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HIGHLIGHTS

» Shell-side performance of a heat exchanger with trefoil-hole baffles was studied.
» The Nusselt number of the shell-side is about 4.5 times that without baffles.
» The overall performance index Nu/Ap lies in the range of 16—37 kPa~’.
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Orifice plates have been developed as the support of tubes for shell-and-tube heat exchangers, however,
very few related academic literature are available. In the present work, we experimentally investigate the
shell-side thermo-hydraulic performance of a shell-and-tube heat exchanger with trefoil-hole baffles
(THB-STHXs) under turbulent flow regime. The test data demonstrate that the heat transfer rate is
effectively enhanced on the shell side, meanwhile, the flow resistance increases substantially. Moreover,
both the heat transfer performance (NuPr—9333(us/u,,)"%') and pressure loss (Ap) rise with the
increment of the Reynolds number. Based on the experimental results, correlations of the Nusselt
number and pressure loss as a function of the Reynolds number are obtained respectively. To analyze the
mechanisms of these thermo-hydraulic characteristics, numerical computation is carried out on the basis
of a unit channel, which demonstrates that the trefoil-hole baffle could generate high-speed flush,
intensive recirculation flow and high turbulence intensity level. As a result, the heat transfer rate is
considerably enhanced and the flow resistance increases substantially as well.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Shell-and-tube heat exchangers (STHXs) are widely used in
chemical engineering, petroleum refining and power generation,
etc [1]. Lots of energy could be saved by improving the perfor-
mances of those devices, which depends on both shell side and
tube side. A variety of thermal augmentation techniques have been
developed and applied for the tube side, such as various types of
high-efficient tubes and tube inserts [2—8].

The performance of shell side is more complicated and depends
on the baffle elements to a great extent. The traditional segmental-
baffle shell-and-tube heat exchangers (SG-STHXs) have been well
developed and widely applied for decades [9—12]. Because the
working fluid flows across pipes, the shell-side heat transfer rate is
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effectively enhanced in SG-STHXs. However, the pressure loss and
the ‘dead’ flow region are considerably large. Moreover, the harmful
vibration level is high. In order to solve these problems, numerous
experimental [13—15] and numerical investigations [16—18] have
been conducted and various types of baffles, tubes and their
arrangements have been developed [13—15,18—26].

Shell-and-tube heat exchanger with rod baffles is such an
improvement, which was originally proposed by Phillips Petroleum
Company [20]. The rods act as the support of tubes for low vibration
level. On the other hand, flow disturbance caused by the rods leads
to a high heat transfer rate [21,22].

The shell-and-tube heat exchanger with spiral baffles is another
example which has good thermo-hydraulic performance and low
vibration level [23,24]. However, it is difficult to manufacture
continuous spiral baffles. For this reason, some researchers used
circular plain baffles with two quadrants hollow in the shell side
alternately, which can also induce the fluid to flow spirally [25].
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Nomenclature

A flow area, m?

G specific heat of constant pressure, J/(kg K)
d tube diameter, m

D characteristic dimension, m

E mean rate-of-strain tensor, 1/s

f function

Gk turbulent kinetic energy generation rate, kg/(m s>)
h convective heat transfer coefficient, W/(m? K)
k turbulent kinetic energy, m?/s?

K overall heat transfer coefficient, W/(m? K)
L tube length, m

n tube number

Nu Nusselt number

D static pressure, Pa

Ap static pressure loss, Pa

q volumetric flow rate, m>/s

Q heat flux, W

Pr Prandtl number

R thermal resistance, m? K/W

Re Reynolds number

s tube distance, m

S heat transfer area, m?

T static temperature, K

temperature difference, K

velocity, m/s

uncertainty; wetted perimeter, m

coordinate axis, m

density, kg/m>

dynamic viscosity, N s/m?

gap, m

turbulent kinetic energy dissipation rate, m?/s
thermal conductivity, W/(m K)

turbulent Prandtl number

3
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Subscripts

eff effective

ex outlet

fluid

inner wall of tube; tensor
inlet

tensor

laminar

average

outer wall of tube
shell side

tube side; turbulent
wall

stvwog——g~—~

To reduce the ‘dead’ flow region and fouling, various orifice plates
were developed as the tube support of STHXs, and were applied in
heat exchangers for steam generators of nuclear power plants and
other fields [26], in which the fluid flows longitudinally through the
gaps between the orifice edges and tube walls. The trefoil-hole plates
or quatrefoil-hole plates are such examples. They are of good thermo-
hydraulic performances and less liable to foul. However, few open
reports and publications could be found. Thus, we will experimen-
tally investigate the thermo-hydraulic performances of a shell-and-
tube heat exchanger with trefoil-hole baffles (THB-STHX) in the
present study. Moreover, a numerical study is conducted to help
analyzing the mechanisms of thermal augmentation on the shell side.

