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A double shell side rod baffle heat exchanger (DS-RBHX) is proposed, and comparisons between single
shell side rod baffle heat exchanger (SS-RBHX) and DS-RBHX in terms of the heat transfer and pressure
drop in the shell side are presented in this study. A realizable k-epsilon model is adopted to solve the tur-
bulent flow problem. All numerical simulations are carried out under mass flow rateM ranging from 3 kg/
s to 10 kg/s for the SS-RBHX and DS-RBHX. The results demonstrate that under same mass flow rate M,
the heat transfer rate Q and pressure drop Dp of the DS-RBHX are higher than those of the SS-RBHX by
34.5–42.7% and 41.6–40.6%, respectively. Moreover, under same mass flow rate M, the comprehensive
performance index h/Dp of the DS-RBHX is higher than that of the SS-RBHX by a maximum of 8.9%.
An efficiency evaluation criterion EEC, the ratio of the gain in heat transfer rate and cost in power con-
sumption, is adopted to evaluate the comprehensive performance in the present study. The EEC of the
DS-RBHX is approximately equal to and larger than 1, which indicates that the cost in power consump-
tion of the DS-RBHX is offset by the gain in heat transfer rate. The DS-RBHX is demonstrated to be effec-
tive in enhancing heat transfer and improving the comprehensive performance of rod baffle heat
exchangers.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The heat exchanger is a device applied to transfer heat between
cold and hot fluids, and it plays an important role in a number of
industries such as petroleum, chemical engineering, power gener-
ation and waste heat recovery. The shell and tube heat exchanger
(STHX) is one of most commonly used heat exchangers because of
its high pressure resistance, simple fabrication, low cost, conve-
nient maintenance, versatile usability, and adaptability [1]. The
flow patterns in the shell side of STHXs can be roughly categorized
into three types: cross flow, longitudinal flow, and helical flow. The
conventional STHX is supported by segmental baffles that direct
the fluid in a zigzagged and cross flow. The shell and tube heat
exchanger with segmental baffle (STHXsSB) is used widely because
of its convenient installation and high heat exchange performance.
Nevertheless, it has a few deficiencies such as high pressure drop,
flow induced vibration, and flow dead zone [2].

In view of the above facts, studies to enhance heat transfer and
improve comprehensive performance have been carried out by
researchers around the world [3–14]. The STHXs with longitudinal
and helical flow are popular research objects. The rod baffle heat
exchanger (RBHX) [15] was invented by Philips Petroleum Com-
pany in the 1970s. The RBHX modifies the cross flow in the
STHXsSB to longitudinal flow, which reduces flow induced vibra-
tion and power consumption in the shell side [16]. A combined
STHX with two-layered continuous helical baffles was proposed
by Yang et al. [17], and it has the potential to replace the STHXsSB.
Wang et al. [18,19] designed a combined multiple shell-pass STHX
with continuous helical baffles, which consists of several individual
shell side with different types of baffles. This type of STHX
improves the heat transfer performance and simplifies the manu-
facturing process. Liu et al. [20] presented simulations of the RBHX
with spirally corrugated tubes, and these tubes can enhance heat
transfer in the tube side as well as shell side. As the STHX consists
of both the tube side and shell side, appropriate measures can be
taken to enhance heat transfer in tube side as well. A variety of
novel tube inserts [21–25] and special shaped tubes [26–28] are
proposed and studied to enhance heat transfer in tube side. In
addition to the measures mentioned above, researchers have car-
ried out studies on optimization of STHXs such as heat transfer
optimization in tubes based on local exergy destruction minimiza-
tion [29,30], optimization of STHXs by constructal theory [31] and
exergetic optimization of STHXs [32].
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Nomenclature

A heat transfer area (m2)
cp specific heat capacity (J kg�1 K�1)
C1 empirical constant
C2 empirical constant
do the outer diameter of tube (mm)
dsi the inner diameter of sleeve (mm)
Di the inner diameter of shell (mm)
Din the inner diameter of inlet (mm)
Dout the outer diameter of outlet (mm)
EEC the efficiency evaluation criteria
Gk producing item of k by average velocity gradient

