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Abstract: Round rod baffle (RRB), plain plate baffle (PPB),
wavy-shaped plate baffle (WSB) and polygonal-shaped
plate baffle (PSB) are four commonly used baffles in
parallel flow shell and tube heat exchangers (STHXs).
Comparative study of these four different baffles are
numerically carried out using different performance indi-
cators including Nusselt number, friction factor, perfor-
mance evaluation criterion, entropy generation ratio, and
entransy dissipation ratio for flow in full turbulent regime.
Heat transfer mechanism has also been discussed.
Correlations for Nusselt number and friction factor are
fitted and the cost estimation using Hall’s method is com-
pared. It is found that the Nusselt number of STHX-PPB,
STHX-WSB, and STHX-PSB increased by 20.9%, 15.2%,
and 23.9% averagely compared with STHX-RRB, respec-
tively. The friction factor can be increased on average by
142.0%, 154.5%, and 242.4%, respectively. However, the
overall performance of them is only 90.1%, 84.4%, and
82.3% that of STHX-RRB, respectively. The sequence of
entropy generation and entransy dissipation is STHX-
RRB > STHX-WSB > STHX-PPB > STHX-PSB. The inlet Re
and baffle distance have significant effects on different
performance indicators while the baffle width does not.
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Finally, the results show that the STHX-PSB can reduce
the total cost as it has better ability on heat enhancement.
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Nomenclature

A area (mm?)

Ain area of cross-section (mm?)

Ap area of blocked profile (mm?)

a length (mm)

b baffle width (mm)

c length (mm)

Cp specific heat at constant pressure
Jkg'K™

Cy specific heat capacity at constant volume
Jkg'K™

C; capital investment ($)

Co annual operating cost ($)

Cop discounted operation cost ($)

Crot total cost ($)
d; inner tube diameter (mm)
d, outer tube diameter (mm)
Dy hydraulic diameter (mm)
f average friction factor (-)
h convection heat transfer coefficient
(Wm?K™
L length (mm)
Ly, baffle distance (mm)
pressure (Pa)
P, tube pitch (mm)
AT log-mean temperature difference (K)
T temperature (K)
thickness (mm)
ty baffle thickness (mm)
velocity (m/s)
Vin inlet velocity (m/s)

Re Reynolds number (-)
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radius (mm)

Prandt]l number (-)

pressure drop (Pa)

price of electricity ($)

hours of operation per year (h)
volume flow rate of tube side (m?/s)
volume flow rate of shell side (m?/s)
pressure drop (Pa)

total wall heat flux (W m™2)
total heat duty (W)

total heat transfer coefficient
(Wm?K™?

entropy generation rate (WK™)
entransy dissipation (W K)
pumping power (W)

entropy generation number
number of tubes

pump efficiency (-)

rate of annual discount (-)
Eckert number (-)

Stanton number (-)

mass flow rate (kgs™)

Greek symbols

p density (kg m~>)

£ turbulence kinetic energy dissipation
rate

k turbulence kinetic energy

u dynamic viscosity (kg/m s)

A thermal conductivity (Wm™K™)

n entropy generation number ratio

Y equivalent temperature difference (K)

A* dimensionless length of the duct

T dimensionless temperature difference

Subscripts

w wall

in inlet

out outlet

i,j tensor

eff effective term

rod round rod

t tube side

S shell side

diss dissipation
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Abbreviations
RRB round rod baffle
PPB plain plate baffle
WSB  wavy curve plate baffle
PSB polygonal curve plate baffle
STHX shell and tube heat exchanger
PEC performance evaluation criterion (-)

1 Introduction

Heat exchanger is a common equipment used in many
industrial departments. Various heat exchangers are
designed for different industry processes, in which more
than 35-40% of heat exchangers used in industrial areas
are shell and tube heat exchangers (STHXs) because of
their easy maintenance and reliability [1]. In STHXs, the
shape and arrangement of baffles are of essential impor-
tance for the thermal-hydraulic performance [2,3]. In the
past decades, different types of new baffles are proposed to
replace the traditional segmental baffle, such as rod baffle
[4], plate baffle [5], ring baffle [6], and nonround orifice
baffle [7]. Among these baffles, the round rod baffle (RRB)
first proposed by Gentry [8] is widely used in different
process industry because of its low pressure drop and
high reliability.

In recent years, many researchers numerically and
experimentally studied the thermal-hydraulic performance
of different types of STHX-RRB. Wang et al. [9] experimen-
tally investigated the heat transfer and flow performance of
a double-shell pass rod baffle heat exchanger (DS-RBHX),
the results revealed that the overall heat transfer perfor-
mance of the DS-RBHX is higher than that of the single-
shell pass RBHX (SS-RBHX). Liu et al. [10] numerically
explored the radial distribution of coolants in the inlet sec-
tion of rod baffle multitubular reactor. Results indicated that
the radial distribution of coolants improved when the dis-
tance between the tube plate and the first rod baffle
increased. Liu et al. [11] numerically learned the shell-
side flow in STHX-RRB with spirally corrugated tubes. It
was found that an efficiency evaluate coefficient of 1.35 can
be obtained compared with the conventional STHX-RRB.
Chen et al. [12] compared the thermal hydraulic perfor-
mance of five heat exchangers that have different baffle
patterns. They found that comprehensive performances of
the rod baffle, tri-flower baffle, and pore plate baffle are
better than that of the segmental baffle.

