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Abstract: This study presents the thermal-hydraulic optimization of the design parameters of a parallel-flow shell-and-tube heat
exchanger with a new type of anti-vibration hexagon clamping baffle and equilateral triangle cross-sectioned coiled wire. A pe-
riodic flow unit duct with non-staggered tube layout is adopted as the numerical analysis model by Fluent. The Taguchi method is
used to explore the influence of five geometric parameters including baffle distance (A), baffle width (B), coil diameter (C), coil
pitch (D), and the side length of the equilateral triangle (E). An L18 (3°) orthogonal array is chosen to carry out the numerical
simulation. The comprehensive thermal-hydraulic performance evaluation criterion (PEC) is set as the optimization goal. The
results show that the order of the factor effectiveness for the Nusselt number is E>C>A>D>B, for the flow friction is C>E>A>B>D
and for the PEC is C>E>A>B>D. This means that the coil pitch has a great influence while the baffle width and the coil diameter
have a trifling effect. Finally, the optimal factor combination for PEC is obtained. The PEC of the optimal combination is
0.19%—-1.92% higher than the model with better comprehensive performance among 18 cases for Reynolds number in the range
from 14465 to 32547.
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1 Introduction into three groups: transverse flow, helical flow, and

longitudinal flow (Wang et al., 2011).

Shell-and-tube heat exchangers (STHXs) are
applied in a variety of industrial fields because of
their low cost and adaptability (Huang et al., 2008). In
STHXSs, the shape and arrangement of the baffles are
of essential importance for thermal-hydraulic per-
formance (El Maakoul et al., 2016). According to the
flow direction of shell side, the STHXs can be divided
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STHXs with segmental baffles (SB-STHXs) are
typical transverse flow heat exchangers. They have
many advantages, such as easy manufacturing and
low cost. However, they also have many disad-
vantages, such as large pressure drop, low heat
transfer efficiency, and harmful vibration (Zhang et
al., 2013).

STHXs with helical baffles (HB-STHXs) have
some advantages such as high heat transfer efficiency
and low flow resistance (Chen et al., 2013). Numer-
ical and experimental investigations have been con-
ducted to explore the heat transfer and pressure drop
in many novel HB-STHXs (Master et al., 2003; Wang
et al., 2009; Zhang et al., 2009). However, the use of
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HB-STHXs is still limited as the helical baffles are
difficult to manufacture.

STHXs with longitudinal baffles (LB-STHXs)
have been widely used in various industries (Wang et
al., 2007). LB-STHXs can enhance heat transfer,
reduce pressure loss, eliminate stagnant recirculation
zones, strengthen fluid turbulence, and avoid flow-
induced tube vibration (Gentry, 1990). For the past
decades, although many new longitudinal baffles,
such as ring baffle (Deng and Deng, 1998), large and
small hole baffles (Sheng et al., 2012), plate baffle
(Yang and Liu, 2015), and trefoil-hole baffle (You et
al., 2015) have been proposed, the round rod baffle
(RRB) is still one of the main design choices because
of its satisfactory overall thermal-hydraulic perfor-
mance and low cost (Dong et al., 2008).

Not surprisingly, the STHXs with round rod
baffles (RRB-STHXS5) also have some limitations and
drawbacks: (1) the baffle distance, usually between
110 and 150 mm, must be small in order to enhance
the heat transfer rate; (2) the heat transfer rate may be
very low when the mass flow on the shell side is
small; (3) the tube may be worn to leakage by a point
contact between the tube and the RRB (Hutagalung,
2014). In order to solve the problems of RRB-STHX
mentioned above, a type of curve-rod baffle (CRB)
with good vibration-preventing performance has been
proposed (Yan et al., 2004; Li et al., 2005). It was
found that this CRB can not only support the tube
bundle effectively, but can also enhance the heat
transfer in case of low Reynolds number. Inspired by
the fixed strip of economizer used in the boiler, a new
type of anti-vibration baffle, the hexagon clamping
baffle (HCB) is proposed in this paper. A picture of a
typical tube bundle in a non-staggered alignment
supported by the HCB is shown in Fig. 1. The ad-
vantages of this structure are as follows: (1) the
abrasion between the tube and the HCB can be sig-
nificantly eased, as the contact area between the tube
and the HCB is larger compared with that in the
RRB-STHX; (2) the baffle distance can be increased
to reduce the excessive use of HCB because the ri-
gidity of the HCB is much stronger than that of the
RRB; (3) the HCB can be used with some other parts
such as twisted tape, wire coil to further enhance the
heat transfer rate.