(kg m�1 s�3)
h heat transfer coefficient (W m�2 K�1)
I turbulence intensity
k turbulent kinetic energy (m s�2)
lb baffle pitch (mm)
lt tube pitch (mm)
L effective length of tube (mm)
M mass flow rate (kg s�1)
Nt tube number
Nu Nusselt number
Dp pressure drop (Pa)
P power consumption (W)
Q heat transfer rate (W)
R the radius of shell
Re Reynolds number
s the spacing between tubesheet and partition (mm)

t the wall thickness of sleeve (mm)
T temperature (K)
DTm logarithmic mean temperature difference (K)
u velocity (m s�1)
u0 root-mean-square of the velocity fluctuation (m s�1)
V volume flow rate (m3 s�1)
Vz axial velocity
x, y, z coordinate axes

Greek symbols
k thermal conductivity (Wm�1 K�1)
q density (kg m�3)
e turbulent dissipation rate (m2 s�3)
l dynamic viscosity (kg m�1 s�1)
lt turbulent dynamic viscosity (kg m�1 s�1)
rk Prandtl number corresponded to k
re Prandtl number corresponded to e

Subscripts
0 comparison object
avg average
i, j tensor
in inlet
max maximum
min minimum
out outlet
w tube wall
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Although experimental results of studies of heat transfer perfor-
mance of STHXs are considered to be convincing and accurate, the
experiments are costly and time-consuming. On the contrary,
numerical simulation by CFD [33,34] is convenient and efficient,
and therefore, this method is popular for use in studies of STHXs.
Yang et al. [35] contrasted four numerical modeling approaches
with experimental results of studies on a RBHX. The results
demonstrated that both the porous model and whole model pro-
vided reasonably accurate predictions of heat transfer and pressure
drop when compared to the unit model and periodic model. The
different CFD turbulence models, including the Spalart-Allmaras
model, standard k-epsilon model, and realizable k-epsilon model
are studied for the STHXsSB by Ozden et al. [36]. It is indicated that
the results using the realizable k-epsilon model and fine mesh
were the closest to those by Bell-Delaware method.

In this paper, a DS-RBHX, as illustrated in Fig. 1, is proposed to
enhance heat transfer and improve the comprehensive perfor-
mance of RBHXs. Numerical simulation by CFD is adopted to study
heat transfer and pressure drop of the DS-RBHX, and a SS-RBHX is
used as a reference. The SS-RBHX and DS-RBHX are meshed and
simulated using commercial software Gambit and Fluent, respec-
tively. The numerical simulations are processed on servers with
20 dual-core CPUs and 240 GB RAM.
2. Model description

2.1. Physical model

Fig. 1(a) illustrates the structure and main flow manner of the
DS-RBHX. The shell side of the DS-RBHX is divided into the inner
shell side and outer shell side by the sleeve and partition. After
flowing into the outer shell side through the shell side inlet at
one end, the fluid traverses the rod baffles and flows along the
sleeve to the tube sheet at the other end. Then the fluid swerves
and flows into the inner shell side along the end face of the sleeve.
The fluid streams along the inside of the sleeve and then flows out
through the shell side outlet. The structure of the sleeve (with rod
holes) is illustrated in Fig. 1(b). The baffle rods pass through the
corresponding rod holes and are fixed on the outer rings as
depicted in Fig. 1(c).

The physical models and geometrical parameters of the
SS-RBHX and DS-RBHX are presented in Fig. 2(a) and (b),
respectively. The two heat exchangers have same inlet and outlet
nozzle diameters, tube effective lengths, and inner diameters of
the shell. The square arranged tube bundles are used in the RBHX
as a rule for more convenient installation and more stable support
in industrial applications, so they are adopted for the present
SS-RBHX and DS-RBHX models. The minor alterations are made
based on square arranged tube bundles to ensure the same tubes
layout for two models, as illustrated in Fig. 2, because the 2 mm
thick sleeve in the DS-RBHX is installed between tube bundles to
divide the shell side. More specifically, the two models have same
layouts with 40 identical tubes each. Identical rod baffles are
adopted for the two models, and their geometrical parameters
are listed in Table 1.

2.2. Numerical simulation model

2.2.1. Governing equations
To simplify the calculation, the fluid is assumed to be incom-

pressible, flow is assumed to be steady, and influence of gravity
is ignored. Based on these assumptions, the governing equations
for continuity, momentum, and energy conservation are provided
below [37]:

Continuity equation:

@uj

@xj
¼ 0 ð1Þ



Fig. 1. Schematic diagram of the DS-RBHX: (a) the main flow manner; (b) sleeve; (c) assembly of rod baffles and sleeve.