STHX-RRB was invented to overcome the problem of
flow-induced tube vibration. In SHTX-RRB, baffles are
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constructed from an array of round support rods. The
support rods are welded at each end to a baffle ring.
The fluid in STHX-RRB flows in a direction parallel to
the axis of the tubes. However, flow-induced tube vibra-
tion failure still can be found in some newly built STHX-
RRB as can be seen from Figure 1 [13]. The reason can be
summarized as follows: (1) cross flow inevitably existed
at the inlet and outlet sections of the shell side, (2) a
single rod can support a given tube only on one side.
This makes the fundamental natural frequency of the
tube supported by RRB lower than that of tube supported
by segmental baffles if the same baffle distance is
adopted, and (3) the rod is in point contact with the
tube. As a result, the contact stress is so large resulting
in an accelerating abrasion to the tube. In order to
upgrade the antivibration ability of STHX-RRB, plain
plate baffle (PPB) [14] was proposed by increasing the
contact area between the tube and the baffle. Later, a
wavy-shaped plate baffle (WSB) [15] was proposed by
changing the line—surface contact to surface—surface
contact. In the fourth-generation nuclear power station,
polygonal-shapes plate baffle (PSB) [16] was extensively
used to protect the tube from flow-induced vibration
failure. A comparison view of STHX-RRB, STHX-PPB,
STHX-WSB, and STHX-PSB is shown in Figure 2.

With the developing of computer technology, flow
and heat transfer numerical simulation based on CFD is
widely used to replace the experiments to explore the
thermal performance of different heat exchangers. The
flow unit duct model of STHX-RRB was widely used by
many researchers [17-19]. Their results demonstrated
that the unit duct model can be used to predict the heat
transfer coefficient and pressure drop of STHX-RRB with
a minimum requirement of computing resources.

In the past decades, various performance indicators
are proposed to evaluate different design schemes of heat
exchanger. The Nusselt number (Nu) and friction factor
(f) are two commonly known performance indicators.
Webb and Kim [20] deduced a performance indicator
named performance evaluation criterion (PEC) based on

Figure 1: Flow-induced tube vibration failure in STHX-RRB [14].
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the first law of thermodynamics to overcome the defi-
ciency of single-way evaluation of Nu and f. If PEC > 1,
it means that more heat can be transferred with the
enhanced technology compared with the original one.
Entropy generation [21] and entransy dissipation [22]
are two different performance indicators based on the
second law of thermodynamics. They can be used to
weigh the irreversibility of different design schemes of
heat exchangers.

Using different indicators to investigate the perfor-
mance of system is a comprehensive method. Yu et al.
[23] numerically explored the thermal-hydraulic perfor-
mance of WSB and PSB. However, the formulas of
thermal-hydraulic performance are not obtained. To
the best of the authors’ knowledge, the study of STHX-
RRB, STHX-PPB, STHX-WSB, and STHX-PSB using dif-
ferent performance indicators was not reported. In this
article, a systematic analysis based on CFD is carried out
to compare their different aspects. The effects of inlet Re,
baffle distance, and baffle width on different performance
indicators are discussed. Cost estimation using Hall’s
method [24] is also compared. Finally, the heat transfer
mechanism of four different STHXs is illustrated.

2 Geometrical models

For a tube bundle in nonstaggered alignment supported
by RRB, PPB, WSB, or PSB, the corresponding profile of a
repeated part (see the rectangle zone in Figure 3(a)) is
shown in Figure 3(b)—(e), respectively. The geometrical
parameters of different profiles are defined in Table 1. The
blocked area ratios of these profiles are shown in Table 2.

It can be seen from Figure 3 that the contact status
between the tube and the baffle of STHX-RRB, STHX-PPB,
STHX-WSB, and STHX-PSB is quite different. The RRB is
in point contact with the tube, the PPB is in line contact
with the tube, the WSB is in surface contact with the tube,
and the PSB is in line contact with the tube. It is well-
known that the contact stress is inversely proportional to
the contact area when the contact force is fixed. This
means that the contact stress between tube and baffle
of STHX-RRB, STHX-PPB, STHX-WSB, and STHX-PSB
follows the sequence of WSB < PSB < PPB < RRB. In
addition, the WSB and PSB can support the tube at two
directions. Thus, the fundamental natural frequency of
tube supported by WSB or PSB is almost the same with
that of tube supported by segmental baffles. This means
that WSB and PSB have better ability to reduce the flow-
induced tube vibration than PPB and RRB. Summing up
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(b)

(d)

(©)

Figure 2: Sketch of (a) STHX-RRB, (b) STHX-PPB, (c) STHX-WSB and (d) STHX-PSB.

the above two points, it can be recognized that the anti-
vibration ability of these four different baffles follows the
order of WSB > PSB > PPB > RRB.