2. Experimental investigation
2.1. Geometric configuration

Fig. 1(a) depicts the sketch of a trefoil-hole baffle, on which trefoil
holes are broached for the support of tubes, and the fluid flows
through the gaps between the tubes and baffles longitudinally. Fig. 2
shows the experimental sample of THB-STHX. The warm fresh water
acts as the working fluid of shell side, while cool fresh water flows in
the tube side in opposite direction. The shell has a diameter of
100 mm and a length of 2000 mm. Fourteen tubes with a diameter of
14 mm are installed inside the shell with a triangle arrangement. The
amount of trefoil-hole baffle is five with a pitch of 350 mm. The
thickness of the baffle is 3 mm, and the size of breach (6) is 2 mm (see
Fig. 1(b)). The detailed structural parameters are listed in Table 1.

2.2. Experimental device and approach

The experimental system is schematically shown in Fig. 3.
Besides the test sample of THB-STHX, the experimental setup
consists of two loops, i.e., the warm water loop and cool water loop.
The warm water is recycled with a centrifugal pump and a reservoir,
and a heat pump water heater (HPWH) is adopted to keep the inlet
water temperature constant. The cool water loop is an open one, i.e.,

the cool water is discharged after it is warmed up by warm water in
the heat exchanger. In order to minimize the heat loss to the envi-
ronment, the shell is thermally insulated during the experiment.
Four platinum resistance thermometers (Pt100) with a precision
of 0.15 K are used to measure the fluid temperatures at the inlets and
outlets of shell and tube sides, as shown in Fig. 3. Two differential
pressure transducers are adopted to measure the pressure drops of
shell and tube sides, respectively. Two turbine flow meters with an
accuracy of 0.5% are arranged in the downstream of tubes to measure
the volumetric flow rate of shell and tube sides. In addition, several
valves of manual control are used to adjust the temperature and flow
rate of the working fluids. All the analog signals of the temperature,
pressure difference and flow rate are transmitted to the computer via
a Data Acquisition Card (PC-7488), and processed through a software.

2.3. Data reduction

In the present study, the thermo-hydraulic performances of the
shell side are characterized by the Nusselt number, Nu and pressure
loss, Ap. The latter could be directly measured by a differential
pressure transducer, while the acquisition of the former is a little
more complicated. The detailed procedure is described as below.

As mentioned above, the shell is thermally insulated and the
system is in a steady state during the experiment. Thus, the amount
of heat transferred from the shell side to tube side equals to the
enthalpy increment of cool water, or the enthalpy decrement of
warm water, as shown in Eq. (1).

Q = pqtCp ATy = —pgqsCp sATs (1)

The overall heat transfer coefficient K could be calculated
through Eq. (2).

Q

K= S-ATm

(2)

where S stands for the heat transfer area based on the outer
diameter of tubes, and ATy, is the logarithm averaged temperature
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Trefoil-hole baffle

Fig. 1. Trefoil-hole baffle with a triangle arrangement (a), and corresponding unit channel (b).

difference between the warm and cool water, which is calculated
through Eq. (3).

ATy, — ATex
AT, 3
ATex

ATm =

Ln

where ATi, and ATe refer to the fluid temperature differences
between the shell side and tube side at the inlet and outlet,
respectively.

Since the heat exchanger is newly manufactured, the fouling on
the tube surfaces could be neglected. Thus, the convective heat
transfer coefficient of the shell side, hs, could be calculated through
Eq. (4). )

K hed, "W
where h; is the convective heat transfer coefficient of the tube side,
and R,y refers to the thermal resistance of tube wall, as shown in Eq.

(5).
_ do o
Rw = o LDE (5)

where Ay is the conductivity of tube wall.
The flow on the tube side is also turbulent, and its convective
heat transfer coefficient h; is calculated through Eq. (6) [27].

warm fresh
water inlet shell

cool fresh
water exit

heat pipe

b

symmetry plane

Unit channel

0.14
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where Dy is the characteristic dimension of the tube side (equals to
the inner diameter of tubes), while Re; is the Reynolds number of
tube side, which could be calculated through Eq. (7).
Re — PUD 7)
u

The Reynolds number on the shell side is also determined by Eq.
(7), where the average velocity far from the baffle acts as the
characteristic velocity, while the characteristic dimension D is
calculated through Eq. (8).

