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ABSTRACT

The slit wall aspect ratio effect on the flow instability and heat transfer characteristics of
Taylor-Couette flow was studied by numerical simulation method. The accuracy of the numerical
simulation result was confirmed by PIV experiment. Four different models with aspect ratios
of 0.5, 0.75, 1 and 1.25, respectively were investigated. It is found that the axial size of Taylor
vortex does not vary with the slit aspect ratio at isothermal condition, but increased with slit wall
aspect ratio at non-isothermal condition. The slit aspect ratio also has significant influence on the
distribution of radial velocity in the annular gap. The maximum radial velocity in the model with
aspect ratio of 0.75 is larger than other models. Comparing with the temperature distribution in
different models, the temperature gradient of the fluid near the inner cylinder to the wall has the
maximum value in the model with aspect ratio of 0.75. The average Nusselt number also has the
largest value in the same model. As the aspect ratio increases from 0.5 to 0.75, the heat transfer
ability of the fluid is enhanced obviously. As the aspect ratio increases further, the heat transfer
ability of the fluid is weaken slightly.

NOMENCLATURE
C, Specific heat capacity
d Annular gap width
Gr Grashof number
h* Ratio of slit depth to width
L Length of the cylinder
Nu Local Nusselt number
Nu Average Nusselt number
V% Slit depth

Pr Prandtl number
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r Radius of inner cylinder

r Radius of outer cylinder

Re Rotational Reynolds number

R* Dimensionless radial position

T Temperature of inner cylinder wall
T, Temperature of outer cylinder wall
T, Temperature of liquid

v Kinematic viscosity

V Radial velocity

V. Axial velocity

w Slit width

A Dimensionless axial position

a Thermal diffusivity

S Coefficient of thermal expansion
A Axial dimension of Taylor vortex
f Dynamic viscosity

p Fluid density

7 Dimensionless radial temperature
® Vorticity

Q Angular velocity of the inner cylinder
AT Temperature gradient

INTRODUCTION

Taylor—Couette flow is one of the classic problems in fluid mechanics (Taylor, 1923). Because
this kind flow widely occurs in lots of mechanical devices such as electric motor, rotating blade
couplers, and bearings, the study on heat transfer process of Taylor-Couette flow has an important
effect on the improvement of the mechanical performance and operation stability. Many scholars
and researchers have carried out lots of theoretical analysis, numerical calculation, and experimental
research.

Deters et al. (2005) investigated the interaction between the temperature field and the velocity
field to understand the influence of thermal convection, which made the fluid near the inner cylinder
wall flow upward and the fluid near the outer cylinder wall flow downward. Kadar & Balan (2012)
found Taylor vortex flow in the vicinity of critical Reynolds number after the transitions from
Taylor vortex flow to wavy vortex flow. Tzeng (2006) calculated the heat transfer coefficient of
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internal and external cylindrical surface using experimental data, and the results showed that the
heat transfer coefficient increased with increasing the rotational Reynolds number. Kietczewski
et al. (2014) used numerical simulation to study the flow field structure and flow characteristics
by changing the parameters, which included aspect ratio, side wall boundary conditions, and
temperature gradient. All of the aforementioned scholars revealed the characteristics of the Taylor-
Couette flow in the annular gap and the heat transfer process in plain wall models. In engineering
applications, in order to enhance the heat transfer process in the annular gap, the structure of the
outer wall is complex. In view of this fact, scholars have considered the impact of wall structure on
the Taylor-Couette flow and the heat transfer process.

Lee et al. (1989) studied the influence of the slit wall on the Taylor-Couette flow under the
condition of heat transfer, and they found that the heat transfer was enhanced by the slit surface.
Fenot et al. (2013) studied the thermal convection with different wall structures and concluded
that the heat transfer intensity was a function of axial and rotational velocities. Sun et al. (2012)
analyzed the reason for the enhancement of heat transfer between the concentric cylinder annular
gaps by using numerical simulation. The characteristics of the Taylor-Couette flow and heat
transfer in concentric cylinders were also studied by Jeng (2007) who found that the Nu number
was minimum at the annular entrance along the axis. Liu ef al. (2015) studied the slit wall effect on
Taylor vortex flow and found that the Taylor vortex moved along the axial direction.