3 Numerical model and
computational scheme

3.1 Physical model

A periodic flow unit duct is taken as the simplified model
of the shell side to perform numerical simulation by
using Fluent. The following assumptions are made: (1)
the working fluid is water with constant thermal proper-
ties (density p = 999.7 kg/m’°, thermal conductivity A =
0.574 W/(m K), specific heat C, = 4,191 (J/kg K), and p =
0.001306 (Pa s)) remaining constant during the calculation
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process; (2) the fluid flow and heat transfer processes are
turbulent and in steady state; (3) the heat exchanger is
well insulated; (4) the viscous heating is neglected; and
(5) the effect of gravity is negligible.

The actual length of the computational domain is
four times the baffle distance plus 200 mm. That is, the
length of the entrance section and exit section is equal to
100 mm and 100 mm to ensure the inlet uniformity and
avoid outlet flow recirculating [25]. The schematic dia-
gram of computational domain of STHX-RRB, STHX-
PPB, STHX-WSB, and STHX-PSB is shown in Figure 4.
The mesh of partial zoom out view of the selected baffle
zone is shown in Figure 5.

3.2 Numerical methods

The conservation equations of continuity, momentum,
and energy for the turbulent heat transfer of fluid flowing
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Figure 3: (a) Schematic diagram of tube bundle in the non-staggered alignment supported by RRB, PPB, WSB or PSB. Detailed profile
definition of (b) STHX-RRB, (c) STHX-PPB, (d) STHX-WSB and (e) STHX-PSB.

heated zone

inlet block ' Lo . outlet block
4Lb i
Figure 4: Schematic diagram of computational domain of STHX-RRB, STHX-PPB, STHX-WSB and STHX-PSB.
on the shell side are presented in the tensor form as o(pw)) -0 a)

follows [26]: ax;

Continuity equation: .
v eq Momentum equation:
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Table 1: Geometrical parameters of different profiles

Parameter Value Parameter Value
d, (mm) 25 b (mm) 10
P; (mm) 32 ¢ (mm) 10
Rrod (Mmm) 6 Ry (mm) 10
t, (mm) 3 Ry (mm) 7
a (mm) 10 t (mm) 6
Table 2: Blocked area ratio of different profiles

Ain (Mmm?3) A, (mm?) Ratio (%)
STHX-RRB 533.1 192 36
STHX-PPB 192 36
STHX-WSB 212.9 39.9
STHX-PSB 244.8 45.9

A(pu;u;) ) 0 ou;  ou;
(p ) = —_p 4+ — Heff i + _] (2)
0x; ox;  0x; a; o

Energy equation:

WeoTwy) i[/\eff [ED (3)

ax; ax; ox;

where T and p stand for fluid temperature and pressure,
respectively; u is the fluid velocity; u.; stands for
effective dynamic viscosity, which is equal to the sum
of laminar and turbulent dynamic viscosities, i.e.,
Mg = My + Ui The effective thermal conductivity, A,
is calculated by Aegt = A + p,cp/Pr;, where A and Pr
are the laminar conductivity and turbulent Prandtl
number, respectively. Negligible viscous dissipation
is adopted in modeling the flow in this article because
the working fluid is assumed to be incompressible and
physical parameters are constant.

For simple and fully developed turbulence cases, the
standard k—¢ turbulence model is applicable, and it is
easier to converge than other turbulence models. Thus,
standard k-¢ turbulence model together with the stan-
dard wall function is adopted for the current computa-
tion. The conservation equations of turbulent kinetic
energy and its dissipation rate are given below [27]:

For turbulence kinetic energy k:

Apkuy) 9 [(y N &] ok

—J + Gy — pe (4)
Oy ) 0X;

ax; ax;

For turbulence kinetic energy dissipation rate &:

d(pey;) 9 M) ok Cie€ g2
— = —|=—= |+ =Gk - Gep—
9x; ax; [(yl ’ Ok ) 0X; Tk KT P ©
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Figure 5: Partial zoom out view of selected baffle zone of different
unit duct mesh.

where u, = pC,k?/e; Gy = 2u EEy; Ej = 1/2((Qu;/0x;) +
(Ou;/ 0xy)).

