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In this paper, based on the simplified periodic model the performance predictions for heat exchanger
with middle-overlapped helical baffles are carried out by 3D simulation for three different helix angles
(30°, 40° and 50°), and the commercial codes of GAMBIT 2.3 and FLEUNT 6.3 are adopted in the simula-
tion. It is found that the model average heat transfer coefficient per unit pressure drop of the 40° angle
case is the largest, which is in qualitative agreement with the existing literature. The predicted average
intersection angle of this case is the smallest, being consistent with the field synergy principle. The per-
formance of periodic model with continuous helical baffle is also compared with that of the noncontin-
uous middle-overlapped helical baffles. It is found that the heat transfer coefficient per unit pressure drop
of the noncontinuous middle-overlapped helical baffles is appreciably larger than that of the continuous
helical baffle, indicating that the heat exchanger with noncontinuous middle-overlapped helical baffles

Turbulence has its advantage over the one with continuous helical baffle.
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1. Introduction

The development of heat exchangers with high thermal effi-
ciency is of great significance nowadays for the energy-saving pur-
pose, because the operation of such equipment usually requires
large amount of electricity. The required pumping power for oper-
ating a heat exchanger with higher thermal efficiency can be re-
duced. In the shell-and-tube heat exchangers (STHXs) it has long
been recognized that the heat exchangers with helical baffles
(STHXsHB) have a better performance than the conventional seg-
mental baffles (STHXsSB) [1-8]. For example, in [8] a comprehen-
sive comparison is provided from experimental data between the
STHXsHB and STHXsSB. It is concluded that based on the same
pumping power the STHXsHB can have appreciably better perfor-
mance than that of STHXsSB. In order to further improve the ther-
mal performance of the STHXsHB, numerical simulation can play
an important role. However, limited by the present computer re-
source the simulation of the whole heat exchanger is still a very
expensive task. In the companion paper [9] it has been demon-
strated that for the STHXsHB fluid flow and heat transfer in the
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shell-side may very quickly reach their fully developed (or at least
approximately fully developed) region, hence the periodic model
based just on one cycle can be adopted without introducing signif-
icant error. Here by one cycle we mean the geometric unit within
the space of one pitch [9]. In this paper simulation will be con-
ducted by using the periodic model to investigate the effects of
helical angle and helical structure on the thermal performance of
STHXsHB.

2. Periodical model with noncontinuous baffles

Following assumptions are made in the present simulations: (1)
the shell-side fluid is of constant thermal properties; (2) the fluid
flow and heat transfer processes are turbulent and in steady-state;
(3) the leak flows between tube and baffle and that between baffle
and the shell are neglected; (4) the natural convection induced by
the fluid density variation is neglected; (5) the tube wall temper-
atures are kept constant in the whole shell side; and (6) the heat
exchanger is well-insulated hence the heat loss to the environ-
ment is totally neglected. For the readers’ convenience, some
parameter definitions of the noncontinuous helical baffles are
shown in Fig. 1.
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Nomenclatures

Ao heat exchange area based on the outer diameter of tube
(mm?)

B baffle spacing for segmental baffles or helical pitch for
helical baffles (mm)

¢ specific heat (J/(kg K))

D; inside diameter of shell (mm)

D, outside diameter of shell (mm)

D, tube bundle-circumscribed circle diameter (mm)

d; tube inner diameter (mm)

d, outer diameter of tube (mm)

h heat transfer coefficient (W (m? K)™1)

k overall heat transfer coefficient (W (m? K)™1)

l effective length of tube (mm)

M mass flux (kg/s)

N tube number

N, number of tube rows

Nu Nu number

Ap shell side pressure drop (kPa)

qs volume flow rate (m> h™1)

Re Re number

S the cross-flow area at the shell centerline (mm)?

Aty logarithmic mean temperature difference (K)

t temperature (K)
tp tube pitch (mm)
u fluid velocity in the shell side (ms™')

Greek symbols

o intersection angle between velocity and temperature

gradient

modulus average intersection angle
helix angle

heat exchange quantity (W)
thermal conductivity (W (m K)~1)
kinematic viscosity of fluid (m?s~1)
dimensionless temperature

density of fluid (kg m~3)

‘Q®< >>>e‘%§

Subscripts

inlet
outlet
shell side
tube side
wall

EHMEE
—

2.1. Computational domain

The computational domain for the periodical model with 40°
helix angle is shown in Fig. 2, and the geometry parameters for
all periodical models are listed in Table 1.