Previous studies have explored the heat transfer
and pressure drop in tubes with different coiled wire

Fig. 1 Picture of tube bundle supported by the HCB

inserts. The thermal-hydraulic performance between
twisted tape and coiled wire inserts for both laminar
and turbulent flow regimes has been compared (Wang
and Sundén, 2002). It was found that the coiled wire
inserts provided a better overall enhancement than the
twisted tape inserts in a turbulent flow regime. The
thermal performance of a tube with square cross-
sectioned coiled wire was experimentally studied and
compared with that obtained from that using circular
cross-sectioned coiled wire (Promvonge, 2008). It
was found that the Nusselt number increased with the
reduction of pitch for both circular and square wire
coils and the coiled square wire gave a higher heat
transfer rate than the circular one under the same
conditions. Considering that attaching the inserts to
the tube wall may cause contamination over time and
result in additional resistance to heat transfer, the
thermal-hydraulic performance of a circular tube with
coiled wire inserts installed with a small separation
from the inner wall of the tube was experimentally
studied (Keklikcioglu and Ozceyhan, 2016). Results
showed that the maximum thermal performance was
around 1.82 at a Reynolds number of 3429. The heat
transfer and pressure drop of a tube with equilateral
triangle cross-sectioned coiled wire inserted in the
turbulent flow regime was experimentally investi-
gated (Gunes et al., 2011). The effects on heat transfer
of three different pitch ratios and two different ratios
of triangle length side to tube diameter in the range of
Reynolds number from 3500 to 27000 were dis-
cussed. It was found that the coiled wire inserts led to
a considerable increase in heat transfer and pressure
drop compared with the smooth tube. Computations
were performed for the forced convective heat trans-
fer of an Al,Os;—water nanofluid over an equilateral
triangular obstacle with three different orientations
(side, vortex, and diagonal facing flows). Results
showed that the heat enhancement of the vortex-
facing flow orientation was better than that of the
side-facing flow orientation when the nanoparticles
were not available (Bovand et al., 2015). The entropy
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generation of a circular tube inserted with coiled wire
inserts was experimentally explored. The wire inserts
were manufactured with an equilateral triangular
cross-section and were coiled so that a vortex-facing
flow orientation was adopted. Results showed that the
entropy generation number increased with increasing
Reynolds number and decreased with increasing pitch
ratio (Keklikcioglu and Ozceyhan, 2017).

The applications of classical design methods
cannot be sufficiently efficient under industrial con-
ditions. It is not practical to conduct a great number of
experiments to optimize the objective because of the
very significant time and cost involved in so doing.
The Taguchi method was developed by Genichi
Taguchi to improve the quality of manufactured
goods (Gunes et al., 2011). It is one of the robust
design and optimization methods, based on statistical
principles, which can finish the process of optimiza-
tion at a low cost by combining levels of different
factors. In the past few years, various heat exchangers
have been studied and optimized using the Taguchi
method. For example, the effects of design parameters
on heat transfer and flow friction characteristics in a
heat exchanger equipped with slit type fins were
studied based on it (Yun and Lee, 2000). Parameters
optimization of a vortex-generator fin-and-tube heat
exchanger was numerically carried out using the
Taguchi method (Zeng et al., 2010), and it was also
employed to achieve the optimum values of the de-
sign parameters for heat transfer and pressure drop in
a tube equipped with twisted tape (Bas and Ozceyhan,
2014). The determination of the optimum values of
the design parameters in a tube with equilateral tri-
angular cross-sectioned coiled wire inserts was in-
vestigated using the method (Gunes et al., 2011). It
has also been used to study the influence of seven
geometric parameters on thermal-hydraulic perfor-
mance of H-type finned tube heat exchangers (Wang
etal., 2016).

In the cases cited, most studies were focused on
the heat enhancement of the tube with different in-
serted wire coils. However, to the best of the authors’
knowledge, there are no reports of the study of the
heat transfer enhancement from using a combination
of HCB and coiled wire in the shell side of the
STHXs. This paper is therefore focused on the opti-
mization of the thermal-hydraulic performance of
STHX with the HCB and equilateral triangular cross-

sectioned coiled wire (HCBetsw-STHX) using the
Taguchi method. A sketch of the manufacturing pro-
cess of the tube bundle supported by the HCB is
shown in Fig. 2. The tube bundle supported by the
HCB and wire coils is shown in Fig. 3. The detailed
profile of the HCB is shown in Fig. 4. The coiled wire
with equilateral triangle cross-section is shown in
Fig. 5. It is worth mentioning that the vortex-facing
flow layout of the equilateral triangle is adopted in
this paper because it is effective on laminar sub-layer
disturbance. The influence of five geometric param-
eters (baffle distance, baffle width, coil diameter, coil
pitch, and the side length of the equilateral triangle)
on heat transfer and pressure drop is numerically
investigated. The optimal design value of each pa-
rameter is presented, and confirmation tests are car-
ried out. This study gives a useful insight into the
design and optimization of the HCBetsw-STHX.

2 Numerical model
2.1 Physical model

A periodic flow unit duct of a non-staggered tube
bundle is taken as the simplified model of the shell
side to perform a numerical simulation. To simplify
the numerical simulation, the following assumptions
are made: the working fluid is water which is con-
tinuous, Newtonian, and isotropic; the gravity effect
is negligible; the thermal radiation and viscous heat-
ing are negligible. The thermal-physical properties of
water (density £p=999.7 kg/m’, thermal conductivity
A=0.574 W/(m-K), specific heat ¢,=4191 J/(kg-K),
and x=0.001306 Pa‘s) remain constant during the
calculation process.