The constants for the current turbulent model are set
as below:

C,=0.09; Ci=144; Ce=192; 0x=10; 0.=13

The 3-D, double-precision, pressure-based solver is
used. The nonslip boundary condition is adopted on
all solid surfaces. The surfaces of the baffles are set as
adiabatic. The velocity-inlet boundary condition and
the pressure-outlet boundary condition are applied
for the inlet and outlet, respectively. The other surfaces
of the unit model are set as symmetry boundary condi-
tions. SIMPLE algorithm is used for pressure-velocity
coupling. The second-order upwind difference scheme
is applied for energy and momentum computation. The
second-order difference scheme is used for the pressure.
The inlet bulk temperature is set as 283.15K. The tem-
perature of tube wall is set as a constant, 350 K. All equa-
tions take the convergent criteria of relative residual of
107 except energy taking 5 x 107,

3.3 Data reduction

Some formulas used in the postprocessing are defined
as [28-30]:

Re = PPnVin 6)
u

2 a2

Dy = ‘*(f’tnijdo/“) )
o
_ _Tin — Tour

AT= n (u) (8)

Tout_ Tw
h= CPpVinAin(Tin - Tout) (9)

AoAT
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hDy

Nu = 10

u=— (10)

Ap = Pin — Pout (11)
Dh 2Ap

= —|— 12

-] @

3.4 Grid independence and code validation

In order to validate the solution independency of the grid,
the grid dependency is checked for three different grids of
STHX-RRB which have 2.2, 2.9, and 3.5 million cells,
respectively. For the heat transfer coefficient, the error
between the finest grid having 2.2 million cells and the
grid having 3.5 million cells is less than 2% for the heat
transfer coefficient and less than 3% for the friction coeffi-
cient. Therefore, the settings of the grid of the latter (3.5
million cells) are used for further investigations in the
current study.

To validate the reliability of present numerical model,
the results of nonstaggered tubes supported by RRB are
compared with the data obtained by Dong et al. [17] the
working fluid, the boundary conditions, and the baffle
distance of them are all the same. The average Nu is
plotted in Figure 6. For the unit model, it was found
that the Nu was relatively smaller than the experimental
data, especially in higher Reynolds number. This is mainly
because the boundary is set as symmetry wall condition,
thus there is no heat and mass transfer on that boundary
in numerical calculation. While in fact there is plenty of
turbulence and secondary flow leading to heat and mass
transfer on the virtual boundary in the experiment.
Figure 6 shows that the relative maximum deviation is

18]

400
350 4
300 -
250 4
200 A
150 4
100 +
50 4

—=—Dong et al.l
—e— Present results

Nu

10000 15000 20000 25000 30000 35000
Re

Figure 6: The model validation of STHX-RRB.
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within 16%. Such agreements show the reliability of the
present physical model and numerical method.

3.5 Performance indicators

Based on the first law of thermodynamics, the transferred
energy ratio under the same pump consumption can be
evaluated using equation (13) [21].

Nu/NuR
i

Based on the second law of thermodynamics, the
nondimensional entropy generation number ratio n can
be used to weigh the irreversibility. For the problem
presented in this article, the entropy generation of a
duct with constant wall temperature is directly given
below [22].

PEC = (13)

n = Norstux.ces (14)
N/ sTHX-RRB

N = Qs/g—e; (15)

_ p-4StA” .
Sgen = mcplln [1;;} - 7(1 - e¥t%)
-1

SE WS
8" St 1-71

where 7= (T - Tin)/Tw, A*=L/D,, Ec=V3/c, T, and

St = h/pVincp.

It is worth noting that if < 1 and the smaller of the n,
the better of the thermal-hydraulic performance and heat
enhancement.

For the optimization of heat transfer process, a new
physical quantity entransy dissipation extremum prin-
ciple was proposed, which was initially referred to as
the heat transfer potential capacity. For tube under uni-
form temperature condition, the entransy balance equa-
tion is directly given below [23].

_ Ediss _ 1 cyr(Tout — Tin) Ty — Tin —
Q 2

It is deemed that the larger of y, the more entransy
dissipation, the more irreversibility of the heat transfer
and the less heat can be transferred.

In this article, the abovementioned three perfor-
mance indicators are used to compare the overall thermal-
hydraulic performance of STHX-RRB, STHX-PPB, STHX-
WSB, and STHX-PSB.

(16)

Tout)

- - (17)
Cy mﬂ)ut - Cvmnn
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4 Results and discussions
4.1 Inlet Re effect

For Re in the range of 10,849-32,547, the variation in
different performance indicators of STHX-RRB, STHX-
PPB, STHX-WSB, and STHX-PSB is shown in Figure 7.
The baffle distance is 200 mm. Other geometrical para-
meters of these four STHXs are the same with those listed
in Table 1.

450+
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400 —— STHX-PPB
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350 v STHX-PSB
300
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< 2501
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Figure 7(a) shows that the Nu of STHX-RRB, STHX-
PPB, STHX-WSB, and STHX-PSB increases with an increase
in Re. The increasing rate is calculated based on the
results of STHX-RRB. It can be found that the average
increasing rate is 20.9% for STHX-PPB, 15.2% for STHX-
WSB, and 23.9% for STHX-PSB. This indicates that the
heat transfer enhancement ability order of STHX-RRB,
STHX-PPB, STHX-WSB, and STHX-PSB is STHX-RRB <
STHX-WSB < STHX-PPB < STHX-PSB.

