
transfer coefficients, the shell-side heat transfer coefficients are cal-
culated. Then, the shell-side Nusselt numbers is computed by the
following equation:

Nus = hsd
�s

(32)

3.3. Experimental uncertainty

The experimental uncertainty of the present work is determined
by using the method presented by Kline and McClintock (1953). The
uncertainty calculation method involves calculating derivatives of
the desired variable with respect to individual experimental quan-
tities and applying known uncertainties. According to the reference,
the experimental uncertainty is defined as follows:

WR

=
√(

�R
�x1

Wx1

)2
+
(

�R
�x2

Wx2

)2
+ · · · · · +

(
�R
�xn

Wxn

)2
(33)

where R=f (x1, x2, . . . , xn) and xn is the variable that affects the results
of R.

For heat exchanger with single-segmental baffles, the uncertain-
ties involved in the friction factors and Nusselt number are within
±5. 5% and ±12. 1%, respectively. For heat exchanger with single-
helical baffles, the uncertainties involved in the friction factors and
Nusselt number are within ±4. 6% and ±8. 2%, respectively.

4. Results and discussion

In the present study, experimental studies are conducted for the
single-segmental baffles and single-helical baffles heat exchangers
and the optimization of the helical baffles is carried out with a CFD
tool. Finally, the comparisons of the performance of the three heat
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Fig. 4. Comparison of experimental results of Nusselt number with the data from
Bell–Delaware method (Bell, 1981) for single-segmental heat exchanger.
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Fig. 5. Comparison of experimental results of pressure drop with the data from
Bell–Delaware method (Bell, 1981) for single-segmental heat exchanger.

exchangers with different baffles (single-segmental baffles, single-
helical baffles, and two-layer helical baffle) are presented based on
numerical results. The details of the data source in the paper are
illustrated in Table 3.

4.1. Experimental results

In order to verify the experimental set-up, a heat exchanger with
single-segmental baffles is used to investigate heat transfer and pres-
sure drop at the early stage of the experiment. The heat transfer
measurements of the present work are compared with the data from
Bell–Delaware method (Bell, 1981, 1988). Fig. 4 shows the compar-
ison of experimental results of Nusselt number with the data from
Bell–Delaware method for the single-segmental heat exchanger. It
is seen from the figure that the Nusselt numbers in the present
work are consistently higher than the results from the Bell–Delaware
method. The difference between the present experimental data and
the results from the Bell–Delaware method is approximately 10%.
The comparison of experimental results of pressure drop with the
data from Bell–Delaware method for the single-segmental heat ex-
changer is presented in Fig. 5. It can be seen from the figure that the
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Fig. 6. Nusselt number versus volumetric flow rate for heat exchangers with sin-
gle-segmental baffles and single-helical baffles (experimental).

0 5 10 15 20 25 30

0

2

4

6

8

10
with segmental baffles
with helical baffles

Δ
p 

/ k
P

a

Volumetric flow rate, m3/h

Fig. 7. Pressure drop versus volumetric flow rate for heat exchangers with sin-
gle-segmental baffles and single-helical baffles (experimental).

deviation between the present experimental measurements and the
results from the literature is about 12%. The present experimental
results are in agreement with the data from Bell–Delaware method.
It shows that the experiment setup is reliable for the experimental
research of shell-and-tube heat exchangers.

Fig. 6 illustrates the Nusselt number versus volumetric flow rate
for heat exchangers with single-segmental baffles and single-helical
baffles. It can be clearly observed that the heat transfer coefficient of
the heat exchanger with single-helical baffles is about 75% the value
of the heat exchanger with single-segmental baffles. The Nusselt
numbers of the heat exchanger with single-helical baffles can be
expressed as a function of the shell-side Reynolds number.

Nus = 0. 275Re0.55s Pr1/3s (50 <Res <1000) (34)

Fig. 7 shows the pressure drop versus volumetric flow rate for heat
exchangers with single-segmental baffles and single-helical baffles.
It is clear that the pressure drop of the heat exchanger with single-
helical baffles is lower than that of the heat exchanger with single-
segmental baffles at the same volumetric flow rate. The pressure
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Table 3
Data source of the text

Heat exchanger type Numerical results Experimental results

Single-segmental baffles Present research Present research and results from Bell–Delaware method (Bell, 1981)
Single-helical baffles Present research Present research
Two-layer helical baffles Present research –
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Fig. 8. Ratio of heat transfer to pressure drop for heat exchangers with single-seg-
mental baffles and single-helical baffles (experimental).

