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In the present paper, a novel shell-and-tube heat exchanger is proposed for the application of oil cooler. It
is numerically investigated compared to a rod baffles shell-and-tube heat exchanger using the commer-
cial software FLUENT 6.3 and GAMBIT 2.3. The results of heat transfer, flow characteristics, and compre-
hensive performance are analyzed for both tube-side and shell-side with verifications of correlations and
experimental apparatus. For tube-side, the novel heat exchanger demonstrates evidently excellent over-
all performance; while for shell-side, the novel heat exchanger illustrates slightly lower comprehensive
performance than the rod baffles one. The path lines, pressure field, and temperature field are analyzed
and the multi-fields synergy principle is adopted to evaluate the synergy extent between velocity, tem-
perature, and pressure fields.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Shell-and-tube heat exchangers (STHXs) are widely used in the
petro-chemical industry, manufacturing industry, food preserva-
tion, electrical power production and energy conservation systems,
due to their structural simplicity, relatively low cost and design
adaptability. According to Master and co-workers, they account
for more than 35–40% of the heat exchangers used in global heat
transfer processes [1]. The conventional heat exchangers with seg-
mental baffles (STHXsSB) are one of the most commonly used
exchangers in the practical application. However, they have the
disadvantages of high pumping power, fouling problems in the
dead zones, and induction vibration of tube bundles [2]. Therefore,
it is of great significance to propose new heat exchangers in order
to overcome the above-mentioned drawbacks.

Lots of novel structures [3–29] have been suggested to enhance
heat transfer, reduce power consumption and increase cost-
effectiveness for the past decades. Among the those new heat
exchangers, the main concept is altering the shell-side flow from
zigzag pattern to longitudinal or helical pattern to avoid the impact
of tube bundles and reduce the relaminarization and recirculation
flow. As a result, this flow pattern variation increases heat transfer
area, compresses heat exchanger, and improves cost-efficiency.
Although the open literature is replete of multifarious novel heat
exchangers, it is difficult to apply one heat exchanger for all fields
since each design contains certain disadvantages. Therefore inves-
tigating new heat transfer enhancement techniques and proposing
novel design to increase thermal–hydraulic performance are still in
demands.

Experiments can provide highly reliable measurements of
thermal–hydraulic performance; however, experiments can be
extremely expensive and time-consuming compared to computa-
tional fluid dynamics (CFD). For very complex flows, such as those
prevailing in the rod-baffle shell-and-tube heat exchanger, select-
ing an appropriate modeling approach can be difficult. There are
complex tradeoffs between accuracy and computational expense.
For example, a heat exchanger with 500 heat transfer tubes and 10
baffles requires at least 150 million computational cells to resolve
the geometry. So far there are four main modeling approaches used
for numerical simulations: the unit model [30,31,20], the periodic
model [32,33], the porous model [34–37,21] and the whole model
[38–40]. Recently Yang et al. [41] summarized the four modeling
approaches, conducted a comparison of four different models on
numerical accuracy, grid system size, computational period, and
restriction, and provided an approach on selecting the most
appropriate model for the practical situation.

So far, the performance evaluation criteria (PEC) [42,43], effi-
ciency evaluation criterion (EEC) [44,45], and multi-fields synergy
principle [46–53] have been proposed to evaluate performance
and effectiveness. They all have been successfully utilized to ana-
lyze thermal–hydraulic performance. Through a wide literature
survey, it is noticed that little work about its application on the
whole model simulation of a shell-and-tube heat exchanger have
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Fig. 1. Schematic diagram of the eccentric spiral tube: (a) the tube centerline; (b)
the spiral tube; (c) the front view.