Figure 7(b) shows that the f-factor of STHX-RRB,
STHX-PPB, STHX-WSB, and STHX-PSB decreases with

0.2501 [—=— STHX-RRB
02484 | " Sripcwse
0.2464 —v— STHX-PSB

=" 0.244- /_/
0.242- %
0240]

8 -+—— T T T T )
10000 15000 20000 25000 30000 35000

(d) Re

1.0209 [ —— STHX-RRB

1.0154 —e— STHX-PPB

—a+— STHX-WSB

1.010{ |+ STHX-PSB
~ 1.005-

1.000-

09954 &

A A A A
09901 T
0.9854— . . ; ; .
10000 15000 20000 25000 30000 35000
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66.07 = STHX-RRB

—e— STHX-PPB

6551 s sTHX-WSB

650] 7 STHX-PSB
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0l— ; ; ; ; ;
10000 15000 20000 25000 30000 35000

® Re

Figure 7: The effect of inlet Re on different performance indicators. (a) Nu comparisons for different Re, (b) f-factor comparisons for different
Re, (c) PEC comparisons for different Re, (d) Ns comparisons for different Re, (e) n comparisons for different Re, (f) y comparisons for

different Re.
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an increase in Re. Similarly, compared with STHX-RRB, it
can be found that the average increasing rate is 142.0%
for STHX-PPB, 154.6% for STHX-WSB, and 242.4% for
STHX-PSB. This indicates that the power consumption
order of STHX-RRB, STHX-PPB, STHX-WSB, and STHX-
PSB is STHX-RRB < STHX-PPB < STHX-WSB < STHX-PSB.

Figure 7(c) shows that STHX-RRB has the largest PEC.
The average PEC of STHX-PPB, STHX-WSB, and STHX-
PSB is 90.1%, 84.4%, and 82.3% that of STHX-RRB. This
indicates that the overall thermal-hydraulic performance
order of STHX-RRB, STHX-PPB, STHX-WSB, and STHX-
PSB is STHX-PSB < STHX-WSB < STHX-PPB < STHX-RRB.
The reason why STHX-PPB has better overall thermal-
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hydraulic performance than STHX-WSB and STHX-PSB is
that the pressure drop of STHX-PSB increases fast while
the Nu of STHX-WSB increases slow.

Figure 7(d) and (e) shows the variations in Ns and
with different Re. It can be found that the N; increases
with an increase in Re. The N; and n of STHX-RRB, STHX-
PPB, STHX-WSP, and STHX-PSP follow the order: STHX-
PSB < STHX-PPB < STHX-WSP < STHX-RRB. This indicates
that STHX-PSB has a better ability to reduce irreversibility
compared to the other three. Therefore, STHX-PSB is recom-
mended if minimum entropy generation is expected.

Figure 7(f) shows the variation in y with different Re.
It can be found that the y increases with an increase in Re.
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Figure 8: The effect of baffle distance on different performance indicators. (a) Nu comparisons for different baffle distance, (b) f-factor
comparisons for different baffle distance, (c) Ns comparisons for different baffle distance, (d) Ns comparisons for different baffle distance,
(e) n comparisons for different baffle distance, (f) y comparisons for different baffle distance.
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The relative relation of y between four different baffles is
the same with those of N and 7. This implies that STHX-
PSB can reduce irreversibility more effectively than
others. This further proves the accuracy of entransy dis-
sipation theory.

4.2 Baffle distance effect

For baffle distance is in the range of 110-350 mm; the
variation in different performance indicators of STHX-
RRB, STHX-PPB, STHX-WSB and STHX-PSB is shown in
Figure 8. The inlet Re is 10,849 and other geometrical
parameters of these four STHXs are the same as those
listed in Table 1.

Figure 8(a) shows that the Nu decreases with an
increase in baffle distance. The Nu of STHX-RRB, STHX-
PPB, STHX-WSB, and STHX-PSB with a baffle distance of
110 mm is, respectively, 133%, 148.8%, 157%, and 157.4%
times of those whose baffle distance is 350 mm. This indi-
cates that the increase in baffle distance can significantly
decrease the heat transfer rate. The reason is that an
increased baffle distance would decrease the turbulence
intensity of the jet flow along the flow passage.

Figure 8(b) shows that the f-factor decreases with an
increase in baffle distance. The f-factor of STHX-RRB,
STHX-PPB, STHX-WSB, and STHX-PSB with a baffle dis-
tance of 110 mm is, respectively, 243.2%, 312.7%, 320.7%,
and 315.6% times of those whose baffle distance is
350 mm. This indicates that an increase in baffle distance
can decrease the f-factor. This means that when RRB is
replaced by PPB/WSB/PSB, the baffle distance should be
enlarged to avoid excess pressure drop.

Figure 8(c) depicts the change in PEC versus baffle
distance. It can be found that the PEC of STHX-PPB,
STHX-WSB, and STHX-PSB follows the order of STHX-
PSB < STHX-WSB < STHX-PPB at every baffle distance.
Quantitatively, the PEC of STHX-PPB, STHX-WSB, and
STHX-PSB is on average 87.7%, 83.7%, and 80.6% that
of STHX-RRB over the investigated baffle distance. This
means that the STHX-PPB has the best overall thermal-
hydraulic performance among the above three.

