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A combined multiple shell-pass shell-and-tube heat exchanger (CMSP-STHX) with continuous helical baf-
fles in outer shell pass has been invented to improve the heat transfer performance and simplify the man-
ufacture process. The CMSP-STHX is compared with the conventional shell-and-tube heat exchanger with
segmental baffles (SG-STHX) by means of computational fluid dynamics (CFD) method. The numerical
results show that, under the same mass flow rate M and overall heat transfer rate Qy,, the average overall
pressure drop Apy, of the CMSP-STHX is lower than that of conventional SG-STHX by 13% on average.
Under the same overall pressure drop Ap., in the shell side, the overall heat transfer rate Q, of the
CMSP-STHX is nearly 5.6% higher than that of SG-STHX and the mass flow rate in the CMSP-STHX is about
6.6% higher than that in the SG-STHX. The CMSP-STHX might be used to replace the SG-STHX in industrial
applications to save energy, reduce cost and prolong the service life.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

A variety of heat exchangers are used in industries, such as
shell-and-tube heat exchangers, plate-fin heat exchangers, fin-
and-tube heat exchangers, etc. The shell-and-tube heat exchanger
(STHX) has relatively simple manufacture and multi-purpose
application possibilities for gaseous and liquid media in a large
temperature and pressure range, so they are still widely used in
chemical industry, power production, food industry, environment
engineering, waste heat recovery, air-conditioning, refrigeration
and so on.

However, the traditional shell-and-tube heat exchanger with
segmental baffles have many disadvantages [1,2]: (1) high pressure
drop on the shell side due to the sudden contraction and expansion
of the flow in the shell side, and the fluid impinging on the shell
walls caused by segmental baffles; (2) low heat transfer efficiency
due to the flow stagnation in the so-called “dead zones”, which are
located at the corners between baffles and shell wall; (3) low shell-
side mass velocity across the tubes due to the leakage between baf-
fles and shell wall caused by inaccuracy in manufacturing toler-
ance and installation; (4) short operation time due to the
vibration caused by the shell-side flow normal to tube banks.
When the traditional segmental baffles are used in STHX, higher
pumping power is often needed to offset the higher pressure drop
under the same heat load. Therefore, it is essential to develop a

* Corresponding author.
E-mail address: wangqw@mail.xjtu.edu.cn (Q.W. Wang).

0017-9310/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2008.09.009

new type of STHX using different types of baffles to have higher
heat transfer efficiency and lower pressure drop.

Over these decades, different kinds of STHX have been devel-
oped and better understanding has been achieved. Many various
baffle types have been designed to enhance the shell-side heat
transfer performance, for example, the rod baffles, the helical baf-
fles, the deflecting baffles, disk-and-doughnut baffles [3], the
twisted-tube heat exchanger, the corrugated-tube heat exchanger
[4] and so on.

Helical baffles offer a possible alternative to segmental baffles
by circumventing the aforementioned problems of conventional
segmental baffles [5-7]. Different types of helical baffles can be
found in reference [8] and shown in Fig. 1. Properly designed heli-
cal baffles are able to reduce fouling in the shell side [9] and pre-
vent the flow-induced vibration [4,10]. Many researches have
reported that the STHXs with helical baffles can reduce the vibra-
tions [1-3]. In the shell side of traditional STHX with segmental
baffles, the flow crosses the tube bundle vertically and may induce
undesirable vibrations. In the STHX with helical baffles, the helical
flow crosses the tube bundle in a certain angle relative to the axis
and can greatly reduce vibrations. Andrews [11] have performed
detailed three-dimensional computational fluid dynamics (CFD)
simulations to explore the performance of a helical baffled heat ex-
changer. Zhang et al. [12] have enhanced the heat transfer perfor-
mance of helical baffled heat exchanger combined with petal-
shaped finned tubes and studied its heat transfer and pressure loss
experimentally. Stehlik et al. [13] have compared heat transfer
characteristics between helical baffled heat exchanger and seg-
mental baffled heat exchanger. Results from single-phase heat
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Nomenclature

A heat transfer area, m?, N;nD.L

Ci coefficients in the k-¢ turbulence model

Cp specific heat, J/(kg K)

D, hydraulic diameter, mm

Din, Dour diameters of inlet tube and outlet tube, mm

Dis,Dos  diameters of inner and outer shell, mm

APm pressure drop, Pa

Dy diameter of heat exchange tubes, mm

h average heat transfer coefficient, W/(m? K), qn/AT

Hp baffle pitch, mm

I turbulence intensity

k turbulent fluctuation kinetic energy, m?/s?

