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Abstract

The presentpaper deals with experimental measurements and numerical calculations of heat transfer from unconfined
rotating circular cylinder rotating in still air round its own horizontal axes. The experimental system under
consideration is a rotating cylinder of 50 mm diameter placed in still air. The numerical calculations are carried out by
using a finite volume method based commercial computational fluid dynamics solver FLUENT. Numerical solution was
used to obtain a qualitative picture of the flow and temperature fields. The experimental measurements and numerical
calculations of the heat transfer are characterized in terms of the non-dimensional parameters describing the system, i.e.,
the Nusselt number (Nu), rotational Reynolds (Re), and Grashof number (Gr). In this work, the experimental
measurements are carried out for Reynolds number range of 1880 to 6220 and Grashof humbers range of 14285 to
714285, while the numerical calculationsare carried out for Reynolds number range of 0-100000 and Grashof numbers
range of 100-1000000. In the present study, effects of rotation on the heattransfer characteristics are presented in terms
of the isotherm patterns, streamlines, local and the average Nusselt numbers. The results correlated as: Nu =
0.022 Re%821, This equation compares very well with the experimental and theoretical data available for air in

published works.
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1. Introduction

Heat transfer from a rotating cylinder is one of the
problems, which is drawing attention due to its wide range
of engineering and industrial applications. These include
cooling of turbine rotors or electrical motor shaft, cooling
of high speed gas bearings, rotating condensers for sea
water distillation. Also include space wvehicle technology,
spinning projectiles, drying of paper on rollers in the paper
industry.

In a heated rotating system the buoyancy and the
centrifugal forces are of importance. The resultant
combination of these determines the flow pattern and the
heat transfer mechanism. In the mixed convection system
the flow and heat transfer characteristics are determined
by the buoyancy and the centrifugal forces which are
characterized by Grashof number and Reynolds numbers,
respectively. Of particular relevance is the ratio Gr/Re?,
which indicates the relative importance of buoyancy and
rotational effects. At low rotational Reynolds number,
buoyancy forces play an important role in determining the
flow regime. In this paper a study is presented for simple
configuration. The specific system under considerationis a
rotating cylinder placed in still air.

*Corresponding author’s Tel.: +20 111150706.

Conwvective heat transfer from a horizontal cylinder
rotating in air, water and oil has been studied
experimentally by seweral investigators, Anderson and
Saunders (Anderson I T et al, 1953), Etemad (Etemad G
A et al, 1955), Dropkin and Carmi, (D. Dropkin et al,
1957), Baris Ozerdem (Baris Ozerdem et al, 2000), Ball
and Farouk (K.S. Ball etal, 1985), Becker, (K. M. Becker
et al, 1963), and Seban, R. A. and Johnson H. A. (Seban,
R. A etal, 1959).

Anderson and Saunders (Anderson | T et al, 1953)
investigated the heat transfer from horizontal cylinders
rotating in still air and found that up to a critical value of
the Reynolds number based on surface welocity the
Nusselt number is almost independent of the Reynolds
number and the rate of heat transfer is then mainly
determined by the free conwection. Using theoretical
considerations the critical Reynolds number was found to
be equal to Re. = 109 Gr'/? . Abowe the critical
Reynolds number it was found that the Nusselt number
increased with the Reynolds number and that the Grashof
number had a negligible effect on the rate of heat transfer.
They derived an expression for the heat transfer from a
cylinder rotating in still air as Nu = 0.1 Re?/3. This
equation compared excellently with the measurements.

Etemad (Etemad G A et al, 1955) studied
experimentally the heat transfer and flow around
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horizontal cylinders rotating in air. A range of Reynolds
numbers from 0 to 65.400 was studied. From
interferometric observations he found that the laminar
motion broke down at a critical Reynolds number of 900
compared with 1080 computed from the relation
established by Anderson and Saunders. The heat transfer
results by Etemad compared excellently with the data of
Anderson and Saunders. For Reynolds numbers above
8000, the heat transfer rates were independent of the
Grashof number and the experimental data correlated
as:Nu = 0.076 Re®” For Reynolds numbers below 1000
the Nusselt numbers depended almost entirely on the
Grashof numbers and in the intermediate range between
1000 and 8000 both the Grashof and the Reynolds
numbers influenced the rate of heat transfer and the a
correlation was recommended
as:Nu = 0.11(Pr(0.5 Re? + Gr))%3°.