Fig. 2. Geometrical parameters of simulation models (unit: mm): (a) SS-RBHX; (b) DS-RBHX.
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Table 1
Geometrical parameters of rod baffles.

Item Value

Baffle rod diameter (mm) 5
Rod pitch in each baffle (mm) 21.5
Number of baffle 9
Thickness of outer ring (mm) 8
Inner diameter of outer ring (mm) 181.5
Outer diameter of outer ring (mm) 210.5

Table 2
Physical property parameters of
the working fluid.

Parameters Values

q, kg m�3 998.2
k, W m�1 K�1 0.6
cp, J kg�1 K�1 4182
l, kg m�1 s�1 0.001003
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Momentum equation:

q
@uiuj

@xj
¼ � @pi

@xj
þ @

@xj
l @ui

@xj
þ @uj

@xi

� �� �
ð2Þ

Energy equation:

q
@ujT
@xj

¼ @

@xj

k
cp

@T
@xj

� �
ð3Þ

The realizable k-epsilon model [38,39] is adopted to solve tur-
bulent flow in this paper. The terminology ‘‘realizable” expresses
that the model satisfies certain mathematical constraints on the
Reynolds stresses, consistent with the physics of turbulent flows.
It is likely to provide superior performance for flows involving
rotation, boundary layers under strong adverse pressure gradients,
separation, and recirculation [40]. The model is described below:

Turbulent kinetic energy part:

@ qkð Þ
@t

þ @ qkuið Þ
@xi

¼ @

@xj
lþ lt

rk

� �
@k
@xj

� �
þ Gk � qe ð4Þ

Turbulent energy dissipation part:

@ qkð Þ
@t

þ @ qeuið Þ
@xi

¼ @

@xj
lþ lt

re

� �
@e
@xj

� �
þ qC1Ee� qC2

e2

kþ ffiffiffiffiffi
me

p ð5Þ

where k is the turbulent kinetic energy; e is the turbulent dissipa-
tion rate; rk and re are the Prandtl numbers corresponding to tur-
bulent kinetic energy k and turbulent dissipation rate e,
respectively; C1 and C2 are empirical constants; and Gk is the pro-
ducing term of turbulent kinetic energy generated by mean velocity
gradient.

2.2.2. Boundary condition
The three-dimensional, double precision and pressure-based

solver is adopted for steady state calculations with respect to the
shell side of the SS-RBHX and DS-RBHX. The standard wall func-
tions are set as the near-wall treatment for the realizable k-
epsilon model and they require that y plus of the boundary is larger
than 30 [41]. The no slip shear condition is applied on all solid
walls. The SIMPLE algorithm is adopted for pressure-velocity cou-
pling and second order upwind scheme for pressure, momentum,
turbulent kinetic energy, turbulent dissipation rate, and energy.

The velocity-inlet and outflow boundary types are adopted on
the inlet and outlet, respectively. The velocity in the inlet is varied
from 1.53 m/s to 5.10 m/s, and the mass flow rate is varied from
3 kg/s to 10 kg/s for the numerical simulations. The inlet tempera-
ture is set as 293 K and the initial gauge pressure of inlet is set as
default value and equal to zero. The inlet turbulent kinetic energy k
and turbulent dissipation rate e are calculated by the following
equations [40]:

k ¼ 3
2
u2
avgI

2 ð6Þ

e ¼ qCl
k2

l
lt

l

� ��1

ð7Þ
where uavg is the mean flow velocity; Cl is an empirical constant
(approximately 0.09); lt is the turbulent dynamic viscosity; I is
the turbulence intensity and it can be expressed by:

I ¼ u0

uavg
¼ 0:16Re�1=8

in ð8Þ

where u0 is the root-mean-square of the velocity fluctuation.
The temperature Tw of the outer walls of tubes are set at a con-

stant value of 313 K. Therefore, the working fluid in the shell side is
heated by tube walls. The tubesheets, partition, inlet and outlet
nozzles, inner wall of shell side, and the walls of rod baffles are
considered to be adiabatic to simply calculations. Water is applied
as the working fluid for all numerical simulations. As listed in
Table 2, in view of the minor temperature difference, constant
physical property parameters are set in all numerical simulations.