L tube length, mm

M mass flow rate, kg/s

N number of tubes

Pout outlet pressure, Pa

Q heat transfer rate, W, ¢y M (Tout — Tin)

X,¥,z  coordinate, mm

Re Reynolds number, pum,De/u

S source term

AT log mean temperature difference, K, (Tout — Tin)/
ln[(Tw - Tin)/(Tw - Tout)]

T¢ average temperature of fluid, K, (Tj, + Tout)/2
Tin inlet temperature, K

Tout outlet temperature, K

Tw tube wall temperature, K

u, v, w velocities in different directions, m/s

U average velocity of fluid in shell side

x5,y dimensionless distance from the wall

Greek symbols

helix angle, °, atan(2Hy,/TDys)
density, kg/m>

thermal conductivity, W/(m K)
generalized diffusion coefficient
turbulent kinetic energy dissipation rate, m?/s>
dynamic viscosity of fluid, kg/(m-s)
turbulent dynamic viscosity, kg/(ms)
turbulent kinematic viscosity, m?/s
thickness of sleeve tube, mm

Prandtl number for k

Prandtl number for ¢

variables in generalized equations
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™

transfer and pressure drop tests performed on heat exchanger with
helical baffles show considerable advantage in shell side.

In the above motioned researches, in order to overcome the dif-
ficulty in the manufacturing, the discontinuous helical baffles are
formed by lapped over fan or oval shaped plates, which are easy
to be manufactured. The baffles are normally arranged by a central
pole, of which the volume of the central pole is small, however, the
leakage by discontinuous helical baffle is relatively large due to the
triangle zones, which will reduce the heat transfer performance. To
overcome the above defects, Wang et al. [8,14-16] have introduced
a manufacture method for continuous helical baffles and found
that the heat exchangers with continuous helical baffles are supe-
rior to the heat exchangers with segmental baffles or overlap heli-
cal baffles. But the manufacture of continuous helical baffles is
relatively complicated than that of discontinuous helical baffles.

On the other hand, it is also found that the helical baffled heat
exchanger has higher heat transfer performance only under same
pressure drop. Under the identical tube arrangement, the identical
shell size and identical mass flow rate, the helical baffled heat ex-
changer has relatively lower pressure drop in the shell side, but it
has even lower heat transfer rate simultaneously, which is not al-
ways acceptable.

(a) discontinuous

In order to simply the manufacture and make full use of the
advantages of helical baffles, Wang et al. [17-20] have invented
the combined multiple shell-pass heat exchangers with continuous
helical baffles (CMSP-STHX) (see Fig. 2). This CMSP-STHX separates
the shell side into several individual shell passes. As to each indi-
vidual shell pass, the cross-sectional flow area is reduced, the
velocity of fluid is increased and the heat transfer performance
can have a great improvement. The two shell-pass CMSP-STHX is
shown in Fig. 2. The inner shell pass is conventional segmental baf-
fled, and the outer shell pass is helical baffled, which can greatly
avoid the difficulty of the helical baffles manufacturing in the re-
gion of small shell diameter. In addition, the continuous helical
baffles in the outer shell pass can reduce the pressure drop and
mitigate fouling in the shell side and increase compactness of the
STHX and prolong the service life of STHX.

In this study, in order to validate the advantages of CMSP-STHX,
the comprehensive performance of the CMSP-STHX has been com-
pared with that of a conventional STHX with segmental baffles
(SG-STHX) by computational fluid dynamics (CFD) method. The
commercial software FLUENT was used and all computations were
performed on a personal computer with 8GB RAM and Intel® Cor-
e™ 2.40 GHz CPU.

