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Abstract. In this paper, the performance of shell-and-tube heat exchangers with single-segmental baftle and vary-
ing configurations of concave-cut baffles (10, 15 and 20 %) was investigated. The study was carried out for a heat
exchanger having either engine oil, water and air as shell-side fluid. For each configuration of the baffles, the results
of both the the k-¢ and RNG k-¢ turbulent models were in very close agreement. The heat exchangers with concave-
cut baffles had higher pressure drops and lower performance factors than that of single-segmental baffle at the same
range of mass flow rates for all fluid cases. Also, the concave-cut baffle heat exchangers had lower shell-side heat
transfer coefficients at the same pressure drop against that of single-segmental baffles. Thus, the use of concave-cut
baftles did not exhibit desirable performance in heat exchanger as compared with the segmental baffles.

Keywords: shell-and-tube heat exchanger, pressure drop, weighted performance factor, weighted heat transfer coef-

ficient, concave-cut baffle.

1 Introduction

Heat exchanger is a device which transfers thermal en-
ergy between fluids at significantly different temperatures
[1]. They are widely used for engineering applications in
industries, such as in chemical, petroleum, HVAC, auto
and aerospace, electronics, power generation and process
industries [2, 3]. The most used and widespread type of
heat exchangers found in these industries are the shell-
and-tube types. The high level of acceptance of shell-and-
tube heat exchanger (STHE) is due to its robustness and
versatile materials used in construction, ease of mainte-
nance and very wide range of operating conditions [4—7].

The thermal-hydraulic performance of a heat exchang-
er has significant effect on energy requirement and effi-
ciency of a system. Thus, an optimally balanced thermal-
hydraulic design is required but most often attempting to
enhance the heat transfer within a heat exchanger raise its
pressure drop, which results in increase power demand of
fluid handling equipment within the system [2, 3]. Heat
transfer enhancement can be achieved through insertion
of baffles on the shell-side of STHE [8]. The baffles in-
crease the flow turbulence by creating tortuous motion of
the fluid for better interaction with the tube surface.
Hence, the geometrical shapes and forms of

baffles affect greatly the overall performance of STHEs
[9]. The various baffle designs used in heat exchangers
are not limited to segmental, helical, trefoil-hole, disc-
and-donought, and rod baffles.

Zhou et al. [10] numerically studied on the improve-
ment of the shell-side heat transfer with trefoil-hole baf-
fles. They observed a longitudinal flow of the fluid and
also noticed that the multidirectional jets and secondary
flow on the sides of the baffles enhanced the heat transfer
rate. Wang et al. [11] performed periodic simulation of
shell-side heat transfer of STHE with longitudinal flow
using rod baffles as supporting structure. Their results
were well correlated with experimental data. The research
[12] dials with the thermo-hydraulic performance of a
STHE with trefoil-hole baffles with a turbulent flow re-
gime. Their experimental results showed that there was a
considerable high heat transfer enhancement with sub-
stantially increased pressure drop using the trefoil-hole
baffles as compared with STHE without baffle. It was
discovered from their numerical results that the very high
thermal performance was as a result of the high speed
recirculation flow and high level of turbulence intensity
created by trefoil-hole baffles. Ozden and Tari [13] used
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three turbulent models to investigate a heat exchanger
with single-segmental baffles considering the baffle spac-
ing to shell diameter ratio for two baffle cuts (25 and
36 %). Their results were in good agreement with the
Bell-Delaware method; and the 25 % baffle-cut heat ex-
changer had better thermal-hydraulic performance.

The conventional single-segmental baffles are com-
monly used in heat exchangers for their high heat transfer
capability. Although, some other baffle designs have been
reportedly proved to have lower shell-side pressure drops
as compared with the single-segmental baffle but their
overall performance are reduced by their heat transfer
rate [14, 15]. The baffle cut and spacing of single-
segmental baffles have much effect on the heat exchanger
performance. The optimum baffle spacing ratio, which is
the baffle spacing to shell inside diameter, recommended
is between 0.3 and 0.6, while the baffle cut ranges from
15 to 45 % of the baffle diameter [16, 17]. As shown in
Figure 1, the baffle cut creates a segment known as baffle
window, which allows the passage of shell-side fluid
from one shell zone to another within the heat exchanger.
However, Bouhairie [18] reported that the optimum and
widely used allowance is the 25 %.

