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Abstract The present work is an experimental and a
numerical investigation of the turbulent fluid flow and heat
transfer in an annular channel between two concentric cylin-
ders with heated stationary outer cylinder (constant heat
flux) and adiabatic rotating inner cylinder. Numerically, the
governing equations are discretized in a finite volume fash-
ion using a non-staggered (collocated) arrangement of the
variables. The solutions were obtained using the SIMPLE
algorithm with upwind scheme. A computer program in
FORTRAN 90 was build to solve a set of partial differen-
tial equations that govern the fluid flow and heat transfer in
annular channels. The experimental results are obtained for
an inlet air velocity range of 2—6m/s, for a wall heat flux
range of 600-1200 W/m? and a rotational speed range of
inner cylinder of 0—1500rpm with a gap width of 1.5cm.
Finally, the relationships between the average Nusselt num-
ber and the effective Reynolds number for experimental and
numerical results were proposed and compared with those in
the existing literature.

Keywords Effective Reynolds number - Concentric
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List of symbols

d Air gap thickness or gap width (m): d = ro, — r;
Dy Hydraulic diameter (m): Dy, = 2(ro — 1i)

ro  Radius of outer cylinder (m)
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Radius of inner cylinder (m)

Inlet air velocity (m/s)

Rotation speed of inner cylinder (rpm)

Length (m)

Air thermal conductivity (W/m2°Q)

Wall heat flux (W/m?)

Average surface temperature of outer cylinder (°C)
Average air temperature (°C)

Pressure (N/m2)

Turbulent kinetic energy (m?/s?)

Average Nusselt number: Nu = qwDn/ (T — Ty)ky
Prandtl number: Pr = uCp/ ky

Axial Reynolds number: Re, = p uinDp/p
Rotational Reynolds number: Re; = p ri§2 Dy /1
ueg  Effective velocity (m/s): uefr = [u2, + (ri82/2)%1%
Effective Reynolds number: Reeff = p Uers Dh/ 1L

R B

7053;05

Q
—

Greek symbols

w  Dynamic viscosity (Ns/m?)

we  Turbulent viscosity (N s/m?)

£2  Angular velocity of inner cylinder (rad/s): 2=27N/60
o  Density (kg/m?)

e Turbulent energy dissipation rate (m?/s%)

I'  General exchange coefficient

Subscript

a Axial
r Rotational
eff Effective

w  Wall

in Inlet

t Turbulent
0 Outer

i Inner
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1 Introduction

The study of fluid flow and heat transfer in concentric cylin-
ders with rotating inner cylinder is very important in many
industrial applications, particularly in electrical, mechani-
cal, chemical and nuclear fields. The applications are electric
machines (motors and generators), journal bearing, coaxial
rotating heat pipes, axial flow pumps, rotating extractors,
combustion chamber, fusions reactors, etc.