Dropkin and Carmi, (D. Dropkin et al, 1957) studied
experimentally the problem of natural convection from a
rotating cylinder in air. The experimental results covered
the range of Reynolds number up to 43,300 and rotational
speed up to 150 rpm. The results indicated that the
rotational motion of the cylinder opposes the free
convection currents on the downward moving side and
aids those on the upward moving side. The effect of
rotation was negligible up to the critical Reynolds number
at which turbulence is established around the cylinder. For
Reynolds numbers larger than 15000 they correlated the
data as: Nu = 0.073 Re®” which compares extremely
well with the results mentioned earlier. In the region
where both rotation and natural convection influenced the
heat transfer their data were correlated by the equation as:
Nu = 0.095(0.5 Re? + Gr)°35

Baris Ozerdem (Baris Ozerdem et al, 2000) has studied
experimentally the convection around a rotating horizontal
cylinder rotating in quiescent air. The average convective
heat transfer coefficients have been measured by using
radiation pyrometer. All the measurements have been
obtained in the region where the natural convection effect
was negligible. Therefore, heat transfer rate is assumed to
depend on the rotational Reynolds number only.
According to the experimental results, a correlation in
terms of the awerage Nusselt number and rotating
Reynolds number has been established. The equation
Nu = 0.318 Re®571, has been found valid for a range of
the rotating Reynolds number from 2000 to 40000. The
average Nusselt number increased with an increase in the
rotating speed. Comparison of the results, with the
previous studies, has been showed a good agreement with
each other.

Ball and Farouk (K. S. Ball et al, 1985) conducted
experimental and numerical studies on the mixed
convective flows around a rotating isothermal cylinder.
The numerical solution was obtained for the range of
Gr = 1.39 x 103 t01.39 x 10%, with Pr = 0.7. They
found that the average Nusselt number was generally
decreasing with the increase of the rotational speed. They
have obtained results up to Re = 50, and faced instability
problems near Gr/Re’ = 1.0. They claimed that these
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instabilities were due to the presence of a three-
dimensional secondary flow near the value Gr/Re? = 1.0,
as a result they restricted their calculations to the values of
Gr/Re? greater than unity. On the other hand, the
experimental results they obtained showed that for the
values of Gr/Re? from 0.0 up to 1.0, the average Nusselt
number was almost uniform. They have concluded that,
although the local Nusselt number is highly influenced by
Gr/Re*, the effect on the average Nusselt number was
insignificant.

Becker, (K. M. Becker et al, 1963) measured the
convection heat transfer from a horizontal cylinder
rotating in a tank of water. Results were correlated in
terms of Nusselt, Reynolds and Prandtl numbers as:
Nu = 0.111 Re?/® Pri/? for 1000 < Re <
46000 and 2.2 <Pr < 6.4. This equation compared
well with the experimental and theoretical datareported by
Anderson and Saunders (Anderson | T et al, 1953). All
measured data were obtained in the region where the
effects of natural conwection are negligible and heat
transfer rates were dependent only on Reynolds and
Prandtl numbers.

Seban, R. A. and Johnson H. A. (Seban, R. A et al,
1959), measured experimentally the heat transfer from a
horizontal cylinder rotating about its axis in oil as the
surrounding fluid. The results embrace a Prandtl number
range from about 150 to 660, with Reynolds numbers up
to 5 x 10*, and show an increasing dependence of free-
convection heat transfer on rotation as the Prandtl number
is increased by reducing the oil temperature. Some
correlation of this effect, which agrees with the prior
results for air, has been achieved. They deduced that in the
free-convection region, where the flow is laminar, the
effect of rotation depends on the Prandtl number and the
Reynolds number, and a representation of the results has
been found which produces a fair correlation and is at the
same time in agreement with the results for air. At higher
rotative speeds the flow becomes turbulent, the free-
convection effect vanishes, and the results with oil can be
correlated generally with those for air.

