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HEAT TRANSFER ENHANCEMENT BY
A MULTILOBE VORTEX GENERATOR
IN INTERNALLY FINNED TUBES

Yeng-Yung Tsui and Shiann-Woei Leu
Department of Mechanical Engineering, National Chiao Tung University,
Hsinchu 300, Taiwan, Republic of China

A three-dimensional computational method is employed to study the flow and heat transfer
in internally finned tubes with a multilobe vortex generator inserted. Governing equations
are discretized using the finite volume method. The irregular lobe geometry is treated using
curvilinear nonstaggered grids. The linear interpolation method is adopted to calculate face
velocities. The results show that secondary flows induced by the lobes are transformed to
become axial vortices downstream of the vortex generator. As a consequence of the transport
by the vortex flow, the core flow is moved to the fins and the tube wall, while the wall flow
moves to the core. In this way, both heat transfer and flow mixing are enhanced. When the
fin height is increased, the axial vortex is more restricted in the centerline region, and the
strength of the vortex flow, represented by circulation, is decreased. In turn, the total
pressure loss is also decreased. However, the heat transfer increases with fin height.
Consequently, efficiency is greatly promoted.

INTRODUCTION

To augment heat transfer, internal fins are often employed in circular tubes.
Such internally finned tubes have found wide usage in the design of compact heat
exchangers and have been the subject of many studies [1-9]. When straight
longitudinal fins are used, the flow field in the tubes is nearly undisturbed. The
improvement of heat transfer is due to the increased wetted area introduced by the
fins. With helical fins, a swirling flow is induced in the tube. The increase of heat
transfer coefficient is then attributed not only to the increased area but also to the
increased velocity near the tube wall and fins.

In addition to the surface modifications such as the internal fins described
above, a variety of inserts have also been adopted as alternatives to enhance heat
transfer. Among them, the twisted tape [10-13] is one of the most popular
methods. Similar to the use of helical fins, a swirl is also induced in the tube by the
twisted tape. The generation of the tangential velocity causes higher wall friction
and thus higher heat transfer. However, the redistribution of flow temperature
totally depends on the diffusion process in the swirling flow. This diffusion
transport phenomenon is a slow process, especially for laminar flow.
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NOMENCLATURE

d diameter of tube ¢ directions (= u/u,,, v/ u,,,w/ u,,)
E heat transfer enhancement factor U cylindrical velocity tensor
f friction factor W, contravariant velocity tensor
F friction penalty factor Z, R, ¢ dimensionless cylindrical coordinates
h lobe penetration (=z/d,r/d,p)
J Jacobian of transformation ® dependent variable
/ length of the multilobe vortex r circulation

generator L, diffusivity of ¢
/, total tube length n efficiency index
Nu Nusselt number 0 dimensionless temperature
Nu mean Nusselt number [=(T—-T1T,)/(T, —T,)]
P dimensionless pressure (= p/ pu?2,) & curvilinear coordinates
Pr Prandtl number (= v/ @)
P, dimensionless total pressure
Re Reynolds number (= u,,d/ v) Subscripts
Sy source term of the transport

equation for ¢@ b bulk value
T temperature m mean value at inlet
u,, mean axial velocity w wall value
U, V, W dimensionless velocities in z, r, and 0 empty tube value

In this study a multilobe vortex generator together with straight longitudinal
fins are incorporated in a circular tube to improve heat transfer. The multilobe
vortex generator, as shown in Figure 1, is a short tube with circular inlet but with
convoluted trailing edge. As will be seen, when flow passes inside and outside of
the lobes, radial and counterradial velocities are induced on both sides. These

Figure 1. Schematic drawing of the mul-
tilobe vortex generator.
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Figure 2. Configuration of the flow system.

secondary flows are transformed to become a number of axial vortices in the
downstream region of the vortex generator. Theoretically, the number of vortices is
2 times the number of lobes. Carried by the vortices, the flow in the core region
near the centerline is moved to the wall, and the flow near the wall to the
centerline. Therefore it is expected that effective heat transfer and mixing of flow
temperature can be obtained. This multilobe vortex generator has already been
used in turbofan engines as an exhaust gas mixer such that the high-speed turbine
flow stream can be mixed with the low-speed fan flow stream in a very short
distance [14-17].