D=7 (8)

Finally, the Nusselt number on the shell side could be obtained
with Eq. (9).

Nu = hTD (9)

2.4. Results and discussions

The mass flow rate on the shell side varies from 6.9 to 13.9 kg/s
in the experiment, corresponding to the shell-side Reynolds

warm fresh cool fresh
water exit  water inlet

stream guidance
chamber

/ / ~1400 mm

@®100 mm

~ 2000 mm

Fig. 2. Assembly drawing of the test sample of THB-STHX.
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Table 1
Structural parameters of the THB-STHX.

Material: Stainless steel

Tube inner diameter: 12 mm
Tube arrangement: Triangle
Tube number: 14

Shell inner diameter: 100 mm
Baffle number: 5

Baffle thickness: 3 mm
Breach size (6): 2 mm

Tube outer diameter: 14 mm
Tube distance (s): 19 mm
Tube effective length: 1400 mm

Baffle pitch: 350 mm
Breach number: 3

number from ~ 10,000 to 25,000. Fig. 4 shows the variation of the
dimensionless parameter NuPr—0333(u;/u,,)~%'4 with the Rey-
nolds number, and the counterpart of the case without baffles
(calculated through Eq. (6)) is depicted in the same figure with
a dot—dot—dash line for comparison. It is noted that the average
dimensionless parameter of the THB-STHX is ~ 280, which is about
4.5 times that of the cases without baffles. This demonstrates that
the THB-STHX has a good performance of heat transfer. Moreover,
the heat transfer rate increases with the increment of the Reynolds
number. The dimensionless parameter is fitted by an empirical
formula, as shown in Eq. (10), and also plotted in Fig. 4 (solid line).

0.14
Nu = 0.0328ReV9337pp0333 (ﬁ> , 10,000 < Re < 25,000

w

(10)

The behavior of flow resistance is presented in Fig. 5, and the
counterpart of the case without baffles is calculated through Blasius
correlation (see Eq. (11)) [27], and plotted in the same figure with
a dotted line for comparison.

03164 L pu?

" Re9B5 D 2

From Fig. 5 it is clearly seen that the shell-side pressure loss of
the THB-STHX is much higher than that of the case without baffles
(dotted line). Moreover, the pressure loss rises with the increment
of the Reynolds number, and the larger the Reynolds number, the

(11)
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larger the increasing rate is. The shell-side flow resistances of the
THB-STHX are fitted by an empirical formula, as shown in Eq. (12),
and plotted in Fig. 5 as well (solid line).

Ap = 0.0063032Re'>°12,

10,000 < Re < 25,000 (12)

The combined parameter, Nu/Ap, is fitted by using a three-order
polynomial function. Both the measured data and fitted curve are
presented in Fig. 6 to illustrate the variation tendency of Nu/Ap
with the Reynolds number. It is noted that the value of Nu/Ap
ranges from 16 kPa~! to 37 kPa~! over the Re range under inves-
tigation. Moreover, it is also seen in Fig. 6 that the fitted curve has
a critical Re number of 18,000. When the Reynolds number is lower
than 18,000, the value of Nu/Ap drops with the increment of the
Reynolds number at a decreasing rate. Inversely, when Reynolds
exceeds the critical point, the combined parameter keeps approx-
imately constant.

In addition to the combined parameter, Nu/Ap, some
researchers also used the dimensionless rate of entropy generation
to evaluate the overall thermal—hydraulic performance. Never-
theless, the latter is always applied for the optimization of heat
transfer processes or heat exchangers [28]. Thus, we do not present
its variation tendency here.

The uncertainties of the experimental quantities are determined
with the method of Ref. [29], which involves calculating derivatives
of variables with respect to individual experimental quantities and
applying already known uncertainties, as shown in Eq. (13).

(13)

where R = f(x1, X2, ..., X;) represents a desired variable, x1, X2, ..., X
are the variables that impact R, and their absolute uncertainties are
expressed by Uy, Uy, ..., Uxn, respectively.

