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Due to several engineering applications of heat transfer in confined enclosures, it has been an
attractive topic for the researchers. The presented research is also an important contribution in
this massive research area. Effects of a bottom heated rotating cylinder in a vertical annulus
has been experimentally studied with respect to heat transfer parameters. Bottom heating of
inner cylinder triggers a buoyancy-driven flow of air within the annulus and heat transfer due
to this heating is studied against the rotation of the inner cylinder. Thus, a simultaneous effect
of bottom heating and rotation of inner cylinder on heat transfer is inspected. The experimental
setup of presented research consists of two seamless mild steel cylinders, a mild steel bottom
heating plate, wireless data acquisition system and a rotational mechanism for the inner
cylinder. A series of experiments are carried out for bottom heated plate temperature ranging
from 313 K to 333 K and rotational Reynolds number of inner cylinder from 0 — 1660. The
experimental results are presented in the form of a quantitative analysis of measured steady-
state temperatures and non-dimensional parameters of heat transfer such as local Nusselt
number, local Rayleigh number and Gr/Req?. It is noted that the rotation of inner cylinder is
effectual to enhance the heat transfer within the annulus by altering heat transport mechanisms.
Moreover, the rotational effects deteriorate the influence of buoyancy at high rotational

Reynolds number.

1. INTRODUCTION

Heat transfer through different annuli and enclosures has
been a topic of research for decades. Applications of heat
transfer in annuli can be found in engineering fields like
aerospace industry, heat exchangers, process industry, nuclear
reactors, cement industry, furnace designs, electro-mechanical
systems etc. [1-2]. Therefore, many efforts have been made to
study and control the heat transport mechanisms within the
annuli. Some common techniques used to influence the heat
transfer parameters within the annuli comprised of variations
of various factors such as configurations, rotatory motion,
materials, radius ratios, eccentricities etc. Moreover, the sizes,
locations and configurations of the heating element are also
some major factors that can affect the heat transfer in
enclosures.

Researchers [3-11] focused on the heat transfer parameters
within annuli subjected to different conditions and working
fluids. Firstly, a study of Kee et al. [3] on natural convection
heat transfer is considered. They studied heat transfer due to
heat generating fluid within closed vertical cylinders and
proposed a generalized correlation for average Nu as function
of modified Gr. Similarly, Keyhani et al. [4] performed an
experimental investigation on natural convection in a vertical
annulus by keeping inner cylinder at constant heat flux while
the outer cylinder at constant wall temperature. Their results
suggested that the enclosure geometry and Ra have more
tendency to affect the flow fields and heat transfer as
compared to radius ratio and Pr. Lipkea and Springer [5]
experimentally tested heat transfer within a vertical annulus
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filled with helium, neon and argon gases. Heat sources were
placed at different locations in the annulus and characteristics
recirculation velocity of gases was analyzed with respect to
heat transport mechanisms. It was observed that conduction
was the only mode of heat transfer below certain Ra and aspect
ratio (L/D). In another study, Malik et al. [6] experimentally
investigated the effects of materials, diameters of the inner
cylinder and bottom disk temperatures on non-dimensional
parameters of heat transfer. They considered a bottom heated
vertical concentric cylindrical enclosure for the study. A
numerical study for free convection in a vertical porous
annulus was presented by Sankara et al. [7]. The annulus was
heated discretely while the outer walls were kept at a low
isothermal temperature. The study pointed out that the heat
transfer rate was highly dependent on size and location of the
heating element as well as radius ratio of the annular cavity.
An experimental study of free convection in an open-ended,
vertical and concentric annulus was presented by Alipour et al.
[8]. They observed that the radius ratio of the annulus related
inversely to Nu, moreover their research also discovered that
average Nu is more dependent on Ra at high radius ratio.
Another study on forced convection heat transfer in an
eccentric vertical annulus by Hosseini et al. [9] indicated that
increasing inlet air velocities and eccentricities for the annulus
boosted the heat transfer within the vertical annulus/
Mohammed & Antonio [10] experimental investigated the
thermal entry region of a horizontal concentric annulus. Their
investigations revealed that the Nu values were significantly
higher in entry region as compared to fully developed
combined convection region. A review of the buoyancy-driven



flows inside horizontal cylindrical configurations was
authored by Angeli et al. [11]. Both numerical and
experimental studies were considered. The review was critical
with respect to flow regimes, temperature pattern, bifurcative
phenomenon, instabilities and their linkages with relevant
dimensional and non-dimensional parameters. The influence
of eccentricity of the inner cylinder on the thermal assets and
laminar flow was also a part of their review. They pointed out

that a rich diversity in steady-state solutions. Moreover, radius
and position of the inner cylinder also showed a significance
standing in the study of heat transfer and flow geometry inside
the horizontal enclosures.