Figure 1 — Schematic representation of flow
inside shell-and-tube heat exchanger

Jozaei et al. [19] studied the performance of a heat ex-
changer with varying baffle spacings (101.6, 203.2,
304.8, 406.4, 508.0 and 609.6 mm) and shell inside di-
ameter of 477.8 mm. It was observed that there was a
reduction in the overall heat transfer coefficient and pres-
sure drop as the baffle spacing increased. The optimum
ratio of the overall heat transfer coefficient to pressure
drop was found between baffle spacing of 203.2 and
304.8 mm, which are ranged between 0.43 and 0.64 of
shell inside diameter. Prasanna et al. [20] numerically
investigated the effect of 25 and 36 % baffle cuts on the
performance of heat exchangers with varying number of
baffles from 6 to 12. It was reported that the STHE with
25 % baffle cut had higher heat transfer coefficient and
pressure drop than STHE with 36 % baffle cut for the
range of shell inlet flow rate of 0.5 to 2 kg/s considered.

Even though quite number of studies have been con-
ducted on the performance of various baffle designs and
cuts in heat exchanger, studies are rare in open references
on the effects of modifying the shape of baffle window.
Thus in this study, a numerical investigation of thermal-
hydraulic performance of STHEs with the 25 % cut sin-
gle-segmental baffle (SS_STHE) and three configurations
of concave-cut baffle (CaC_STHE) will be carried out for
the same area of baffle window.

2 Research Methodology

2.1 Geometrical model

The profile of the concave-cut baffle was generated by
fixing a value for either height, & or profile radius, R and
determining the other from iteration while maintaining
the same segment or window area as the 25 % cut single-
segmental baffle (Figure 2). In order to get the concave
profile on the baffle, the start out height, 4 was kept lower
than the segment height, H of the single-segmental baffle.
Therefore, based on the ratio of & to the baffle diameter,
the configurations of the concave-cut baffles and other
selected parameters for modelling the shell-and-tube heat
exchanger are presented in Table 1.
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Figure 2 — The configurations of a single-segmental (a)
and concave-cut (b) baffles

Table 1 — Geometrical parameters of
the shell-and-tube heat exchanger

Parameter Value

Shell diameter 108.06 mm

Shell duct diameter 30.00 mm
Segmental 25 %

Baffle type Concave-cut 10, 15 and 20 %
Baffle spacing 43.26 mm
Baffle number 6
Heat exchanger length 302.58 mm
Tube layout Triangular (30°)
Tube diameter 15.88 mm
Tube number 19
Tube pitch ratio 1.25

The shell-side working fluids were engine oil, water
and air for each run of the heat exchanger while water
was kept in the tube. The thermophysical properties of
the fluids were as obtained in literature [21, 22].

2.2 The governing equations and numerical
methods

Two turbulent models (k-¢ and RNG k-¢) were adopted
for the simulation of the heat exchanger models. The k-¢
model was selected for its robustness and wide applica-
tion areas [23] while the RNG k-¢ model was chosen for
its highly swirling characteristics on the shell-side [10].
Thus in tensor form, the governing equations for model-
ling the fluid flow and heat transfer within the STHEs are
the same for the two turbulent models and are given as
follow [24, 25].
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The closure constants for the k-¢ model are C,; = 1.44,
Cn =192, C,=0.09, o, = 1.0 and g, = 1.3. In the RNG
k-¢ model the C, is modified as an auxiliary function,
which is expressed as

C, = C; - l(l A/f{)) @
1+ pA

with the following papameter:
A= K 28,8, ®)
&£

Other constants are: C*gl = 142, C, = 1.68,
C,=0.0845, o, = 0.7194, 6, = 0.7194, X, = 4.38 and
£=0.012 [26].

At the inlets of the tubes and shell, velocity-inlet con-
ditions were set based on the mass flow rates. The tube-
side flow rate was 0.3 kg/s while it was ranged from 0.10
to 3.10 kg/s for engine oil and water, and 0.0025 to
0.0325 kg/s for air on shell-side. The tube- and shell-
inlets temperatures were set at 303.15 and 373.15 K re-
spectively (Figure 3).

