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Abstract: The flow characteristics of shell-side fluid in the tube-
and-shell heat exchangers with trisection helical baffles with 35°
inclined angles are numerically analyzed. The secondary flow
distribution of the fluid in the shell-side channel is focused on.
The results on meridian planes indicate that in the shell-side
channel, the center part of fluid has an outward tendency
because of the centrifugal force, and the peripheral region fluid
has an inward tendency under the centripetal force. So in a
spiral cycle, the fluid is divided into the upper and lower beams
of streamlines, at the same time the Dean vortices are formed
near the left baffle, and then the fluid turns to centripetal flow
near the right baffle. Finally the two beams of streamlines
merge in the main flow. The results of a number of parallel
slices between two parallel baffles with the same sector in a
swirl cycle also show the existence of the secondary flow and
some backward flows at the V-gaps of the adjacent baffles. The
secondary flows have a positive effect on mixing fluid by
promoting the momentum and mass exchange between fluid
particles near the tube wall and in the main stream, and thus
they will enhance the heat transfer of the helix heat exchanger.
Key words: trisection helix heat exchangers; secondary flow;
Dean vortices; heat transfer enhancement; flow field analysis

ortex flow used in the heat exchanger is a low-cost and

high-efficiency passive technology of heat transfer en-
hancement, and it is applicable in both tube-side and shell-
side!". The spiral plug flow fluid in the shell-side of helix
heat exchanger is beneficial to eliminate the stagnant-zone,
enhance the heat transfer, reduce the shell-side pressure
drop, inhibit fouling and reduce the flow-induced tube vibra-
tion damage. However, as the manufacturing process of con-
tinuous helical baffles is complicated, there had been little
application until Lutcha et al."™ proposed the structure of
quadrant sector baffles. In recent years, the helix heat ex-
changers have been given great attention by scholars in relat-
ed fields and the heat exchanger industry at home and
abroad””. On this basis, Chen'® put forward the scheme of
a trisection helical baffle heat exchanger, which is suitable
for the most widely used scheme of the equilateral triangle
tube layout for tube-and-shell heat exchangers, and, there-
fore, it might have better application prospects than the quad-
rant one. Li et al. ™ presented the experimental results of the
heat transfer and pressure drop performances of trisection baf-

Received 2009-12-17.

Biographies: Wang Weihan (1981—), female, graduate; Chen Yaping
(corresponding author), male, doctor, professor, ypgchen@ sina. com.
Foundation items: The National Natural Science Foundation of China ( No.
50976022), the National Key Technology R&D Program of China during
the 11th Five-Year Plan Period (No.2008BAJI12B02).

Citation: Wang Weihan, Chen Yaping, Cao Ruibing, et al. Analysis of sec-
ondary flow in shell-side channel of trisection helix heat exchangers[J]. Journal
of Southeast University (English Edition), 2010, 26(3):426 —430.

fled helix heat exchangers with different inclined angles.

The numerical simulation has been widely used by many
researchers as a powerful computational and experimental
means for demonstrating the flow and thermal fields in a
heat exchanger. Zhang et al. """ numerically simulated the
shell-side laminar flow and heat transfer features by applying
the porous media and the distribution of resistance model.
Xu et al. """ used Fluent software for numerical simulation
of the shell-side flow and heat transfer of helix heat ex-
changer, and the phenomenon of short circuits near the heat
exchanger axis position was found. Wang et al. "'* and Lei
et al. "' respectively studied the characteristics of the flow
and heat transfer in heat exchangers with a number of helical
baffle structures such as quadrant sector baffles, quadrant
overlapped sector baffles, quadrant ellipse baffles, as well
as the continuous helical baffle.

We consider the above-mentioned features of the helix
heat exchanger connected with the secondary flow in the
shell-side helical channel from the viewpoint of fluid me-
chanics. The discrete baffles form the helical channel one
after another, forcing the fluid to generate a spiral flow,
which is a combined movement of compulsory rotation and
axial flow. And the secondary flow is accompanied with the
spiral flow. The secondary flow can generate swirls to
strengthen mixing between the fluid particles and scour the
fluid boundary layer and fouling layers, thus, it enhances
the heat and mass transfer. The secondary flow mainly in-
cludes the Dean vortices and the Taylor vortices*™"'. How-
ever, it is not found so far in the relative research on the in-
fluence of the secondary flow on heat transfer characteristics
in the shell-side channel of a trisection helix heat exchanger.