According to the measurement precisions of platinum resistance
thermometers and turbine flow meters, etc., the uncertainties of Q
and Nu could be deduced from Eqgs. (1) and (9), which are around
+4% and +15%, respectively. For the convenience to check the

51 v52$
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From cool il THB-STHX V42 ]
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reservior |[V12 e V13
V21 V22 ® FUMP
rFrom L

HPWH  To HPWH

Fig. 3. Schematic of the experimental system. T is platinum resistance thermometer; DP is differential pressure transducer; F is flowmeter; V is valve.
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Fig. 4. Variation of the shell-side performance of heat transfer with the Reynolds
number.

fluctuations of experimental data, both the curves of 10% lower and
higher than fitted values are computed and presented in Figs. 4—6
together with their experimental data.

3. Numerical simulation

The above experimental investigation has demonstrated that
the shell side of THB-STHX has a good heat transfer performance. To
reveal the underlying mechanism, we take the case of Re = 10,000
as an example, and numerical simulation is performed for this case.
As the computation load is too heavy to model the whole heat
exchanger with the CFD method, instead, the section between two
baffles of a unit channel (see Fig. 1(b)) is selected as the computa-
tion region. Periodical boundary is adopted, in which the fluid
parameters at the inlet and outlet are coupled. The geometrical
model and meshes are generated with the software Gambit 2.3, as
shown in Fig. 7. Structural grids are adopted in the mesh genera-
tion, and hexahedral elements are generated for the whole
computation domain. In addition, the refinement is carefully con-
ducted near the walls for the consideration of y+ on walls.

Commercial software Fluent 6.3 of double-precision version acts
as the solver, and the steady incompressible turbulent flow model
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& [ e 10% lower
a | 10% higher
< | ------- Data of no baffle
L T T T
o5—————— i |___‘7._=-:t"_"’__
| R \
R | \
| T | | \
0.1 | | |
10000 14000 18000 22000 26000

Re

Fig. 5. Variation of the shell-side pressure loss with the Reynolds number.
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Fig. 6. Variation tendency of Nu/Ap with the Reynolds number.

is adopted for the numerical computation. The conservation

equations of continuity, momentum and energy in the Cartesian

coordinate system are presented below in the tensor form.
Continuity equation:

a(puy)
w 0 (14)

Momentum equation:

d(pui) _ op | 9 ;| 9
E— 15
an an + an Heft an + 0X; ( )

Energy equation:

d(pcpTu;)  op 0 oT
Tax Uja—xj o et o (16)

where pefr is the effective dynamic viscosity, which is the sum of
laminar and turbulent dynamic viscosity, i.e., geff = #; + K¢, While
Aeff is the effective thermal conductivity.

Two-layer standard k—e¢ turbulence model with enhanced wall
treatment is adopted for turbulent quantities [30]. The conservation

exit of periodic unit

tre-foil hole baffle

tube wall
(three pieces)

inlet of
periodic unit

symmetry plane
(three pieces)

Fig. 7. Computation domain and meshes of the periodic model for a heat exchanger
with trefoil-hole baffles, the scale between x axis and y or z axis is 0.5.
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Fig. 8. Streamlines and axial-velocity contour near the baffle at the symmetry plane of unit channel for THB-STHX.
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Fig. 9. Turbulence intensity contour near the baffle at the symmetry plane of unit channel for THB-STHX.

equations of turbulent kinetic energy (k) and turbulent kinetic
energy dissipation rate (¢) are given below:
For turbulent kinetic energy k:

o(pku;) @ ( ,ut> ok
=— | (m+= )| +GCx—ps 17)
an an ! Ty an k
For turbulent kinetic energy dissipation rate «:
d(peu;) 9 fe Oe Ciee e
== — ) = - — 1
i = (2 ) g ) + G- G (18)

where u, = pCu(k?/e),
Gk = Z#tEUEl]’ EU = (1/2)((8“1/6261) + (auj/ax,-))

The constants for the standard k—e turbulent model are set as
below:

Cp =009 Cp, =144; G, = 1.92; g, = 1.0; g, = 1.3

The finite volume method is adopted for the discretization, and
all the variables are treated with the second-order upwind scheme,
except the pressure term with standard scheme. Numerical
computations are conducted with the pressure-based solver, and
pressure and velocity are coupled with the ‘SIMPLE’ algorithm.
Enhanced wall treatment is adopted for the modeling of near-wall

region. The convergent criterions are set as: relative residual of
1E-8 for energy and 1E-5 for other variables. The numerical model
was validated through a simulation of the unit channel of STHX
without baffles under the turbulent flow regime, and the Nusselt
number and friction factor both match with the well-known
correlations of Egs. (6) and (11).