Figure 8(d) and (e) shows the variations in N5 and
in different baffle distance. It can be found that the N,
decreases with an increase in baffle distance. The reason
is that an increase in heat transfer area results in the
reduction of irreversibility. In addition, it can be seen
that the N; and n of STHX-RRB, STHX-PPB, STHX-WSP,
and STHX- PSB follow the order: STHX-PSP < STHX-PPB
< STHX-WSP < STHX-RRB. This further proves that STHX-
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PSB has a better ability to reduce irreversibility than
the other three. Therefore, a relative larger baffle distance
is recommended if a minimum entropy generation is
expected.

Figure 8(f) shows that the variation in y in different
baffle distances. It can be found that the y decreases with
an increase in baffle distance, and the relative relation of
the y between four different baffles is similar to those of
N; and 5. This demonstrates that STHX-PSB is a more
effective parallel flow baffle to reduce irreversibility com-
pared to others.

4.3 Baffle width effect

Figure 3 shows that for STHX-PPB, STHX-WSB, and STHX-
PSB, the contact area between baffle and tube increases
with an increase in baffle width b. As a result, the contact
stress between the baffle and tube decreases. In other
words, the increase in baffle width is beneficial to anti-
vibration ability.

For baffle width in the range of 10-30 mm, the varia-
tion in different performance indicators of STHX-PPB,
STHX-WSB, and STHX-PSB is shown in Figure 9. The inlet
Re is 10,849 and all other geometrical parameters of these
three STHXs are the same as those listed in Table 1.

Figure 9(a) shows that the Nu increases with an
increase in baffle width. The reason for this phenomenon
is that with an increase in baffle width, the scope of
zone with the smallest flow area also extended, which
enhances the heat transfer and increases pressure drop.
Besides, it can be seen that the Nu of STHX-PPB, STHX-
WSB, and STHX-PSB with a baffle width of 30 mm is,
respectively, on average 4.23%, 2.05%, and 3.97% higher
than that with the baffle width of 10 mm. This means that
the baffle width does not have a significant effect on the
heat transfer characteristic.

Figure 9(b) shows that the f-factor increases with an
increase in baffle width. It can be found that the f-factor
of STHX-PPB, STHX-WSB, and STHX-PSB with a baffle
width of 30 mm is, respectively, on average 8.22%, 13.01%,
and 9.1% higher than that with baffle width of 10 mm. This
means that baffle width has a significant effect on the pres-
sure drop characteristic.

Figure 9(c) shows the changes in PEC under different
baffle width. It can be found that the PEC does not mono-
tonically increase or decrease with an increase in baffle
width for every Re. The PEC of STHX-PPB and STHX-PSB
with a baffle width of 30 mm is, respectively, on average
1.53% and 0.99% higher than that with baffle width of
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Figure 9: The effect of baffle width on different performance indicators. (a) Nu comparisons for different baffle width, (b) f-factor com-
parisons for different baffle width, (c) PEC comparisons for different baffle width, (d) Ns comparisons for different baffle width, (e)
comparisons for different baffle width, (f) y comparisons for different baffle width.

10 mm. While the PEC of STHX-WSB with baffle width of
30mm is -2.03% lower than that with baffle width of
10 mm. This means that an increase in the baffle width
is beneficial in increasing the overall thermal-hydraulic
performance of STHX-PPB and STHX-PSB while decreasing
the baffle width is beneficial in increasing the overall
thermal-hydraulic performance of STHX-WSB.

Figure 9(d) and (e) shows the changing tendency of
N and 7 in different baffle width. It can be found that
the N; decreases with an increase in baffle width for a
given Re. The reason is that increasing the baffle width
results in the increase of the transferred heat. This
indicates that increasing the baffle width can reduce
irreversibility. Therefore, a relative large baffle width
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is recommended if a minimum entropy generation is
expected.

Figure 9(f) shows that the variation in y in different
baffle width. It can be found that the y increases with an
increase in baffle width for a given Re. This result is con-
sistent with the relationship between the entropy genera-
tion number and the baffle width.

4.4 Correlations for Nusselt number and
friction factor

The Nu and f-factor correlations are fitted for STHX-RRB,
STHX-PPB, STHX-WSB, and STHX-PSB. These correla-
tions are shown in equations (18)—(25).

L —0.25094
NUSTHX RRB = 0.13139Re0~72877Pr1/3(d—bJ (18)

o

0

~0.79068
fsthx.rrE = 16.006 Re™0-33491 (%J (19)

NuSTHX_ppB =0.06569 Reo'84266

ol [ Ly jossssz ( b Jo.o3711 (20)
d

do

(o]

= _0.10089 [ Lb ~0.99352 ¢ ) \0.06941
fstuxpep = 6.13306 Re dy dy 1)

(o] (o]

Nusrax.wsg = 0.07524 Re0-83272

XPr1/3 & -0.4066 £ 0.01103 (22)
do do

~ oorss (Lo ~1.02484 ¢ 010881
fstax-wsp = 5.42737 Re ) ot (23)
do do

NuSTH)(_pSB = 0.07395 ReO'SMBS

y Pr1/3[&j0.4006[£j0'02417 (24)
0 do
B 004881 Lb -1.00595 b 0.077
fstux-psp = 5.31155Re =b 2 (25)
do do

