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ABSTRACT: In this study, a three-dimensional simulation was conducted
to examine the effect of rib integration on the heat transfer characteristics in
Taylor-Couette-Poiseuille flow (TCPF). The ribs are fixed to the periphery of
the inner cylinder of the system studied. Three cases were analyzed: 4, 8, and
16 ribs. Initially, the study considers purely axial flow with a stationary inner
cylinder, while the next phase evaluates the combined influence of axial flow
and cylinder rotation. The findings reveal that the configuration with four ribs
achieves the most significant heat transfer improvement, with an increase of
up to 312% at higher Re. values and approximately 103.6% at lower Recs
values.

KEY WORDS: Finite volume method, Taylor-Couette-Poiseuille flow, ribbed
inner cylinder, heat transfer.

NOMENCLATURE

r, ¢,z Radial, azimuthal and axial coordinate [m] Re. Axial Reynolds number [-]
1, Q2 Inner, Outer rotational velocity [rad/s] Rees  Effective Reynolds number [-]
Ri, Ro> Inner, Outer cylinder radius [m] Re, Rotational Reynolds number [-]
T1,T> Inner, outer cylinder temperature [K] Gr Grashof number [-]

Ty Fluid bulk temperature [K] Fr Froude number [-]

Tw Wall temperature [K] Pr Prandtl number [-]

0 Dimensionless temperature [-] NU  Average Nusselt number [-]
u, v, w Radial, azimuthal and axial velocity component I Aspect ratio [-]

V. Axial velocity [m/s] n Radius ratio [-]

A Laplacian operator p Fluid density [kgm ~®]

1 INTRODUCTION

The flow between coaxial cylinders became a prone of a continuous scientific inter-
est [1-5], since the pioneering finding of Taylor [6] in 1923, where the existence of
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the axial wave is revealed. This type of flow is found in various engineering appli-
cations, among them we mention rotating membrane filters [7], water treatment [8],
rotating heat pipes [9], food engineering [10,11] and medicinal applications [12—14].
Diprima [1] and Schandrasekhar [2] are the first who interested in Taylor-Couette
(TC) problem combining an axial flow for a small configuration. Later, Hasoon and
Martin [15] extended their study for a relatively large gap. The found a stabilizing
effect of the system with axial flow. Their results were confirmed experimentally
by Snyder [16]. Lee and Lueptow [17] controlled scale formation in reverse osmo-
sis by means of rotating membranes. Their results indicated that this controlling
process significantly contributed to reduce membrane fouling due to scale forma-
tion comparatively to non-rotating reverse osmosis. It is concluded that increasing
the rotating speed resulted in significant anti-fouling effect because of the increased
shear and strengthened vortices. Daimallah et al. [18] analyzed the effect of the con-
centration of particles and the aspect ratio on the structure of the flow and vortex
shape in Taylor-Dean system.By using polarographic method, Kristiawan et al. [19]
conducted experimental measurement of both shear rates axial and azimuthal at the
outer cylinder of the TCPF. Belkadi et al. [20] investigated numerically the influence
of axial flow on the stability Taylor vortex flow. Their results indicated that axial
flow delays the primary instability appearance. Recently, Daimallah et al. [21] ex-
amined the effect of the modification of the form of the inner cylinder endwall on
the Taylor-Couette flow stability. They found that the development of Ekman cells
and the onset of vortex of Taylor are delayed for case with two-hemispherical end-
walls. Jeng et al. [22] analyzed experimentally the heat transfer in the TCPF system
in the presence of axial ribs placed on the rotating inner cylinder. They found that
the presence of cavities on the ribs is better to cool the rotating machinery compo-
nents. Bouafia et al. [23] studied experimentally the convective heat transfer in the
gap between coaxial cylinders with and without axial flow. The obtained results for
the case with axial flow indicated that the configuration of smooth air gap is better for
heat transfer at the rotating cylinder. Lee and al. [24] investigated experimentally the
presence of axial wall slits in TC flow system using the technique DPIV. Their results
indicated that the axial wall slits accelerate the transition laminar-turbulent. Lee and
Minkowycs [25] studied heat transfer characteristics between short coaxial cylinders
in presence of axially slit wall. They applied the naphthalene sublimation technique.
Their results show qualitative information regarding heat transfer. Liu et al. [26,27]
analyzed the stability of TC flow with axially wall slit and temperature gradient. They
obtained that the models with larger number of slits affect the flow stability and ac-
celerate the transition process. Chaieb et al. [28] conducted numerical investigation
on mixed convection heat transfer in horizontal Taylor-Couette flow. They found that
the convection modes affect the appearance of Ekman cells and Taylor vortex and an
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improvement of heat transfer.