Similarly, Table 1 summarizes some of the important
contributions of past researchers related to heat transfer within
enclosures due to a rotating inner cylinder.

Table 1. Heat transfer within the enclosures due to the rotating inner cylinder

Investigation

Authors Configuration Type Outcomes
Lo . . Rotational responses of the inner cylinder on heat transfer and flow
Rotating inner cylinder in a R - o
Jeng et al. - . . characteristics in an annular channel were tested. Their major finding
long horizontal concentric Experimental . N : .
[12] was to point out a quick increase of Nu in presence of axial flow and a
annulus. N .
decrease in this effect at higher Reg.
The research investigated the parameters influencing the flow properties
. - . . and heat transfer in air gap within the annulus having a rotating inner
Astill Rotating inner cylinder in a . - : . . .
- - Experimental cylinder. In case of rotation of the inner cylinder, length of developing
[13] horizontal concentric annulus. . .
flow was increased which caused turbulence and consequently enhanced
the heat transfer.
Rotating inner cvlinder in a Their major findings were about the relationship of the radial gap
Ball et al. g oy . between the cylinders and effects of Re. They concluded that more
vertical Experimental S : .
[14] - pronounced the cylindrical radial gap, more it opposed the effects of
concentric annulus.
Reg on heat transfer.
The annulus was filled with a stably-stratified salt-water solution. The
main objective of the study was to gather information about the
parameters influencing free convection with time. These parameters
J.Leeetal. Stationary and Rotating Vertical Experimental included temperature, rotating velocity and concentration gradients.
[15] Annulus P They also showed the effect of rotation on the development of a multi-
layered flow and different field variables. According to their results,
rotation effects caused a delay in the development and merging of fluid
layers.
Square Enclosure with rotating Newton-Raphson algorithm with a penalty finite element method was
cylinder at the center having used to solve the governing equations with boundary conditions.
Fuetal. adiabatic top and bottom walls Numerical According to their results, the direction of rotation was an important
[16] while the temperature of left factor for heat transfer enhancement in their enclosure; heat transfer
wall was higher than the right enhancement of counterclockwise rotation was more significant as
wall. compared to clockwise rotation.
e - This investigation was done for a square cavity filled with a clear fluid
Misiﬁio U ?c_)gtisr?uzrii(r:wfj\z/alrti//vgye?a\ggéha? Numerical and different porous fluids having different Darcy numbers. They
g gcy P observed that the effect of Darcy number on heat transfer diminished at
[17] the center. hi
|gh Reﬂ.
Rotating cylinder at the center Various nanofluids were used as working substance for this research. A
of a 2-D square enclosure whose . S A . .
relatively slow rotation in a positive direction, high nanoparticle
Roslan et top and . - h - .
S Numerical concentration and moderate size cylinder in the center of the enclosure
al. [18] bottom walls were adiabatic h . - S
: were pointed out as major factors which enhance heat transfer within the
while the left wall was hotter
- enclosure.
than the right.
This study examined steady-state mixed convection with respect to
different heat transfer parameters such as Pr, Ra and aspect ratio (L/D)
Liao and The heated rotating cvlinder in between the cylinders. Authors found out that the mean Nu decreased
a0 & € heated rofating cyfinder in a Numerical with increasing aspect ratio. The study also covered the effects of heat
Lin [19] 2-D square enclosure.

transport mechanisms within the enclosure and revealed the main source
of heat transfer was conduction when Ra = 10*. Furthermore, Nu became
independent of Ra when Gr/Req? value went below the unity.