2.2.3. Grid systems
The three-dimensional geometrical models are created and grid

systems are generated by commercial software Solidworks and
Gambit, respectively. As illustrated in Fig. 3(a), grid systems consist
of tetrahedral and hexahedral grids. Tetrahedral grids are adopted
in complex structures including rod baffle zones and the junctions
between the nozzles and shell, and hexahedral grids are adopted in
the rest of the structures. As illustrated in Fig. 3(b), regular quadri-
lateral grids are paved in cross-section. Based on the standard wall
functions, coarse grids are adopted in the boundary layer to ensure
that the y plus of the first layer mesh is larger than 30.

For ensuring the accuracy of simulation results, the mesh sensi-
tivity test is conducted in several grid systems. From Table 3, it can
be observed that three different grid systems, with 15511234,
16520662, and 17415893 mixed cells, are generated for the SS-
RBHX model, while the other three, with 11828436, 14078744,
and 16818544 mixed cells, are adopted for the DS-RBHX model.
The heat transfer coefficient h and pressure drop Dp decrease by
0.9% and 1.1% respectively for the SS-RBHX model when number
of cells alters from 16520662 to 17415893. In the case of the DS-
RBHX model, the values of h and Dp decrease by 0.1% and 1.6%
as cell number alters from 14078744 to 16818544. The grid sys-
tems with 16520662 elements for the SS-RBHX and 14078744 ele-
ments for the DS-RBHX are determined as the optimum grid
systems considering the balance between the workload and
accuracy.

2.3. Model verification

To validate the accuracy of the present numerical simulation
model, simulation results and experimental results are compared
as illustrated in Fig. 4. The experimental results are derived from
Ref. [35] in which Yang et al. conduct an experiment and obtain
relevant results on the shell side of a RBHX. The simulations are
carried out with the physical model provided by Yang and numer-
ical simulation model presented in Section 2.2. Qualitatively, the
behaviors of Nu and Dp between the experiment results and sim-
ulation results are approximately consistent. Quantitatively, the
average differences between simulation results and experiment
results for Nu and Dp are approximately 8.9% and 13.0%, respec-



Fig. 3. Grid systems for calculation models: (a) shell and nozzles parts; (b) cross-
section.

Table 3
Results of mesh sensitivity test.

Cell number h Dp

SS-RBHX model
15511234 3077.3 10001.7
16520662 2972.7 10136.7
17415893 2946.1 10024.5

DS-RBHX model
11828436 4513.4 14647.0
14078744 4507.5 14279.4
16818544 4503.0 14043.5

Fig. 4. Comparisons between simulation results and experimental results by Yang
et al. [35].

X. Wang et al. / International Journal of Heat and Mass Transfer 108 (2017) 2029–2039 2033
tively. The maximum differences for Nu and Dp are 22.1% and
18.7%, respectively, which occurred under Re = 6000, and the min-
imum differences are 3.4% and 3.1%, respectively, which occurred
under Re = 14,000. The differences are reasonable apart from the
unavoidable experimental and simulation errors. It is demon-
strated in this study that the numerical simulation model being
considered is effective.

2.4. Data reduction

The heat transfer rate Q of shell side, under the assumption that
the heat flux to the surroundings is equal to zero, is expressed by
the following equation:

Q ¼ M � cp � ðTout � TinÞ ð9Þ
The heat transfer coefficient h is defined as

h ¼ Q
A � DTm

ð10Þ

where A is the heat transfer area; and DTm is the logarithmic mean
temperature difference between the fluid and tube walls. A andDTm
can be expressed by the following equation:

A ¼ Nt � p � do � L ð11Þ

DTm ¼ DTmax � DTmin

ln DTmax=DTminð Þ ð12Þ

DTmax and DTmin are the maximum temperature difference and
minimum temperature difference between tube walls and the fluid
in shell side, respectively. For present simulations, they can be
expressed approximately by the following equation:

DTmax ¼ Tw � Tin ð13Þ

DTmin ¼ Tw � Tout ð14Þ
where Nt is the number of tubes; do is the outer diameter of each
tube; L is the effective length of each tube; Tw is the temperature
of tube walls; Tin is the inlet temperature; and Tout is the outlet
temperature.