The present work aims to analyze, by numerical simulation, the influence of lon-
gitudinal ribs placed on the rotating inner cylinder on the heat transfer of TCPF sys-
tem. We analyze cases with 4, 8 and 16 ribs. First, we conduct a study for axial flow
without rotating the inner cylinder. Secondly, the investigation is extended to the
combination between axial flow and rotating inner cylinder. Gambit is used to create
the geometry and generate mesh and Ansys Fluent to solve the governing equations.

2 COMPUTATIONAL METHODOLOGY

2.1 PHYSICAL MODEL

Figure 1 depicts the sketch of the flow system and the configuration of the studied
cases. The geometrical dimensions of the flow system physical conditions are se-
lected from the work of [22]. The flow system is made up of two coaxial cylinders
of radii R; = 0.06 m and Ry = 0.067 m maintained respectively at temperature 7}

and 75. The aspect ratio I" = 17.14 and the radius ratio 7 = 0.9. The fluid contained
between cylinders is Newtonian.

2.2 FUNDAMENTAL EQUATIONS OF THE SYSTEM

The equations that describe the flow are given in cylindrical coordinates (7, ¢, 2):

Longitudmal nbs

16 nbs

(a) (b)

Fig. 1. Physical model: (a) Sketch of the geometry; (b) several studied configurations.
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is the Laplacian operator.

The flow control parameters are as follow:

Grashof number
AT Dh3p?
(7) Gr = 9PATDI P = r.
Axial Reynolds number
(8) Re, = V=W = F1).
M Y

Rotational Reynolds number

©) Re, = ;



464 Longitudinal Ribs Effect on the Enhancement of Heat Transfer In ...
Effective velocity
(10) v, = [

Effective Reynolds number

Ve(Ro — R
(11) Reopf = M;
7
Local Nusselt number
q(R2 — Ry)
12 Nu = .
(12) u (To Tk

Average Nusselt number

1 Nu = .
(13) u i ;
Froude number
V2
14 Fr=——"2__.
(1 g(Ry— Ry)

2.3 BOUNDARY CONDITIONS

The following boundary conditions are applied to close the system of governing equa-
tions:

2.3.1 HYDRODYNAMIC BOUNDARY CONDITIONS

e [nner cylinder wall (atr = R1,0 < z < H):
First case (purely axial flow): V] = Ryjw = 0;
Second case (rotating inner cylinder): Vi = Ryjw > 0.

e Quter cylinder wall (atr = R, 0 < z < H):
No-slip, stationary wall for both cases. Vo = Row = 0.

e [nlet: A uniform axial velocity (V, = U,,) profile is specified for both cases,
corresponding to the axial Reynolds number (Re,).

e QOutlet: A pressure-outlet condition with gauge pressure set to zero is applied.
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2.3.2 THERMAL BOUNDARY CONDITIONS

A constant temperature difference is maintained across the annulus:

e Inner cylinder wall (atr = R1,0 < z < H):
Constant wall temperature, ' = 77 = 310 K.

e QOuter cylinder wall (atr = Ro,0 < z < H):
Constant wall temperature, 7' = T5 = 300 K, where 77 > T5 for heating from
the inner cylinder.

o [nlet: The fluid enters at a constant temperature equal to the outer cylinder
temperature Tiyer = T5.

T
e QOutlet: — = 0. A zero-diffusive-flux condition for temperature is applied,
z
implying a fully developed thermal field at the exit.

3 NUMERICAL PROCEDURE
3.1 NUMERICAL TECHNIQUE

Numerical simulations are implemented using Ansys Fluent 14.0 which applied the
Finite Volume Method [29]. The pressure-velocity coupling is treated by applying the
SIMPLE algorithm. The convective terms in the momentum equations are discretized
using a third-order scheme. By using Gambit 3.3.16, the 3-D physical model and
meshes were created.

Given that the maximum effective Reynolds number (Rec) in this study is 600,
which corresponds to a laminar flow regime for this geometry, the simulations were
conducted by directly solving the laminar governing equations (1)—(5) without em-
ploying a turbulence model.

A mesh independence study was conducted to ensure the accuracy of the numer-
ical results. Figure 2 shows the variation of the average Nusselt number versus axial
Reynolds number, for different grid cells numbers. As observed, the value of average
Nusselt number converges as the mesh density increases. The selected mesh config-
uration (18 x 154 x 231 ~ 640,000 cells) lies well within this converged region,
ensuring that the results are independent of further grid refinement. This mesh was
therefore adopted for all subsequent simulations to optimize computational cost and
accuracy.
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Fig. 2. Evolution of average Nusselt number versus axial Reynolds number.