Gazley [1] performed an experimental evaluation of the
heat transfer in an annular channel in two cases: grooved
and un-grooved rotors. The results of these experiments
showed that the relation of Nusselt number with effective
Reynolds number is: Nu = Regf?. Kuzay [2] studied exper-
imentally the heat transfer of turbulent flow in an annulus
channel between two coaxial cylinders with rotating inner
cylinder. The surface of the inner cylinder was insulated,
and the outer cylinder was fixed and had uniform heat flux.
The results showed that Nusselt number of combined flow
increased with inner cylinder rotational velocity increase.
Pfitzer and Beer [3] presented the effect of rotation of the
tubes in an annular flow between two coaxial tubes, on the
distribution of velocity, temperature and heat transfer coef-
ficient of the outer cylinder surface. The inner cylinder was
assumed insulated and the outer cylinder with uniform heat
flux. The results of this study showed that the rotation of
inner cylinder affected more than rotation of outer cylin-
der on Nusselt number of outer cylinder surface. Smyth and
Zurita [4] analyzed numerically the axial flow forced convec-
tive heat transfer on a rotating cylinder; the results showed
that Nusselt number depends on Reynolds number raised
to the power 0.8. Escudier and Gouldson [5] experimentally
investigated axial, radial and tangential components of veloc-
ity and root mean square velocity fluctuations in concentric
annular flow for Newtonian and a shear thinning polymer in
laminar, transitional and turbulent flow region with a rotat-
ing center body of radius ratio 0.506. The results showed
that the influence of center body rotation on pressure drop
in concentric annular flow is negligible under turbulent flow
conditions for both fluids. Char and Hsu [6] conducted a
numerical computation for turbulent mixed convection of air
in a horizontal concentric annulus between a cooled outer
cylinder and a heated, rotating, inner cylinder. The results of
this study showed that the average Nusselt number increases
with an increase in Rayleigh number, but decreases with an
increase in axial Reynolds number and radius ratio. Tzeng [7]
experimentally investigated the local heat transfer of a coax-
ial rotating cylinder. The test rig was designed to make the
inner cylinder rotate and the outer cylinder stationary. The
inner surface of the inner cylinder was heated with a film
heater. The experimental results showed that the heat trans-
fer coefficient increases with rotational Reynolds number
increase. Ouali et al. [8] presented an experimental identi-
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fication technique for the convective heat transfer coefficient
inside a rotating cylinder with an axial airflow. It showed
that convective exchanges on the internal wall of the cylinder
depend on the rotation and the axial air flow. For high rota-
tional speeds, the heat transfer rate is governed by rotation
and the axial flow only slightly influences the internal convec-
tive heat transfer. Sukumaran and Santhosh [9] investigated
the convective heat transfer inside a rotating annulus with an
axial air flow. The numerical study was designed to make the
inner cylinder rotating and with constant heat flux while the
outer cylinder stationary at constant operating temperature.
The results showed that rotation has significant effect on heat
transfer at lower axial Reynolds number, while for higher
axial Reynolds number it was less significant. Ahmadabadi
and Karrabi [10] presented an experimental investigation of
heat transfer in a non-annular channel between rotor and
stator similar to a real generator. The boundary condition
assumed a non-homogenous heat flux through the passing air
channel. The results showed that the heat transfer coefficient
in the axial distribution of stator surface was more uniform
than heat transfer coefficient in axial distribution of rotor
surface. Fully developed turbulent flow large-eddy simula-
tions in a concentric annulus, rj/r, = 0.5, Rey, = 12, 500,
with the outer wall rotating was studied by Hadziabdic et al.
[11]. Fénot et al. [12] reviewed heat transfer in flow between
concentric rotating cylinders which is a long-existing acad-
emic and industrial subject (in particular, for electric motors
cooling).

Many researchers have investigated the fluid flow and heat
transfer in concentric cylinder with rotating inner cylinder,
by investigating the effect of heated inner cylinder. However,
some recent studies have been carried out concerning heat
transfer from a stator (outer cylinder). The present work uses
computational fluid dynamics with finite volume to solve
the continuity, momentum and energy equations with two
dimensional axisymmetric steady flows, with collocated grid.
The experimental work was done by building two concentric
cylinders similar to practical generator. The constant heat
flux is applied on the outer cylinder. The study investigates
the turbulent forced convection in a concentric annulus. This
study aims at investigating the following parameters: inlet air
velocity, rotation speed of rotor and stator heat flux.

2 Physical Model

Figure 1 shows the physical model for concentric annulus.
The inner cylinder is rotating with an angular velocity 2
rad/s, and outer cylinder is kept stationary. The inner cylin-
der is kept in adiabatic condition and outer cylinder wall
subjected to constant heat flux. The inlet velocity of the air
is uniform u;j, entering at ambient temperature and exiting
through the other side of the annulus.
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Fig. 1 Physical model
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Consider a turbulent forced flow through a concentric
annulus consisting of the rotating inner cylinder and heated
stationary outer cylinder. It is assume that the flow is steady,
incompressible and axi-symmetric. The fluid is assumed to
have constant physical properties, and body forces are absent.
k-¢ turbulence model is used. The equations of continuity,
momentum, energy, turbulent kinetic energy (k) and turbu-
lent energy dissipation rate (¢) can be written as follows:
Continuity
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Table 1 Grid independency Grids in (z, ) Nu
(22, 58) 29.61
(35, 83) 29.80
(51, 101) 30.06
(58, 110) 30.32
(69, 116) 30.37
(81, 138) 30.37

Energy
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where the effective viscosity coefficient (uefr) equals to pegr
= [ + K. Then, the turbulent viscosity (i) is obtained as

2
ne = @. Whereas, the effective exchange coefficient is
calculated as Iy = 4= + P“—r‘l )
k-equation
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Here, G is the generation term, which according to the stan-
dard k-& model is given by [13]:

@ Springer



1860

Arab J Sci Eng (2016) 41:1857-1865

du\> av\? v\ 2 du  av\>
GZM[z[(a) +2(3r) +(?) :|+(3r + az)
aw  w)>
* (5‘7) } ®)

The values of the empirical constants used in the standard
k-¢ model are given below [13]:

Ci=144,C,=1.92,C,=0.09, Prj =10, Pro=13.