(b) continuous

Fig. 1. Different types of helical baffles.
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Fig. 2. Schematic of CMSP-STHX [19].

2. Models of shell-and-tube heat exchangers
2.1. Physical models

The physical model of CMSP-STHX to be studied is presented
in Fig. 3(a), and the STHX with segmental baffles is presented
in Fig. 3(b). The CMSP-STHX has two shell passes, the inner shell
pass and the outer shell pass, which are separated by a sleeve
tube. The inner shell pass is constructed by segmental baffles
and the outer shell pass is constructed by complete continuous

Dou=50  Din=50

helical baffles. They join together at one end of the shell side. De-
tailed geometrical parameters of the computation models can be
observed in Fig. 3.

The material of the sleeve tube is steel with thickness ¢ = 2mm,
which has a density p=8030kg/m? thermal conductivity
/=16.27 W/(m K), and specific heat ¢, = 502.48 ]/(kg K). The mate-
rial of heat exchange tubes and baffles is aluminum, which has a
density p=2719 kg/m>, thermal conductivity 1 =202.4 W/(m K),
and specific heat ¢, =871 ]J/(kg K). The working fluid is water,
whose thermal properties depend on the temperature.

W/\ AV AN A
AN TAYAVAI
;- A v il
0 Z =(a) CMSP-STHX
Din=50 +Domzso
! ‘F

(b) SG-STHX

Fig. 3. Geometrical parameters of STHX models (unit: mm).
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2.2. Governing equations

In order to simulate the flow and heat transfer in the shell side
of STHXs, three-dimensional realizable k-¢ turbulence models are
applied.

The governing equations for different variables can be ex-
pressed as follows [21]:

Continuity equation

8ui_
=0 (1)

Momentum equation

ouu;  Jp K 6u, ou;
ox;  pox; + 8x] (v+2y) ox T ox; ox; 2)
Energy equation
ouwT 0 v v\ OT
ox; P OX; ((Pr * Prt) ax,) 3)
Turbulent kinetic energy k equation
8u,—k - 1s] ok
6—&76—&_((0-{— )ax)+r—£ (4)
Rate of energy dissipation & equation
opy) 0 (( vt) 68) &
=—(|v+=) =) +eTe—cp—— 5
o ox\\"Ta,)ax) O “k+ Ve ®)
where I' denotes the production rate of k and is given by
J— 1 ou;  ouj\ ou;
I=—uti 5 ox;i yt(ax, + 8x,> Ix; ®)
K
ve=Cup (7)

The coefficients in k-¢ turbulence model are given as follows:
¢, =max[0.43, i/ (U, +5)],c2 =10, =1.0,0,=1.2

To achieve the realizability effect, the ¢, is no longer constant but
a function of the turbulence fields, mean strain and rotation rates.

The standard wall function is adopted near the wall and the
range of the dimensionless length x* or y* is 10 < x*(y*) < 100.

2.3. Boundary conditions
The boundary conditions are described as follows:

(1) The shell inlet:
e u=w=0, v=constant (uniform inlet velocity),
o Ti,=298K (25 °C) (uniform inlet temperature),

(2) The inlet turbulent kinetic energy k is calculated using:
o k= %IZ v?
e where I is the inlet turbulence intensity, I = 1%.
(3) The inlet dissipation ¢ is calculated using:
cypk
He

o where ¢, is the turbulence coefficients, u. is the turbulent
dynamic viscosity.
(4) The shell outlet:

ou_ov_ow oT ok o0¢
an~an-on %on %on=%an =0

&=

e where n is the normal vector of outlet plane.

(5) The heat exchange tube wall surfaces:
e u=v=w=0
e T, =373K (100 °C) (hot tube walls)

Note that for gases and liquids (Pr > 0.5), very little difference
exists between the Nusselt number under uniform wall tempera-
ture boundary condition (B.C.) and that under uniform wall heat
flux B.C. in turbulent flow [22]. Therefore, the effect of thermal
boundary condition of tube surface on CFD results can be ignored.
In the present work, since our main focus is the comparison of
shell-side comprehensive performance between the combined
multiple shell-pass STHX (CMSP-STHX) and the traditional seg-
mental baffled STHX (SG-STHX), it is expected that the boundary
condition will not affect the conclusion of the present study. There-
fore, we impose the uniform wall temperature B.C. on the hot tube
walls.