MATHEMATICAL METHOD

A schematic drawing of the tested flow configuration is shown in Figure 2.
The flow is assumed to be steady, incompressible, and laminar. In order to fit the
irregular geometry of the multilobe vortex generator, cylindrical coordinates are
transformed onto curvilinear coordinates. The variables are nondimensionalized
using tube diameter 4 and mean flow velocity u, as characteristic length and
velocity. The transport equations of momentum and energy can then be cast into
the following form:

—— (W) = ——| = BI||+ S (D

10 1 o[, (e
JR ¢, JR G| IR\ G¢, 0

where ¢ stands for cylindrical coordinate velocity components U, V, W and
dimensionless temperature 6. The tensor B/’ is defined by

B/= B} ] @

| o7,
Bi= 1, COfEk (3)

Here
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where the symbol cof(8Z,/ O€,) stands for the cofactor of 4Z,/ 6, and

n=R Z=2ZR

(4)
e = 1 Zi = ¢
The contravariant velocities W, are related to the cylindrical velocities U as
W= BiU, (5)

In the flow system the thickness of the vortex generator and the fins is
neglected. Since the lobes of the vortex generator and the fins are arranged in a
periodic manner, the computational domain comprises a slice of half a lobe only.
Symmetry boundaries are then imposed on the two side planes. At inlet the flow
and temperature are assumed fully developed. The inlet temperature profile is
given in Figure 3. Zero gradients are assumed at the outlet of the tube. No-slip
condition is imposed on all solid walls, and constant temperature (6= 1) on the
tube wall and fins.

Discretization of the governing equations is performed using the finite
volume method by integrating the equations over each computational control
volume. Convection terms are approximated by the linear upwind difference, and
the diffusion terms by the central difference. It has been shown that with use of the
second-order linear upwind difference scheme, numerical diffusion can be effec-
tively suppressed [18].
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L I T I 1
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Dimensionless Temperature

Figure 3. Fully developed inlet temperature profile.
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The grids are arranged in a nonstaggered manner: all dependent variables are
collocated at the cell centers. It is well known that this kind of grid arrangement
may cause decoupling between velocity and pressure fields and thus checkerboard
oscillation in solution. To avoid this problem, the momentum interpolation method
of Rhie and Chow [19] is adopted to calculate the mass fluxes across the faces of
each control volume. Following the SIMPLE algorithm [20], a pressure correction
equation is then obtained by forcing the face velocities to satisfy the continuity
constraint. Because of the use of curvilinear coordinates, 19 nodal points, 7 main
nodes, plus 12 corner nodes are involved in the computational molecule of the
pressure correction equation. During solution iteration, a common practice [21] is
to drop the corner-point contributions such that the discrete equation is greatly
simplified. However, as the grid skewness increases, the weighting of the corner
points increases. The use of the above practice may prevent the solution from
converging. Therefore the full 19-point pressure correction equation is used in this
study.

Because of the complex lobe geometry, curvilinear three-dimensional (3-D)
grids are necessitated. The grid is constructed by first generating 2-D grids at
prescribed axial locations through solving a pair of elliptic-type partial differential
equations [22]. After completing the 2-D grids, the corresponding grid points on all
transverse planes are linked to form a 3-D grid. The grid lines along the axial
direction might not be smooth. A smooth procedure is then undertaken. A typical
grid generated by the above method is shown in Figure 4.

RESULTS AND DISCUSSION

To validate the above numerical procedure, the flow in a circular tube with
different inserts studied by Fu and Tseng [23] was reproduced. Three kinds of
inserts were tested: a short annular tube, a short sudden expansion tube, and a
short sudden contraction tube. Comparison of the predicted Nusselt number Nu
along the wall for the case of a short sudden contraction tube insert is shown in
Figure 5. Close agreement between the two predictions is obtained, justifying the
mathematical method.

Figure 4. Computational grid.
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Figure 5. Comparison with the predictions of Fu and
Tseng [23].