Shell-side
Inlet Tube-side
Inlet

Tube-side
Outlet

Shell-side
Outlet

Wall of the
fluid domain
on shell side

Figure 3 — Boundaries of the computational domain

In order to obtain the relative pressure drops between
each inlet and outlet of the shell and tube, zero-gauge
pressure was applied at each outlet. Wall functions were
specified for walls of the tubes and shell, and baffle sur-
faces to account for viscous effects. By assuming a well-
insulated heat exchanger, zero heat flux was imposed on
the shell outer surface.

Each of the computational domains was discretised in-
to unstructured tetrahedral elements and the sets of the
governing equations were solved using a finite element
based COMSOL Multiphysics CFD code. However, solu-
tions to the RNG k-¢ model were obtained by replacing
the default constants of the k-¢ model with the closure
constants and auxiliary function of the RNG k-¢ model.
To improve on the accuracy and stability of the computa-
tion, the streamline-upwind Petrov-Galerkin and Galerkin
Least-Square were employed [27-29]. Solutions to de-
pendent variables were obtained using three segregated
solvers: One GMRES solver for velocity and pressure,
another one for temperature and one MUMPS solver for
turbulent kinetic energy and rate of dissipation [30].

2.3 Heat exchanger performance

The thermal-hydraulic performance of the CaC_STHE
was measured against the SS_STHE using two criteria. In
the first criterion, the performance was calculated by
dividing the shell gain factor of the CaC_STHE against
that of SS_STHE at the same Reynolds number or mass
flow rate. This factor was defined by Mohammadi et al.
[31] as the ratio of the shell-side heat transfer coefficient
against the shell-side pressure drop. Thus, the shell gain
ratio of a value greater than one would indicate a more
suitable concave-cut baffle than single-segmental baffle
in heat exchanger and if on the contrary, the single-
segmental baffle would be better. Using the second crite-
rion, the performance was evaluated by determining the
equivalent shell-side heat transfer coefficient of each heat
exchanger at the same pressure drop with SS_STHE
[8,32]. Thus, the weighted performance of each
CaC_STHE against SS_STHE for the same ranges of
Reynolds numbers or pressure drops as applied to any of
the two criteria was calculated as

1& P.—P
WP=—Y _"CC °sS ©)]
NZ (R 1)
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where P is the performance factor or the equivalent
shell-side heat transfer coefficient for the first or second
criterion, respectively. Also the WP is actually the
weighted performance factor (WPF) or weighted shell-
side heat transfer coefficient (WSHTC) as it is applicable.

3 Results and Discussion

3.1 Model validation

This numerical model was validated by running a sim-
ulation of shell-and-tube heat exchanger with horizontal
baffles using the experimental data for segmental baffle
heat exchanger in [33]. The comparison between the ex-
perimental and numerical results for the average Nusselt
number and pressure drop in the shell-side are as present-
ed in Figures 4 and 5. It can be observed that the varia-
tions of the numerical results are in good agreement with
that of the experiment. The average difference between
the experimental and numerical results for Nusselt num-
ber and pressure drop are 11 and 26 % respectively. The
observed discrepancies may be as a result of the model
simplification such as no-leakage flow, and some una-
voidable measurement errors.
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Figure 4 — Comparison of Nusselt number
of the experimental and simulation results
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Figure 5 — Comparison of pressure drop of
the experimental and simulation results

3.2 Shell-side flow field

The flow path lines of water at 3.10 kg/s on the shell-
sides of the heat exchangers are shown in Fig. 6. It can be
observed that the shape of the baffles affects the rambling
of the fluid from shell-inlet duct to the outlet duct. The
flow in CaC_STHE is more concentrated at the centre of
the baffle cut than that of SS_STHE, which spreads over
the baffle cut. Also, the fluid velocity is reduced within
the shell because of the larger flow area than the shell
ducts. The combined fluid mixing by cross- and counter-
flows in the shell produces a good interaction of the shell-
side fluid with tube outer surfaces which enhances the
transfer of heat between the working fluids.