1 Physical and Mathematical Models
1.1 Physical model

The structure of the trisection helix heat exchanger is
shown in Fig. 1. The physical model for calculation is
shown in Fig. 2( The numbers represent the baffle sequential
number). The model is in the Descartes rectangular coordi-

(a) (b)
1—Shell ;2—Baffles ;3—Inlet ;4—Outlet ;5S—Tube bundle

Fig. 1  Axonometric chart of trisection helix heat ex-

changer. (a) Shell and trisection helical baffles; (b) Trisection
helical baffles and tubes
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nate, and the origin is the intersection point of shell center-
line and inlet centerline. The heat exchanger has single shell
and single tube bundle counter flow passages with an equi-
lateral triangle tube layout. Tab. 1 lists the structure parame-
ters of the heat exchanger and the baffles.

Qutlet  Outlet

(a)

Fig.2 Diagram of physical model of the trisection helix
heat exchanger. (a) Main cutaway view; (b) Left cutaway view

Tab.1 Structural parameters of the heat exchanger

Parameter Value

Inner diameter of shell’mm $123
Outer diameter of tubes/mm d15
Number of tubes 27

Length of tube/mm 1000

Tube layout Equilateral triangle

Distance between centers of two adjacent tubes/mm 19
Inner diameter of inlet/outlet pipes/mm ¢ 40
Inclined angle of baffles/(°) 35
Pitch of baffles/mm 223.9
Number of baffles 12
Rotation direction of spiral Right

1.2 Mathematical model

In order to simulate the secondary flow in the shell-side of
the trisection helix heat exchanger, three-dimensional RNG
turbulence models are applied. The governing equations for
different variables can be expressed as follows'"*':

Continuity equation:

ou;
=0 1
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Momentum equation:
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The calculation is based on the following assumptions: 1)
Constant properties; 2) Fully developed turbulent in the
shell-side channel; 3) Ignoring viscous dissipation and mass
force.

1.3 Boundary conditions

The boundary conditions are described as follows:

1) The shell inlet: u =w =0, v=1.0 m/s; T,, =353 K(80
C);

2) The shell outlet: P, is the pressure-outlet;

3) The heat exchanger tube wall surfaces: u =v =w =0;
T, =283 K (10 C) (constant);

4) The outer shell walls: u =v =w =0; 97/ 9n = 0( thermal

insulation walls) ;

5) The baffle walls: u =v =w =0; 97/9n = 0( thermal in-
sulation walls), where u, v, w are velocities in different di-
rections (m/s), and n is the normal vector of a plane.

1.4 Secondary flow parameters

The Dean number of the water flow in elbow pipe on the
horizontal plane is defined as''*!

De = R d, 4
e—ed 4)

¢

where Re is the Reynolds number; d, is the inner diameter
of pipe, and d, is the winding diameter of pipe.

For the shell-side channel of the helix heat exchanger, d, is
the distance between the outer ring of the tube bundle and the

shell axis, and d, is y2/2 of the inner diameter of the shell.
Considering the pitch b, the effective winding diameter is

b 2
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1.5 Numerical method

The computations are carried out using FLUENT. For the
complex three-dimensional model shown in Fig. 1, a hybrid
mesh based on Pyramid/Wedge grid elements is applied. A
non-uniform grid in the shell-side helical channel cross sec-
tion is arranged with local grid refinement on both the shell-
side wall and the tube wall to resolve fluid flow with consid-
eration for the boundary layer flow effect. A grid independ-
ence test is conducted using several different mesh sizes for
the trisection helix heat exchanger. This test proves that the
results based on the grid system are independent of the mesh
size and the validity of the numerical analysis can be
ensured.

The numerical solutions of Egs. (1) to (3) for the mass,
velocity and pressure fields in the helical channel are ob-
tained by means of the control volume finite-difference tech-
nique and the SIMPLE algorithm. The second-order up-
wind scheme is used for the numerical simulation. The solu-
tion is regarded as convergent not only by examining residu-
al levels of velocity below 10 to 5, but also by monitoring
relevant integrated quantities and checking the mass bal-
ances. The CPU time of computation for a typical case is
about 24 h.