An assembly of the flow system tested in this study has been shown in Figure
2. A vortex generator comprising six lobes is inserted into a circular tube. A flow
Reynolds number of 2000 is assumed and the Prandtl number is 5. The diameter of
the vortex generator at its inlet is 0.6d, while the length (/) is 1d. The lobe
penetration & at the trailing edge of the vortex generator is 0.212d. The lobe
contour geometry varies in a linear manner. The vortex generator is placed in the
range between 0.54 and 1.5d. The total length of the circular tube considered in
the computations is 7d. Twelve fins are installed on the inner wall of the circular
tube. The fins are placed in the planes cutting through the lobe peaks and the lobe
troughs. Because of the periodic arrangement of the lobes and fins, computations
are restricted in a region of half a lobe, i.e., a slice of 30°. It is noted from Figure 2
that the heights of the fins are not constant. This is because in the calculation a
number of grid spacings are assigned to the fins, and the grid spacing varies in the
lobe region and downstream, as seen in Figure 4. Three fin heights, denoted as
0.25hf, 0.5hf, and 0.75hf, were tested. As an example, 0.254f means that the height
of the fin in the region upstream of the inlet of the vortex generator is 0.25 times
the height between the outer tube and the inlet edge of the vortex generator.

Grid refinement tests have been done for the case of the 0.54f fin. Four grid
levels, ranging from 22,500 to 120,000 nodal points, were used. The resulting
circulation and total pressure loss, which will be defined below, are presented in
Figures 6 and 7. It is seen that the predictions for the two finest grids are close to
each other. It is the finest grid, 80(Z) X 60( R) X 25(¢), that is used in the results
presented in the following.

Velocity vector plots on axial and diametral planes for the 0.254f and 0.75Af
are given in Figures 8 and 9. The axial plane ¢ = 0° is the symmetry boundary on
the peak side of the lobe, while the ¢ = 30° plane is the boundary on the trough
side. It is seen from the axial planes that when the flow goes through the lobe, it
follows the lobe surface without causing separation. However, as seen in the
diametral planes, secondary velocities are induced in the lobe region due to the
convoluted shape. A radially upward velocity toward the peak is formed inside
the lobe, and a radially downward velocity toward the trough is formed outside
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Figure 7. Variation of total pressure loss for grid refinement tests.
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the lobe. The flow pattern is even complicated for the 0.75A4f case, in which small
vortices appear in the corners formed by the tube wall and the fins. After the
flow emerges from the lobe, the radial and counterradial flow structure is trans-
formed to become an organized axial vortex. This vortex occupies most of the
diametral planes, especially for the 0.254f case due to its short fins, and persists to
the exit of the tube. Because of viscous dissipation, the strength of the vortex flow
gradually attenuates, which can be identified from the magnitude scale. It is noted
that the strength of the induced secondary flow is greater for the 0.254f case. Since
the inlet velocity and temperature are assumed fully developed, the axial velocity is
large, and the temperature is small in the core region near the centerline. The
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Figure 8. Velocity vectors in diametral and axial planes for the 0.254f fin case.

high-speed, low-temperature core flow is transported by the vortex to sweep across
the fins and the tube wall such that heat exchange takes place there. The
temperature distributions in diametral planes for the two cases are shown in
Figures 10 and 11. The curved isotherms indicate that the low-speed, high-temper-
ature wall flow is transported by the vortex away from the wall to mix with the
high-speed, low-temperature core flow. In this way, effective heat transfer as well
as mixing of flow are obtained.

It has been seen that the axial vortex is the most significant character in the
flow field. The strength of the vortex can be quantified by introducing the
circulation,

F=@v.ds (6)
C

where the circuit C denotes the outer path of the considered domain in a
diametral plane, i.c., the path comprising the two symmetry lines, the fins, and the
tube wall. Since velocity vanishes on the tube wall and the fins, the circulation is
equal to the line integral of the radial velocity along the two symmetry boundaries.
The variation of circulation along the axis for the three fin cases and the case
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Figure 9. Velocity vectors in diametral and axial planes for the 0.754f fin case.
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Figure 10. Isotherms in diametral planes for the 0.25/f fin cases.
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without fins is shown in Figure 12. The circulation builds up in the lobe and
reaches its peak at the end of the lobe. Owing to viscous dissipation, it attenuates
gradually, as illustrated in the figure. The appearance of the fins restricts the
development of the axial vortex, resulting in lower circulation for the fin cases. It
has been shown in the vector plots that the vortex is mainly in the centerline region
away from the corners surrounded by the tube wall and the fins. The higher the
fins are, the smaller the circulation is.
The variation of Nu along the tube wall is shown in Figure 13. Nu is defined

as

Circulation
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0.01 —
0.00

J‘éf’mx(&@/ 5R)|wall d¢
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0.00
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Figure 12. Axial variation of circulation.
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Figure 13. Axial variation of Nusselt number.