As can be seen from Fig. 6, the computational
domain includes the inlet extended block, heat trans-
fer block, and outlet extended block. The inlet ex-
tended block is formed by extending the original heat
transfer block by 100 mm at the upstream to ensure
inlet uniformity. Similarly, the outlet extended do-
main is formed by extending the original heat transfer
block by 100 mm at the downstream so as to avoid
backflow. Fig. 7 illustrates an example of the meshed
configuration of RRB-STHX and HCBetsw-STHX.
As shown in this figure, the fluid zone close to the
baffle and wire is meshed into smaller control vol-
umes in order to find more precise prediction results.



679

Yu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2018 19(9):676-690

Fig. 5 Sketch of coiled wire with equilateral triangle

Fig. 4 Detailed profile of the HCB
P, is the tube pitch (mm); d,, is the outer tube diameter (mm); cross-section
P, is the coil pitch (mm); d, is the diameter of circular section

a and c are side lengths (mm); b is the baffle width (mm); 4,
(mm); / is the length of equilateral triangular section (mm)

is the baffle thickness (mm)

! = N =N ]
[ B = il T = 1
k S|
Inlet block L Outlet block
not heated not heated
e 2Ly

Flow direction
Fig. 6 Schematic diagram of the computational domain

of the HCBetsw-STHX
Ly, is the baffle distance (mm)

2.2 Governing equations
The dimensionless steady equations for conti-

nuity, momentum, and energy can be expressed in  Fig, 7 Flow unit duct mesh of the RRB-STHX (a) and

tensor notation as HCBetsw-STHX (b)
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V(oV§) = V(I gradg) + S, (1)

where V is the velocity vector; ¢ stands for the ve-
locity components, temperature, etc.; /s and S4 rep-
resent the appropriate diffusion coefficients and the
source terms, respectively.

2.3 Numerical method and boundary conditions

The commercial computational fluid dynamics
(CFD) software Fluent is adopted for all the numeri-
cal simulations. The 3D, double-precision, pressure-
based stead state solver is used. The standard wall
function method is adopted for the near-wall region. A
no-slip boundary condition is imposed at the wire coil
walls as well as on the unit duct wall. The surfaces of
the baffles are set as adiabatic. The semi-implicit
method for pressure-linked equations algorithm is
used for pressure—velocity coupling; the second-order
upwind scheme is chosen for discrete momentum
equations and energy equations; the second-order
difference scheme is used for the pressure. The
velocity-inlet boundary condition is applied for the
inlet and the pressure-outlet boundary condition is
applied for the outlet. The four boundary walls of the
unit model are set as symmetry boundary conditions.
The upstream bulk temperature is set as 283.15 K.
The temperature of the heated tube wall is set as a
constant, 350 K. All equations take the convergent
criterions of relative residual of 1x107* except energy
which is taken as 5x107.

2.4 Data reduction

Some formulas used in the post-processing are
defined as
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where Re is the Reynolds number; ¥, stands for the
mean velocity for the shell side at the cross-section
where there are no baffles; Dy, represents the hydraulic
diameter; 4;, is the flow cross-section area of the unit
duct; AT is the log-mean temperature difference; T, is
the temperature of the tube wall; T;, and T, are the
inlet and outlet temperatures of the working fluid at
the shell side, respectively; ¢, is the specific heat
capacity; A, is the outer heat transfer area of tubes; Nu
is the mean Nusselt number; # is the averaged con-
vection heat transfer coefficient of the tube walls; Ap
is the pressure drop; pi, and poy; are the inlet and outlet
pressures of the working fluid at the shell side, re-
spectively; frepresents the average friction factor; L is
the unit duct length along the flow direction.

2.5 Code validation and grid independence

In order to verify the solution independency of
the grid, the grid-dependency is checked for three
different grids for the HCBetsw-STHX. The geomet-
ric parameters of the HCBetsw-STHX for the grid-
independency test are listed in Table 1. The grids
checked have 2.4, 4.0, and 4.9 million cells, respec-
tively. The obtained Nu and f of the three grid systems
are shown in Fig. 8. As shown in Fig. 8, the error
between the finest grid having 4.9 million cells and
the grid having 2.4 million cells is less than 3% for the
heat transfer coefficient and less than 1% for the
friction coefficient. Therefore, the settings of the grid
of the medium system are used for further investiga-
tions in the current study. Similarly, the grid inde-
pendence test is also carried out for the RRB-STHX.