Conwvective heat transfer from a horizontal rotating
cylinder has been studied analytically and numerically by
several investigators such as: Kendoush, A. A., (Kendoush
A. A et al, 1996) and Abu-Hijleh, B.A/K and Heilen,
W.N., (Abu-Hijleh et al, 1998.

Kendoush, A. A, (Kendoush A. A et al, 1996) has
presented an approximate solution for the calculation of
the convective heat transfer rates through a laminar
boundary layer over a rotating circular cylinder in a fluid
of unlimited extent. By using the appropriate \elocity
components in the energy equation and by neglecting free
convection effects, a solution was derived for the average
Nusselt number as: Nu = 0.6366(Re Pr)Y/2, The
solution compares well with the available experimental
data.

Abu-Hijleh, B.A/K and Heilen, W.N., (Abu-Hijleh et
al, 1998 have solved numerically the problem of laminar
mixed convection fromarotating isothermal cylinder. The
study covered a wide range of parameters: 5 < Rep < 450
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and 0.1 < Gr, /Rep < 10.0. A correlation for the average
Nusselt number, as a function of Reynolds number and
buoyancy parameter Gr,/Re,, has been proposed. The
correlation obtained was
up = 1.586 + 0.05189Re37°72[—0.4497 +
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2.254 Gry, /Re,**?7®] . The correlation gives an accurate
estimate of the Nusselt number over the range of Reynolds
numbers and buoyancy parameter values studied.

Some studies have been carried out on the problem of
convective heat transfer from a rotating cylinder in a

1-motor
2-gearhox
3-driving pulleys
4-journal bearing
5-driven pulleys
6-slipring

7-heated cylinder

Figure (1) schematic diagram of the test rig

cross-stream such as: Kays and Biorklund, (W. M. Kays
et al, 1958), Badr and Dennis, (H. M. Badr et al, 1985),
Ryohachi et al. (S. Ryohachi et al, 1991), Chiou and Lee,
(C. C. Chiou et al, 1991), R. Smyth and P. Zurita (R.
Smyth et al, 1994), K. Abde2lla and F. Magpantay
(Kenzu Abdella et al, 2007), Sharma, V. et al(Sharma V
et al, 2012), Y.Y. Yan, Y.Q. Zu (Y.Y. Yan et al, 2008)
and Param J. S. et al (Param Jeet Singhet al, 2008).

2. Experimental details

The aim of the present study is to investigate
experimentally and numerically the effect of rotation on
the heat transfer from a rotating horizontal cylinder
rotating in still air round its own horizontal axes. For this
reason, an experimental test rig is being designed and
constructed, fig. (1).

As shown in figure (1), the main components of the test
rig are rotation mechanism (parts 1 to 5), slip ring (part 6),
rotating cylinder (part 7) and measuring equipments. The
rotation mechanism consists of motor, gearbox, pulleys,
and v type belt. The rotation mechanism is used to control
the rotational speed. The rotating motion is transmitted to
the slip ring and then to the rotating cylinder through
circular flanges. By this way different rotational speed and
in turn different Reynolds numbers can be obtained.

The slip ring is used to supply the power from
fixed source to the rotating heater and also usedto connect
the thermocouples which rotate with rotating cylinder with
the fixed measuring apparatus. As shown in figure (2) the
slip ring consists of a steel shaft. The shaft has two
grooves; one of them is used to put the power cables inside
and the other to put thermocouples wires in. Ten brass
rings are mounted on the shaft, eight of them are used to

connect the thermocouple ends to measuring unit and the
other two rings are used to connect the power cables from
the heater to power supply. All brass rings are completely
insulated from each other and also from the rotating shaft.
Ten carbon brushes are used to connect the rotating brass
rings with the fixed measuring units and power supply.
Each carbon brush is mounted in a seat and the seats are
insulated from each other.