Parocini et al. [20], Aydin and Yang [21], Kuznetsov and
Shermet [22] worked on factors influencing the heat transfer
parameters within the rectangular and square enclosures.
Effect of the localized heating source on free convective heat
transfer in a square enclosure was investigated by Paroncini et
al. [20]. A double exposure holographic interferometry
technique was used for the analysis. The results exhibit the
effect of Ra on the development of natural convection currents
within the enclosure. A comparison of numerical and
experimental results was also presented in the study. In

another study, Aydin and Yang [21] investigated free
convection in bottom heated 2-D rectangular enclosures. A
balanced cooling was applied to the outer walls of the
enclosure. The study pointed out the dependency of heat
transfer mode on Ra and a presented a relation of Nu with Ra
for the bottom portion of the cylinder. Kuznetsov and Shermet
[22] presented a numerical transient investigation of conjugate
free convection in a 2-d rectangular enclosure. Like previous
studies, they found that the size and location of the heat source
as an important factor which altered the flow and temperature
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profiles of the enclosure. Moreover, the study also unearthed
the formation of a thermal plume within the enclosure at high
Gr.

Similarly, some studies [23-25] related to heat transfer due
to a rotating cylinder in the open atmosphere is also reviewed.
In this regard, a numerical study on rotating cylinder by Kang
et al. [23] is presented. The study comprised of a stimulated
laminar flow across a rotating cylinder in both directions. The
results were critical with respect to flow geometry across the
rotating cylinder and found out a direct relation of lift
coefficient with the rotational number while an inverse
relation of drag coefficient with rotational number. Similarly,
the effect of rotating cylinder placed horizontally in the
quiescent air was experimentally investigated by Ozerdem
[24]. In their results, average Nu came out to be directly related
to the rotational speed. Heat transfer across a rotating cylinder
with constant rotation rates was experimentally studied by
Paramane and Sharma [25]. They used radiation pyrometer to
measure average convective heat transfer coefficients. Their
study revealed that increasing rotation speed results in an
increase of Nu within a given range of Reg,.

As mentioned in above studies, a plenty of experimental and
numerical research has been conducted on heat transfer in

enclosures. Researchers have focused on vertical and
horizontal cylinders, vertical and horizontal annuli, concentric
and eccentric annuli, rotating and stationary cylinders placed
in different types of cavities using different working fluids.
Despite these researches, the subject of present study i.e. the
effect of rotation on heat transfer in within a vertical
concentric cylindrical annulus is still to be investigated.
Keeping in view the considerable research potential, the
experimental setup of presented research was made. Moreover,
the presented work is not only unique, but it can also serve as
a guide and unlock a wide area of research for the future
researchers in the field of heat transfer.

2. EXPERIMENTAL SETUP AND PROCEDURES

The experimental setup of this research was carefully
planned and shaped to study the influence of base temperatures
and rotation of the inner cylinder on heat transfer within the
vertical annulus. The experimental setup can be seen in Figure
1. Further description of some of the major components of the
experimental model is following:

1/2 HP Motor __

Supporting Stand )

VED __

Belt and Pulleys

_ Bearings

Shaft

__ Inner Cylinder

_ Outer Cylinder

Base Plate (Heated)

. Bearing and Slip Rings

. Base Stand

Figure 1. Experimental setup

2.1 Annulus

The annulus under study consisted of two seamless vertical
concentric cylinders with different diameters; the inner
cylinder was bottom heated, rotating and shorter in length and
diameter than the stationary outer cylinder, the arrangement of
cylinders can be seen in Figure 1. Temperature sensors (LM-
35) were applied across the outer surface of the inner cylinder
and the inner surface of the outer cylinder. Schema of sensor
distribution on the inner cylinder can be seen in Figure 2, while
temperature sensors on outer cylinder were placed exactly
parallel to the sensors on the inner cylinder. Scheme applied
here was optimum to get a temperature sense of the whole
enclosure. The inner cylinder also contained a heating element
at the bottom. This element was a mild steel disc plate attached
to a 300 W plate type heater. Moreover, the top and bottom
lids of the enclosure were properly insulated using asbestos
sheets. The properties and geometrical specifications of both
cylinders and bottom disc are given in Table 2.
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Table 2. Geometric specifications and properties of the

annulus
Inner Outer Bottom
Property Cylinder Cylinder Disc
Material Mild Steel Mild Steel Mild Steel
Thermal
Conductivity | 453 453 453
(W/m-K)
D'a(miter Di=0.0755 | Do=0.1524 0.0712
Thickness 0.004 0.005 0.006
(m)
Height (m) Li=0.38 Lo = 0.408 -

Two temperature sensors were mounted at the central upper
surface of the disk. The temperature of the bottom disc was
controlled by a programmable relay type temperature
controller. This controller measures the surface temperature of
the bottom disc and regulates its temperature by tripping the



heater when the temperature exceeds the required limit and
then turning it on when the temperature goes below the limit.