For the HCBetsw-STHX, there are no experi-
mental results in the open literature. To validate the
reliability of the numerical model, non-staggered
tubes supported by RRB are computed and compared
with the results obtained by Dong et al. (2008). The
geometric parameters of the model for model valida-
tion are listed in Table 2. The computed Nu numbers
are plotted in Fig. 9. It can be seen from Fig. 9 that the
relative maximum deviation is within 7%. Such a
good agreement shows the reliability of the present
physical model and numerical method.
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Table 1 Geometric parameters of the HCBetsw-STHX for
grid-independency test (unit: mm)
d, P, Ly a b c t, P. d. Iy
25 32 400 10 10 10 3 40 14 4

450 -
400+ —®— M +40.90
30 ¢/ {0.75
300 F
40.60
S 250+ N
200F 8— H “e 1045
150 {030
100 |
sol 10.15
0 " " " " 0.00
2.8x10°  3.5x10°  4.2x10°  4.9x10°
Grid number

Fig. 8 Mesh independency results of the HCBetsw-STHX

Table 2 Geometric parameters of the RRB-STHX for
model validation (unit: mm)

*

do Pt dR Lb
25 32 6 400

" dy is the diameter of round rod baffle

480 |-
= Present results
400+ ©® Dongetal. (2008)
320 - .
[ ]
3
2240} N
H
H
160 |- L
*
80
16000 24000 32000
Re
Fig. 9 Model validation of numerical code of

RRB- STHX

3 Theory of the Taguchi method

The Taguchi method combines system design,
parameter design, and tolerance design procedures to
achieve a robust process for the best product quality.
In this study, the parameter design based on CFD is
used. The general optimization process of parameter
design by the Taguchi method is listed below:

1. Choose the optimization objective;
2. Specify the control factors and their levels;

3. Do CFD numerical tests by orthogonal array;

4. Make a signal-noise ratio (SNR) analysis;

5. Show the effect of control factors by main
effect plots;

6. Find the optimal levels for the control
factors;

7. Perform confirmation tests;

8. Validate the optimization results.

It is worth noting that the Taguchi method used
in this study is similar to that described in (Wang et al.,
2016) where more details can be found.

3.1 Selection of optimization objectives

For STHX, Nu and f are often used to depict the
heat transfer and flow friction characteristics, respec-
tively. It is meaningful to know the influence of de-
sign factors on them when optimizing. It is well rec-
ognized that fusually increases with increasing Nu. In
order to evaluate the overall thermal-hydraulic per-
formance of the HCBetsw-STHX, the PEC is used to
evaluate the comprehensive performance. It is ex-
pressed as follows:

_ Nuy / Nuy

PEC=—H "R
(fu/ 1)

)

where Nuy and fy represent Nu and f of the
HCBetsw-STHX, respectively, and Nug and fr rep-
resent the Nu and f of the reference RRB-STHX,
respectively. For the reference RRB-STHX, its geo-
metric parameters are the same as those listed in Ta-
ble 2 except that the baffle distance is the same as that
in the HCBetsw-STHX.

According to the above analysis, Nuy, f, and
PEC are selected as the objectives in this study.

3.2 Factors and levels

In the Taguchi method, the factors can be clas-
sified into two groups: control and noise factors.

In this numerical simulation of the HCBetsw-
STHX, the physical model and the ideal boundary
conditions minimize or eliminate the deviation re-
sulting from the noise factors and so those factors are
not considered.

Five geometric parameters are selected as the
control factors. Three levels of each factor are chosen
as shown in Table 3. The other parameters such as the
outer tube diameter and the tube pitch are fixed to
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25 mm and 32 mm, respectively. The geometric pa-
rameters of the profile of the HCB are listed in Ta-
ble 1.

Table 3 Levels of each factor

A B C D E
Level
Ly, (mm) b (mm) P,(mm) d,(mm) [y (mm)
1 300 10 20 13 2
350 20 30 14 3
3 400 30 40 15 4

3.3 Orthogonal array

In the Taguchi method, orthogonal arrays are
used to define the number and sequence of experi-
ments with different combinations of factors and
levels. An orthogonal array of L18 (3°) is established.
Detailed information on the orthogonal array is in
Table 4. Note that the inlet velocity for all the 18
numerical cases is set to be 0.696 m/s with corre-
sponding Re being 14465. It is worth mentioning that
the results obtained can be regarded as reliable and
independent of the choice of the orthogonal array only
if the confirmation test has passed. The detailed pro-
cedures of the confirmation test are illustrated in
Section 4.3.3.

Table 4 Orthogonal array of L18 (3°)

Control factor

Case No.

A B C D E
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 2 1 1 2 2
5 2 2 2 3 3
6 2 3 3 1 1
7 3 1 2 1 3
8 3 2 3 2 1
9 3 3 1 3 2
10 1 1 3 3 2
11 1 2 1 1 3
12 1 3 2 2 1
13 2 1 2 3 1
14 2 2 3 1 2
15 2 3 1 2 3
16 3 1 3 2 3
17 3 2 1 3 1
18 3 3 2 1 2

3.4 SNR analysis

The SNR is an important evaluation index of the
robustness of product design, and can help an engi-
neer realize the optimal purpose by identifying the
best-level combination.