The rotating cylinder is made of aluminum hollow
cylinder with of 500 mm length, 20 mm inner diameter
and 50 mm outer diameter. A cylindrical electrical heater
of 20 mm outer diameter is inserted through the rotating
cylinder. The heater is connected to the power supply
through the slip ring. The surface temperature of rotating
cylinder is measured using 8 thermocouples which are
connected to measuring device through the slip ring. Two
disks of an insulating material are fitted at the cylinder
ends to prevent the heat transfer from the cylinder ends.
The cylinder is mounted on two journal bearing.

From thermocouples or heater
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Rotating brass ring: &t\\\\\%\s\\“‘%‘lﬁv
. AN
Sy
Wi “\ ‘ I [
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ik

To measuring units or
power supply

Fixed carbon columns

Figure (2) details of slip ring, part 6

The measurements necessary for the heat-transfer
determination are the steady-state values of electric power
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to the heater, g, the air temperature, t,, the arithmetic
mean of cylinder surface temperatures, t. , the rotational
speed of the cylinder, Q. and cylinder surface area, A. Air
properties are evaluated at the arithmetic mean of the
surface and the air temperatures From these measured and
calculated values , the heat transfer coefficient, h can be
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determined as:h = q/A(ts - t,,). From measured and

calculated values Nusselt number, Reynolds number and
Grashof number are calculated as:
h

Tw N,

r

Figure (3), the numerical system

Gr=100, AW= 1.807

Gr=1000, A®=0.1

Isothermal lines

Gr=1000, A= 3.779

Gr=10000, AW= 6.448

Figure 4, isotherm profiles and streamlines for a stationary cylinder (Re=0)

streamlines

pe = 2D
€= 2v
gB(ts - too)D3
Gr =22
\%

The measuring equipments are used to measure the output
of thermocouples in (mv), the input currant to the heater
circuit (A), the voltage drop across the heater circuit (V)
and the angular velocity of the rotating cylinder (S™).

3. Numerical details

The system here consists of an infinite long circular
cylinder having diameter D which is maintained at a
constant temperature of T and is rotating in a counter-
clockwise direction with a constant angular velocity of €,
figure 3. A two-dimensional model representative of
cylinder geometry has been developed. The computational
grid for the problem under consideration is generated by
using a commercial grid generator GAMBIT and the
numerical calculations are performed in the full
computational domain using FLUENT for varying
conditions of Re number, and Grashof number Gr. The
grid used here consists of non-uniform 10000 quadrilateral
cells having a total of 10100 points in the full
computational domain. The grid near the surface of the

cylinder is sufficiently fine to resolve the boundary layer
around the cylinder.

4. Results and discussion
4.1 Isotherms and streamlines patterns

The representative isotherm profiles and streamlines
around the rotating cylinder for different values of Re and
Gr are presented. For a stationary cylinder (Re=0), figure
(4), isotherms have maximum density close to the bottom
surface of the cylinder. This indicates high temperature
gradients or in other words, the higher values of local Nu
number near the bottom stagnation point on the bottom
surface as compared to other points on the cylinder
surface. Also, as the value of Gr number increases, the
thermal boundary layer becomes thinner which leads to an
increase in the temperature gradients close to the top
surface.

On increasing the value of the Re, figure (5), the
maximum density of isotherms shifts from bottom surface
towards the right surface of the rotating cylinder and the
density of isotherms close to the top surface of the
cylinder increases (the cylinder rotating counter-clock
wise).. This effect can be explained as on increasing the
Re number, the recirculation region increases.
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Re=50, Ay=3.784

Re=100, A®=0.1

Isothermal lines

Re=100, A¥=3.758

Streamlines

Re=300, Ay=7.730

Figure 5, isotherm profiles and streamlines for a rotating cylinder (Gr=1000)

Figure (5) gives also that at low Re the temperature
gradient is least at the top and greatest at the bottom, but at
the critical Re the gradient at the top is much steeper than
at the downward side, suggesting that the breakaway
region of the flow has shifted in the direction of rotationto
the downward side. At the higher Re the gradients near the

Re=500, A®=0.1 Re=2500, A®=0.1
6.a) Isothermal lines

Re=500, A¥=11.801

Re=2500, Ay=33.858
6.b) streamlines
Figure 6, isotherm profiles and streamlines for a
rotating cylinder (Gr=1000)
surface differ little in the four positions. Farther away
from the surface, however, there remain considerable
gradients outside the normal boundary-layer thickness. At
higher rotative speeds the flow becomes turbulent; the free
convection effectvanishes. It is also observed from figure
(5) that on increasing the Re number isotherms shifts in

the direction of rotation of the cylinder and the plume
becomes almost horizontal at high values of the Re.