The adjusted residual square of the above fitted
equations is 0.9963, 0.9995, 0.99936, 0.99909, 0.99863,
0.99893, 0.99904 and 0.99856. The above correlations
are valid for Re in the range of 10,849-32,547, for baffle
distance Ly, in the range of 110-350 mm and baffle width b
in the range of 10-30 mm.
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4.5 Cost comparison

In this section, cost comparison is carried out for an STHX
with different parallel flow baffles. The input design para-
meters of the STHX are listed in Table 3. The basic geo-
metric parameters of the STHX with different parallel flow
baffles are listed in Table 4. The cost of STHX is calculated
with Hall’s method [23,24]. Corresponding equations are
listed in equations (26)-(36). Here we assume that the
capital investment cost per area of STHX-RRB, STHX-
PPB, STHX-WSB, and STHX-PSB is the same. The thermal
resistance of tube wall and fouling thermal resistance are
neglected. The value of { is 0.6. The cost comparison
results are listed in Table 5.

Ciot = G + Cop (26)
C; = 8500 + 409A%8 (27)
elife
C
Cop = ° (28)
* kzl 1+ 6k
Table 3: Design parameters of a parallel STHX
Item Value
Heat duty (MW) 47.7
Tube-side medium Water
Shell-side medium Water
Tube-side design pressure (MPa) 15
Shell-side design pressure (MPa) 1
Tube-side inlet temperature (K) 360
Tube-side outlet temperature (K) 335
Shell-side inlet temperature (K) 283.15
Shell-side outlet temperature (K) 328
Tube-side volume flow rate (m>/s) 0.455
Shell-side volume flow rate (m>/s) 0.253

Table 4: Basic geometric parameters of four different parallel flow
STHXs

Item Value
Tube layout Square
Tube diameter 25
Tube thickness 2

Tube pitch 32

No. of tubes 659
No. of tube pass 1

No. of shell pass 1
Shell’s inner diameter (mm) 1,000
Baffle distance (mm) 200




DE GRUYTER

Study of the thermal performance of four parallel flow STHXs with different indicators

Table 5: Cost comparison of four different parallel flow STHXs

Temperature
300.00

297.59
295.19
20278
290.37
287.96
285.56
283.15

K]

flow direction

—_—

stHx-rre [

sTHx-PPB [

STHX-WSB

STHX-PSB

Item Unit STHX-RRB STHX-PPB STHX-WSB STHX-PSB
he  W/m?K 10209.2  10209.2  10209.2  10209.2
hs  W/m’K 31345 3828.9 3599.6 3888.1
K W/m?K  2854.9 3487.4 3278.5 3541.2
A m? 406.2 332.6 353.7 327.5
L m 7.849 6.425 6.835 6.328
Aps  Pa 5011.5 10133.4  10779.0 9979.2
Ap,  Pa 14114.6 12557.6  13005.4  12450.7
G $ 759812 654259 684943  64688.8
G $ 9622.0  10360.7  10820.3  10250.9
Cop $ 59,123.1 63661.8  66,485.8  62987.3
Cot $ 135104.3  129087.7 134980.1  127676.1
Co = PkaH (29)
1
P = E(AptVt + Aps Vo) (30)

VAL
Apt = Aptube length + Apelbow = ptTt(Eﬁ[ + 4} (31)
1
fi = (1.82logoRe; — 1.64)2 (32)
Vi d;
Re, = PM4 33)
M

0.14
he = o.oz7§ Re?sprw[ﬂ] (Re, > 10,000) (34)

1 w

A= Qtot

35

KAT (35)
A

L= 6

ndyn (36)

where Cy is the total cost, C; is the capital investment
cost, C,p, is the operating cost, A is the total tube outside
the heat transfer area, elife is the equipment design life, §
is the rate of annual discount, k,; is the price of electricity,
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Figure 10: 3D streamlines comparison of STHX-RRB, STHX-PPB,
STHX-WSB and STHX-PSB.

$

Figure 11: Temperature contours comparisons of STHX-RRB, STHX-
PPB, STHX-WSB and STHX-PSB at selected cross-sections.

H is the hours of operation per year, P is the pumping
power, {'is the pump efficiency, Ap; is the tube-side pres-
sure drop, Aps is the shell-side pressure drop, V; is the
volume flow rate of tube side, and V; is the volume flow
rate of shell side.