The governing equations are discretized in a finite vol-
ume fashion using a non-staggered (collocated) arrangement
of the variables. The solutions were obtained using the SIM-
PLE algorithm with upwind scheme. A computer program in
FORTRAN 90 is written to solve a set of the partial differ-
ential equations that govern the fluid flow and heat transfer
in annular channel. To eliminate the errors due to coarseness
of grid, analysis has been carried out for different number of
nodes in the annulus for gap width of 1.5 cm. Grid indepen-
dence study is carried out in heat transfer through annular gap
for inlet air velocity 3m/s, and heat flux 1200 W/m?, with-
out rotation. The variation of average Nusselt number with
number of nodes in z and r directions is shown in Table 1.
The suitable number of nodes for this study is (69,116) in (z
and r) directions, respectively.

3 Experimental Apparatus

Figure 2 is a schematic diagram of the experimental appara-
tus. A photograph that presents the experimental apparatus is
shown in Fig. 3. As seen, the blower supplies the air through
pipe and reducer like contraction to provide fairly uniform
flow with minimum turbulence intensity in the test section
inlet. To alternate the path of air flow, a pyramidal form and

Fig. 2 Schematic

then mesh were used. Two pulleys are used for conveying
power between the electric motor and test section rotor.
Three electric heaters of 1200 W are attached to the outer
surface of the outer cylinder (stator). Figure 4 shows test
section and thermocouple positions. The rotor consists of
an inner cylinder of iron material, with length of 34 cm and
diameter of 20 cm. The stator is composed of an outer cylin-
der of iron material, with length of rotor, inner diameter
of 23cm and outer diameter 23.9 cm. The ratio of the two
diameters and ratio of length to the thickness of air gap
are Dj/D, = 0.869 and L/d = 22.66, respectively. Mica-
thermal insulation is used to reduce the heat loss to ambient
from heaters. Chromel-Alumel thermocouple wires type K
with precision of £1 °C is used to measure the temperatures.
Six thermocouples are used to measure the temperature sur-
face of stator, while eight thermocouples are used to measure
the temperature of air in air gap, and one thermocouple is used
to measure the temperature on the insulator to calculate heat
loss to the surround. Thermocouple sensors were fixed to the
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Fig. 3 Photograph picture of experimental apparatus
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Fig. 4 Test section and thermocouple positions

surface of the tested channel via isolated thermal glue mate-
rial. The choice of this material takes into considerations hot
conduction small bore of size less than sensor size was made
to prevent the movement of the thermocouples. The thermo-
couple sensors measure the stator surface and air temperature
by using 12-channel digital temperature recorder.

Variac is used for varying the voltage of the three heaters
on the stator in order to vary the heater power for each
test. Digital power clamp meter is used for power measure-
ment. The air velocity in the air gap is measured by hot wire
anemometer, and to adjust the mass flow rate of blower, a
mechanical gate is used. To change the speed of rotor, three
sizes of pulleys were used. Digital laser tachometer is used
to measure rotation speed of rotor.

Consider the hydraulic diameter Dy as characteristic
length in dimensionless calculation; the axial Reynolds num-
ber is obtained as:

_ puinDy

Re, = , )
uw

while the rotational Reynolds number is calculated as:

Now, the effective Reynolds number which is a combination
of axial and rotational Reynolds numbers is written as:

1/2
pDn (u?, + o (ri£2)?) /

n

Reer =

(11)

where « is a coefficient taking into account the influence
of rotor speed compared to influence of inlet velocity. @ =
0.25 is used in the numerical and experimental calcula-
tions.

The average Nusselt number can be calculated as:

— D
Nuzqw—h

(7, - To) ke

where Ty is the average surface temperature of outer cylinder
and T, is average air temperature.

4 Results and Discussion

Figure 5 shows the variation of average internal surface
temperature of outer cylinder with inlet air velocity at dif-
ferent rotation speeds of inner cylinder and at a heat flux
of 900 W/m?. The surface temperature decreases as the inlet
air velocity increases from 2 to 6m/s, because forced con-
vection removes heat from the surface of outer cylinder.
Figure 6 illustrates the variation of surface temperature of
outer cylinder with heat flux for various inlet air velocities
without rotation. It can be noticed that surface temper-
ature increased as the heat flux increased from 600 to
1200 W/m?.

Figure 7 illustrates the increase in the average Nusselt
number with increase in the axial Reynolds number. In
the case of higher axial Reynolds number, the rotational
Reynolds number has less significance effect; this is due
to higher axial velocity compared with rotational velocity.