(6) The outer shell walls:

e u=v=w=0

e I = (thermal insulation walls)
(7) The sleeve tube wall surface:

o u=v=w=0

(8) The baffle walls:
o u=v=w=0

Due to the conjugated heat transfer characteristics between the
baffle walls surfaces, sleeve tube wall surfaces and the fluid, the
thermal boundary conditions do not need to be specified on the
interior of baffle wall surfaces and the sleeve tube walls surfaces.

2.4. Numerical methods

The computations are carried out using FLUENT, a commercial
CFD code. The algorithm employed is SIMPLE. The second order up-
wind scheme is used for the numerical simulation. As for the con-
vergence criterion, the sum of the normalized absolute residuals in
each control volume for the flow variables are controlled to be less
than 107> and 1077 for energy variables. The CPU time of compu-
tation for typical case is about 30 h.

The Reynolds number is defined as

Re = puyDe/ 1t 8)

Fig. 4. Local schematic diagrams of grid.
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Fig. 5. Results of different grid systems (Re = 49,129).

where u,, is the average velocity of fluid in shell side, which can be
obtained from computation results. The hydraulic diameter
D.=D,=19 mm. p is the density of water and p is the dynamic vis-
cosity of water. Both p and u are both determined by the average
temperature of the working fluid Ty = (T, + Tou)/2.

The overall heat transfer rate Q, can be calculated from:

Qm = CpM(Tout - Tin) (9)

3.58e+00
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Fig. 6. Comparisons of the present results with the prediction of correlations.

where Tj, and T, are the bulk inlet and outlet water temperatures,
respectively. M is the mass flow rate of working fluid.
The average heat transfer coefficient h is defined as

h=Q./(ATA) (10)
where AT is the log mean temperature difference and defined as
AT = (Tout — Tin)/IN[(Tw — Tin)/(Tw — Tout)]- There are totally Ny(=44)

heat exchange tubes arranged in the shell side and the heat transfer
area is A = NtD.L.

A:Active zone
D:Dead zone

(a) CMSP-STHX

3.60e+00
3.36e+00
T 3.12e+00
2.88e+00
264e+00
2.40e+00
2.16e+00
1.92e+00
1.68e+00

1.44e+00

1.20e+00
9.60e-01
7.20e-01
4.80e-01
2.40e-01
0.00e+00

(b) SG-STHX

A:Active zone
D:Dead zone

Fig. 7. Velocity distributions (= 25°, M = 4.4 kg/s) (unit: m/s).
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2.5. Grid systems

Due to the complicated structure of the CMSP-STHX, the com-
putational domain is meshed with the unstructured Tet/Hybrid
grids (see Fig. 4), which are generated by another commercial code
GAMBIT. In order to ensure the accuracy of numerical results, a
careful check for the grid independence of the numerical solutions
was conducted. Four different grid systems are generated for the
CMSP-STHX (Re =49,129, M =10.92 kg/s). The results are shown
in Fig. 5. It is found that the relative deviation of the average heat
transfer coefficient under unit overall pressure drop h/Apy, be-
tween G3 and G4 is less than 2%. The relative deviation of the over-
all pressure drop Ap,, between G3 and G4 is less than 3%. The final
grid system for the studied cases is G4 with about 1.5 x 10° grid
cells.