The output of temperature controller can be seen in Figure 3.
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Figure 2. Positions of temperature sensors
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Figure 3. Evolution of bottom disc temperature with time

2.2 Data acquisition

Temperature sensors (LM-35) used in the research were
Integrated Circuit precision temperature sensor. These sensors
give output directly in Centigrade temperature scale. Due to
the complexity of this experimental setup a wireless data
acquisition system was designed to extract the results of the
experimentation. LM-35 temperature sensors were connected
to an Arduino Mega microcontroller which was further
integrated with a wireless device Zigbee. Zigbee is a low
power device using the wireless mesh network to transmit data
between a receiver and transmitter. The setup was designed
with the help of temperature measurement methods used by
[26-28].
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2.3 Other equipment

An electric motor was used to rotate the inner cylinder. The
motor was coupled with the inner cylinder through a belt-
pulley mechanism as shown in Figure 1. The motor was
controlled by a VFD; this device was used to rotate the motor
at different frequencies which subsequently moved the inner
cylinder at different RPMs. The RPMs of the inner cylinder
was measured by a non-contact laser tachometer. A heavy base
support riveted in the ground was used to support the assembly
and to minimize the vibrations due to the rotation. A heavy
cast iron structure was used to support the motor and VFD
assembly as shown in Figure 1. Further detail of the equipment
is given in Table 3.



Table 3. Equipment details

Equipment

Operation

Specifications

Driving motor

LM 35

Temperature
controller

Zigbee S1

Laser Tachometer

V-shaped belt and
V grooved pulley

Rechargeable
Power Bank
(Batteries)

Tapered roller
thrust bearings

VFD

Slip Rings

Rotates inner
cylinder

Temperature
measurement

Regulates
temperature of the
bottom disc

Wireless
Communication

RPM measurement

Links driving
motor to inner
cylinder and
transmit rotary
motion.

Gives power to
wireless data
acquisition system.

Support the
rotation of inner
cylinder in the
vertical
arrangement.
Regulates
frequency of the
driving motor
Ensure power
transmission to the
heater while in
rotation

Power: 0.5 HP

Accuracy: 0.25°C —
0.75°C,
Temperature range:
-55°C to 150°C.
[29]
Maximum
fluctuation: Up to =
2 K of the desired
temperature.
Distance Range:
100 feet,
Frequency: 2.4
GHz. [30]
Range: 2 — 99999
RPM,
Accuracy: 0.1 RPM
for 0 — 1000 RPM,
2.5 RPM for
RPM >1000,
Measuring
Distance: 0 — 40
inches

Pulley diameter:
2.5-inch,
Belt type: “B”
grade V-belt.

10,000 mah

Airtight

2.4 Experimental procedures

Figure 4 summarizes the experimental methodology of this
research. Initially, the inner cylinder was rotated, and its RPMs
were regulated by a VFD coupled with the driving motor. At
the same time, the heater was turned on and bottom plate
temperature was regulated using a temperature controller. The
temperature of the bottom disc was recorded and regulated
after every 0.25 second. Bottom disc temperatures for one set
of experiments is shown in Figure 3. In the end, temperatures
of the cylindrical walls were noted after every 15 seconds and
recorded when the steady state was achieved. The steady-state
condition was assumed in the enclosure when temperature
values remained steady for at least ten minutes. To reduce
errors and obtain reliable results, all experiments were
repeated at least three times.

734

Programmable relay type
temperature controller to
set input temperature

Variable Frequency Drive
(VFD) to set the RPM

}

Set bottom dise
Temperature
from PC

l

Set inner cylinder
RPM from VFD

l Start the motor
‘Wait until bottom disc
achieve required
temperature

Turn on the Heater

!