—-N=300 rpm
—8-N=900 rpm -
—A—N=1500 rpm

pri§2 Dy
Rey = ——— (10)
"
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Fig. 8 Variation of average Nusselt number with effective Reynolds number for different heat flux

Figure 8 shows the variation of average Nusselt number Figure 9 shows the change in average internal outer
with effective Reynolds number at different inner cylinder  cylinder temperature with inner cylinder rotation at dif-
rotation speed at various heat fluxes. The relation between  ferent inlet air velocities and at heat flux of 1200 W/m?
average Nusselt number and effective Reynolds number is  and gap width 0.5cm. It is obvious that the increase in
formulated as Nu = 0.02Re2f§066 for 4700 < Reef <  inlet air velocity reduces the average internal outer cylin-
18,600. der surface temperature with constant heat flux, but for
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Fig. 9 Variation of average 85
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rotation speed larger than 1400rpm, the effect is reduced
or diminished. The reason for this behavior is the nar-
row gap width; the rotational velocity has higher effect
than the axial velocity. Figure 10 shows the variation of
average internal outer cylinder temperature with inlet air
velocity for various heat fluxes and at gap width of 1.5cm
without rotation. This figure reveals that the surface tem-
perature increases as the heat flux increases from 600 to
1800 W/m?.

Figure 11 shows the change in average Nusselt num-
ber with axial Reynolds number at different rotational
Reynolds number, at heat flux 600 W/m? and gap width
1.5cm. The average Nusselt number increases with axial
Reynolds number increases from 3761 to 11,284. As shown
in Fig. 11, as the rotational Reynolds number increases, the
average Nusselt number increases at low axial Reynolds
number. At high axial Reynolds number, the effect of rota-
tional Reynolds number is reduced or diminished. Figure 12
shows the variation of average Nusselt number with effec-
tive Reynolds number at different rotation speeds of inner
cylinder and at various heat fluxes. The relation between

35 4 4.5 5 55 6
Inlet air velocity (m/s)

average Nusselt number and effective Reynolds number is
formulated as Nu = 0.02 Regfz835 for 4700 < Reeff <
23, 600.

Figure 13 shows the isothermal distribution in annular
gap for gap thickness 1.5cm, heat flux 1200 W/m? and
inlet air velocity 2m/s without rotation. The temperature
begins to increase at axial direction (stream-wise direction),
while at radial direction, the temperature begins to decrease
from the wall of outer cylinder toward the air gap center.
The temperature is maximum at the wall of outer cylin-
der.

Figure 14 shows the comparison between the numerical
and experimental results for variation of average inter-
nal outer cylinder temperature with rotation at heat flux
900 W/m? and inlet air velocity 4m/s. It shows a good
agreement between the numerical and experimental results.
Figure 15 shows a comparison between the present numerical
and experimental results correlation with the experimen-
tal results of Gazley [1], Nu = 0.022Regt:]§, based on
a = 0.25. Ahmadabadi and Karrabi [10] found that the
relation between average Nusselt number with effective
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Fig. 13 TIsothermal distribution in annular gap for gy = 1200 W/m?
and for uj, = 2 m/s without rotation at gap width 1.5cm

Reynolds number correlated as Nu = 0.0202 Regle1§359,
based on ¢ = 0.25. The relation between average Nus-
selt number and effective Reynolds number for experimental
and numerical results correlated as Nu = 0.02 Regfz927
for 2200 < Reeff < 23,600. It shows that the present
results have remarkable agreement with the Gazley [1]

results.
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variation of average internal surface temperature of outer cylinder with
rotation speed at g = 900 W/m? and for Uin, = 4m/s

5 Conclusions

From the experimental and numerical results, the following
conclusions can be drawn:

1. Athigh heat flux, the increase in inlet velocity has more
effect on decreasing surface temperature.
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Fig. 15 Comparison of the 100 .
experimental and numerical
results with existing literature —
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2. At wide gap (1.5cm), when rotational Reynolds num-
ber increases, the Nusselt number increases. But at high
axial Reynolds number, the effect of the rotation is min-
imized or diminished.

3. At narrow gap width (0.5cm), the rotational velocity
dominated and the effect of inlet velocity is reduced or
diminished.

4. Therelation between average Nusselt number and effec-
tive Reynolds number is formulated as Nu = 0.02
Re0-7927

eff

5. Theresults show good agreement between experimental

and numerical results, and with existing literature.
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