2.2. Governing equations and boundary conditions

The governing equations for the mass, momentum and energy
conservation and the turbulence model are the same as presented
in Section 2.2 of the companion paper [9], and will be omitted here
for simplicity. The wall surface boundary conditions for velocity
and temperature are also the same. The major differences are in
the periodic inlet and outlet boundary conditions, which are pre-
sented as follows.

The streamwise periodically fully-developed fluid flow and heat
transfer has the following characteristics: [10-12]:

For fluid flow

URX,y,z) =u(x,y,z+s) (1)
v(x,y,2) = V(X,y,Z2+5) (2)
w(x,y,2) = W(X,y,Z+5S) (3)
p(x,y,2) —p(X,y,Z2+5) =p(X,¥,Z2+5) — p(X,,Z + 25) (4)

A suitable scaling of the fluid temperature for the periodically
fully developed heat transfer with constant wall temperature is

o) = bt s
Lhulk,inlet twall
[, T|pD-dA
Tbulk.inlet = M (6)
Ja ’ po- dA’

inlet

where the integral is taken at the inlet section and scaled tempera-
ture, O, obeys a periodic condition across the periodical domain as
follows:

O(r,0) = O(F,L) (7)

where L is the length of one cycle.

The axis of heat exchanger

/Normal line of
corresponding

B plate

Fig. 1. Schematics of parameters definition.
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Fig. 2. Shaded partial scenograph of the periodical model with 40° helix angle.

Table 1

Geometry parameters for periodical models with noncontinuous baffles.

Item Dimensions and description

Shell side parameters  Do/D;/mm 223/211 223211 223[211
Material 0Cr18Ni9 0Cr18Ni9 0Cr18Ni9

Tube parameters do/d;/mm 19/15 19/15 19/15
Effective length/mm 168 250 349
Number 37 37 37
Layout pattern 45° 45° 45°
Tube pitch/mm 25 25 25
Material 0Cr18Ni9 O0Cr18Ni9 0Cr18Ni9

Baffle parameters Baffle pitch/mm 168 250 349
Helix angle 30° 40° 50°
Thickness/mm 3 3 3

The temperature of tube walls is set as constant (300 K) and the
upstream bulk temperature is set as 350 K. The shell wall of the
model is assumed to be adiabatic. Heat conduction of baffles in
heat exchanger is considered by using the shell conduction in
thin-walls model [13] in FLUENT. The baffles thermal conductivity
and the thermophysical properties of the oil are the same as in the
previous simulation [9].

2.3. Grid generation and numerical method

The 3D grid system was established using the commercial code
GAMBIT based on the 3D geometry created in a commercial CAD
program. The computational domain is meshed with unstructured
tetrahedral elements. In the regions adjacent to the tubes much fi-
ner grid distribution is used. Grid independence tests are carried
out for every model. For example, three different grid systems with
13,65,821, 19,22,792 and 23,90,949 cells are adopted for the calcu-
lation of model with 40° helix angle, and the difference in pressure
drop and heat transfer coefficient between the last two grid sys-
tems are around 2%. Thus, considering both the computational cost
and solution precisions the second grid system is taken for the
computational model. The cells number of the grid system for
models with 30° and 50° helix angles are 1337,125, and
2726,341, respectively. The meshed computational periodical
model with 40° helix angle is shown in Fig. 3.

The commercial code FLUENT is adopted to calculate the flow
and heat transfer in the computational domain. The adopted
numerical methods are the same as presented in Section 2.3 of
the companion paper [9]. A parallel computation is performed on

(a) Front view of grid for periodical model with noncontinuous baffles at 40 helix
angle

(b) Grid of periodical model with noncontinuous baffles at 40° helix angle

Fig. 3. Meshes of periodical model with noncontinuous baffles at 40° helix angle.

a DELL workstation with two Quad-Core CPUs and 4 GB memory
by using FLUENT and every simulation case takes approximately
24 h to get a converged solution compared with 72 h for the whole
heat exchanger simulation [9].

2.4. Data reduction

For the readers’ convenience the major equations used in the
data reduction are collected as follows:

_4
u=2 (8)
S=0.5B D,~—D1+Dlt_d°(tp—do) 9)
p
B=V2D; -tanp (10)
_ud,
Re, = " (11)
s = M; x Cps X (ts,in - ts,out) (12)
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j— ¢S
"= 4, At )
Ay = N¢ - mtd, ] (14)
Atmax - Atmin
Al = 10 (Atmae/ M) (1)
Atmax = ts,in —tw (16)
Atmin = ts,out - tw (17)
N, — 1o (18)
As

For the meanings of above quantities, the nomenclature may be
consulted.