Is required
rpm
achieved?

Is desired
bottom disc
temperature
achieved?

!

Periodically record

cylindrical walls
temperature readings
output on PC

l

Is Steady
State
achieved?

Note the steady state
temperature readings

End

Figure 4. Schema of the experimental procedures
2.5 Repeatability and error analysis

There are always possibilities of some errors in the
experimental studies. In this study, all the experiments were
repeated at least three times and a repeatability analysis of
measured wall temperatures is done to determine the range of
errors in the measurements. It was observed that the steady
state temperature values shown a slight difference in the range
of 0 to #0.6 K. Repeatability analysis in the form of maximum
errors shown by temperature sensors of the inner and outer
cylinder is tabulated in Table 4. Similarly, the errors in the
plate disc temperatures are summarized in Figure 3.
Temperature fluctuations for tripping and reactivation were
recorded about #1.5 K. The heater and controller arrangement
produced almost a sinusoidal wave of temperature which
oscillates above and below the required value of temperature.
The sinusoidal waves for one set of experiments can be seen
in Figure 3. While the errors in the measurements of RPMs
were negligible because VFD helped to assign a certain
frequency of the motor to the corresponding RPMs of the inner
cylinder. Frequencies were assigned carefully after 3 test runs
and a specific frequency for certain RPMs of the inner cylinder



was used in all experimental runs.

Table 4. Repeatability analysis of temperature sensors

Sesnor Tin Ton Tan Tan Tsn Ten T Ten Ton
Max Error 0.58 0.3 0.29 0.22 0.19 0.2 0.21 0.15 0.11
Sesnor Tie Ta Ta Tac Ts Tec Toe Tec Toc
Max Error 0.5 0.15 0.25 0.2 0.11 0.11 0.11 0 0.1

2.6 Data reduction

Representation of the measured data using pertinent
procedures with respect to suitable parameters is important.
Data reduction techniques used in this research are following.
Inner cylinder of the annulus is considered as hot wall and its
temperature is taken as the average value of all the nine
temperature sensors mounted on its external surface.

_ T1n+Top+T3p+T4n+Tsn+TentT7ntTgn+Ton

Ty : 1)

Similarly, the outer cylinder is considered as cold wall and
its temperature is taken as the average value of all the nine
temperature sensors mounted on its internal surface.

TC — T16+T2C+T3C+T4C+T;C+T65+T7C+T85+Tgc (2)
Relevant Non-dimensional parameters are also calculated
from measured data, description of these parameters is
following

Rotational Reynold’s number of inner cylinder is calculated
by the following relation:

_ 02D
Regy = — 3
where Dy = D, — Dj;
Non-dimensional length is calculated as follows:
y=1 @

Non-dimensional temperature is calculated by the following
relation:
T-T,

6 = ()

AT

where T is variable temperature and AT = T,, — T,

Nusselt number is an important parameter for convection
heat transfer. Local Nu in this study is calculated by the
relation used by Malik et al. [6] and given as follows:

_ hpy _ do

Nu = (6)

kf - dr r=0

Film temperature is mostly used to evaluate the thermal
properties like thermal diffusivity of fluid, viscosity of fluid
etc. In this study, film temperature is taken as follows:

Tyn + Tyc
Ty == (7)
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Another important dimensionless parameter for free
convection heat transfer is Grashof number and it is calculated
by the following relation:

9B(Tyn = Tyc)Dj)
Gr = —yhvz ye H (8)

The non-dimensional parameter for buoyancy-driven flows
is Rayleigh number, which is calculated by the following
relation:

_ 9B(Tyn— Tyc)DI%I
av

Ra )

3. RESULTS AND DISCUSSION

This study was planned to investigate the heat transfer
within a vertical cylindrical annulus when the inner cylinder
of the enclosure was rotating while the enclosure was being
heated from below with the help of a heated plate. This heating
produced a buoyancy-driven flow leading to thermosyphon
within the enclosure. The flow characteristics inside the
enclosure were interesting and complex as it was external flow
in nature with respect to the inner cylinder and internal flow
with respect to the outer cylinder. The presence of rotation of
the inner cylinder in this study made the case more exciting
and worthy enough to be examined critically. The bottom and
top surfaces of the enclosure were insulated, the heat generated
by the bottom plate entered the annulus from the bottom and
left the enclosure by walls of the outer cylinder. The heat was
lost to an environment where the ambient temperature was 295
K, air’s Pr was 0.714 and the kinematic viscosity was 1.532E-
5 m?/s [31].