Nomenclature

Ah hydraulic area (m2)
A heat transfer area (m2)
cp specific heat capacity (kJ kg�1 K�1)
C1e empirical constant (–)
C2e empirical constant (–)
Cl empirical constant (–)
Di tube inner diameter (m)
Do tube outer diameter (m)
Ds shell inner diameter (m)
Dh hydraulic diameter (m)
f friction coefficient (–)
Gk producing item of k by average velocity gradient

(kg m�1 s�3)
h heat transfer coefficient (W m�2 K�1)
i, j, k component on x, y, z coordinates (–)
k turbulent kinetic energy (m2 s�2)
L baffle pitch (mm)
L0 baffle distance from head (mm)
Lt tube length (m)
n tube quantity (–)
Nu Nusselt number (–)
PEC performance evaluation criteria (–)
Ph hydraulic length (m)
ps pitch of the helix curve (mm)
p pressure (Pa)
DP pressure drop (Pa)

Q heat transfer power (W)
Re Reynolds number (–)
S eccentric distance (mm)
T temperature (K)
u inlet average velocity (m s�1)
U flow velocity of fluid (m s�1)
r, h, h cylindrical coordinates (–)

Greek symbols
q fluid density (kg m�3)
k thermal conductivity (W m�1 K�1)
l dynamic viscosity (kg m�1 s�1)
e turbulent dissipation rate (m2 s�3)
rk Prandtl numbers corresponded to k (–)
re Prandtl numbers corresponded to e (–)
b synergy angle (�)
h synergy angle (�)

Subscripts
ave average value
e enhanced heat exchanger
p primary heat exchanger
w wall
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been reported in open literature since these procedures consume
too much computational resources. In this paper, a novel oil cooler
is proposed to provide an alternative solution for industrial design-
ers. 3-D numerical simulations of the heat exchanger for both
tube-side and shell-side are developed. The thermal–hydraulic
performances of tube-side and shell-side are investigated and
PEC is used to analyze the results. The present work also extends
the application of multi-fields synergy principle on the whole
model simulation of shell-and-tube heat exchanger, thus filling
the gap in open literature.

2. Model formulation

2.1. Geometric introduction

Recently our research group invented a novel heat transfer tube
called eccentric spiral tube as shown in Fig. 1. Each cross section of
the tube is a circle. The centerline of tube is a helix curve and its
equation in cylindrical coordinate system is expressed as follows:

rðtÞ ¼
sin t � s 2 � ðk� 1Þ � p 6 t 6 2kp

4

s 2kp
4 6 t 6 6kp

4

� sin t � s 6kp
4 6 t 6 2kp

9>=
>;k 2 Z

8><
>:

hðtÞ ¼ t
hðtÞ ¼ ps � t

8>>>>>><
>>>>>>:

ð1Þ

where r, h, h are the coordinates in cylindrical coordinate system; s
stand for the eccentric distance of the tube centerline; ps stands for
the pitch of the helix curve; Do and Di represent the outer and inner
diameter of tube cross-section, respectively. In the present work, Do

and Di is set as 16 and 14 mm, p is set as 40 mm, s is set as 2.5 mm.
Motivated from the rod baffle heat exchanger [6–9] and twisted

tubes heat exchanger [10–14], our research group proposed a novel
shell-and-tube heat exchanger as shown in Figs. 2 and 3. The origi-
nal plain tubes in the conventional STHXsSB are replaced by this
novel heat transfer tubes. This alignment results in heat transfer
tubes contacting at many points along the length of tube in bundle.
So all tubes are tightly braced and there exists no tube movement
during working condition. The spiral tubes are assembled into such
a bundle that there is no need to install any baffles (segmental,
helical, orifice, rod, trefoil-hole, or flower baffles) or supporting
parts (ring) between each tube in the heat exchanger. Therefore,
it is expected that this shell-and-tube heat exchanger with spiral
tubes (STHXsST) has the advantages of higher thermal–hydraulic
performance, higher thermal effectiveness, tube bundle vibration
elimination, and lower fouling due to its unique structure in both
tube-side and shell-side. As one of the most outstanding inventions
in the field of shell-and-tube heat exchanger, the shell-and-tube
heat exchanger with rod baffles (STHXsRB), rather than STHXsSB,
is taken as the reference group in order to demonstrate the novelty
and improvement of the new oil cooler. The optimized geometric
parameters [54,55] are adopted in the present work as presented
in Table 1. For STHXsRB and STHXsST, all geometric parameters
including shell diameter, shell length, tube number, inlet and out-
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Fig. 2. 2-D diagram of the shell-and-tube heat exchanger with spiral tubes: 1. fluid
cavity; 2. tube sheet; 3. shell-side inlet; 4. contacting points; 5. spiral tube; 6. shell-
side outlet; 7. fluid cavity; 8. tube-side outlet; 9. shell wall; 10. tube sheet; 11. tube-
side inlet.