drop of the heat exchanger with single-helical baffles is only approx-
imately 45–55% of that of the heat exchanger with single-segmental
baffles. It can be explained as: for a single-segmental heat exchanger,
the flow pattern on the shell side is zigzag, and flow separation at the
edge of baffles causes abrupt momentum change and severe pres-
sure loss; whereas the primary flow direction of the heat exchanger
with single-helical baffles does not change dramatically. The friction
factor for the heat exchanger with single-helical baffles can be ex-
pressed as a function of the shell-side Reynolds number:

fs = 20. 06(Res)−0.56(Res <400) (35)

fs = 11. 34(Res)−0.47(400 <Res <1000) (36)

Proper evaluation is important for comparing the integrated perfor-
mance of different heat exchangers. Both heat transfer coefficient
and pressure drop are important parameters for heat exchangers. It is
desirable to obtain the highest heat transfer rate at the lowest pres-
sure drop, so the ratio of heat transfer coefficient to pressure drop is
used as a comparison criterion in the present study. The ratio of heat
transfer to pressure drop for heat exchangers with single-segmental
baffles and single-helical baffles is shown in Fig. 8. The effectiveness
of the heat exchanger with single-helical baffles is obviously higher
than that of the heat exchanger with single-segmental baffles. In
the figure, about 35–65% enhancement in the ratio of heat transfer
coefficient to the same pressure drop for the heat exchanger with
single-helical baffles is observed. It means that the pumping cost for
a heat exchanger with single-helical baffles is much less than that
of the heat exchanger with single-segmental baffles at a given heat
duty. It was mentioned earlier that, in comparison between the heat
exchangers with single-segmental baffles and single-helical baffles,
decrease in pressure drop is larger than decrease in heat transfer
coefficient. This is the reason why the heat exchanger with single-
helical baffles has a higher effectiveness of heat transfer to pressure
drop than that of the heat exchanger with single-segmental baffles.
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Fig. 9. Comparison of experimental results of Nusselt number with the numerical
data for single-helical heat exchanger.

4.2. Model validation

For an investigation at a wide range of geometries, experimental
study would be costly and time-consuming. CFD simulations avoid
the difficulty and cost in establishing an experimental facility, and
are capable of carrying out in-depth study on the flow field that is
difficult to simulate by an experimental way.

Fig. 9 depicts the comparison of experimental results of Nusselt
number with the numerical data for single-helical heat exchanger.
It can be observed that the two sets of data have a good agreement
in trend and the pressure drop by numerical prediction is approx-
imately 8% higher than the experimental results for all volumetric
flow rates. The comparison of experimental results of pressure drop
with the numerical data for single-helical heat exchanger is shown
in Fig. 10. It indicates that the error between CFD prediction and
experimental result is about 10% for the heat exchanger with single-
helical baffles. CFD tends to overpredict the pressure drop at higher
volumetric flow rate. Because of manufacturing tolerances and qual-
ity control, the baffles might have leakage streams during the ex-
periment, so the effective mass flow rate across the tube bundle
decreases resulting in decrease in the experimental shell-side heat
transfer coefficient. However, the effects of the leakage streams are
not taken into account in numerical prediction. Because the discrep-
ancy is small, the numerically predicted results can be acceptable in
engineering application.

4.3. Comparison of different shell-and-tube heat exchangers

In the present study, the heat transfer and pressure drop per-
formance of heat exchangers with three different baffle config-
urations were studied numerically. The three configurations are
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Fig. 10. Comparison of experimental results of pressure drop with the numerical
data for single-helical heat exchanger.
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Fig. 11. Nusselt number versus volumetric flow rate for three heat exchangers
(simulation).

(a) single-segmental baffles; (b) single-helical baffles; and (c) two-
layer helical baffles. For the convenience of discussion, hereinafter,
HX1 refers to the heat exchanger with single-segmental baffles, HX2
refers to the heat exchanger with single-helical baffles, and HX3
refers the heat exchanger with two-layer helical baffles.