For the optimization of the HCBetsw-STHX, it
is well recognized that Nuy and PEC are expected to
be as large as possible while fy is expected to be as
small as possible. So “the larger, the better” criterion
is used for the SNR analysis of Nuy and PEC
(Eq. (10)), while “the smaller, the better” criterion is
used for the SNR analysis of fi; (Eq. (11)).

1& 1
SNR, = —IOIOg(;ZFJ, (10)
i=1 +;

SNRS:—IOIOg[%ZYfJ, (11)
i=1

where SNR; and SNRg represent the performance
criterion “the larger, the better” and “the smaller, the
better” for the objectives, respectively; Y is the opti-
mization objective calculated from the CFD simula-
tion (i.e. Nuy, fi1, and PEC in this study); # is the re-
peated times of each CFD simulation which is taken
to be one in this study. It is worth noting that the
largest SNR is always expected whether the criterion
is “the larger, the better” or “the smaller, the better”.

4 Results and discussion

According to the formulas mentioned above, the
SNRs for the Nuy, fi, and PEC of the HCBetsw-
STHX are listed in Table 5.

In the Taguchi method, intuitive analysis is usu-
ally used to identify the significance and contribution
ratio of every control factor on the optimization object.
In intuitive analysis, the ranks of R and contribution
ratio values are two indices for describing the effec-
tiveness of control factors. R is the change of three
level average SNRs for each factor and is defined in
Eq. (12). The contribution ratio is defined in Eq. (13).

R=SNR SNR (12)

max,j min,j °
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. SNR,,.—SNR,,,
Con(j) =— ! —, (13)

> (SNR,,,, —SNR

J=1

min,j )

where j is the control factor; m represents the total
number of control factors.

4.1 Field analysis

The field distribution contours of the sliced
plane XZ of the whole flow unit duct of RRB-STHX,
HCB-STHX, and HCBetsw-STHX are shown in
Fig. 10 when the inlet Re is 14465, baffle distance is
300 mm, baffle width is 20 mm, coil pitch is 20 mm,
coil diameter is 13 mm, and side length of the equi-
lateral triangle is 4 mm. Corresponding comparisons
of the outlet temperature, pressure drop, and maxi-
mum Z velocity of the whole flow unit duct of the
RRB-STHX, HCB-STHX, and HCBetsw-STHX are
shown in Fig. 11. Furthermore, as turbulence kinetic
energy (TKE) is one of the most important criteria
reflecting the heat transfer and resistance character-
istics, the TKE distribution comparison is also shown
in Figs. 10 and 11.

It can be seen from Figs. 10 and 11 that, for
RRB-STHX, when fluid passes the rod, due to the
decrease of flow area, the high velocity fluid rushes
into the space between adjacent tubes; for
HCB-STHX, as the blocked flow area is larger than
that of RRB-STHX, the maximum Z velocity, the
pressure drop, the maximum TKE, and the tempera-
ture rise of shell side fluid of HCB-STHX are larger
than those of RRB-STHX. Thus, the heat transfer
enhancement of HCB-STHX is also greater than that
of RRB-STHX; for HCBetsw-STHX, the maximum Z
velocity, the pressure drop, the maximum TKE, and
the temperature rise of shell side fluid are larger than
those of HCB-STHX. This is mainly because the
equilateral triangular cross-sectioned coiled wire
induces the secondary circulations, modifies the
flow pattern, generates the vortices, and increases the
turbulence.

4.2 Factor analysis of Nuy and fy

Based on the 18 cases in Table 5 and the calcu-
lating formulas mentioned above, factorial effects on
SNR-Nuy, SNR-fy;, and SNR-PEC are obtained as

Table S Raw data and corresponding SNRs for each case

Case No. Nuy SNR-Nuy fu SNR-fy Nuw/Nug  fulfy PEC SNR-PEC
1 213.02 46.569 0.621 4.132 1.361 6.900 0.715 2916
2 213.29 46.579 0.558 5.066 1.363 6.196 0.742 -2.593
3 220.26 46.859 0.560 5.035 1.407 6.219 0.765 -2.324
4 22927 47.207 0.688 3.254 1.504 8.551 0.736 ~2.668
5 233.07 47.350 0.635 3.950 1.529 7.892 0.768 -2.293
6 191.57 45.646 0.360 8.877 1.257 4.475 0.763 ~2.354
7 219.25 46.819 0.518 5.719 1.466 7.044 0.765 -2.330
8 190.88 45.615 0.333 9.551 1.276 4.531 0.771 ~2.257
9 230.71 47.261 0.688 3.242 1.542 9.368 0.732 -2.714
10 211.15 46.492 0.474 6.483 1.349 5.264 0.775 ~2.209
11 245.74 47.810 0.917 0.751 1570 10.184 0.724 ~2.802
12 199.97 46.019 0.475 6.470 1.278 5272 0.734 ~2.686
13 199.67 46.006 0.414 7.658 1.310 5.150 0.759 ~2.400
14 201.76 46.097 0.402 7.909 1.324 5.003 0.774 -2.226
15 25226 48.037 0.914 0.785 1.655  11.362 0.736 ~2.661
16 213.35 46.582 0.431 7.308 1.426 5.866 0.791 ~2.038
17 207.07 46.322 0.510 5.851 1.384 6.938 0.726 -2.783
18 206.02 46.278 0.456 6.829 1377 6.199 0.750 ~2.501
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shown in Table 6. The main effect plots are drawn to
illustrate the effects of control factors according to the
calculated average SNRs of each factor. The main
effect plot and the contribution ratio of each factor
plot for SNR-Nuy are shown in Figs. 12 and 13, re-
spectively. The main effect plot and the contribution
ratio of each factor plot for SNR-fy are shown in
Figs. 14 and 15 (p.686), respectively.