Fig. 3. 3-D diagram of the shell-and-tube heat exchanger with spiral tubes: 1. shell-
side inlet; 2. shell-side outlet; 3. contacting points; 4. spiral tube; 5. shell-side outer
wall.

Table 1
Structural parameter of shell-and-tube heat exchanger.

Shell diameter (Ds) 144 mm
Tube outer diameter 16 mm
Tube inner diameter 14 mm
Tube effective length 1000 mm
Tube pitch 22 mm
Tube number 21
Baffle number 7
Baffle thickness 5 mm
Baffle pitch (L) 120 mm
Baffle distance from head (L0) 140 mm
Inlet and outlet nozzles 50 mm
Tube arrangement Non-staggered placement
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let nozzles are identical except the parameters involving configura-
tion of spiral tube.

2.2. Governing equations, grid generation and boundary conditions

2.2.1. Governing equations
In the paper, the novel shell-and-tube heat exchanger is used as

oil cooler, thus the fluid for tube-side is oil in laminar flow and
fluid for shell-side is water in turbulent flow. The conservation
equations for both fluids are presented in the tensor form in the
Cartesian coordinate system as the flows are steady and the fluids
are incompressible [56,57].

Continuity equation:
@uj

@xj
¼ 0 ð2Þ
Momentum equation:

q � @ðuiujÞ
@xj

¼ � @pi

@xi
þ @

@xj
l @ui

@xj
þ @uj

@xi

� �� �
ð3Þ

Energy equation:

q � @ðujTÞ
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¼ @

@xj

k
cp

@T
@xj

� �
ð4Þ

where q is fluid density, k is thermal conductivity, cp is specific
heat capacity, p is pressure, l is dynamic viscosity, T is tempera-
ture. As the fluid for shell-side is in turbulent flow, the regular k–
e model is adopted:

Turbulent kinetic energy:
q � @ðkuiÞ
@xi

¼ @

@xj
lþ lt

rk

� �
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�� �
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Turbulent energy dissipation:

q � @ðeuiÞ
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k
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k
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where k is turbulent kinetic energy, e is turbulent dissipation
rate, Gk is producing term of turbulent kinetic energy generated
by mean velocity gradient, C1e and C2e are empirical constants, rk

and re are Prandtl numbers corresponding to turbulent kinetic
energy and turbulent dissipation rate, lt is defined as follows
[56,57]:

lt ¼ qCl
k2

e
ð7Þ

where Cl = 0.09, C1e = 1.44, C2e = 1.92, rk = 1.0, re = 1.3 and Gk is
defined as follows [56,57]:

Gk ¼ lt
@ui

@xj
þ @uj

@xi

� �
@ui

@xj
ð8Þ
2.2.2. Grid generation
The geometric modeling and grid generation procedures were

carried out with commercial CFD preprocessor GAMBIT 2.3. The
3D model is presented as in Fig. 3. According to the method given
by Yang [41], the whole modeling approach is utilized for shell-
side computational calculations as it provides the highest accuracy
and real flow conditions while the other three modeling
approaches cannot be used. The grid independence test was com-
pleted for each model. Taking the STHXsRB model as an example,
five different grid systems with 5.0 � 106, 1.1 � 107, 1.7 � 107,
2.5 � 107 and 3.3 � 107 cells were adopted for calculation. The dif-
ferences in heat transfer coefficient and friction coefficient
between the third and fourth model are around 7% and the differ-
ences between the fourth and fifth model are around 2%. Thus, tak-
ing numerical resource cost and solution accuracy into
consideration, the fourth model with 2.5 � 106 grid system was
adopted. The model of STHXsRB was discretized with hexahedral
meshes for the most flow region and with tetrahedral meshes for
the baffle region, while the model of STHXsST was discretized with
all hexahedral meshes. After the grid independence test, the final
cell numbers for STHXsRB and STHXsST are 2.5 � 107 and
1.6 � 107, respectively. The meshes of heat exchanger models are
shown in Figs. 4 and 5. For tube-side, hexahedral cells were
adopted to mesh the internal space for the spiral tube. Local grid
refinement was applied in the boundary layers. After grid indepen-
dence test, the final cells number is around 2.5 � 106. The meshes
of the spiral tube are shown in Fig. 6. All numerical calculations are



Table 2
Thermo-physical properties of fluid in oil cooler heat exchanger.