YOUuL4d

1
Y0079/

Figure 6 — Streamline flow of water as shell-side fluid
using SS_STHE (a) and CaC_STHE (b)

3.3 Temperature distribution

The shell-side temperature distributions for the heat
exchangers are as presented in Fig. 7. It can be seen that
the fluid temperature reduces from the fluid entry point to
the outlet of the shell. Also, it is observed that greater
reduction in fluid temperature occurred across the tube
bundles due to larger surface area to conduct heat by the
tubes in cross-flow than the tubes in the baffle windows.
This observation is synonymous for the two heat ex-
changers.
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Figure 7 — Temperature distribution in the shell-side (working
fluid: engine oil using SS_STHE (a) and CaC_STHE (b)

3.4 Heat transfer coefficient

The plots of the heat transfer coefficient on the shell-
side of the SS_STHE and CaC_STHE against the Reyn-
olds number are as shown in Fig. 8 for engine oil, water
and air respectively. It can be observed for each baffle
and working fluid that the heat transfer coefficient in-
creases with the Reynolds number, which corresponds to
the range of mass flow rates considered for each fluid.
Although, the rate of increment in coefficient of heat
transfer tends to reduce at higher Reynolds number as
indicated for engine oil and water, it increases linearly for
air. This can be attributed to the physical nature of each
fluid. Amongst other results, the percentage differences in
heat transfer coefficients of the SS_STHE with each of
the CaC_STHEs are presented in Table 2. From this ta-
ble, non-zero positive value indicates higher heat transfer
coefficient of CaC_STHE while negative value means

lower heat transfer coefficient of CaC_STHE.Generally,
it is observed that CaC_STHEs had lower heat transfer
coefficient. This is partly due to the less interaction of the
fluids with the outer tubes since the flow is more concen-
trated through the centre of the tube bundle. On the con-
trary, CaC_STHEs with engine oil gave better heat trans-
fer coefficients as depicted from the two turbulent mod-
els, and this may also be attributed to fluid’s thermody-
namic characteristics.

—+—25% 55_STHE
—&— 105 CaC_STHE
—a—15% CaC_STHE

== 20% CaC_STHE

100.00
0.00 ¢ y -
o 1000 2000 3000 4000 5000 6000 7000 8OO0
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Figure 8 — Shell-side heat transfer coefficient against the
Reynolds number for the engine oil (a), water (b)
and air (c) as a shell-side working fluid
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Table 2 — The comprehensive performance of CaC_STHEs

. h, % m, % Ap, % Ap. % WPF WPF WSHTC WSHTC
STHE Model Fluid (ee) (I;Ij)G () (IZI;I)G (k-¢) (lz_I:)G () (RNG k-¢)
10 % CaC_STHE o 4.40 4.32 -16.91 -16.96 —0.125 -0.127 -0.021 -0.022
15 % CaC_STHE 50 B 2.69 2.72 —9.54 -9.59 —0.069 | —0.069 —0.010 —0.010
20 % CaC_STHE = 0.02 0.03 —8.43 —8.45 —0.084 | —0.084 —0.035 —0.034
10 % CaC_STHE 5 —4.14 — —15.76 - —0.199 - —0.090 -
15 % CaC_STHE § -7.57 — —7.89 - —0.154 - —0.103 -
20 % CaC_STHE —4.95 — —-9.46 - —0.144 - —0.082 -
10 % CaC_STHE 1.30 — —15.29 - —0.140 - —0.056 -
15 % CaC_STHE i —0.75 — —7.56 - —0.083 - —0.042 -
20 % CaC_STHE -1.56 — —8.69 - —0.102 — —0.056 —
3.5 Pressure drop _—
The pressure drops of the SS_STHE and CaC_STHEs P
for varying Reynolds number are presented in Fig. 9 for so000
the three working fluids. The plots showed that the pres-
sure drop increases with increasing Reynolds number (by g‘ww
implication the mass flow rate). However, as the Reyn- 7 :jzi:':m
olds number (mass flow rate) increases, the pressure drop 20000 e s
continues to rise rapidly due to increasing turbulence. The 10000 —— 20% CaC_STHE
same trend was reported by Kuppan [14], and also ob- i
served by Wang et al. [32] and Zhang et al. [34] from L LU ‘;’i‘o Wopi o000 7T A0
their studies. The percentage differences in pressure
drops for the same range of Reynolds numbers with a
SS_STHE can as well be found in Table 2. The negative S0000:
values indicate that the CaC_STHESs have higher pressure :b::f
drops than the SS_STHE for all the shell-fluids. The 35000
higher pressure drops demonstrated by CaC_STHEs z 2$ _
could be as a result of the more concentrated cross-flow % 0w :ijif:i[
through the centres of the tube bundles and the subse- 15000 e
quently reduced bypass flow through the shells. z";"u e 20K CaC_STHE
3.6 Performance factor 0
(1] 50000 100000 150000 200000 250000 300000 350000 400000 A4S0000 SO0000
The performance factors of the CaC_STHEs in rela- Be
tion to the SS_STHE at varying Reynolds numbers are as b
shown in Fig. 10 for all the shell-side working fluids. It is 6000
observed that the performance factor of none of the so00
CaC_STHEs is up to a value of one for the range of
Reynolds numbers considered. The weighted perfor- _ s
mance factors (WPF) of these heat exchangers relative to %:100“ —+— 25% S5, STHE
SS_STHE in the same range of mass flow rates or Reyn- : — 8 10% CaC_STHE
olds numbers are also presented in Table 2. The negative #—15% CaC_STHE
1000