3.2 VALIDATION MODEL

The validation of numerical model employed in this investigation, has been done by
comparison of the obtained numerical results to results of Carpenter et al. [30] for
smooth cylinder and also to experimental results of Jeng et al. [22] for a cylinder
with 4 ribs as shown in Fig. 3.

100 5
] e Experimental results of Jeng ct al. (2007)
Nu Numerical results with 4 ribs,
S 0.59
Nu = 0.25*Rez
10 o
14
— Numerical results for smooth cylinder,
Nu =0.08 * Rez"*
0.1+ A Experimental Results of Carpenter et al.(1946)

iy L T
100 Re, 1000

Fig. 3. Average Nusselt number (Nw) versus axial Reynolds number (Re.).
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A quantitative analysis of the deviation between the present numerical results
and the benchmark experimental data was performed. For the smooth cylinder case,
the average absolute percentage error was 10.14%. While for the 4-ribbed cylinder
case, the error was 9.85% across the Reynolds number range from 30 to 1200. The
obtained results show a good agreement with the results of Carpenter et al. [30] and
Jeng et al. [22].

4 RESULTS AND DISCUSSION

The thermo-hydrodynamic behavior of the flow is analyzed both with and without
the rotation of the inner cylinder. Initially, the study examines the TCPF system with
a stationary inner cylinder. Subsequently, the impact of the inner cylinder’s rotation
on the flow dynamics and heat transfer characteristics is investigated.

4.1 THERMO-HYDRODYNAMIC FLOW BEHAVIOUR FOR STATIONARY
INNER CYLINDER

4.1.1 AXIAL REYNOLDS NUMBER EFFECTS ON THE AXIAL VELOCITY
CONTOURS

Figure 4 illustrates the evolution of velocity contours within the gap for different axial
Reynolds numbers, comparing a smooth inner cylinder to a ribbed inner cylinder with
four ribs. The results indicate that an increase in Re, leads to a rise in axial velocity
within the gap between the cylinders. Additionally, as Re, increases, noticeable
changes occur in the shape of the axial velocity contours for both configurations,
with and without ribs.

Axial velocity (m/s), Rez=30 Axial velocity (m/s), Rez=30

Outer cylinder Outer cylinder
m ™
0005 002 0035 006 0065 0.08 0095 001 0.0 0.07 0.1 013018 )
b
Auxial velocity (m/s), Rez=300
Axial velocity (mis), Rez=300 Inner oylinder Inner cylinder
I R | m n
10305070911131
0.05 02 035 05 085 08 0.10.305070014 1315
Axial velocity (m/s), Rez=600 Axial velocity (mis), Rez=600
m | |
01030507081.1131517 0206 1 14182226
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Fig. 4. Velocity contours development in the meridional plane (r, z) of annular space for:
(a) smooth inner cylinder; (b) ribbed inner cylinder with 4 ribs.
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4.1.2 AXIAL REYNOLDS NUMBER EFFECTS ON THE DEVELOPMENT OF
TEMPERATURE CONTOURS

Figure 5 illustrates the evolution of temperature contours within the annular region
for different Re. values. The findings indicate that, for both examined cases, the
peak temperature in the annular space declines as Re, increases.

Temperature [, Roz=30 Temperature (k). Rez=30
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Fig. 5. Development of temperature contours in the meridional plane (r, z) of the annular
space for: (a) smooth inner cylinder; (b) ribbed inner cylinder with 4 ribs.

4.1.3 AXIAL REYNOLDS NUMBER EFFECTS ON THE VARIATION OF
TEMPERATURE FIELD

Figure 6 presents the temperature distribution along the radial direction (at Z = L/2)
for different axial Reynolds numbers. The results reveal that temperature decreases
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Fig. 6. Evolution of temperature in the radial direction (at Z = L/2 for: (a) smooth inner
cylinder; (b) ribbed inner cylinder with 4 ribs.
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within the annular space as Re, increases. This trend can be attributed to the rise in
mass flow rate associated with the increase in Re,.

4.1.4 AXIAL REYNOLDS NUMBER EFFECTS ON THE AVERAGE
NUSSELT NUMBER

Figure 7 illustrates the variation of the average Nusselt number (Nu) as a function
of the axial Reynolds number. The results demonstrate that (Nu) is influenced by
the number of ribs attached to the inner cylinder. Specifically, an increase in of
Nu approximately 29% for Re, = 600 and 59% for Re, = 30 is observed in the
configuration with four ribs. These findings indicate that the four-ribs configuration
is the most effective in enhancing Nu for a stationary inner cylinder.