Parameters Shell-side (water) Tube-side (oil)

cp (J/kg K) 4182 2270.1
l (kg/m s) 0.001003 0.0095
q (kg/m3) 998.2 826.1
k (W/m K) 0.6 0.132

Fig. 4. Grid system of STHXsRB: (a) nozzles part; (b) front view; (c) rod baffle.

Fig. 5. Grid system of STHXsST: (a) nozzles part; (b) front view.

Fig. 6. Grid system of the spiral tube.
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performed on a workstation with 20 dual-core CPUs and 160 GB
RAM. Overall, it takes approximately 210 h to complete all calcula-
tions (not include the synergy angle calculations).

2.2.3. Boundary conditions
The commercial CFD software Fluent 6.3 was adopted for all the

numerical simulations. The 3D, double-precision, pressure-based
solver was used. The conservation equations are discretized with
a finite volume formulation. The standard wall function method
is adopted for the near-wall region, and a non-slip boundary con-
dition is adopted on all solid surfaces. For shell-side the surfaces
of solid regions are set as adiabatic because the impact caused by
thermal conduction of the baffles can be neglected. The velocity-
inlet boundary condition is applied for the inlet since for incom-
pressible fluid the velocity-inlet boundary condition is equal to
mass-flow-inlet boundary condition in Fluent, and the outflow
boundary condition is applied for the outlet since the pressure
for outlet is not given. The temperatures of tube inner and outer
walls are set as constant and their values are taken from the aver-
age wall temperature determined in the experiments. The shell
wall is set as adiabatic. The two-order upwind difference scheme
is applied, and the SIMPLE algorithm is adopted for the coupling
between pressure and velocity field; the two-order upwind differ-
ence scheme is applied for energy and momentum computation,
and the standard difference scheme is used for the pressure. The
other setting parameters adopt the default settings according to
the user’s guide in Fluent. The working fluids for shell-side and
tube-side are set as water and oil and the corresponding parame-
ters are listed in Table 2. The following assumptions are made to
simplify numerical simulations for both tube-side and shell-side:
the thermal-physical properties of the fluids such as q, l, cp, k
are constant; the working fluids are isotropic, Newtonian, incom-
pressible, and continuous; the effect of gravity is negligible and
viscous heating and thermal radiation are ignored.

2.3. Data reduction

The Reynolds number is expressed as follows:

Re ¼ q � u � Dh

l
ð9Þ

where u is the fluid velocity, and Dh is the hydraulic diameter. For
tube-side Dh is the inner diameter of tube, while for shell-side Dh

is expressed as follows:

Dh ¼
4Ah

Ph
¼ p � D2

s � p � n � D2
o

p � Ds þ p � n � Do
ð10Þ

where Ah is the hydraulic area and Ph is the hydraulic length. Ds and
Do are inner diameter of shell and outer diameter of tube. n is the
tube quantity. The Nusselt number is expressed as follows:

Nu ¼ h � Dh

kf
ð11Þ

where kf is thermal conductivity and h is the convective heat trans-
fer coefficient expressed as follows:

h ¼ Q
A � ðTw � TaveÞ

ð12Þ

where Q is heat transfer power, A is heat transfer area, Tw is wall
temperature and Tave is average temperature for the working fluid.
The friction factor is calculated as

f ¼ 2DhDP
qLtu2 ð13Þ

where DP is pressure drop, Lt is tube length. The performance evalu-
ation criteria are defined as following to measure the comprehensive
performance [42,43]:

PEC ¼ Nue=Nup

ðfe=fpÞ1=3 ð14Þ



Fig. 7. Comparison between the simulation results and correlation results of plain tube: (a) Nu; (b) f.

Fig. 9. Comparison between the simulation results and experimental results of shell-side for rod baffles heat exchanger [41].