values of the weighted performance factors showed that
the CaC_STHEs have lower overall performances in
comparison with SS_STHE.

20000

30000

C

50000 BOD00

——20% CaC_STHE

J0000 0000

Figure 9 — Pressure drop versus the Reynolds number
for the engine oil (a), water (b) and air (c)
as a shell-side working fluid

Eé6 MECHANICAL ENGINEERING: Computational Mechanics




1.02E+00

1.00E+00
980601
8 .o
§ omE0l
‘é 040601 ——25% 55 STHE
£
E oxen1 —a—10% CaC_STHE
% omeor 1% C4C_STHE
* 8.80€-01 == % Cal STHE
260801
B.40€-01
0 2000 4000 B000 2000
Re
a
105E+00
1006400
8 9.506-01
g ——15% 55 _STHE
&
g QO0E-0L —=—10% CaC_STHE
=
E 850601 —a—15% CaC_STHE
=]
5 e 20% CaC_STHE
& #.00E-01
7.506-01
700601
0 100000 200000 300000 400000 500000
Re
b
1.02E+00
LO0E+0D | # + - +
9.80E-01
ﬁ 9.60E-01 —— 5% 55 STHE
'S
8 940601 —=—10% CaC_STH
£ 920601 | —a—15% CaC_STH
3 \
T 9.00E01 —— 208 CaC_5TH
-8
8.80E-01
8.60E-01
B.A0E-01
(1] 10000 20000 30000 40000 50000 6ODD0 70000 80000
Re
C

Figure 10 — The performance factor and the Reynolds Number
for the engine oil (a), water (b) and air (c)
as a shell-side working fluid

3.7 Shell side heat transfer and pressure drop
variation

The variations between the shell-side heat transfer co-
efficient and pressure drop at the same mass flow rate are
as indicated in Fig. 11. It is observed that increase in
pressure drop is more rapid than that of heat transfer co-
efficient with increasing mass flow rate, and this confirms
the assertions given by Kuppan [14] and Mukherjee [16],
and conforms with the observations of Wang et al. [8,
32]. Assessing the heat exchangers at the same pressure
drop, the SS_STHE exhibits higher heat transfer coeffi-
cient than other heat exchangers for all the working flu-
ids. The weighted shell-side heat transfer coefficients
(WSHTC) of the CaC_STHEs against the SS_STHE are

BO0.00
700.00
GHO0.00
g 50000
_; 400,00 —4+—25% 55 _STHE
b 300.00 —8—10% CaC_STHE
15% Cal_STHE
20000
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.00
o 1000 HO000 30000 A0 S0000 HO000 0000
Ap (Pa)
a
10000.00
9000.00
B000.00
7000.00
¥ 600000
§ 5000.00 ——25% 55 _STHE
= 4000.00 ——10% CaC_STHE
3000.00 ~+— 15% CaC_STHE
2000 —— 20% CaC_STHE
1000.00
0.00
0 10000 20000 30000 40000 50000
Ap(Pa)
B
140.00
120.00
100.00
£ s000
5 —a— 25% 55 _STHE
S8 8 10% CaC_STHE
40,00 15% CaC_STHE
2000 —=— 2% CaC_STHE
0.00
0 1000 2000 000 4000 5000 6000
ApiPa)
(&

Figure 11 — Heat transfer coefficient and the pressure drop
for the engine oil (a), water (b) and air (c)
as a shell-side working fluid

as depicted as well with other results in Table 2. The
negative values are indications that the SS baffles will be
more desirable than the CaC baffles based on this criteri-
on.