For higher values of the Re [figure (6), the plume
disappears and the fluid immediately next to the surface of
the spinning cylinder rotates with the cylinder in a laminar
concentric circular stream.

4.2 Local Nusselt number

Figure (7) shows the variation of the local Nu number on
the surface of the circular cylinder for different Gr and Re.
For a stationary cylinder (Re = 0) and for all values of Gr,
figures. (7-a, to 7-d), the variation of the local Nu number
around the cylinder is found to be symmetrical at ¢ = 180°.
The figures show that the maximum value of the local Nu
number occurs at the bottom stagnation point; whereas the
least value occurs at the top stagnation point.

For a rotating circular cylinder, the maximum and
minimum values of the local Nu number shifts in the
direction of the rotation. The temperature distributions
presented by way of isotherms in figure (5) can be used to
interpret the variation in the local Nu number.

Figure (7) shows also that for a rotating cylinder, the
difference between maximum and minimum values of the
local Nu number decreases with the increase of Re. For
higher values of Re, this difference tends to vanish and
local Nu number distribution on cylinder circumference
tends to be straight line, i.e. uniform distribution of local
Nu on cylinder circumference. The temperature
distributions presented by way of isotherms in figure (6)
can be used to interpret the variation in the local where the
isotherms takes a circular form.

27



Reda I. Elghnam

International Journal of Thermal Technologies, Vol.3, No.2 (June 2013)

WRe=0 @Re=20 ARe=40 ARe=60 #Re=80 ©Re=100 @Re=120 ORe=140
25

Local Nusselt number
=

05

Q 60 120

180 240 300 360
Angle ¢

®Re=0 ORe=40 A Re=80 ARe=120 #®Re=160 ©Re=200 @ Re=240 ORe=280

Local Nusselt number

0= Gr=1000
[e]

0 60 120 180 240 300 360
Angle ¢

®Re=0 ORe=100 ARe=200 ARe=300 @Re=400 ORe=500 @& Re=G00 ©Re=700

Local Nusselt number

Gr=10000

] 60 120

180 240 300 360
Angle ¢

| WRe=0 [Re=200 ARe=400 ARe=600 @Re=800 ORe=1000 #Re=1500 ©ORe ZDDO|
12

Local Nusselt number

o 60 120 180 240 300 360
Angle ¢

different Gr and Re.

Figure (7), variation of the local Nu number on the surface of the circular cylinder for

4.3 Average Nusselt number

The results are given in figure (8), in which the average
Nusselt number Nu is plotted against the Reynolds number
Re, for different values of Gr number. In every case the
same trend is observed, the Nusselt number being roughly
independent of the Reynolds number up to Gr/Re?=1 then
the Nusselt number decreases with the increase of the
Reynolds number up to critical value, beyond which Nu
increases with Re. For Reynolds numbers above 8000, the
heat transfer rates were independent of the Grashof
number (for Gr<=100000) and results for different values
of Gr coincide and the results correlated as:Nu =
0.022 Re%821, For Reynolds numbers below 500 the
Nusselt numbers depended almost entirely on the Grashof
numbers (for Gr>100) and in the intermediate range
between 500 and 8000 both the Grashof and the Reynolds
numbers influenced the rate of heat transfer.

Isotherms plotted on figures (4, 5 and 6) and local
Nusselt number figure (7) show that the constant values of
the average Nusselt number Nu were due to a decrease in
local Nusselt number Nu on the descending side and an
increase on the ascending side. The figures confirms the
steepening of the temperature gradient at the upward side,

and the flattening on the downward side, as compared with
the corresponding values at Re=0. For higher values of Re
abowe the critical Re the temperature gradients on both
sides have become much steeper than the values at Re=0
and the temperature boundary layer becoming much
thicker than for free convection

In figure 9, the present numerical results are compared
with the present experimental measurements. The
agreement between the numerical solution and the
measurements is rather good. It is shown from the figure
that for the present experimental range of Grashof number,
the dependence of Nusselt number on Grashof number
decreases as the value of Reynolds number increases and
for higher value of Reynolds number( above 6220) this
dependence vanishes.