Fig. 8. Schematic diagram for experimental system.
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Fig. 10. The path lines in the spiral tube.
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where the subscripts e stands for the enhanced heat exchanger and
p stands for the primary heat exchanger.
3. Model validation

3.1. Tube-side

To verify the numerical modeling approach, the same modeling
method was adopted for plain tube in laminar flow. The computa-
tional results were compared to the empirical correlations in
Fig. 12. Comparison between STHXsRB and STHXsST fo

Fig. 11. Numerical results for spiral tube: (a) thermal–hydraul
literature [58–60]. For the laminar flow in a tube with entrance
effect, the correlation in reference [58] was used to calculate
Nusselt number expressed as follows:

Nu ¼ 3:66þ 0:065ðD=LÞReDPr

1þ 0:04½ðD=LÞReDPr�2=3 ð15Þ

and the Sieder–Tate correlation in Ref. [59] was also used to
calculate Nusselt number expressed as follows:

Nu ¼ 1:86
Ref Prf

l=d

� �1
3 gf

gw

� �0:14

ð16Þ

For the friction coefficient calculation, the H.L. Langhaar plot corre-
lation was used to calculate friction coefficient. More information of
the plot could be found in [60]. As shown in Fig. 7, it is seen that the
CFD results and correlation outcomes are in good agreement. There-
fore it is safely concluded that the tube-side model has a reliable
accuracy.

3.2. Shell-side

In order to verify the precision of shell-side whole modeling
approach on predicting heat transfer and pressure drop, experi-
mental method was used. The schematic for the experimental sys-
tem is presented in Fig. 8. The system consists of three loops, which
are hot water loop, cooling water loop and refrigerating loop. The
hot water loop contains a 58 kW electrical heater, water tank,
hot water pump, flow meters and tube-side of a heat exchanger.
The cooling water loop contains the water side of a plate heat
r shell-side: (a) Nusselt number; (b) pressure drop.

ic performance; (b) performance evaluation criteria value.



Fig. 13. The PEC value of STHXsST for different Reynolds number.
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exchanger, water tank, cold water pump, flow meters and the
shell-side of a heat exchanger. The refrigerating loop contains a
58 kW refrigerating unit device, pump and the refrigerant side of
Fig. 14. Path lines in shell-side when Re = 14,000: (a) rod baf
a plate heat exchanger. When the experiment is in steady opera-
tion, the heat generated by electrical heater is transferred from
the hot water to the cold water in the heat exchanger. Then the
thermal power in cooling water loop transfers heat from water to
refrigerant at the plate heat exchanger. Finally, heat is rejected to
ambient air. The volume flow rates for cold and hot fluids are mea-
sured using four rotary flow meters. The temperature of the fluids
is measured using four K-type thermal couples that are inserted
into holes at the hot fluid inlet, hot fluid outlet, cold fluid inlet,
and cold fluid outlet. The pressure drops between inlet and outlet
for the shell and the tube-side are measured using the two pres-
sure drop transmitters. All data of temperature and pressure differ-
ence are transmitted in the PC system and automatically recorded
through a data acquisition system. Due to the length limitation of
context, more information regarding uncertainty analysis, data
reduction and experimental apparatus could be found in [41] for
reader’s convenience.

Fig. 9 provides a comparison between numerical and experi-
mental results for shell-side average Nusselt number and pressure
drop for rod baffles heat exchanger [41]. It is observed that the
fle heat exchanger; (b) heat exchanger with spiral tubes.
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numerical results are in excellent agreement with experimental
results. For most of the data points, the differences between com-
putational and experimental results are less than 8%. The maxi-
mum discrepancies are about 10.8% for Nusselt number and
12.4% for pressure drop. Therefore it is decided that the whole
modeling approach has a high precision on predicting thermal–
hydraulic performance.
4. Analysis of thermal–hydraulic performance and discussion

To more clearly elucidate the underlying mechanism, the path
lines in spiral tube are presented in Fig. 10. It is clearly seen that
vortex has been formed near the wall of spiral tube, while the fluid
in the core region can still maintain a straight bulk flow. The ther-
mal–hydraulic performance and PEC are presented in Fig. 11.
Fig. 11(a) shows that the Nusselt numbers of both spiral tube
and plain tube increase with the increment of Reynolds number,
while the former increases more rapidly. So the Nusselt number
difference between spiral tube and plain tube increases with the
increment of Reynolds number. Fig. 11(a) also depicts that all the
friction coefficients decrease with the increment of the Reynolds
Fig. 15. Pressure distribution of shell-side when Re = 14,000: (a) ro
number, and the spiral tube has larger friction factors than the
plain tube. Fig. 11(b) demonstrates the comprehensive perfor-
mance of spiral tube. It is seen that the PEC value increases with
the increase of Reynolds number, ranging from around 1.25–2.1.
So it is concluded that the spiral tube has obviously excellent over-
all performance than plain tube.