To evaluate the comprehensive performance of the two models,
an efficiency evaluation criterion EEC proposed by Liu et al. [42] is
adopted in the present study. The EEC is the ratio of the gain in heat
transfer rate and cost in power consumption, and is expressed by
the following equation:

EEC ¼ Q=Q0

P=P0
¼ Q=Q0

VDpð Þ= V0Dp0ð Þ ð15Þ

If the volume flow rate V is kept constant, the above equation is
simplified to the form provided below:

EEC ¼ Q=Q0

Dp=Dp0
ð16Þ

where P is the power consumption; Dp is the pressure drop
between inlet and outlet; the subscript ‘‘0” represents the compar-
ison object; the numerator and denominator are the gain in heat
transfer rate and cost in power consumption, respectively.

3. Results and discussion

3.1. Flow structure and velocity distribution

The path lines and velocity distribution in the whole shell side
in the SS-RBHX and DS-RBHX are illustrated in Fig. 5(a) and (b)
under the same mass flow rate M = 7 kg/s, respectively. The flow
velocities at the inlet and outlet are higher than those in the inter-



Fig. 5. Path lines and velocity distributions in whole shell side: (a) SS-RBHX; (b) DS-RBHX.

Fig. 6. Path lines and velocity distributions in the junction between the inner shell side and outer shell side of DS-RBHX.
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mediate zones, i.e., the major zones of the shell side. It is possible
to demonstrate that the flow velocity in the intermediate zone of
the DS-RBHX is higher than that of the SS-RBHX by comparing
Fig. 5(a) and (b). This is a result of the smaller flow area because
of the sleeve in the shell side of the DS-RBHX. Fig. 6 represents path
lines at the junction between the inner shell side and outer shell
side of the DS-RBHX. We can demonstrate that the fluid flows
along the outside surface of the sleeve to one end of the sleeve
and then swerves and flows into the inner shell side in section A
as illustrated in Fig. 6. Fig. 7 shows velocity distributions at differ-
ent cross-sections in the junction between the inner shell side and
outer shell side under the mass flow rate M = 7 kg/s. Seven lines
selected for measuring and analyzing are located at diameters
without tubes in cross-sections, as illustrated in Fig. 7(a). As can
be seen from Fig. 7(b), the change of the main flow direction occur
in the vicinity of the sleeve. At the line O, located at the end surface
of the sleeve, a sharp change of the axial velocity occur between
the outer shell side and inner shell side. The axial velocity distribu-
tions are even gradually after flowing into the inner shell side.
Based on the velocity distributions illustrated in Figs. 6 and 7, it
can be demonstrated that the flow velocity in the inner shell side
is higher than that in the outer shell side under the same mass flow
rate in that the internal transverse area of the sleeve is minor than
the external.

Fig. 8 contrasts the velocity distribution over the inlet and out-
let transverses (crosssections) of the SS-RBHX and DS-RBHX. At the
inlet zones, high-speed cross washouts are generated by the tube
bundles because the fluid flows downstream into the shells from
the inlet nozzles as can be observed in Fig. 8(a) and (c). In a similar
manner, Fig. 8(b) and (d) illustrate that cross washouts are also
caused at the outlet zones although of an intensity less than those
caused by the inlet nozzles.

3.2. Pressure drop

The relationship between variations in pressure drop and mass
flow rate in the case of the SS-RBHX and DS-RBHX are illustrated in
Fig. 9. The results demonstrate that the pressure drop in the shell
side increases with increase in mass flow rate in the case of both
models. The pressure drop Dp in the shell side of the DS-RBHX is
higher than that of the SS-RBHX by a percentage value that varies
from 41.6% to 40.6% as the mass flow rate M increases from 3 kg/s
to 10 kg/s. Therefore, the DS-RBHX has a higher value of power
consumption than that of the SS-RBHX at the any given mass flow
rate.

Fig. 10(a) illustrates local pressure drops at 11 different zones
including inlet zone, intermediate zones (from first to ninth rod
baffle zones), and outlet zone in the shell side of the SS-RBHX,
when M = 7 kg/s. We observe that the pressure drops at the inter-
mediate zones, i.e., the major zones of the shell side, are low and
secondary. On the other hand, pressure drops at the inlet and out-
let play a primary role and account for more than 90% of the total
pressure drop. Local pressure drops in the DS-RBHX, including in
the outer shell side (inlet zone and intermediate zones from first
to eighth rod baffle zones), junction between the outer shell side
and inner shell side (the ninth intermediate zone), and inner shell
side (outlet zone and intermediate zones from tenth to seven-
teenth rod baffle zones) are depicted in Fig. 10(b). It can be deter-



Fig. 7. Velocity distributions at different cross-sections in the junction between the inner shell side and outer shell side: (a) several positions selected for analyzing: O, A, B, C,
D, E, F; (b) axial velocity distributions.