3. Results and discussion for model with noncontinuous baffles
3.1. Effect of the helix angle on performance

The path lines in the shell side of heat exchanger with 40° helix
angle are shown in Fig. 4. It can be clearly observed that the fluid
passes though the tube bundles in a helical pattern.

The variation trends of pressure drops with mass flow rate
are shown in Fig. 5. It can be seen that at the same mass flow
rate and shell inner diameter, the pressure drop decreases with
the increasing of helix angel. Even though the flow path of one
cycle with bigger helical angle is longer than that of a smaller
angle, the overall pressure drop of the bigger angle case is still
less than that of the smaller angle because of in the later case
fluid flows in a much smoother manner for which the limiting
case of f=90° is the parallel flow. The pressure drop decrease
trend becomes mild after the helical angle reaches 40°. It may
be worth noting that for the total pressure drop between inlet
and outlet of the tested heat exchanger is in the order of 20-
50 kPa as indicated in Fig. 5 of the companion paper [9]. While
the pressure drop in each of the cycles predicted here is about
140 Pa. There are six cycles in the simulated exchanger, so over-
all pressure drop will be about 840 Pa, which differs from the
overall test data very much. This great difference can be ex-
plained by the huge pressure drop at the inlet and out let of
the tested heat exchanger. Our computational model comes from
an experiment tested unit, and the nozzles diameter (30 mm) of
it is too small compared to the TEMA standard, so the pressure
drop of each cycle in tube bundle zone is much small than the
pressure drop in the inlet and outlet section and the pressure

WLz

Fig. 4. Path lines in the periodical model with noncontinuous baffles at 40° helix
angle (M; = 8 kg/s).
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Fig. 5. Pressure drop versus shell side mass flow rate for the periodical models with
noncontinuous baffles at different helix angles.

drop caused by the nozzles. According to Gaddis and Gnielinski
[14], the pressure drop in the inlet and outlet nozzles can be
predicted by APpgze = & x 0.5 x pv2 ..., where ¢ is taken as 1.5
or 2.0, so the pressure drop of the nozzles for 3.5 kg/s flow rate
is predicted to be around 22.3 kPa if ¢ is taken as 1.5. This esti-
mation is quite consistent with our test result.

Fig. 6 provides the comparison of shell side heat transfer coeffi-
cient among three periodical models within the range of mass flow
rate tested. The results show that the heat transfer coefficient in-
creases with the decrease of the helix angle. This variation trend
can be understood from two aspects. First, at fixed shell inner
diameter, the helix pitch B and the cross-flow area S decrease with
the decrease of helix angle (Egs. (9) and (10)), and at same mass
flow rate the shell side velocity increases with the decrease of
cross-flow area (Eq. (8)). Thus the convective heat transfer is en-
hanced with the decrease of the helical angle because of the in-
creased velocity. Second, with the decrease of the helical angle,
the flow pattern of shell-side fluid flow gradually approaches the
external flow cross a tube bank, which has better heat transfer
intensity than the flow parallel to a tube bank at the same fluid
velocity [15]. Again, it is to be noticed that the heat transfer
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Fig. 6. Shell side heat transfer coefficient versus volume flow rate for the periodical
models with noncontinuous baffles at different helix angles.
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increase trend with the decrease in the helical angle becomes mild
after the helical angle reaches 40°.

The variation trends of Nu with Res for each model are shown in
Fig. 7 with log-log coordinates. Among all the three models the Nu
number of helical baffle with 40° is the highest. This result is in
qualitative agreement with the results provided in the literature
[1-3].

Comparisons of heat transfer coefficient per unit pressure drop
of each model are given in Fig. 8. It can be obviously observed that
40° is the optimum helix angle at which the comprehensive perfor-
mance is the best.

3.2. Field synergy principle analysis

In 1998, Guo and his co-workers proposed a novel concept for
enhancing convective heat transfer of parabolic flow [16-18]: the
reduction of the intersection angle between velocity and tempera-
ture gradient can effectively enhance convective heat transfer. La-
ter this concept has been enhanced in different aspects [19-25].
For the readers’ convenience the basic idea of the filed synergy
principle is briefly reviewed here [16]. For two-dimensional (2D)
boundary layer flow and heat transfer along a plate with a temper-
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Fig. 7. Nu number versus Re number for the periodical models with noncontinuous
baffles at different helix angles.
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Fig. 8. Shell side heat transfer coefficient per unit pressure drop versus mass flow
rate for the periodical models with noncontinuous baffles at different helix angles.

ature different from the oncoming flow, the energy equation takes
following form:

ot ot d [, 0t
06 (ua—k y@) -2 (k@> (19)
Integrating above equation along the thermal boundary layer and

notice that at the outer edge of the thermal boundary layer ot/
oy =0, we have

o ot
c U-gradt)dy =—|( 4 = 20
pp/O (U grade)dy ( GY)y:o 0w (20)

The convective term has been transformed to the dot product form
of the velocity vector and the temperature gradient, and the right-
hand side is the heat flux between the solid wall and the fluid,
i.e,, the convective heat transfer rate per unit area. The dot product
(U x gradt) = |U||gradT| cos o, where o is the intersection angle be-
tween velocity and temperature gradient. It is obvious that for a
fixed flow rate and temperature difference, the smaller the intersec-
tion angle between the velocity and the temperature gradient, the
larger the heat transfer rate.