3.1 Quantitative thermal analysis

A grave quantitative analysis of steady-state temperatures
revealed that a competition between buoyancy-driven flow
and rotational effects was sparked due to rotation of the inner
cylinder. Logically, buoyancy effects were responsible for
heat transfer in the axial direction while the rotational effects
forced the heat to be transmitted in the radial direction. A
summarized effect of this competition between the buoyancy
and rotational effects inside the enclosure is described by the
steady-state temperature differences in axial and radial
directions.

For axial direction, variations in the steady-state
temperature difference between the top and bottom sensor of
the outer cylinder (T1c-Toc) are analyzed. Figure 5 depicts that
the temperature difference factor (Tic-Toc) increases with the
increasing values of Req. This increase in temperature
difference indicates the suppression of the buoyancy effects at
higher values of Req. Evidently, Figure 5 verifies the



dominance of rotational effects over the buoyancy effects at
higher Rey,.

direction. In other words, more the negative slope in the plots,
stronger the heat transfer in the radial direction they present.
A comparison of the plots indicates that more the temperature
of the bottom plate, more the rotational effects extend towards
the upper portion of the annulus.
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Figure 7. Evolution of AT with Reg, at T, =323 K

Similarly, analysis of the steady-state surface temperatures
in the radial direction describes the dominance of rotational
effects, but a critical view of temperature differences also
illustrates another important outcome. Radial temperature
difference values give an idea about the portions of the annulus
where rotational effects were more influential. Figures 6, 7 and
8 show the steady-state temperature differences between the
inner and outer cylinder at three points. These points are
positions of temperature sensors Ts (mid-length point of the
inner cylinder), Te and T7. Temperature differences are plotted
against Req. Portions where steady-state temperature
differences are less; depict the more heat transfer in the radial
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Figure 8. Evolution of AT with Re, at T, =313 K
3.2 Non-dimensional analysis

Nusselt number is an important non-dimensional parameter
which is used to express the heat transfer coefficient for
convection heat transfer. Local Nu along the outer wall of the
inner cylinder is calculated in this research. The study of the
outer wall of the inner cylinder is important because it
functioned as the source of convection heat transfer for the
outer cylinder. The local Nu is calculated by using the relation
in Eq. (6).

Nu variations with Req and the dimensionless length is
presented in the tabular form in Table 5. This study of Nu is
also done for three bottom disc temperatures (313K, 323K,
333K). As expected, Nu is high near the bottom plate (heat
source), but it decreases with the height as the distance from
the heat source increased. The same trend of the local Nusselt
number versus dimensionless distance for the stationary case
was reported by Malik et al. [6]. The effect of rotation on the
local Nu is very significant. As in case of rotation, the flow
became complex and factors like centrifugal force, Coriolis
effect etc. came into play. These effects instigated turbulence
and vigorous mixing of fluid within the enclosure and
significantly increased the heat transfer rate due to convection.
So, Nu increased as Reg was increased, but the increase was
not uniform and shown some variations. It can also be
observed that the effect of rotation on local Nu is more
prominent at the bottom portion of the annulus as compared to
the top portion, but the location of this effect extends to a
relatively higher portion of the annulus as the temperature of
the bottom plate increases.

Rotation of the inner cylinder strongly affected the heat
transport mechanisms especially near the base of the annulus
i.e. near the heat source. For a better understanding of varying
convective heat transport mechanisms, convective coefficient
at base hy is plotted against varying Req in Figure 9.
Evidently low values of h;, at low Reg, infers the presence of
free mode of convection. While around 10 — 15% increase in
h, can be noticed at higher values of Req, suggesting a
stronger transport mechanism such as forced convection.