The shell-side convective heat transfer coefficient is calculated
through Eq. (19), and the Nusselt number can then be obtained
with Eq. (9).

b o Qu

— (19)
S' (Tf,m - Tw_m)
Here, Trm and Ty, are the averaged shell-side temperatures of the
fluid and tube wall, respectively.

Grid independence of the results has been checked and about
2,000,000 cells are used in the final computation. The Reynolds
number is 10,000, which corresponding to a flow rate of 0.068 kg/s
in the unit channel. Constant temperature boundary condition is
set upon the tube wall. The computation result shows that the
average value of y+ on walls is about 2.4, and the convective heat
transfer coefficient and pressure loss are ~8990 W/(m? K) and
~6.284 kPa/m, respectively, while the counterparts of the experi-
mental results are ~9400 W/(m? K) and 6.57 kPa/m, respectively.
The relative discrepancies of both convective heat transfer coeffi-
cient and pressure loss are within 5%, which demonstrates that the
CFD simulation is of reasonable precision.

BT [ [ T ]

305 305.5 306 306.5 307 307.5 308 308.5 309 309.5 310 310.5 311 311.5 312 Unit: K

case of STHX with trefoil-hole baffle

case of STHX with no baffle

Fig. 10. Temperature contour near baffle at the symmetry plane of unit channel for THB-STHX and STHX without baffles.
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To help analyzing the mechanisms of the thermo-hydraulic
characteristics, we present the contours of velocity, turbulence
intensity and temperature of the symmetry plane of the unit
channel, as shown in Figs. 8—10.

Fig. 8 presents both the streamlines and axial-velocity contour
near the baffle. It is clearly seen that the fluid velocity increases
sharply at the breach of trefoil-hole baffle and washes against the
downstream tube wall severely, which leads to a significant
enhancement of the heat transfer rate. Moreover, a remarkable
recirculation region is formed behind the baffle, while a weaker one
emerges before the baffle due to its blockage to the jet flow. These
reverse flows result in considerable pressure loss of the working
fluid.

The variation of turbulence intensity near the baffle is shown in
Fig. 9. It is clear that the turbulence intensity level increases
substantially after the baffle, which implies that the flow resistance
will be increased and the heat transfer rate will also be enhanced
effectively.

The temperature contour of the symmetry plane of unit channel
is depicted in Fig. 10(a) for THB-STHX, and the counterpart of STHX
without baffles is presented in Fig. 10(b) for comparison. It is seen
that due to the high-speed flush, high turbulence intensity level
and strong reverse flow, most of the thermal boundary layer of
THB-STHX is much thinner as compared with that without baffles.
This implies that the near-wall temperature gradient is larger in the
case with trefoil-hole baffles, therefore, heat transfer is effectively
augmented on the shell side, as a result, the exit temperature of
working fluid is much lower than the case without baffles, as clearly
seen in Fig. 10.

4. Conclusions

Thermo-hydraulic performances on the shell side of a shell-and-
tube heat exchanger with trefoil-hole baffles (THB-STHX) were
experimentally investigated under the turbulent flow regime with
the Reynolds number ranging from ~10,000 to 25,000 in the
present study. Empirical correlations of the Nusselt number and
pressure drop on the shell side have been obtained through data
fitting. It is shown that the THB-STHX has a good performance of
heat transfer. The value of NuPr—0333(u;/u,,) %1 increases with
the increment of the Reynolds number and its average value is
~280, which is about 4.5 times that without baffles. The flow
resistance also increases with the Reynolds number. The combined
parameter, Nu/Ap, decreases with the increment of the Reynolds
number at a decreasing rate, and its value lies in the range of 16—
37 kPa~. Numerical simulation of the unit channel shows that the
trefoil-hole baffle could generate the high-speed flush against
downstream tube wall and intensive recirculation flow, as well as
high turbulence intensity level. As a result, temperature boundary
thickness near the wall is significantly reduced and the heat transfer
rate is considerably enhanced, accompanied by a pronounced
increase in the flow resistance. In addition to the good thermo-
augmentation performance, THB-STHXs are easy to manufacture,
and less liable to be fouled, which makes them promising to be
widely applied in various industries.
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