Fig. 8. Path lines and velocity distributions at different transverses: (a) inlet transverse of the SS-RBHX; (b) outlet transverse of the SS-RBHX; (c) inlet transverse of the DS-
RBHX; (d) outlet transverse of the DS-RBHX.

Fig. 9. Pressure drop versus mass flow rate of the SS-RBHX and DS-RBHX.
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mined that a similar distribution law is applicable to both the SS-
RBHX and DS-RBHX, wherein the local pressure drops at the inlet
and outlet are the highest and primary. This conforms to the large
velocity gradient, which appear at the inlet and outlet zones
because of the cross washouts depicted in Fig. 8. Local pressure
drops in the intermediate zones of the DS-RBHX are higher than
those in the SS-RBHX because the higher flow velocity in the DS-
RBHX results in higher power dissipation. Fig. 10(b) also illustrates
that the pressure drops of intermediate zones in the inner shell
side are higher than those in the outer shell side on account of
smaller flow area and high flow velocity in the inner shell side.
The junction between the outer shell side and inner shell side also
causes high pressure drop due to alteration in the magnitude and
direction of flow velocity.

3.3. Heat transfer

Fig. 11 contrasts the temperature distributions in the whole
shell side of the SS-RBHX and DS-RBHX under the same mass flow



Fig. 10. Local pressure drops at inlet, outlet, and intermediate zones: (a) SS-RBHX; (b) DS-RBHX.

Fig. 11. Temperature distributions in whole shell side: (a) SS-RBHX; (b) DS-RBHX.
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rate M = 7 kg/s. It can be observed that the temperature in the DS-
RBHX is higher than that in SS-RBHX while they both have the
same inlet temperature Tin = 293 K. The differences between the
temperatures of the inlet and outlet are up to 4.9 (Tout = 297.7 K)
and 7.0 K (Tout = 300.0 K) for the SS-RBHX and DS-RBHX, respec-
tively. This preliminarily demonstrates that the heat transfer per-
formance of the DS-RBHX is superior to that of the SS-RBHX at
same mass flow rate.

The relationship between the heat transfer rate and mass flow
rate for the SS-RBHX and DS-RBHX are illustrated in Fig. 12. It
can be observed in the illustration that the heat transfer rate in
the shell side increases with increase in mass flow rate in the case
of both the SS-RBHX and DS-RBHX. The heat transfer rate Q in the
shell side of DS-RBHX is higher than that of the SS-RBHX by a per-
centage that varies from 34.5% to 42.7% as the mass flow rate M
increases from 3 kg/s to 10 kg/s. A similar change trend can
observed in the case of the heat transfer coefficient, as depicted
in Fig. 13. The heat transfer coefficient h of the shell side of the
DS-RBHX is higher than that of the SS-RBHX by a percentage that
varies from 44.0% to 50.1% as the mass flow rate M increases from
3 kg/s to 10 kg/s. As a consequence, the heat transfer performance
of the DS-RBHX is enhanced significantly when compared to that of
the SS-RBHX.

In Fig. 14, which illustrates the condition when M = 7 kg/s, the
serrated curves depict the variations in local heat transfer coeffi-
cients at different transverses (crosssection) of the SS-RBHX and
DS-RBHX. The local heat transfer coefficient is at its maximum in
the inlet zone owing to high-speed cross washout from the inlet
nozzle, as illustrated in Fig. 8(a) and (c). Thereafter, the local heat
transfer coefficient decreases sharply until the fluid flows through



Fig. 12. Heat transfer rate versus mass flow rate of the SS-RBHX and DS-RBHX.

Fig. 13. Heat transfer coefficient versus mass flow rate of the SS-RBHX and DS-
RBHX.

Fig. 15. Heat transfer rate versus power consumption for the SS-RBHX and DS-
RBHX.