From Fig. 13, it can be seen that the order of the
factor effectiveness for the Nuy is E>XC>A>D>B. The
side length of the equilateral triangle (E) has a dom-
inant influence on the Nuy with a contribution ratio of
45.05%. Next, the coil pitch (C) contributes 36.61%.
The sum of contribution ratios of these two factors is
more than 81.66%. In contrast, the factor effective-
ness of the baffle distance (A), coil diameter (D), and
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Table 6 Factorial effect and contribution ratio for the SNR-Nuy, SNR-fy, and SNR-PEC

SNR-Nuy (dB) o )
Factor R Contribution ratio Rank
Level 1 Level 2 Level 3
A 46.721 46.724 46.480 0.244 9.07% 3
B 46.612 46.629 46.684 0.072 2.64% 5
C 47.201 46.509 46.215 0.986 36.61% 2
D 46.536 46.673 46.715 0.179 6.63% 4
E 46.030 46.652 47.243 1.213 45.05% 1
Total 2.693 100%
SNR-f; (dB) i .
Factor R Contribution ratio Rank
Level 1 Level 2 Level 3
A 4.660 5.410 6.417 1.760 17.03% 3
B 5.759 5.513 5.206 0.553 5.35% 4
C 3.002 5.949 7.527 4.525 43.78% 1
D 5.703 5.406 5.370 0.333 3.22% 5
E 7.090 5.464 3.925 3.165 30.62% 2
Total 10.336 100%
SNR-PEC (dB) o )
Factor R Contribution ratio Rank
Level 1 Level 2 Level 3
A -2.590 —2.430 —2.437 0.155 15.23% 3
B —2.427 —2.492 —2.540 0.113 11.13% 4
C —2.757 —2.467 —2.234 0.523 51.44% 1
D -2.521 —2.484 —2.454 0.068 6.66% 5
E -2.566 —2.485 —2.408 0.158 15.54% 2
Total 1.016 100%
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Fig. 12 Main effect plot for the SNR-Nuy Fig. 13 Contribution ratio of each factor for the SNR-Nuy
baffle width (B) for the Nuy is only 9.07%, 6.63%, To make a further discussion on the effect of

and 6.19%. This means that the side length of equi-  each parameter on the Nuy separately, from Fig. 12,
lateral triangle and coil pitch should be considered we can see that, for factor A (baffle distance), the
first when optimizing the heat transfer characteristics. =~ Nusselt number first increases and then decreases
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with the increase of the baffle distance. The reason is
that the heat transfer capacity of the HCBetsw-STHX
is affected in two main ways. The first aspect is the
mixing effect of the coiled wire on the fluid. The
second aspect is the accelerating effect of HCB on the
fluid. When the fluid crosses over the HCB, the ve-
locity of the fluid increases rapidly. As a result, the
thickness of the liquid boundary layer on the tube wall
is reduced. However, as the baffle distance increases,
the speed of the fluid will slow down at a certain
distance from the HCB, which makes the liquid
boundary layer on the tube become thicker again. It
can be found that the positive effect of coiled wire and
the negative effect of the increase of the baffle dis-
tance on the Nusselt number reach a balance for a
baffle distance of 350 mm. For factor B (baffle
width), the Nusselt number increases with the in-
crease of baffle width. The reason is that with the
increase of baffle width, the scope of the zone with
the smallest flow area is also extended. Thus, the heat
transfer enhancement and the pressure drop are in-
creased. For factor C (coil pitch), the Nusselt number
tends to increase with the decrease of the coil pitch.
This is mainly because the turbulence intensity and
flow path become greater and longer for small coil
pitch ratios. This result agrees with that presented by
Gunes et al. (2011). For factor D (coil diameter), the
Nusselt number increases with the increase of the coil
diameter. The reason is that the flow direction is
changed by the wire coil; the turbulence intensity and
the flow boundary layer thickness become greater and
thinner, respectively, with the increase of the coil
diameter. For factor E (the side length of equilateral
triangle), the Nusselt number increases with the in-
crease in side length. The reason is that the thicker
coil wire provides better fluid mixing in the flow
field, causing an increase in turbulence intensity, and
as a result yields a higher heat transfer rate. From
Fig. 12, we can also find that parameters C and E have
the largest variation compared with parameters A, B,
and D. This further demonstrates that the Nu of
HCBetsw-STHX is sensitive to the side length of
equilateral triangle and the coil pitch.