where 6, is the bulk temperature,

[, U0 dA

, [, UdA (8)
Nu quickly increases from the tube inlet for the fin cases because, initially, there
exists large temperature gradients between the flow and the fins. The high heat
transfer in the lobe region is sustained by the secondary flow induced by the lobe.
After the flow escapes from the lobe, Nu decreases first, followed by an augmenta-
tion. This heat transfer enhancement is attributed to the transport of the high-speed,
low-temperature core flow by the vortex to sweep over the fins and the tube wall.
In spite of the weakest circulation for the 0.75Af case, it has the greatest heat
transfer because its fin arca is large.

Accompanied by the improvement of heat transfer, pressure loss is inevitably
also enlarged. The variation of loss of total pressure is given in Figure 14. The total
pressure, defined below, is based on a flux-averaged form:

[, UP+ (1/DU?) dA
a [, UdA

9

where only the axial velocity component is considered in the dynamic pressure. It is
noted from the figure that the pressure loss for the 0.754f fin case is the highest.
However, the loss for the 0.254f and 0.54f cases is even lower than that for the
case without fins. The cause of the lower loss for the cases with low fin heights is
due to their weaker vortex flow and, as seen before, the vortex is away from the
fins and tube wall, leading to lower wall friction.

The performances of the considered cases are summarized in Table 1. In this
table, Nu stands for the Nusselt number averaged over the entire tube wall, and f
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Table 1. Heat transfer enhancement factor, friction penalty factor,
and efficiency index for tested cases
Fin
configuration Nu f(x1072) E F n
No fin 20. 11.7 5.5 3.7 1.5
0.25hf 483 10. 13.2 3.1 42
0.5hf 86.6 10.5 23.7 3.3 72
0.75hf 145.7 11.9 39.8 3.7 10.7

is the friction factor, defined as

AP d

YO

(10)

where A P is the pressure drop between the tube inlet and tube outlet. E and F
are the heat transfer enhancement factor and the friction penalty factor, respec-

tively, defined by

Nu
B Nu,

_ 7
1y

F

(1D

(12)

where Nu, and f,, denote the Nusselt number and friction factor, respectively, of a
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fully developed laminar flow in a smooth empty tube. Theoretically,

Nu, = 3.66 (13)
64 "
So= Re

Finally, the parameter in the last column of Table 1 represents the efficiency index:

E

n= I (15)

which is used to evaluate the quality of enhancement. Comparing with the case
without fins, the heat transfer is greatly improved by the appearance of the fins.
The mean Nusselt number and heat enhancement factor increase with the fin
height. However, it should be noted that the pressure loss and thus the friction
penalty factor are not increased due to the fact that the induced vortex flow is
weaker and away from the tube wall, as discussed above. Therefore the efficiency
index is largely increased as the fin height increases.

CONCLUSIONS

A three-dimensional numerical procedure has been adopted to examine the
flow and heat transfer in internally finned tubes with a multilobe vortex generator
inserted. Based on the results, the following conclusions can be drawn.

1. The secondary velocities induced by the lobes are transformed to become
axial vortices in the region downstream of the lobe. The appearance of the
fins restricts the development of the vortex flow, resulting in lower
circulation.

2. When the vortex is well developed at a distance downstream of the lobe,
the heat transfer is greatly enhanced mainly because of the transport of
the high-speed, low-temperature core flow by the vortex to sweep across
the wall and the fins. Also, owing to the convection transport of the vortex
flow, the high-temperature wall flow is quickly mixed with the low-temper-
ature core flow.

3. With the use of fins, the heat transfer is largely improved. However, the
pressure loss is not increased, especially for the cases with low fin heights.
This is attributed to the fact that the induced vortex is more concentrated
in the centerline region and is weaker. As a consequence of the increased
heat transfer and decreased pressure loss, the efficiency index is largely
increased. This index increases with fin height.
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