4 Conclusion

In the research, the flow and heat transfer characteris-
tics of varying configurations of concave-cut baffles (10,
15 and 20 % CaC_STHE:), and single-segmental baffles
(SS_STHE) in shell-and-tube heat exchanger have been
numerically investigated. Overall, shell and tube heat
exchanger with concave-cut baffles had lower perfor-
mance as compared with the single-segmental baffle type.
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5 Nomenclature h Heat transfer coefficient, W/(mz- K);
Nu Nusselt number;
STHE Shell-and-Tube Heat Exchanger; P Performance factor;
u  Velocity component, m/s; WPF  Weighted performance factor;
p Pressure, Pa; WSHTC Weighted shell-side heat transfer coeffi-
T Temperature, K; cient;
X Cartesian coordinate; p Density, kg/m3;
¢, Specific heat capacity at constant pressure, 4 Dynamic viscosity, Pa-s;
J/(kg-K); ur  Turbulent Eddy viscosity, Pa-s;
k turbulence kinetic energy, m*/s?; n Thermal conductivity, W/(m-K);
Re Reynolds number; nr  Turbulent thermal conductivity, W/(m-K);
Pr;  Turbulent Prandtl number; & Dissipation rate, m%/s> ;
Ap  Pressure drop, Pa; i,j,k  Tensor.
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Yucaose 10CHiIKEeHHSA e(PEKTY YBIrHYyTO-BUPIi3aHUX NEPErOpoaoK y TeNJI000MIHHUKY
Ietinpia M. O., [lape A. A.

VYuiBepcuret M. 106amgan, O6yxnysa poyx, 200284, m. [6anan, Hirepis

AHoTanisi. Y po6oTi A0CTiIKEHO e()EeKTHUBHICTh TEIUNIOOOMIHHHX anapaTiB 3 0JJHOCETMEHTHUMH TIEPETOPOIKAMH i
pi3HMMHE 1X KOH(QIrypamisiMu yBirHyTO-BHpi3aHux meperoponok (10, 15 i 20 %). JlocmimkeHHST MpOBOIMIOCH LIS
TEIJIOOOMIHHUKA 3 TPhOMa POOOYMM CepelOBUIIAMH: MOTOPHE Macilo, BoJa, MOBiTps. J[ns koxHOI KoHirypamii
MEPEropoIOK OTPHMAaHI pe3ynbTaTd, I00pe Y3rofKeHi Uil ABOX Mozeiel TypOymeHTHOcTi: k-¢ 1 RNG k-e.
[ligTBepKEHO, IO TEIUIOOOMIHHWKKA 3 YBITHYTHMH II€PETOPOAKAMH MAlOTh OUTBINI Mepemagd THUCKY 1 HIDKYi
MMOKAa3HUKN €(EKTHBHOCTI, HIK OAMHUYHI CETMEHTHI NEPETOPOIKH y TOMY X MaccorabapuTHOMY miama3oHi. Kpim
TOTO, TEINIOOOMIHHHKY 3 YBITHYTO-BHPi3aHHMH IIEPErOpoIKM MAIOTh HWKYi Koedil[ieHTH Teruronepeaadi 3i CTOpOHH
00OJIOHKM 3a OJHAKOBOTO TMepenaay THUCKY MOpPIBHAHO 3 KOe(IIliEeHTOM Teruionepeaayi il OJHOCETMEHTHHUX
Heperopoaok. TakuM YHHOM, BHKOPHCTAHHS MEPEropoJIOK 3 YBITHYTHM BHPi30M HE CIpHse Oa)XaHOMY IiJBUILEHHIO
e(eKTHBHOCTI TETUIOOOMIHHHKA TIOPIBHSHO 3 CETMEHTHUMH MEPETOPOTKAMH.

KiwouoBi cioBa: KOXXyXOTpyOHHIl TEIDIOOOMIHHUK, TEpernaj THCKY, KOe]ilieHT MPOIYKTUBHOCTI, KOeQIIlieHT
TEeIUTONIepeaadi, yBIrHyTO-BUpi3aHa ePETOPOIKa.
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