12 T ' T v T T T » T T I ) T
o —=— Smooth inner cylinder

NU || —e— Inner cylinder with 4 ribs
—a— Inner cylinder with 8 ribs
¥ Inner cylinder with 16 ribs
8 -
6

Y I 4 I S I . I b 1 ' I
0 100 200 300 400 500 600
Re,

Fig. 7. Average Nusselt number variation (Nu) versus axial Reynolds number (Re.) for
various numbers of ribs.

4.2 THERMO-HYDRODYNAMIC FLOW BEHAVIOUR FOR ROTATING
INNER CYLINDER

4.2.1 EFFECTIVE REYNOLDS NUMBER EFFECTS ON THE AXIAL
VELOCITY CONTOURS

Figure 8 shows the evolution of axial velocity contours in the meridian plane (r, z) of
the annular space between two coaxial cylinders, for both the smooth inner cylinder
and the ribbed inner cylinder with 4 ribs, across various effective Reynolds numbers
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Fig. 8. Development of axial velocity contours in the meridional plane (r, z) for: (a) smooth
inner cylinder; (b) ribbed inner cylinder with 4 ribs.

Reegr. In the case of the smooth inner cylinder, an increase in Rees leads to the
formation of Taylor vortices. However, these vortices vanish when the inner cylinder
is ribbed with 4 ribs.

4.2.2 EFFECTIVE REYNOLDS NUMBER EFFECTS ON
THE TEMPERATURE CONTOURS

The temperature contours in the annular space for various effective Reynolds number
is illustrated in Fig. 9. The obtained results indicate that temperature in the annular
space decreases versus Ree. In the case of smooth inner cylinder, the maximum
temperature is concentrated at all the gap between the coaxial cylinders but for the
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Fig. 9. Development of temperature contours in the meridional plane (r, z) for: (a) smooth

inner cylinder; (b) ribbed inner cylinder with 4 ribs.



A. Daimallah, M. Lebbi, L. Boutina 471

ribbed inner cylinder configuration, the maximum temperature distribution is only at
heated inner cylinder. This result indicates that presence of ribs on the inner cylinder
contributes to enhance the cooling of the system.

4.2.3 EFFECTIVE REYNOLDS NUMBER EFFECTS ON THE TEMPERATURE FIELD

The evolution of the temperature along the radial direction (at Z = L/2) for various
effective Reynolds number is illustrated in Fig. 10. From the obtained results, it is
shown that temperature decreases versus Re.s. This result can be explained by the
increase of mass flow rate due to increasing Re.g which conducts to discharge the
stored heat in the annular space.
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Fig. 10. Evolution of the temperature along the radial position (at Z = L/2) for: (a) smooth
inner cylinder; (b) ribbed inner cylinder with 4 ribs.

4.2.4 EFFECTIVE REYNOLDS NUMBER EFFECTS ON THE AVERAGE
NUSSELT NUMBER

Figure 11 depicts the average Nusselt number (Nu) versus the effective Reynolds
number (Regsr) for various numbers of ribs on the inner cylinder. The analysis of the
obtained results indicates that, for ribbed configuration, the N is improved by about
103.6% compared to smooth inner cylinder configuration for low Recr and by 312%
for high Recgs.
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Fig. 11. Average Nusselt number (Nu) versus effective Reynolds number (Re.) for various
numbers of ribs on the rotating inner cylinder.

5 CONCLUSIONS

A three-dimensional numerical simulation was conducted to analyze the heat transfer
characteristics of the Taylor-Couette-Poiseuille Flow (TCPF) system in the presence
of ribs on the periphery of the inner cylinder. The results indicate that the combination
of axial and rotational flow, along with the presence of ribs on the inner cylinder,
significantly influences the heat transfer phenomenon in the annular space.

For the case of only axial flow (stationary inner cylinder), the presence of four ribs
improves the average Nusselt number (Nu) by approximately 65% for Re, = 30
and about 29% for Re, = 600. When combining axial flow with a rotating inner
cylinder, the presence of four ribs enhances the average Nusselt number Nu from
103.6% at low Recgr to 312% at high Re.¢. Furthermore, the analysis of the effect of
the number of ribs (4, 8, and 16) indicates that the configuration with four ribs is the
most effective for improving the cooling performance of the TCPF system.
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