Table 5. Local Nu for non-dimensional length and Re,,

Bottom y Local Nu
Disc Temp. Stationary | Req =199 | Req = 331 | Req = 663 | Req =994 [Req = 1325|Req = 1660
0.1 26.1 26.9 27.7 28.5 29.3 31.6 32.8
0.2 17.4 18.0 18.7 19.9 21.0 2.4 235
0.3 12.0 12.5 13.0 13.4 14.1 14.4 14.8
0.4 8.7 8.7 8.9 8.6 8.7 8.8 9.0
333 0.5 55 5.4 53 4.8 48 4.0 35
0.6 2.4 2.2 1.9 1.4 1.1 0.5 0.2
0.7 16 12 0.8 0.4 0.1 0.9 13
0.8 15 0.9 0.1 0.6 13 2.2 1.7
0.9 0.8 0.3 0.4 1.0 0.3 0.2 0.2
0.1 23 23.0 23.9 25.4 27.6 27.4 27.9
0.2 19.5 19.0 18.5 19.3 19.8 209 21.6
0.3 14.3 14.0 13.8 14.0 14.1 14.9 15.0
0.4 10.1 9.7 9.3 9.4 9.1 9.1 8.9
323 05 5.4 5.4 5.4 5.1 4.4 4.1 4.8
0.6 3.2 33 3.4 3.0 2.8 2.9 23
0.7 0.7 1.0 1.4 0.7 0.1 0.1 03
0.8 0.0 0.4 0.7 0.1 0.7 0.7 0.1
0.9 13 0.8 0.4 0.7 0.3 0.1 0.1
0.1 19.9 20.7 20.9 21.6 21.9 21.8 22.2
0.2 16.4 16.8 17.3 16.2 15.4 15.3 17.1
0.3 12.0 124 12.9 124 12.8 12.9 14.2
0.4 9.3 8.7 8.0 8.2 7.7 8.0 8.2
313 05 7.2 6.5 5.7 5.0 4.8 4.9 4.7
0.6 4.9 4.6 43 4.1 4.2 43 4.4
0.7 33 33 33 35 3.8 3.6 2.9
0.8 2.7 2.8 3.0 3.7 3.8 3.9 2.4
0.9 1.9 2.3 2.6 3.4 3.6 3.3 1.9
S — higher values of Req, it is observed that Gr/Req? <« 1.0
—e—Tb— 323K which clearly marks that rotational effects are stronger and
11 || —#—Tb=333K forced convection is the main element for heat transfer.
10
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Figure 9. Variations of h,, with Re,, 3 | a8 e
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. . . - O 323K
To further investigate the dominant heat transport A 313K
mechanism within the enclosure, a parameter Gr/Rego? is
calculated. The presented result includes the ratio of average 02 o o
Gr for the complete length of the inner cylinder and square of 10° 10° 10°
Reg,. Figure 10 presents the variation of Gr/Req? with Reg. It Log[Re]

is apparent that in three experimental runs for three different
base plate temperatures, the trend is almost linear on a log-log
scale. As Gr/Req? indicates the mechanism of heat transport
[17], the trend clearly shows the influence of rotation on the
transport mechanisms. Expectedly, at lower Req i.e. low
rotational speeds of the inner cylinder, value for the Gr/Reg?
are significantly greater than 1. Here Gr/Rey® >» 1.0,
buoyancy-driven flows are dominant and free convection is
main drive for heat transfer. For moderate values of Reg,
Gr/Reqy” ~ 1.0 and that indicates the presence of a moderate
transport mechanism such as mixed convection. While for
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Figure 10. Variations of convective heat transport
mechanisms with Re,

Similarly, Figure 12 summarizes the effect of different
convective heat transport mechanisms on the base Nu. As the
forced convection is a stronger mode of heat transfer, the
values of Nup increase rapidly in the forced convection regime.
Evidently and logically, this effect is bulging at higher
temperatures of the bottom disc.



Rayleigh number is also an important parameter for
buoyancy-driven flows. Ra is often used to express the effects
of buoyancy and natural convection. The expression of the Ra
used in present research is given by Eq. (9)

Local Ra is plotted against local Nu. Figures 12, 13 and 14
show the plot for three different disc temperatures (313, 323,
333 K) at different Reg,.