The comparison of the Nusselt numbers of shell-side for
STHXsRB and STHXsST is presented in Fig. 12(a). It is clearly seen
that the Nusselt number trends of all data are similar, that is, Nus-
selt number increases with Reynolds number. It can be seen that
the Nusselt number of STHXsST is less than that of the STHXsRB.
Quantitatively, the Nusselt number of STHXsST is approximately
75.1–85.4% that of STHXsRB. The comparison of the pressure drops
of shell-side for STHXsRB and STHXsST is presented in Fig. 12(b).
The variation trends of flow characteristics are in good agreement
with the trends of Nusselt number, which increase with the
increase of Reynolds number. The pressure drop of STHXsST is less
than that of the STHXsRB. Quantitatively, the pressure drop of
STHXsST is about 64.2–67.3% that of STHXsRB. For STHXsRB, the
enhanced heat transfer performance is due to the mechanisms
such as vortex and swirl flows and secondary circulations caused
by the several arranged rod baffles along the flow direction, while
d baffle heat exchanger; (b) heat exchanger with spiral tubes.



Fig. 16. Temperature distribution of shell-side when Re = 14,000: (a) rod baffle heat exchanger; (b) heat exchanger with spiral tubes.
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for STHXsST the heat transfer is mainly due to the disruption and
reattachment of boundary layers as the spiral tubes have the fea-
ture of curve surface. The relation of PEC value versus Reynolds
number for STHXsST is presented in Fig. 13 in comparison with
the primary heat exchanger, i.e. the rod baffle heat exchanger. It
is observed that all PEC values of STHXsST exceed 0.9, revealing
that the comprehensive performance of STHXsST is around ten per-
cent less than that of STHXsRB according to performance evalua-
tion criteria.

For the traditional shell-and-tube heat exchangers with seg-
mental baffles, the shell-side flow is zigzag pattern. This flow pat-
tern achieves enhancing heat transfer and pressure drop
dramatically, but it yields many practical issues. It is well estab-
lished from the open literature that altering the shell-side flow
from zigzag pattern to longitudinal or helical pattern is a very
promising design technique for shell-and-tube heat exchangers
to overcome those real problems. It is easily expected that the shell
flows in both STHXsRB and STHXsST are longitudinal, but the flow
mechanisms are various, which will be validated in the following
context. In conclusion, the shell-side overall performance of
STHXsST is slightly lower than that of STHXsRB. But the tube-side
overall performance is greatly better than that of STHXsRB. It also
should be noticed that due to the unique configuration of spiral
tube the heat transfer area of STHXsST is larger than that of
STHXsRB, which results in larger area-volume ratio.

The path lines of shell-side for both heat exchangers when Rey-
nolds number is 14,000 are shown in Fig. 14. It can be clearly seen
that both flows are longitudinal and the flow in the shell-and-tube
heat exchanger with spiral tubes is smoother than that of the rod
baffles heat exchanger. Accompanying with the supporting rod
baffles, the fluid flow is tortuous. The variation of shell-side fluid
pressure is shown in Fig. 15. The streamwise decrease of fluid pres-
sure is easily seen. It can be also observed that the pressure gradi-
ent for the shell-and-tube heat exchanger with spiral tubes is
much smaller than that of the rod baffles heat exchanger. It is also
seen that the pressure distribution for the novel oil cooler is more
uniform than that of the old one. The variation of shell-side fluid
temperature is shown in Fig. 16. It is seen that the temperature
filed for the novel oil cooler is well-distributed along the shell-side.