2 Results of Simulation
2.1 Whole flow field

The distribution of the shell-side streamlines in the trisec-
tion helix heat exchanger is obtained through simulation as
shown in Fig.3. The tubes are hidden to give a clearer fig-
ure. It can be seen that the shell-side fluid flows helically

Fig.3 Streamlines in the shell-side of trisection helix
heat exchanger
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under the guidance of 1/3 helical baffles, and there is hard-
ly any stagnant zone in the shell-side channel.

2.2 Distribution of secondary flows

In the shell-side channel of the helical baffles heat ex-
changer, the streamline of the circumferential rotating fluid
has outward tendency because of the centrifugal force. The
centrifugal component of the flow can be demonstrated in a
meridian plane. However, the outward flow results in a pres-
sure gradient distribution that is higher in the periphery than
in the center, and this forces centripetal flow toward the axis
in the low-velocity region near the baffles wall. In this way,
pairs of vortices rotating in the opposite direction will be
formed. The schematic diagram of section locations with the
secondary flows is shown in Fig.4. In order to show the stre-
amline in space without a tube barrier, the slices in Fig. 5,
Fig. 6 and Fig.7 are arranged at the intervals of the tube ar-
rays. The schematic diagram of meridian plane locations is
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Fig.4 Schematic diagram of section locations with the
secondary flows. (a) Position of meridian planes; (b) Position
of sections between the 4th and the 7th baffles
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Fig.5 Flow field on meridian plane I along axial z.
(a) From 0. 05 to 0.35 m; (b) From 0. 58 to 0. 82 m
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Fig.7 Flow field on meridian plane [ll along axial z.
(a) From 0. 20 to 0.43 m; (b) From 0.43 to 0.66 m; (¢) From
0.66 to 0.88 m

shown in Fig.4(a). The shell walls are at the top of Fig. 5
and Fig. 6, and at the bottom of Fig.7, respectively.

It can be seen from Figs.5, 6 and 7 that the flows in the
helical baffle channel are quite complex, which not only can
produce swirls, but also cause secondary flow. Ignoring the
impact of the inlet and the outlet, in the shell-side channel of
each spiral cycle, the shell-side fluid is divided into the up-
per and the lower streamlines with a distance of about 0. 03 m
from the axis. The fluid in the axial region expands toward
the shell inner wall, while the fluid near the inner wall flows
toward the axis. The above phenomenon proves that the cen-
trifugal and centripetal forces coexist. Thus, at the position
with a distance of about 0.04 m from the center of the left
baffle and about + 0.03 m from both sides of the axis along
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each spiral cycle, it forms pairs of vortices rotating in the op-
posite directions—Dean vortex. Then, along the fluid flow
direction, at the position with a distance of about 0.07 m
from the center of the left baffle and about + 0.03 m from
both the sides of the axis, these two beams of streamlines be-
gin to flow parallelly, which indicates that the shell-side fluid
is balanced by the centrifugal force and the centripetal force
at the moment. Finally, at the position with a distance of
about 0. 04 m from the center of the right baffle and about
0.02 m from the axis in the same spiral cycle, these two
beams of streamlines begin to converge under the action of
centripetal force, and at last are inhaled into the axial main-
stream. Due to the complexity of the geometric structure of
the flow channel in the trisection helix heat exchanger, it is
obvious that the above-mentioned secondary flow does exist
although it is not as typical as the binary vortices in a wind-
ing circular pipe. In some regions along the flow direction as
shown in Figs.5, 6 and 7, the vortices are prominent, and
the flow is tied up by the vortex core, which can mix the flu-
id continuously, and thus the heat transfer is strengthened.