1 Gr/Reg? >>1
10 Ie) .
o A Natural
R o o A
a S GriRey” =1
g 0 Mixed Convection
=10 o
<3 O L
o
3 o © a
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1 o o A
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0323 Gr/Ret
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Figure 11. Evolution of Nup against different convective heat
transport mechanisms
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Figure 13. Evolution of Local Nu with Local Ra for bottom
disc temp of 333K
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Figure 14. Evolution of Local Nu with Local Ra for bottom
disc temp of 323K

Malik et al. [6] found that the local Nu has a direct relation
with local Ra. Similarly, in this study, the plots of local Nu and
local Ra show a direct relation between them and a uniform
positive slope of lower Req and stationary cases verifies this
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direct relation. This uniformly increasing slope indicates the
presence of buoyancy effects. But with the increasing Reg, the
plots become steeper and indicates an important fact that at
higher Reg, the increase in local Nu at is not influenced by
buoyancy effects rather than the increase is due to rotational
effects of the inner cylinder. Hence at higher values of Reg,
local Nu tends to become independent of local Ra. On the other
hand, at higher bottom disc temperatures, buoyancy effects
turn out to be stronger and the plots for higher Rey become
relatively less steeper as compared to lower bottom disc
temperatures.
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500

0.00 '
35

Figure 15. Evolution of Local Nu with Local Ra for bottom
disc temp of 313K

4. CONCLUSIONS

The experimental study of heat transfer in a bottom heated
vertical and concentric annulus is presented in this research.
The inner cylinder in the annulus was being rotated for a Reg
of 0 to 1660 while the temperature of the bottom heated plate
temperature was kept at three different values (313, 323, 333
K). A steady-state investigation was done and from the results
of this study following conclusions can be drawn.

(1) Rotation of the inner cylinder significantly affected
the heat transfer within the annulus having
buoyancy-driven flow, as the inner cylinder rotated,
the buoyancy effect of bottom heating was reduced
and dominated by the rotational effect of the inner
cylinder. In other words, rotation of inner cylinder
changed the dominant direction of heat transfer
from axial to radial. Almost 15% increase in Local
Nu values was seen at higher values of Reg,.
Section of the annulus more influenced by rotation
depend upon the temperature of the bottom heated
plate. When the bottom disc temperature was 313K,
rotation strongly influence the heat transfer in
bottom half of the annulus only, but for 333K of
bottom plate temperature the effect of rotation
extended upwards to almost 3/4™ of the length of
annulus. Hence, more the temperature of the heated
plate, more the rotational effects was extended
towards the upper portion of the annulus.

Rotation of the inner cylinder effectively altered
the dominant heat transport mechanism within the
enclosure. Parameter Gr/Reo? indicated that the
heat transport within the annulus was free
convection when Reg < 500, mixed convection

2

®3)



when 500 < Regy < 1000 and forced convection
when Req > 1000.

At lower values of Reg, local Nu within the
enclosure shown a direct relation with local Ra. But
this relation deteriorated as Reg increased.
Subsequently, at higher values of Reg, local Nu
seemed to become independent of local Ra.

(4)
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NOMENCLATURE

D;
D,

Diameter of the inner cylinder (m)
Diameter of the outer cylinder (m)
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Dy Hydraulic diameter of the annulus (m)

g Gravitational acceleration (9.81 m/s?)

Gr Grashof Number

h Heat transfer coefficient (W/m?.K)

K¢ Air thermal conductivity (W/m.K)

L; Length of inner cylinder (m)

L, Length of outer cylinder (m)

Nu Nusselt number

Pr Prandtl number

r Radius of the annulus (m)

r Dimensionless radius of the annulus

Ra Rayleigh number

Re Reynolds number

Req Rotational Reynolds number

Ty Average Temperature of hot inner cylinder (K)
T, Average Temperature of cold outer cylinder (K)
Tyn Local temperature of hot inner cylinder (K)

Tye Local temperature of cold outer cylinder (K)

y* Vertical distance from the heat source (m)

y Dimensionless vertical distance from the heat source

Greek symbols

v kinematic viscosity (m?/s)
Q Rotational speed (1/s)
Subscripts

(1-9)  Temperature sensors

b base

f film

Abbreviations

RPM
VFD

Revolutions per minute
Variable Frequency Driv