According to the “the larger, the better” criterion
for the Nusselt number, it can be seen from Fig. 12
that the optimum values of the factors for maximum
heat transfer are A2B3C1D3E3.

It can be seen from Fig. 15 that the factor effec-

tiveness for fi; is different from that for Nuy. The coil
pitch (C) has the strongest influence on SNR-f;; with a
contribution ratio of 43.78%. The side length of the
equilateral triangle (E) has the second strongest in-
fluence on SNR-f; with a contribution ratio of
30.62%. The baffle distance (A) and baffle width (B)
have contribution ratios of 17.03% and 5.35%, re-
spectively. It is worth noting that the contribution
ratio of the coil diameter (D) is only about 3%, which
indicates that the effect of the coil diameter is of
minor importance on SNR-f. According to the above
factor effectiveness order of fi (C>E>A>B>D), the
coil pitch and the side length of equilateral triangle
should be considered first when optimizing the flow
friction characteristics.
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Fig. 15 Contribution ratio of each factor for the SNR-fy

To consider further the separate effect of each
parameter on fy, it can be seen from Fig. 14 that fy
decreases with the increase of factor A (baffle dis-
tance). The reason is that the velocity of jet flow
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across the HCB decreases drastically when the baftle
distance increases, which causes a significant de-
crease of flow friction as presented in Fig. 14. For
factor B (baffle width), the friction factor decreases
with the decrease of baffle width. For factor C (coil
pitch), the number of coils is increased by reducing
the coil pitch. Therefore, the friction factor increases
with the decrease of factor C, due to the fact that
increasing the number of coils disturbs the entire flow
field and causes more flow friction. The factors D
(coil diameter) and E (side length of equilateral tri-
angle) have the same trends. They increase with the
increase of the coil diameter and the side length of
equilateral triangle, respectively. From Fig.14, we can
also find that parameters C and E have the largest
variation compared with parameters A, B, and D. This
further demonstrates that the friction factor of
HCBetsw-STHX is sensitive to the coil pitch and the
side length of equilateral triangle.

According to the “the smaller, the better” crite-
rion for fy, it is clear from Fig. 14 that the optimum
values of the factors for minimum flow friction are
A3B1C3DIEL.

4.3 Factor optimization of the PEC

It can be seen from Table 5 that Nu,/Nug is in the
range of 1.276-1.655; fu/fx is in the range of
4.475-11.362; the PEC are all smaller than 0.8. This
means that the heat transfer enhancement of
HCBetsw-STHX is better than that of RRB-STHX
and, simultaneously, the flow friction of the former
increases more quickly than that of the latter. As a
result, the overall thermal-hydraulic performance of
the former is worse than that of the latter.

Factorial effects on SNR-PEC are obtained as
shown in Table 6. The main effect plot and contribu-
tion ratio of each factor plot for SNR-PEC are shown
in Figs. 16 and 17, respectively.

4.3.1 Intuitive analysis

From Fig. 17, the order of the factor effective-
ness for the PEC is C>E>A>B>D, which is different
from that for Nuy. From a quantitative perspective,
the contribution ratio of every factor is as follows:
15.23% for the baffle distance (A), 11.13% for the
baffle width (B), 51.44% for the coil pitch (C), 6.66%
for the coil diameter (D), and 15.54% for the side
length of the equilateral triangle (E). It shows that the

three factors (C, E, and A) have a great influence on
the PEC while the coil diameter (D) has a trivial effect
on it. This result further illustrates the decisive role of
the coil pitch on the overall thermal-hydraulic
performance.

According to the “the larger, the better” criterion
for the PEC, it is clear from Fig. 16 that the optimum
values of the factors for the maximum PEC are
A2B1C3D3E3.

1.8

—a— A
- B
20+ —a-C
-—v-D
29l ——E
O
L
q.24
o241
5) /‘. .\‘ v /
° \4
26}
-2.8
-3.0 )

A1 A2 A3 B1 B2 B3 C1C2C3D1D2D3E1E2E3

Fig. 16 Main effect plot for SNR-PEC

o2}
o
1

(63
o
T

N
o
T

w
o
T

N
o
T

Contribution ratio (%)

=y
o
T

ol P P

A B (¢} D E
Fig. 17 Contribution ratio of each factor for SNR-PEC

4.3.2 Analysis of variance

The relative significance of the factors in the
PEC can be obtained through an analysis of variance
(ANOVA). ANOVA is routinely used to provide a
measure of confidence. Variance of a factor represents
the response of the object to the corresponding factor.
The factor which has a larger variance means that it
has a more significant effectiveness. The results of
ANOVA of HCBetsw-STHX are listed in Table 7. In
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the table, DF means the degree of freedom which is
obtained from the levels of each factor minus 1 in the
orthogonal array; SS means the sum of squares; MS is
the mean sum of squares which is obtained from SS
divided by DF. F-test is the value calculated by the
MS of factor divided by the MS of error. Fgs is the
statistical probability which is carried out at the 95%
confidence level. The calculated Fjo5 values are
compared with the F-test to determine which factor
has a significant effect on the PEC. If the calculated
Fo.05 value for a factor is larger than that of the F-test,
this factor can be regarded as significant.