From the above brief review it can be seen that the local inter-
section angle between velocity and temperature gradient is an
indication of heat transfer intensity. In order to get an averaged
intersection angle of the computational domain, different defini-
tions may be used. It has been demonstrated in [26,27] that except
the simple arithmetic average method different definitions only
differ in the absolute values of the angle, and as far as the variation
trend of the angle with fluid velocity (or Reynolds number) is con-
cerned the trends of different definitions are qualitatively the
same. When the relation between the intersection angle and the
fluid velocity is concerned, it is the trend rather than the absolute
value that is of significance. In this paper following modulus aver-
aged definition is adopted [26,27]:

[ (il x |grade[yav; |
=2 {zumf x [gradt])dv,) ™ @D

The modulus average intersection angles are calculated by a self-
developed UDF program in conjunction with FLUENT. The predicted
relationship of «,, versus Re number is presented in Fig. 9. The
numerical results shown in the figure demonstrate that the config-
uration with higher heat transfer rate has the smaller modulus
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Fig. 9. Modulus average intersection angle versus Re number for the periodical
models with noncontinuous baffles at different helix angles.
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average intersection angle between velocity and temperature gradi-
ent, which is very consistent with the field synergy principle.

4. Periodical model with continuous baffle

In this section, the comparison between the model with contin-
uous baffle and noncontinuous baffle model at optimum helix an-
gle of 40° will be discussed.

4.1. Computational domain

The computational domain of a periodical model with continuous
baffle at 40° helix angle is shown in Fig. 10. All the geometry param-
eters for the continuous periodical model are listed in Table 2.

4.2. Governing equations and boundary conditions

The governing equations and boundary conditions for the peri-
odical model with continuous baffle are the same as that for peri-
odical model with noncontinuous baffles.

4.3. Grid generation and numerical method

The computational model is meshed with unstructured tetra-
hedral elements by commercial code GAMBIT and the region
adjacent to the tubes is meshed much finer. The meshes of com-
putational model are shown in Fig. 11. Grid independence tests
are carried out for this model. Three different grid system with
2910,031, 4528,336 and 5392,852 cells are adopted for the calcu-
lation of the model, and the difference in pressure drop and heat
transfer coefficient between last two grid systems are around 2%,
thus, considering both the computational source and solution
precisions the second grid system is taken for the computational
model.

Fig. 10. Shaded partial scenograph of the periodical model with continuous baffle
at 40° helix angle.

Table 2
Geometry parameters for periodical model with continuous baffle.
Item Dimensions and description
Shell side parameters Do/Di/mm 223/211
Material 0Cr18Ni9
Tube parameters do/d;/mm 19/15
Effective length/mm 556
Number 37
Layout pattern 45°
Tube pitch/mm 25
Material 0Cr18Ni9
Baffle parameters Baffle pitch/mm 556
Helix angle 40°
Thickness/mm 3

(c) Front view of grid

(c) Local grid of continuous baffle

Fig. 11. Meshes of the periodical model with continuous baffle at 40° helix angle.

The details of numerical methods and computational tech-
niques are the same as for the noncontinuous model. For every
simulation case it takes approximately 24 h to get converged
solution.

4.4. Data reduction
The helical pitch is determined as follows:
B=mnD;-tanp (22)

The determinations of shell side velocity, Re number and Nu num-
ber for the periodical model are the same as that for whole heat ex-
changer and periodical models with noncontinuous baffles.

4.5. Results and performance comparison

The path lines in the shell side of the model with continuous
baffle are shown in Fig. 12. It can be seen that the fluid passes
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Fig. 12. Path lines in the periodic model with continuous baffle at 40° helix angle
(Ms = 8 kg/s).

though the tube bundles in a helical pattern. From Figs. 11(c) and
12 it can be clearly observed that in the continuous helical baffle
the holes through which tubes are going have different outlines
and sizes because of the continuous helical requirement. And this
is the point that the continuous helical baffle provides much more
difficulty in manufacturing process.