Fig. 11 shows the Nusselt number versus volumetric flow rate for
the three heat exchangers. It can be seen that the Nusselt number
increases with the increase of the volumetric flow rate for all three
heat exchangers. It can also be seen from Fig. 11 that the Nusselt
number of both HX2 and HX3 are lower than that of HX1 at the
same volumetric flow rate. The pressure drop versus volumetric flow
rate for the three heat exchangers is presented in Fig. 12. It shows
that the pressure drop increases with the increase in the volumetric
flow rate for all three heat exchangers. It is clear that the pressure
drops of both HX2 and HX3 are lower than that of HX1 at the same
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Fig. 12. Pressure drop versus volumetric flow rate for three heat exchangers (sim-
ulation).
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Fig. 13. Ratio of heat transfer to pressure drop for three heat exchangers (simulation).

volumetric flow rate. The pressure drop of HX3 is slightly higher
than that of HX2. The reason for this phenomenon appears to be
as follows, for single-segmental heat exchanger, the flow pattern on
the shell side is zigzag, flow separation at the edge of baffles causes
abrupt momentum change and severe pressure loss. Whereas the
primary flows direction of the heat exchanger with helical baffles
does not change dramatically. Since the inner-baffles of HX3 widen
the flow separation along the side edge of the baffles, the pressure
drop in HX3 is higher than that of HX2.

In order to compare the effectiveness of heat transfer to pres-
sure drop for different baffles, the ratio of the integral shell-side heat
transfer to pressure drop for those three heat exchangers are pre-
sented. Fig. 13 shows the comparison of the ratio of heat transfer to
pressure drop for the three heat exchangers. The effectiveness of the
heat exchanger with helical baffles is obviously higher than that with
single-segmental baffles. This means that the overall performance of
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heat exchangers with helical baffles is superior to that of the heat
exchanger with single-segmental baffles. It can also be seen from
Fig. 13 that the ratios of heat transfer coefficient to pressure drop
of HX3 is higher (10%) than that of HX2. This is because the opti-
mal baffles (two-layer baffles) not only decrease the stream passing
through the gap between neighboring sector plates, but also enhance
the turbulence of the shell side, especially in the central region.

5. Conclusions

Numerical and experimental investigations of a heat exchanger
with single-helical baffles are performed in the present work. Oil
flow is in the shell side while water acts as a coolant flowing inside
the tubes. The heat transfer coefficients and pressure drop on the
shell side of heat exchangers with helical baffles and segmental baf-
fles based on the experimental study are reported. It shows that the
heat transfer coefficient increases with increasing volume flow rate
on the shell side for a constant volume flow rate in the tube side.
It is found that the heat exchanger with single-helical baffles has
75% of the heat transfer capacity but only about 50% of the pressure
drop of the heat exchanger with single-segmental baffles. It further
demonstrates that the ratio of heat transfer coefficient to pressure
drop of the heat exchanger with single-helical baffles is obviously
higher than that of the heat exchanger with single-segmental baf-
fles. It means that the heat exchanger with single-helical baffles has
a higher heat transfer rate with the same pumping power consump-
tion.

CFD predicted results for hydrodynamics and heat transfer are in
agreement with experimental results. It is concluded that CFD pre-
dictions for a new geometric and process configuration can be safely
relied upon for design and optimization purpose. The performances
of those three shell-and-tube heat exchangers are simulated and an-
alyzed. The heat exchangers with helical baffles have higher heat
transfer to the same pressure drop than that of the heat exchanger
with segmental baffles based on the present numerical results. The
effectiveness of the heat exchanger with two-layer helical baffles is
obviously higher (10%) than that of the heat exchanger with single-
helical baffles.

Notation

A heat transfer area, m2

Amin minimum transverse area, m2

AT Van Driest constant
Cp specific heat, J/(kgK)
d tube diameter, m
de characteristic dimension, m
D shell diameter, m
E empirical constant in logarithmic velocity profile
f friction factor
h heat transfer coefficient, W/(m2 K)
k turbulent kinetic energy
L length of the tube, m
Nu Nusselt number
p tube pitch, m
�P pressure drop, Pa
Pr Prandtl number
Prw turbulent wall Prandtl number
qm shell-side mass flow rate, kg/s
Q heat transfer rate, J/s
Rw thermal resistance of the tube wall
Re Reynolds number
T temperature, K
�TLMTD log-mean temperature difference, K
u velocity, m/s

uc mean velocity at the minimum transverse area, m/s
u∗ frictional velocity (u∗ =

√

w/�), m/s

U overall heat transfer coefficient, W/(m2 K)
V volumetric flow rate, m3/s
y normal distance from the wall
y+ dimensionless y

Greek letters

� turbulent energy dissipation
	 Von Kármán constant
� thermal conductivity, W/(mK)
� dynamic viscosity, N s/m2

� density, kg/m3


w wall shear stress, N/m2

Subscripts

ave average
in inlet
out outlet
s shell side
t tube side
w wall
+ standard wall coordinates
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