The above-listed studies show that many scholars focused on studying the effects of outer
wall structure on the heat transfer process in the annular gap. Some of these investigations were
about the mechanism of slit number effect on the flow transition process. However, only few of
the above-listed studies mentioned the slit aspect ratio effect on the heat transfer process. In this
paper, slit wall aspect ratio effect on the Taylor-Couette flow and heat transfer process was studied
by numerical simulation.

The present paper is organized as follows. First, the model parameters and the numerical
method are briefly described. The accuracy of the numerical simulation method is verified by
the PIV measurement result. This is followed by the results’ discussion of different slit models.
Finally, the conclusion is reported.

NUMERICAL SIMULATION METHODOLOGY

The numerical model

The schematic diagrams of slit model are shown in Figure 1. The inner cylinder has a radius
of ri =33mm and the outer cylinder has a radius of 7=40mm. Hence, the gap between the two
cylinders is d =7mm. The length of the cylinder is Z=336mm. The slit number is 6, the width of
each slit is Smm (w=5mm), the depth of each slit is also Smm (P=5mm), and four models with
different slit depths are selected to study the slit depth effect on the Taylor-Couette flow. The
dimensionless 4" is the slit wall aspect ratio, defined as #"=p/w, and /" is 0.5, 0.75, 1.0, and 1.25 in
this study.
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(a) (b)

Figure 1. Schematic diagram of the slit model with relevant parameters.

The numerical method

In numerical simulation, the mesh density affects the computation time and accuracy. Normally,
a higher mesh density results in higher computation accuracy. However, a higher mesh density also
means longer computing time, and higher demands on computer hardware. Hence, reasonable
meshing is the key to get accurate calculation results.

The structure mesh is applied in this study, which is shown in Figure 1(b). The numerical
simulation of a different grid density was carried out under the same working conditions; the
feasibility and accuracy of the selected grid density were verified by comparing the experimental
and numerical results. According to our previous study (Liu ef al., 2015), the grid number adopted
in the present investigation was a structured mesh with 250 x 30 x 330 grid points (along the
azimuthal, radial, and axial directions). For model /" = 1.0, the mesh in slit wall region was 10 x 10
x 330 x 6 grid points (along the azimuthal, radial, and axial directions and slit number). The total
mesh number is 2,673,000, which conforms to the requirements of the calculations.

The working fluid is sodium iodide solution, with a density of 1780 kg/m?, dynamic viscosity
of 0.00271Pa-s, thermal conductivity of 0.209 w/(m-K), specific heat capacity of 2725J/(kg-K),
and thermal expansion coefficient of 0.00057 (1/K). The outer cylinder with a temperature (Zou)
of 24°C is resting, and the inner cylinder with a surface temperature (7in) of 25.2°C is rotating. A
stationary wall with an adiabatic condition is adapted to the ends of the model. The Grashof number,
defined as Gr=(&’pgAT)H?, was used to describe the effect of temperature gradient, where g is the
acceleration of gravity and AT is the temperature difference between the two cylinders; in this
paper, AT is 1.2°C, so the Grashof number is 1000. The Prandtl number, defined as Pr=v/a=uC,)/k
, was used to reflect the effect of physical properties on the convective heat transfer of the fluid,
where C, is the specific heat capacity, and the Prandtl number is taken as 35.6 in the present study.
Finally, the Reynolds number is defined as Re= (7:dQ)/v. In the present work, the minimum and
maximum values of the Reynolds number are 115 and 574, respectively. The foregoing values of
the Reynolds number correspond to the angular velocity of the inner cylinder between 0.7567 rad/s
and 3.777 rad/s, respectively.

The laminar model was applied to the simulation in the Taylor vortex since the flow in the
annular gap is laminar, and the energy equation is turned on. The Boussinesq assumption was
applied to consider the natural convection effect. Under-relaxation factors are 0.3 for pressure,
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0.7 for momentum, and 0.9 for energy. The way of discretization is second-order for pressure,
SIMPLEC for pressure-velocity coupling, second-order upwind for momentum, and second-order
upwind for energy. The characteristics of the Taylor vortex flow are described by the convergent
calculation results.