5. Multi-fields synergy principle analysis

Guo [46], Tao [47], and Liu [48–53] proposed the multi-fields
synergy principle and introduced several synergy angles, claiming
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Fig. 17. Comparison of synergy angle b and h between STHXsRB and STHXsST.
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that they are relevant with the relations between velocity, temper-
ature and pressure fields. The dot product of dimensionless veloc-
ity and temperature gradient in 2-D energy synergy equation can
be expressed as [46]:

U � rT ¼ jUjjrTj cos b ð17Þ

Thus the synergy angle b is defined as follows:

b ¼ arccos
U � rT
jUjjrTj ð18Þ

The synergy angle b between the temperature and velocity
fields indicates the heat transfer enhancement extent for the novel
techniques compared to the original heat transfer technique. Liu
extended the synergy principles and proposed other synergy
angles. The dot product of dimensionless velocity and pressure gra-
dient in 2-D energy synergy equation can be expressed as [53]:

U � ð�rpÞ ¼ jUjj � rpj cos h ð19Þ

Thus the synergy angle h is defined as follows:

h ¼ arccos
U � ð�rpÞ
jUjj � rpj ð20Þ

The synergy angle h between the pressure and velocity fields
indicates the flow resistance variation for novel techniques
compared to the original technique. According to the multi-fields
synergy principle, the synergy angle b and h is directly relevant
to the heat transfer and hydraulic performance. After a wide range
of literature review, little efforts of synergy field analysis on the
whole shell-and-tube heat exchanger simulation have been
reported. The main reason is that it takes a workstation with
160 GB RAM about 170 h to complete all the calculations for the
shell-and-tube heat exchangers in this paper, so it would consume
more time and computational resource to calculate synergy angle.
In the present work, the synergy angles b and h are calculated by a
user defined function (UDF) program linked with FLUENT, as
shown in Fig. 17.

According to the multi-fields synergy principle, it is expected
that the synergy angle is consistent with Reynolds number as the
flows in both heat exchanger are in full turbulence [44]. In
Fig. 17(a), it is seen that synergy angle b vary little with Reynolds
number for both STHXsRB and STHXsST which is in accordance
with synergy principle. The synergy angle b for STHXsST is larger
than that of STHXsRB for each data point demonstrating that the
synergy extent between temperature and velocity fields for
STHXsRB is better than that of STHXsST in turbulent flow. Quanti-
tatively, the synergy angle b is 79.7–80.3� for STHXsRB and 84.9–
85.3� for STHXsST. The original synergy angle b for the plain tube
and heat exchangers without any baffles is expected to be 90� since
the fluid velocity is perpendicular to the temperature gradient. The
synergy degree between the temperature and velocity fields is
intensified after adding the baffles parts or enhanced tubes, so
the angle b will decrease correspondingly. In Fig. 17(b), the synergy
angle h varies little with Reynolds number for both STHXsRB and
STHXsST as well. Although the synergy angle h decreases slightly
with Reynolds number, the angle difference between STHXsRB
and STHXsST is larger than the variation. The synergy angle h for
STHXsRB is less than that of STHXsST for each data point illustrat-
ing that the synergy extent between pressure and velocity fields
for STHXsST is better than that of STHXsRB in turbulent flow.
Quantitatively, the synergy angle h is 46.2–48.0� for STHXsRB
and 51.6–51.8� for STHXsST. From the Figs. 12–14, it is concluded
that the thermal–hydraulic performances are in consistence with
multi-field synergy principle for the two heat exchangers.
6. Conclusions

(1) A novel shell-and-tube oil cooler was proposed and the CFD
model was developed. The thermal–hydraulic performances
for tube-side and shell-side were both investigated. The
whole modeling approach was successfully applied for the
new shell-and-tube heat exchanger.

(2) The PEC value for spiral tube is around 1.2 to 2.0, demon-
strating that the shell-and-tube heat exchanger with spiral
tubes has a better performance than the rod baffles shell-
and-tube heat exchanger in tube-side. The PEC value for
shell-side is around 0.9, illustrating that STHXsST has
slightly lower performance than STHXsRB. Another advan-
tage for STHXsST is that it possesses larger heat transfer
area, leading to a more compact shell-and-tube heat exchan-
ger. Therefore it is safe to draw the conclusion that the novel
oil cooler provides a good alternative solution for industrial
designers.

(3) The path lines, pressure distribution, and temperature distri-
bution were numerically analyzed. The multi-fields synergy
principle was implemented in the whole shell-and-tube heat
exchanger simulation. It was used to evaluate and validate the
novel heat exchangers from the perspective of the velocity,
temperature and pressure fields. The whole shell-and-tube
heat exchanger synergy angle calculations were performed
thus filling the existing gap in the open literature.
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