The numerical correlation presented above predicts the
effects of rotation on the convective heat transfer from an
isothermal circular cylinder rotated inair at rest. Figure 10
shows a comparison between the present numerical
correlation with the experimental results of Anderson and
Saunders (Anderson I T et al, 1953), Etemad (Etemad G
A et al, 1955), Dropkin and Carmi, (D. Dropkin et al,
1957), Baris Ozerdem (Baris Ozerdem et al, 2000),. The
figure shows a remarkable agreement with the present
results.
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Figure (8), variation of the average Nusselt number with the Reynolds number Re, for different
values of Gr number
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Experimental
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Numerical

Re=2810

— —Rel=3970

— — Rel=4810

100000 200000 300000 400000 500000] ------ Re1=6220

Gr

— - -Rel=5570

Figure 9 Comparison of the present numerical with the present experimental results.
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1000
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----------- Anderson and Saunders[1]
— — Etemad [2]
— -+ = Dropkin and Carmi, [3]
— - — Baris Ozerdem [4]
100
Nu
10 T —
1000 10000 100000
Re
Figure 10, Comparison of the present numerical with the experimental results

5. Conclusions

1)

2)

3)

4)

5)

For astationary cylinder (Re = 0) the maximum value
of the local Nu number occurs at the bottom
stagnation point; whereas the least value occurs at the
top stagnation point. For a rotating circular cylinder,
the maximum and minimum values of the local Nu
number shifts in the direction of the rotation.

For a rotating cylinder, the difference between
maximum and minimum values of the local Nu
number decreases with increase of Re. For high
values of Re, this difference tends to vanish and local
Nu number distribution on cylinder circumference
tends to be uniform.

Isotherms and local Nusselt number distribution show
that the constant values of the average Nusselt number
at low Re up to critical value were due to a decrease
in local Nusselt number on the descending side and an
increase on the ascending side.

For Reynolds numbers above 8000, the heat transfer
rates were independent of the Grashof number (for
Gr<=100000) and results for different values of Gr
coincide and the results correlated as:Nu =
0.022 Re®821, For Reynolds numbers below 500 the
Nusselt numbers depended almost entirely on the
Grashof numbers (for Gr>100) and in the intermediate
range between 500 and 8000 both the Grashof and the
Reynolds numbers influenced the rate of heat transfer.
The dependence of Nusselt number on Grashof
number decreases as the value of Reynolds number
increases and for higher value of Reynolds number
this dependence vanishes.

6)

€S QIZCLPRD TSSO T>IOM
T = 8

The comparison between the present correlation with
the experimental results of Anderson and Saunders
(Anderson I T et al, 1953), Etemad (Etemad G A et
al, 1955), Dropkin and Carmi, (D. Dropkin et al,
1957), Baris Ozerdem [4 shows a remarkable
agreement.

Cylinder length

Cylinder diameter

Cylinder radius

Cylinder surface area where A = nDL

Input currant to the heater circuit

Voltage drop across the heater circuit

Electric power to the heater where ¢ = IV

Air temperature

Arithmetic mean of cylinder surface temperatures
Heat transfer coefficient where h = q/A(t, - t,). W /m%k

cos<»3333

Rotational speed of the cylinder st

Air thermal conductivity W/mk
Coefficient of thermal expansion of air K*

Air kinematic viscosity mé/sec
Acceleration due to gravity mvs?

Nusselt number where where Nu = (hD )/k,

Reynolds numberwhere Re = (QD?)/2v

Grashof number where Gr = (gB(t; - t.,)D3)/V?

Angular position on cylinder circumference degree
Stream function nmé/sec
Dimensionless stream function whereW¥ = y/v
Dimensionless temperature where 0=

(t —te) /(ts — to)
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