The variation trends of pressure drops along mass flow rate are
shown in Fig. 13. The pressure drop of model with continuous baf-
fle is 31-46% higher than that of model with the noncontinuous
baffles. It is worth noting that at the same helical angle the contin-
uous baffle has much longer pitch than that of the middle-over-
lapped helical baffles (556 versus 250, see Tables 1 and 2).
Therefore another comparison is made for pressure gradient versus
mass flow rate, which is shown in Fig. 14. As can be seen there in
this comparison frame, the pressure gradient of the continuous
baffle is about 35-42% lower than that of the noncontinuous baffle.

Fig. 15 illustrates the comparison of shell side heat transfer
coefficient versus mass flow rate. The results show that the heat
transfer coefficient of the periodic model with continuous baffle
is lower than that of the periodic model with noncontinuous baf-
fles. The enhancement of heat transfer for the noncontinuous case
can be understood from following two aspects. First, at fixed shell
inner diameter, the helix pitch B of the periodic model with contin-
uous baffle is larger than that of the periodic model with noncon-
tinuous baffles (Egs. (10) and (22)), so at same mass flow rate the

1.0 -
®  continuous
3 ® noncontinuous

08 |- /. -

tressure drop for periodic models, kPa

04 / » -
/-//
02| = 4
-
0.0 L 1 L 1 L 1 L 1 L |
2 4 6 8 10 12

M, kgs'

Fig. 13. Pressure drop versus shell side mass flow rate for periodic models with
different baffle types at 40° helix angle.
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Fig. 14. Pressure gradient versus shell side mass flow rate for periodic models with
different baffle types at 40° helix angle.
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Fig. 15. Shell side heat transfer coefficient versus mass flow rate for periodic
models with different baffle types at 40° helix angle.

shell side velocity of the continuous baffle case decreases due to
the increase of cross-flow area (Egs. (8) and (9)). Second, for the
continuous baffle case the shell-side fluid flows in a smoother
manner than that in noncontinuous baffle case, which in tern leads
to less disturbances in the shell-side fluid.

In Fig. 16 the variation trends of Nu versus Res are presented.
The Nu number of the continuous baffle model is around 40% high-
er than that of model with the noncontinuous baffles. It should be
emphasized that this result is not confronted with the heat transfer
coefficient versus mass flow rate shown in Fig. 15. As indicated
above at the same mass flow rate, the fluid velocity of the contin-
uous model is much less than the noncontinuous model, hence the
Reynolds number of the continuous model is much less than that
of the noncontinuous one, leading to a significant increase in Nus-
selt number of the continuous model at the same Reynolds
number.

Comparisons of heat transfer coefficient per unit pressure drop
of the two models are given in Fig. 17. It can be obviously observed
that model with the noncontinuous baffles has better comprehen-
sive performance than that of model with continuous baffle. If
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Fig. 16. Nu number versus Re number for periodic models with different baffle
types at 40° helix angle.
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periodic models with different baffle types at 40° helix angle.

based on the transfer rate per unit pressure drop, we have the re-
sults shown in Fig. 18. It can be seen that the heat transfer rate per
unit pressure gradient of the continuous baffle is about 43-60%
higher than that of the noncontinuous baffle.

For a fixed thermal load and allowed pressure drop, the heat
transfer coefficient per unit pressure drop is the most meaningful
comparison criterion. Thus from above comparison it is seemingly
that the usage of continuous baffle does not provide attractive
advantage in its thermal performance apart from its complicated
manufacturing process.

5. Conclusion

3D simulation on three periodic models with middle-over-
lapped helical baffles at different helix angles are carried out, and
the effects of helix angle on the performance of STHXsHB are inves-
tigated based on the simulation results. In addition, the perfor-
mance of periodic model with continuous helical baffle is
compared with that of periodic model with noncontinuous mid-
dle-overlapped helical baffles at optimum helix angle of 40°. The
major conclusions are as follows.

(1) It is found that the periodic model with 40° helix angle pos-
sesses the best performance among all, which is in qualita-
tive agreement with the results provided in the literature
[1-3,8]. And the cycle average intersection angle between
velocity and temperature gradient for 40° helix angle case
is the smallest which is consistent with the field synergy
principle.

It is found that at same volume flow the heat transfer coef-
ficient per unit pressure drop of the noncontinuous middle-
overlapped helix angle case is larger than that of the contin-
uous helix angle case. Since for the fixed thermal load and
allowed pressure drop condition, the heat transfer coeffi-
cient per unit pressure drop is the most meaningful compar-
ison criterion, it is seemingly that the continuous helical
baffle does not have attractive advantage for the engineering
applications.
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