NUMERICAL VALIDITY

In the present study, steady-state flow calculations under isothermal conditions and unsteady-
state flow calculations under non-isothermal conditions are considered. The former study obtained
the depth of slit wall effect on the characteristics of vortex flow in the annular gap, and the latter
obtained the depth of slit wall effect on the heat transfer process. Compared with the experimental
results, the numerical simulation result is verified.
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Figure 2. The velocity field in radial-axial plane of the model #"=1.
(a) Experimental result, (b) CFD result, (c) radial velocity distribution at Re=115.

Figure 2 shows the velocity fields of the Taylor vortex flow in the model 2'=1 when the
Reynolds number is 115. The dimensionless coordinate of the axial position is defined as
Z'=z/d, and the radial position is R'= (r,-r;)/d. The vorticity is expressed as w=dv,/dz-dv./dr,
where V- is the radial velocity and V. is the axial velocity. Figure 2(a) was obtained by the PIV
experimental measurement, and Figure 2(b) was the result of the numerical simulation. It can
be found that the flow fields obtained from the experiment and calculations are consistent. In
order to verify the accuracy of the numerical calculations, the radial velocity distribution at
location R*=0.5 was extracted from the numerical simulation and experimental results, which

is shown in Figure 2(c). It was found that the difference between radial velocity distributions
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obtained by both methods is very small, except when the maximum radial velocity of
the experimental data is larger than that of the CFD results. In order to further verify the
numerical simulation accuracy, the axial dimension of the Taylor vortex (1) is calculated. The
experimental value of /, is equal to 1.92d, and the numerically calculated value of 7, is equal
to 1.91d. Hence, the error is 0.5%. Finally, the numerical simulation method is proved to be

reasonable and effective for the isothermal conditions.
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Figure 3. The radial velocity distribution in radial-axial plane of the model #"=1 (Re=132).

Figure 3 shows a comparison between the velocity field of the experiment and that obtained
from the numerical simulation under non-isothermal conditions at Re=132. The experimental value
of 2, is equal to 1.81d, and the calculated value of 1, is equal to 1.71d. The results obtained from
those values show a little difference, because when the Reynolds number is 132, the helical wavy
vortex flow appears in the model from the experimental results of Liu (2010), which was the
unsteady flow. The minimum interval time between each experimental data is 0.2s, and the time
step size of CFD is 0.05s. Furthermore, the initial time of CFD and experimental data cannot
exactly be the same, and it is difficult to get the CFD and experimental measurement results at
the same time. Another reason is that the average temperature near the inner and outer cylinder
walls was used in the CFD work, but the real conditions in the experiment are that the temperature
distribution cannot be uniform near both cylinder surfaces. The present authors think that the
difference between the numerical simulation and the experimental results was within a reasonable
range. Therefore, the numerical simulation method used in this paper is reliable for finding the slit
aspect ratio effect on the heat transfer process.
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ANALYSIS OF SIMULATION RESULTS
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Figure 4. Velocity and vorticity distribution in R-Z plane. (a) /'=0.5, (b) #"=0.75, (c) h'=1.0, (d) h"=1.25.

Figure 4 shows the velocity and vorticity distribution in the R-Z plane of different slit models.
The same axial position is away from the model top by a length of 35mm. The vortex size of each
model is basically the same. The maximum vorticity is located at the center position of the vortex
cell, and the vortex center is located at the middle position of the annular gap. The Taylor vortex
axial dimension of all the models is equal to 1.91d, which means that the slit depth has no effect on
the size of the Taylor vortex under isothermal conditions.
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Figure 5. The radial velocity distribution along the radial direction ('=0.75).

Figure 5 shows the radial velocity distribution along the radial direction at different axial
positions of the model #'= 0.75, and the positive radial velocity means that the fluid flows from the
inner cylinder to the outer one. It can be found that the radial velocity distribution has a parabolic
shape. The radial velocity has the largest negative amplitude at Z=10.06, where it is located between
two vortices in a vortex pair. The radial velocity fluctuation is minimum at Z> =10.56 and Z~11.44
in the center of two vortices. The radial velocity has largest positive amplitude, where Z:=10.96 is
located at the middle position of two-vortex pair.
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Figure 6. Radial velocity distribution in different /" slit models.

(a) At the position of Z=10.06 and Z=10.96, (b) in the middle position of the annular gap (=0.5).