It can be found from Table 5 that the C; sequence of
these four parallel flow STHX is STHX-PSB < STHX-PPB <
STHX-WSB < STHX-RRB. The reason is that the PSB can
enhance heat transfer rate more effectively than the other
three. The C,, sequence is STHX-RRB < STHX-PSB <
STHX-PPB < STHX-WSB. The reason is that the RRB has
the smallest effect on pressure drop. The Ci,; sequence
of these four parallel flow STHX is as follows: STHX-PSB
< STHX-PPB < STHX-WSB < STHX-RRB. This means
that STHX-PSB exhibits an obvious economic benefit
compared with the other three. The reason is that
STHX-PSB has a better effect on heat enhancement
although the C,, is the largest. Thus, the required total
heat transfer area is also less. On the contrary, although
the PEC of STHX-RRB is the largest, the heat enhance-
ment is weak. Thus, the required total heat transfer area
is large. This means that the STHX-PSB is recommended
if the lowest total cost is expected for the design para-
meters given in Tables 3 and 4.

It is worth noting that cost estimation may be a more
appropriate performance indicator than PEC, N, and y for
designers. Because cost estimation can reflect the effect of
design parameters of both shell side and tube side, PEC
can only reflect the effect of parameters of one side (shell
side in this article). The N and y are not intuitionistic for
designers.
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4.6 Heat transfer mechanism analysis

To better understand the heat transfer mechanism of
STHX-RRB, STHX-PPB, STHX-WSB, and STHX-PSB, the
3D streamlines of them for inlet Re at 10,849 and baffle
distance of 200 mm are plotted in Figure 10. The geome-
trical parameters of these four STHXs are the same as
those listed in Table 1. The temperature variation in three
cross-sections of the unit duct at position Z = 0.2m, Z =
Om, and Z = -0.2m is shown in Figure 11. The field dis-
tribution contours on Y-Z plane are shown in Figure 12.

Figure 10 shows that the streamlines change their
direction at the baffle zone. Some vortexes are generated
at the back of the baffles. From Table 2, it can be found
that the blocked area ratio order is as follow: STHX-PSB >
STHX-WSB > STHX-PPB. Figure 10 shows that the velo-
city increasing rate order of STHX-RRB, STHX-PPB, STHX-
WSB, and STHX-PSB at the baffle zone is the same as the
blocked area ratio order mentioned above.

Figure 11 shows that, at cross-section Z = Om, the
temperature of the water near the heated tube rises
rapidly. However, an inner core no-heated region can
also be seen in STHX-RRB and STHX-WSB. Furthermore,
we can find that the no-heated zone in STHX-RRB is quite
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Figure 12: The velocity, pressure and temperature contours of Y-Z plane

of flow unit of STHX-RRB, STHX-PPB, STHX-WSB and STHX-PSB.

(a) Velocity contour (m/s), (b) pressure contour (Pa), (c) temperature (5)

contour (K).
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larger than that in STHX-WSB. This means that the
working fluid in STHX-RRB shows a slower temperature
rise compared with that in STHX-PPB, STHX-WSB, and
STHX-PSB. This illustrates the low heat transfer capacity
of STHX-RRB as demonstrated in Figure 7(a).

From Figure 12, we can find that the fluid velocity,
pressure drop, and the temperature rapidly increase
when the fluid flow passes the baffle. Meanwhile, the
thickness of the boundary layer decreases. The variation
in degree of velocity, pressure, and temperature follows
an order of STHX-RRB < STHX-WSB < STHX-PPB < STHX-
PSB. This further verifies the observation in Figure 10.

5 Conclusions

In this study, comparative study of the thermal perfor-
mance of four different parallel STHXs is numerically
explored with different performance indicators for Re in
the range of 10,849-32,547. The antivibration ability of
these four STHXs is analyzed. The effects of inlet Re,
baffle distance, and baffle width on the performance indi-
cators are discussed. Correlations for Nu and f-factor are
fitted. Cost comparison using Hall’s method is also com-
puted. Some main results show that:

(1) The antivibration ability order is STHX-RRB < STHX-
PPB < STHX-PSB < STHX-WSB, according to the con-
tact area between the tube and baffle. This means
that STHX-RRB should not be used in situation where
the flow-induced tube vibration is serious. Instead,
STHX-PSB and STHX-WSB are recommended.

(2) The average Nu gain of STHX-PPB, STHX-WSB, and
STHX-PSB is 20.9%, 15.2%, and 23.9%, respectively,
compared with STHX-RRB for the investigated Re.
The average f-factor increase in STHX-PPB, STHX-
WSB, and STHX-PSB is 142.0%, 154.5%, and 242.4%,
respectively, compared with STHX-RRB. The fast
increase in f-factor results in the overall thermal-
hydraulic performance of STHX-PPB, STHX-WSB,
and STHX-PSB, which is only 90.1%, 84.4%, and
82.3% that of STHX-RRB.

(3) The entropy generation and entransy dissipation
order are STHX-RRB > STHX-WSB > STHX-PPB >
STHX-PSB. This indicates that STHX-PSB has the
best ability to reduce irreversibility.

(4) The inlet Re and baffle distance have a significant

effect on different performance indicators while the

baffle width has a trivial effect.

STHX-PPB can achieve a good balance between

different performance indicators. STHX-WSB is
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superior to STHX-PSB as it can obtain a better
overall thermal-hydraulic performance and anti-
vibration ability. However, STHX-PSB may exhibit
a better economic value as it has a better effect on
heat enhancement.
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