2.6. Validation of numerical model

In order to validate the numerical model, the Kern method
[23] is used to calculate the overall heat transfer rate Q,, and
the Esso method [23] is used to calculate the overall pressure
drop Apn, in the shell side of STHX with segmental baffles. Com-
parisons of the present results with the prediction of correlations
are shown in Fig. 6. It is found that the average deviation of the
overall heat transfer rate Q,, between present results and Kern
design results is about 8.4%. On the other hand, the average devi-
ation of the overall pressure drop Ap,, between present results
and Esso design results is about 3.6%. Considering the error of
heat transfer rate associated with the Kern design results and

1.56e+04
l 1.39e+04 outlet inlet
1.56e+4Pa

122004 -0.85et+3Pa
1.04e+04
8720403
8.09e+03
5.260+03
3536403
. 1.80e+03
6.60e+01
-168e+03
-3308+03
512e+03 |
8850403
8580403
-1 03e+04

the error of pressure drop associated with the Esso design results
(both less than 10%), it can be concluded that the present model
can give a satisfactory prediction in both heat transfer and pres-
sure drop characteristics.

3. Results and discussion
3.1. Velocity distributions

The velocity distributions of two STHXs are shown in Fig. 7 with
same mass flow rate. It can be found that there is nearly no back
flow regions existed in the outer shell pass of CMSP-STHX
(B=25° M=4.4kg/s). On the one hand, helical flow rushes the
heat exchange tubes with an inclination angle and then can reduce
the vibration of tubes. On the other hand, it avoids abrupt turns of
flow and reduces pressure drop in the shell side. In the inner shell
pass of CMSP-STHX and SG-STHX, the fluid flows cross the heat ex-
change tubes and rushes toward the shell and baffles in a tortuous,
zigzag manner, as expected.

3.2. Pressure distributions

The pressure distributions of two STHXs are shown in Fig. 8. For
the CMSP-STHX, the partial pressure drop of inner shell pass (about
13,840 Pa) is higher than that of the outer shell pass (about
8600 Pa). The overall pressure drop Ap, of the CMSP-STHX (about
22,440 Pa) is slightly lower than that of SG-STHX (about
24,440 Pa).

6.99e+3Pa

D 526et3Pa
A

A:Active zone
D:Dead zone

(a) CMSP-STHX

2.44e+03

7.85e+02

-8 73e+02 ll'l_l Et

2600 2.44¢+3Pa

-4 19e+03
-5 85e+03
-7.51e+03
-9.16e+03
. -1.08¢ +04
-1.25e+04
-1.41e+04
-1 58e +04
-175e+04
-191e+04

-2 08e +04

-224e+04

-9.16e+3Pa

A:Active zone
D:Dead zone

(b) SG-STHX

Fig. 8. Pressure distributions (f = 25°, M = 4.4 kg/s) (unit: Pa).
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3.3. Temperature distributions

For the helical battled STHX, Peng et al. [8] found that the side-
in-side-out inlet/outlet design is better than middle-in-middle-out
inlet/outlet design. So the side-in-side-out inlet/outlet design is
adopted in the present CMSP-STHX. The temperature distributions
of two STHXs are shown in Fig. 9. From Fig. 9, it can be observed
that in the outer shell pass of the CMSP-STHX, the temperature in-
creases evenly and smoothly. The temperature difference in each
helical cycle is small, and the temperature of heat exchange tubes
is relatively uniform in each helical cycle. The relatively uniform
temperature can prolong the service life of those tubes arranged
in the outer shell pass. Because the number of heat exchange tubes
located in the outer shell pass is larger than that in the inner shell
pass, the working fluid has a 41K (339 — 298 = 41K) temperature
increase in the outer shell pass, which is higher than that in the in-
ner shell pass (the temperature increase in the inner shell pass is
15K (354 — 339 = 15K)). As expected, the inner shell pass has a rel-
atively poor heat transfer performance due to the use of segmental
baffles, but it can greatly reduce the manufacture difficulties. In the
inner shell pass of CMSP-STHX and the SG-STHX, there are “dead
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3080402
3630402
3588402

3530402
348e402
343e02 |

336e+02 g
I 3330002 |

378407 y [ P

32%02 < Y

2182402 el YA
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3.03e+02 ¥
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(b) CMSP-STHX (z=27mm)
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3360102
I -
3266402

325e402

3188402
3158402
3 08ev02
30302
2 988402

zones” (marked by “D”) and “active zones” (marked by “A”). The
“Dead zones” have lower local heat transfer coefficients, because
they can not exchange heat with the main flow freely. The “Active
zones” can exchange heat with the main flow quickly. The local
temperatures of “dead zones” are higher than those of “active
zones”, which means the temperature difference of heat exchange
tubes is larger in each helix cycle. This may directly reduce heat
transfer coefficient and may also reduce the service life.