In order to find the slit aspect ratio effect on the radial flow velocity, the radial velocity at the
positions, which have a larger velocity amplitude, is compared in different slit models, which is
shown in Figure 6(a). There is a dotted line (R'=1.0) dividing the flow field in the annular gap
from the flow field in the slit wall region. It is clear that the radial velocity of model #'= 0.5 is the
smallest in the annular gap, but the difference of the other three models was not significant. In
Figure 6(a), it can be found that the radial velocity amplitude at the *=0.5 location is the largest,
so the radial velocity of different models in the middle position of the annular gap is extracted in
Figure 6(b). The wave period and frequency of the four models are basically the same, and the
positive radial velocity amplitude of #'=0.75 is 4.5% larger than that of model »=0.5, 1.3% larger
than that of model 2"=1.0, and 2.3% larger than that of model »"=1.25.

The fluid field distribution under non-isothermal conditions

vorticity (v/s”)

0.0 15

Figure 7. Velocity and vorticity distribution in R-Z plane under non-isothermal conditions.

(a) h™=0.5, (b) h"=0.75, (c) h'=1.0, (d) h"=1.25 (Re=115).
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Figure 7 shows the velocity and vorticity in R-Z plane of different slit models when Re=115.
Compared with the result in Figure 4, the axial position of the Taylor vortex has obviously changed,
and the variable quantity of the vorticity has also explicitly changed.

Table 1. The Taylor vortex axial dimension of different models.

1=0.5 1"=0.75 n'=1.0 =125
A(Re=115) 1.6d 2.0d 2.04d 2.08d
A(Re=132) 1.6d 1.68d 1.71d 1.78d

Table 1 shows the axial dimension of the Taylor vortex (1) of different models in R-Z plane. It
can be found that the axial dimension of the Taylor vortex increases with the slit aspect ratio. When
Re is 115, the vortex axial size of #'=0.75 model is 2.04% higher than that of »’=0.5 model, the
vortex axial size of #'=1.0 model is 2% higher than that of »"=0.75 model, and the vortex axial size
of h’=1.25 model is 2% higher than that of »*=1.0 model. Meanwhile, when Re is equal to 132, the
vortex axial size of #'=1.25 model is also the largest among the four different models. Thus, the slit
wall depth, affected by the temperature gradient, has a promoting effect on the Taylor vortex axial
size. However, the vortex axial size at Re=132 appears to be smaller than that at Re=115.
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Figure 8. The axial velocity distribution near the outer wall at different conditions.

Figure 8 shows the axial velocity distribution of model #’=1 at R*=1.61 near the outer wall
under isothermal and non-isothermal conditions. It can be found that, under isothermal conditions,
the axial flow direction velocity changes periodically, which is symmetric with respect to a line
marked in Figure 8. Under non-isothermal conditions, the axial velocity changes regularly, but the
flow direction is always from the top to the bottom. In the present study, the temperature of the
outer cylinder is lower than that of the inner cylinder. Therefore, the fluid near the outer cylinder
has the tendency of moving towards the bottom direction.
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Figure 9. Radial velocity distribution in different slit models at non-isothermal conditions (Re=115).
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Figure 9 shows the radial velocity of different slit models at the positions of Zi, Zs. It can be found
that the positive radial velocity amplitude of #"=0.75 is 2.6% larger than that of #"=0.5, and the negative
radial velocity amplitude of #"=0.75 is 5.5% larger than that of #"=1.0 and #’=1.25, and this means that
the radial velocity of the lower temperature fluid flows from the outer cylinder to the inner one is the
largest. Compared with Figure 6(a), the positive radial velocity amplitude of #'=0.75 is increased by
21.3%. It demonstrates the slit aspect ratio effect on the fluid motion in the annular gap.
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Figure 10. Radial velocity distribution of different slit models at 2'=0.5. (a) Re=115, (b) Re=132.