Fig. 16. Heat transfer rate versus pressure drop for the SS-RBHX and DS-RBHX.
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the rod baffles. The local heat transfer coefficient curve reveals a
peak at each rod baffle, which is a result of the disturbed flow
caused by the rod baffles. The local heat transfer coefficient decli-
nes again after passing each rod baffle until the next rod baffle
appears; such periodic variation occurs in each rod baffle zone.
The heat transfer performance of the DS-RBHX is higher than that
of the SS-RBHX in the major regions. Another instance of a sharp
decrease in heat transfer coefficient appears at the junction
between the outer shell side and inner shell side, which reflects
the small dead zone near the tubesheet as a result of the swerve
of flow.
Fig. 14. Local heat transfer coefficie
3.4. Comprehensive performance

Figs. 15 and 16 depict the variations in heat transfer rate with
respect to the power consumption and pressure drop, respectively.
It can be observed in Fig. 15 that at any particular power consump-
tion, the heat transfer rate of the DS-RBHX is higher than that of
the SS-RBHX. For instance, at power consumption P = 204 W, the
heat transfer rate of the DS-RBHX is higher than that of the SS-
nts: (a) SS-RBHX; (b) DS-RBHX.



Fig. 17. Heat transfer rate under unit pressure drop versus mass flow rate for the
SS-RBHX and DS-RBHX.

Fig. 18. EEC value versus mass flow rate for the DS-RBHX.
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RBHX by 27.9%. Similarly, at heat transfer rate Q = 180,454W, the
power consumption of the DS-RBHX is lower than that of the SS-
RBHX by 54.2%. A similar rule can be observed in Fig. 16 as well.
The heat transfer rate of the DS-RBHX is 20.1% higher than that
of the SS-RBHX at pressure dropDp = 22,617 Pa. On the other hand,
the pressure drop generated in the DS-RBHX is 33.7% lower than
that in the SS-RBHX at heat transfer rate Q = 180,454W.

As can be seen from Fig. 17, h/Dp, i.e., the heat transfer rate
under unit pressure drop, is adopted as a comprehensive perfor-
mance index, and it decreases with the increase in mass flow rate.
The h/Dp of the DS-RBHX is always higher than that of the SS-
RBHX by a maximum of 8.9% at given mass flow rates. This is a pre-
liminary indication that the comprehensive performance of the DS-
RBHX is superior to that of the SS-RBHX.

On the basis of Eq. (15), we can conclude that the outcome is
acceptable if the EEC is approximately equal to or larger than 1,
which implies that the gain in heat transfer rate is equal to or
higher than the cost in power consumption. As can be observed
in Fig. 18, the EEC is approximately to 1 when the mass flow rate
M < 6 kg/s, and larger than 1 when mass flow rate MP 6 kg/s. As
a consequence, the DS-RBHX, i.e., the structure which is novel with
respect to the SS-RBHX, is considered to be effective in enhancing
the comprehensive performance of rod baffle heat exchangers.

4. Conclusion

From the context of the present study, it can be observed that
the double shell side rod baffle heat exchanger (DS-RBHX) is pro-
posed and investigated via CFD software. The numerical simula-
tions and comparisons between single shell side rod baffle heat
exchanger (SS-RBHX) and DS-RBHX with respect to heat transfer,
pressure drop, and comprehensive performance are conducted.
Based on the simulation results, the conclusions can be summa-
rized as follows:

(1) Under the same mass flow rate M and same heat transfer
area A, the flow velocity and the heat transfer performance
in the shell side of the DS-RBHX is significantly increased
and improved, because the flow area of each individual shell
side is smaller than that of the SS-RBHX.

(2) Under the same mass flow rate M and same heat transfer
area A, the heat transfer rate Q of the DS-RBHX increases
by 34.5%–42.7% while the pressure drop Dp is higher by
41.6–40.6% than those of the SS-RBHX.

(3) Under same heat transfer area A, same pressure drop Dp and
same power consumption P, the heat transfer rate Q of the
DS-RBHX has a significant improvement compared to that
of the SS-RBHX.

(4) Under the same mass flow rate M and same heat transfer
area A, the heat transfer rate under unit pressure drop of
the DS-RBHX raises up to 8.9% than that of the SS-RBHX.

(5) Under the same mass flow rate M and same heat transfer
area A, the gain in heat transfer rate is worth the cost in
power consumption of the DS-RBHX according to the EEC
approximately equal to and even larger than 1.

As a final point, the DS-RBHX is demonstrated to be effective in
enhancing heat transfer and improving the comprehensive perfor-
mance of rod baffle heat exchangers.
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