The distribution of the streamlines on the six parallel
slices between the 4th and the 7th baffles, which are located
in Fig. 4(b), are shown in Figs. 8(a) to (f). The incline
angle and the magnitude of the slices are as the same as
those of the baffles, to show the swirling flow movement in
a swirl cycle between two baffles. Slice a is the streamline
distribution closest to the back of the 4th baffle ( +2 mm).
We can see that along the shell-side channel, the fluid flows
in a dextral direction, and the fluid densely gushes from the
4th baffle to slice a at the outer edge of the baffle and near
the shell inner wall. But because of impact of the V-gap in
the downstream of the 4th baffle, there is reverse flow to-
ward the left inlet edge, while a vortex is formed at the right
outlet edge and near the slice outer edge. When the fluid
reaches slice b, the densely gushing streamlines at its outer
edge begin to become gentle, and the reverse flow at the left
inlet edge disappears. Because of the centrifugal force, the
fluid begins to flow from the axis to the outer edge, and at
the right outlet edge the vortex disappears at the moment,
but the reverse flow deviating from the right outlet edge still
exists. As for slice ¢, the fluid also flows from the axis to
the outer edge under the action of centrifugal force, and we
can see clearly that the above-mentioned location with re-
verse flow has become uniflow. To slice d and slice e, the
streamline distribution is almost the same, the fluid gently
flows from the inlet edge to the outlet edge, and the whole
flow is normal. To slice f ( The distance is —2 mm from
the 7th baffle), the fluid has basically completed a spiral
cycle flow in the shell-side channel. At the moment, we
can see clearly that the fluid flows from the outer part of the
inlet edge to the axis because of centripetal force, and the
reverse flow appears again at its inlet edge just as in slice a.
When the fluid leaves the outlet edge of slice f, it will enter
the downstream channel formed by the 7th baffle and the
10th baffle to reform the vortex, and to start the next spiral
cycle flow. Meanwhile, compared with Fig.5, Fig. 6 and
Fig. 7, we can see that the streamline distribution of the
above six slices is well inosculated with the meridian plane
in the same spiral cycle.

The phenomenon of reverse flow at the inlet edges of slice

Fig.8 Flow field on the parallel slices between the 4th
and the 7th baffles. (a) Slice + 0. 002 m from the 4th baffle;
(b) Slice +0. 0447 m from slice a; (c¢) Slice +0. 0447 m from
slice b; (d) Slice +0. 0447 m from slice ¢; (e) Slice +0. 0447m
from slice d; (f) Slice —0. 002 m from the 7th baffle
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Fig.9 Leakage flow through V-gaps of adjacent baffles

a and slice f, and at the outlet edge of slice b in Fig. 8 can be
explained by the leakage flow at the V-gaps of adjacent baffle
junction as shown in Fig.9. As the baffles are plane, and the
symmetry line of each baffle is perpendicular to the axis of
the cylinder, while the inlet edge and the outlet edge are tilt-
ed in opposite directions, so the V-gap is formed by the adja-
cent baffles that touch at the periphery. Because the upstream
compartment does not coincide with the downstream one,
some fluid in the stage k compartment with lower static pres-
sure will hold the velocity head to pass through the V-gap to
the stage k — 1 compartment with a higher static pressure.
However, if the pressure difference of the adjacent compart-
ments is greater than the local velocity head, the fluid flow in
the upstream compartment of stage k — 1 may reversely leak
to stage k through the V-gap. The backward leakage flow
problem does exist at the V-gaps. Some literature™”' sugges-
ted to apply axial overlap of the baffles to solve the problem,
but Chen" pointed out that the axial overlap of the baffles
can deteriorate the leakage problem, since it opens a bypass
leakage channel to the downstream stage instead of the up-
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(71 - . .
stream one. Song and Pei'” introduced a circumferential
overlap method for this issue, which seems reasonable.

3 Conclusions

1) The simulation results of streamlines on the three me-
ridian planes clearly show that the Dean vortices secondary
flow exists in the shell-side helical baffle channel of the tri-
section helix heat exchanger. The observed characteristics of
the Dean vortices secondary flow show that the central part
of the fluid has a trend of moving toward the periphery un-
der the centrifugal forces, while the peripheral region of the
fluid has a trend of moving toward the axis under the cen-
tripetal force, so a couple of the Dean vortices are formed
near the baffle walls, and then the two beams of streamlines
merge in the main flow.

2) The simulation results of streamlines on the multiple
parallel slices between two parallel baffles with the same
sector in a swirl cycle also show the existence of a vortex
core source and the phenomenon of reverse leakage at the V-
gaps at baffle junctions.

3) The secondary flow can mix the shell-side fluid contin-
uously, and thus enhance the heat transfer.
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