Figure 10 shows the radial velocity distribution in the middle of the annular gap, while the
Reynolds number is 115 and 132. In Figure 10(a), compared with the slit models of #=0.5, #'’=1.0,
and »'=1.25, the positive radial velocity amplitude of »=0.75 increased by 3.3%, 1.6%, and 1.6%,
respectively, and the negative radial velocity amplitude of #'=0.75 is also the greatest among the
four different slit models. In Figure 10(b), the maximum radial velocity in /#'=0.75 model also has
the largest value among the four models at Re=132. Compared with the slit model of 4" =0.5, "
=1.0, and »"=1.25, the positive radial velocity amplitude of 2'=0.75 increased by 3.9%, 5.4%, and
3.9%, respectively. This conclusion is similar to the condition when Gr=0. It proves that the depth
of slit within a certain range can strengthen the radial flow motion in the annular gap, and the radial
flow will obviously be weakened as the slit depth increases further.
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Figure 11. The dimensionless radial temperature distribution along the axial position (4" =0.75, Re=115).

The dimensionless radial temperature is defined as 7 = (7-T,.)/ (Tin-Tou), and the distribution
of 7 at different axial positions in model #’=0.75 is shown in Figure 11. The four different axial
positions are shown, which are the area between two-vortex pair, the center of the clockwise
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vortices, the position between two vortices in a vortex pair, and the center of the counterclockwise
vortices, respectively. It can be found that 7 near the inner and outer cylinder walls is larger, and
when R™ is within 0.2 to 0.9, the temperature nearly keeps constant except Z=9.1. In the area
between the two-vortex pair, where z2'=9.1, the temperature gradient between the fluid and the
inner cylinder wall is larger than that in other places. Because of the larger negative radial velocity
in this area, the lower temperature fluid flows from the outer cylinder to the inner one. When 7" is
10.2, the 7 between the fluid and the outer cylinder wall is larger than that in other places. This is
because the fluid in this area has a larger positive radial velocity, and the higher temperature fluid
flows from the inner cylinder to the outer one. In conclusion, the area between the two-vortex
pair near the inner wall has a larger temperature gradient, and the temperature profile of different
models at the positions is depicted in Figure 12.
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Figure 12. The dimensionless radial temperature distributions near the inner cylinder wall (Re=115).

The dimensionless radial temperature distribution in the four different models along the
radial direction near the inner surface ranging from R*= 0 to R* = 0.1 is shown in Figure 12. The
temperature gradient of the fluid to the inner cylinder wall in #=0.75 model increased by 4.13%,
4.05%, and 4.06%, compared with the models of #=0.5, #"=1.0, and »=1.25.

Figure 13. Nusselt number distribution near the inner cylinder of different slit models.

(a) Re=115, (b) Re=132.

Figure 13 shows the Nusselt number (Nu) distribution near the inner cylinder wall (R*=0) in
different slit models, while the Reynolds number is 115 and 132. It can be seen that the maximum
Nu number is in #'=0.75 model and remains to be the largest in the four models at two different



Dong Liu, Jian Zhu, Ying-ze Wang, Chang-qing Chao and Xiao-Ping Jiang 228

Reynolds numbers. In order to further verify the results, the average Nusselt number near the inner
cylinder wall at different Reynolds numbers is shown in Figure 14. It is clear that the average
Nusselt number increases when 4" varies from 0 to 0.75 and decreases from 1 to 1.25. When Re
=115, the average Nusselt number in 4'=0.75 model is approximately 3% higher than that in the
other models. From this figure, it can be found that the average Nusselt number increases with the
Reynolds number. Meanwhile, the average Nusselt number of #'=0.75 model at different Reynolds
numbers is always the largest among the four models. In the present study, the temperature of the
inner and outer cylinder walls remains constant, and the additional heat is dissipated through the
outer cylinder. Therefore, the higher average Nu near the inner cylinder wall shows the stronger
ability of heat transfer, which means that the #"=0.75 model has the best heat transfer efficiency.
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Figure 14. The average Nusselt number of different models at different Reynolds numbers.

CONCLUSION

Taylor-Couette flow in different slit models was studied by numerical simulation. The influence
of the slit aspect ratio on the radial flow velocity, with and without temperature gradient, is
analyzed. By comparing the Nusselt numbers on the inner cylinder wall, the model with best heat
transfer efficiency was found. The main conclusion can be made as follows. The positive and
negative radial velocity amplitudes of #"=0.75 are the largest among the four different models. The
temperature gradient of the fluid near the inner cylinder to the wall has the maximum value in the
model with an aspect ratio of 0.75. The Nusselt number increases with the Reynolds number, and
the average Nusselt number in #’=0.75 model is the largest among the four models.
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