3.4. Comparison of overall performance

In order to evaluate the overall performance of the studied two
STHXs, we compared them under the same mass flow rate and the
same overall heat transfer rate. The geometrical parameters of
CMSP-STHX are fixed, and the pitch of baffles H}, of SG-STHX is ad-
justed to make these two STHXs have the same overall heat trans-
fer rate Qp, (see Qn, curves in Fig. 10).

The variation of Qy, and Apy, vs. mass flow rate M in the shell
side are shown in Fig. 10. It is found that the maximum deviation
of the overall heat transfer rate Q,, between these two STHXs is
less than 0.8% when Hy, = 50 mm. Therefore, it can be assumed that

A:Active zone
D:Dead zone

(d) CMSP-STHX (z=110mm)

outlet
348K

ArActive zone
D:Dead zone

(e) SG-STHX

Fig. 9. Temperature distributions (f =25°, M = 4.4 kg/s) (unit: K).
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Fig. 11. Variation of Qy, vs. Apy, (B =25°).

the two SHTXs have the same overall heat transfer rate Q,, under
the same mass flow rate M. On the other hand, the overall pressure
drop App, of the CMSP-STHX is about 13% lower than that of the
SG-STHX under the same mass flow rate M and the same overall
heat transfer rate Q.

The variation of the overall heat transfer rate of the heat
exchangers Qn, with the overall pressure drop Apn, is shown in
Fig. 11. The results indicate that in the lower overall pressure drop
region, the heat transfer rate Q., has a fast increasing with the in-
crease of overall pressure drop. While in the high pressure drop re-
gion, this increase trend becomes slow. Under the same overall
pressure drop, the difference of the overall heat transfer rate of
the STHXSs is very small in the lower pressure drop region. How-
ever, in the higher pressure drop region, the overall heat transfer
rate Qu, in the CMSP-STHX is obviously higher than that in the
SG-STHX at the same overall pressure drop Ap,,. The average heat
transfer rate Q,, in the CMSP-STHX is about 5.6% higher than that
in the SG-STHX. Meanwhile, under the same overall pressure drop
AP, the mass flow rate in the CMSP-STHX is about 6.6% higher
than that in the SG-STHX.

3.5. The choice of inner shell pass with segmental baffles

The reason why we do not use the helical baffles in the inner
shell pass is that it is quite difficult to manufacture the helical baf-
fle in the central part of the shell. In fact, several attempts
[18,19,24] have tried to avoid the difficulties in manufacturing
continuous helical baffles with a small scale inner helix edge and
simplifies the manufacture of heat exchanger with continuous

helical baffles. It also makes use of the space in the central pole,
which is used to form the inner helix in the single shell-pass STHX
with continuous helical baffles.

Therefore, considering the advantages and disadvantages of
continuous helical baffles and the segmental baffles, it is valuable
to separate the shell side into two different shell passes. Segmental
baffle is still a better choice for the inner shell pass, because it can
be manufactured and installed easily in a relatively small space.

4. Conclusions

In the present paper, a combined multiple shell-pass STHX with
continuous helical baffles in the outer shell pass (CMSP-STHX) is
investigated with CFD method and compared with a single shell
pass STHX with segmental baffles (SG-STHX). The conclusions are
summarized as follows:

(1) Under the same mass flow rate M and overall heat transfer
rate Q. the average overall pressure drop Ap, of the
CMSP-STHX is lower than that of SG-STHX by 13%.

(2) Under the same overall pressure drop Apy, in the shell side,
the overall heat transfer rate Q,, of the CMSP-STHX is nearly
5.6% higher than that of conventional SG-STHX and the mass
flow rate in the CMSP-STHX is about 6.6% higher than that in
the SG-STHX.
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