It can be seen from Table 7 that the order of
factorial effectiveness is the same as that obtained
from the above intuitive analysis; the coil pitch (C)
contributes the most, 78.69%. The baffle width (B)
and the coil diameter (D) have insignificant effects,
3.7% and 1.32%, respectively. This means that the
parameter C (coil pitch) must be considered first
during design and optimization. ANOVA also further
validates the intuitive analysis.

4.3.3 Reproducibility by confirmation tests

The optimal level combination for the PEC is
obtained from the above intuitive analysis. However,
this is based on the assumption that there exists addi-
tivity of different factors. This assumption requires
that the interaction effects among factors are not sig-
nificant. To confirm the reproducibility of the ob-
tained results, confirmation tests are performed. Two
methods are used:

1. Judging the difference between the presumed
SN ratio of the optimal combination and that of the
optimal case in the orthogonal array.

2. Comparing the PEC of the optimal combina-
tion with that of the optimal case in the orthogonal
array directly.

The first method is calculated as follows:
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SNR, =SNR, +SNR,, +SNR +SNR ,
+SNR,, —4SNR,,, =-2.009,

(14)

where SNR; is the presumed SNR-PEC of the optimal
combination; SNR,, is the grand average of
SNR-PEC of all 18 cases; SNRs, SNRp, SNRc,
SNRp, and SNRg are the optimal level average
SNR-PEC of factors A, B, C, D, and E, respectively.

The SNR of the optimal combination taken from
Table 5 is —2.038. Thus, it is confirmed that there is
reproducibility and that the optimization by the
Taguchi method is reasonable.

The second method is calculated as follows:

The PEC of case 16 in Table 5 is taken and
compared with that of HCBetsw-STHX with the op-
timal combination for Re between 14465 and 32547
directly. Corresponding results are shown in Fig. 18.
Fig. 18 indicates that the optimal combination has
higher PEC than case 16 in a wide range of Re. The
PEC of the optimal combination is improved by
0.19%—1.92% with Re ranging from 14465 to 32547.
The results further prove that optimization by the
Taguchi method is a reasonable one.
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Fig. 18 Variations of PEC with Re for HCBetsw-STHX
with different factor combinations

Table 7 Analysis of variance for SNR-PEC

Factor DF SS MS F-test Foos Contribution ratio

A 2 0.075 0.0374 38.81 4.74 7.16%

B 2 0.039 0.0194 20.07 4.74 3.70%

C 2 0.823 0.4113 426.51 4.74 78.69%

D 2 0.014 0.0069 7.15 4.74 1.32%

E 2 0.094 0.0468 48.51 4.74 8.95%
Error 7 0.0070 0.0010 0.18%
Total 17 1.0503 0.5230
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5 Conclusions

In this study, factor optimization of a parallel-
flow STHXs with a new type of anti-vibration hexa-
gon clamping baffle and equilateral triangle cross-
sectioned coiled wire is carried out using the Taguchi
method. The influences of five geometric parameters
on the heat transfer and flow characteristics of the
HCBetsw-STHX are numerically analyzed. Some
main conclusions are drawn as follows:

1. Over the parameters investigated, the Nu of
the HCBetsw-STHX is 1.276—1.655 times that of the
RRB-STHX, while f of the HCBetsw-STHX is
4.475-11.362 times that of the RRB-STHX. Although
the PEC of the HCBetsw-STHX is smaller than that
of the RRB-STHX, the HCBetsw-STHX can behave
better than the RRB-STHX when the flow induced
tube vibration is serious or the mass flow of the shell
side is small. Furthermore, the HCB is quite suitable
for a large and heavy tube bundle as its rigidity is
much greater than that of the RRB.

2. The control geometric parameters of the
HCBetsw-STHX include baffle distance (A), baftle
width (B), coil pitch (C), coil diameter (D), and the
side length of the equilateral triangle (E). The results
show that the order of the factor effectiveness for Nu
is E>C>A>D>B, for f'is C>E>A>B>D, and for the
PEC is C>E>A>B>D. The conclusion can be drawn
that the coil pitch has a great influence while the baf-
fle width and the coil diameter have little effect. In
addition, through intuitive analysis and ANOVA, that
conclusion can be further demonstrated.

3. For the PEC of the HCBetsw-STHX, the op-
timal geometric parameter combination  is
A2B1C3D3E3. The confirmation tests demonstrate
that optimization using the Taguchi method is rea-
sonable. Compared with the best case in the 18 cases,
the optimal factor combination improves the PEC by
0.19%-1.92% for Re in the range from 14465 to
32547.
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