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Abstract
An experimenial investigatian studies the behavior of heat transferred from a horizonsai
oscillated cylinder, in case of cross air flow. The investigation studied the effect of
dimensianiess oscillation frequency (Sc), dimensionless oscillation amplitude (4/D), and
Reynolds manber on the rate of heat transfer. The oscillated cylinder has 53 mm Q.D, the
dimensionless oscillation frequency (Sc) of the cylinder is varied from (.08 to 0.43, while the
dimensionless oscillation amplitude (4/D} ranged between 0.037 and 0.27. The Reynolds
number is ranged between 3x10° and 7.8x10" and the rate of heat flux is varied from 480 fo
3000W/nr’, The test rig of the present work has been examined in the case of stativnary cylinder
and the obiained results are in a good agreement with the available data in the literature of
about 3%, while in the case of vscillaing cylinder the rate of heat transfer data indicate a

maximum enhancement of ubowr 70% comparing with stationary case at Sc = 0.2 and 4/D =
0.27.

The presemt data has been correlaied in a form of Nusselt number as a function of
dimensionless frequency {Sc), dimensionless amplitude (4/D) and Reynolds number (Re) with
averdage deviation of about 4% relative (o the experimenital results.
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Nomenclatures
A Amplitude of cylinder oscillation, m [ Current intensity, Ampere
A, Surface area of the cylinder, m’ k Coefficient of thermal conductivily,
A/D  Dimensionless oscillation amplitude W/m.K
C Constant in correfation {11) m,n,z Exponents in correlation (11)
Cp  Specific heat, kg K — — RD
. ’ . A Nusselt , =22
D Diameter of the cylinder, m Nu verage Nussell number, k
f Frequency of oscillation, Hz
h Natural shedding frequency, Hz ug  Stationary average Nusselt number
= Average heat transfer coefficient, Wim?.K
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f,D
C. w St Strouhal number, St = =
Pr Prandtl number g, _ 22 U,
AT Temperature difference. K
Q Heat transfer rate, W v Ueo Free-stream velocity, ms
Re Reynolds number, Re = —= v Voltage drop, Volt.
v
f D
Sc Dimension less frequency, s¢ - X
ac

Greek Symbols

v Kinematics viscosity of fluid, v = g/ g m’/s 8 Angle of thermocouples, degree
P Density of fluid , kg/m’ A Difference

a Thermal diffusivity, o =k/p C,, m* /s 3 Thickness, m

H Absolute viscosity, kg/m.s
Subscripts

o0 Free stream s Stationary

a Ambient air tef Teflon

C Convection ! Total

! Losses v Vibration

1- Introduction

Heat transfer from oscillating surface is an important technological problem involving
many scientifically interesting phenomena. Although it has received considerable attention in
recent years. From years ago the possibilities of using oscillation to increase convective heat
transfer has received much attention.

Heat exchange between a stationary circular cylinder and its surrounding viscous fluid
streamn has been a problem of great interest in the past several decades. This problem is
frequently encountered in thermal devices such as heat exchangers, nuclear reactors, hot-wire
anemometers, etc. Any thermal device during its normal operation will encounter some degree
of vibration. The vibration may be generated from the flow itself or from other components in
motion. The understanding of the vortex-shedding phenomenon behind the cylinder is one of
the fundamental of the fluid-dynamics researchers. The Reynolds number is a dominant
parameter governing the flow pattern and the heat transfer characteristics. The vortex pairs
appear to periodically shed downstream, and a vortex street is formed in the wake of the
cylinder. An important reflection of the complexity of the flow field is the vortex shedding
frequency (f,). Dimensional analysis shows that a dimensionless frequency called Strouhal
number (St), which is defined as (St=/,xD/u,), is essentially a function of Reynolds number.
Mevertheless, this number registers a constant value of 0.2 within the value of Reynolds number
between 300 to 10° [1,2], . A considerable experimental and theoretical researches have been
studied the effects of the vibration on the heat transfer characteristics for improving the
performance of the thermal devices.

Cheng, et al. [3] studied experimentally the effect of cylinder oscillation on the heat
transfer coefficient and flow pattern.They found that the increase in the heat transfer coefficient
is about of 34%.

Saxon and Laired [4] described the effect of transverse oscillation on local heat transfer
coefficient for a cylinder supported in a vertical position in open water channel during forced
oscillations. They found that the amplitude and frequency contributed abowt equally for
increasing the local heat transfer coefficient. An increase in local heat transfer coefficiem is
about 50 to 60 percent is occurred at the higher frequencies and amplitudes.

Gau, et al. {5] studied experimentally the heat transfer enhancement and vortex flow
structure over a heated cylinder oscillating in the cross flow direction. The flow visualization
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has been made by using a smoke wire, and local heat transfer is measureed around the cylinder.
Thes observed that the higher heat transfer enhancement occurred at the small oscillation
amplitude and large excitation frequency. However, at higher Reynolds number or smaller
amplitude of the cyhinder, the enhancement in the heat transfer becomes less.

Murphy and Lambert [6], studied expertmentally the effect of forced transverse
vibrations on the local heat transfer coefficient on the heated horizontal cylinder. They found
that the vibration causes significant increase in the convective heat transfer ffom the
cylinder,and the maximum Nusselt number occurs at the natural shedding frequency.

Cheng, et al. [7] developed a theoretical model using numerical predication of
convective heat transfer on an oscillating cylinder. The ranges of the variable parameters are as
follows, Reynolds number (0<Re<300), dimensionless oscillation frequency (0<Sc<0.3),
dimensionless oscillation amplitude (0<A/D <0.7). They found that heat transfer increases with
about 13% and the drag coefficient increases from 1.3 to 2.08.

Kimoto, et al. {8] and Dawood, ¢t al.[9], studied experimentally the effect of vertical
vibration in natural convection heat transfer from a horizontal cylinder in still air. They
observed that the vibration enhances the heat transfer coefficient with about three times by
comparison with the stationary case.

Karanth, et al. [10), investigated theoretically the effect of cylinder oscillation at the in
fine and transverse directions on the average Nusselt number. They found that the heat transfer
rate from oscillating cylinder increases with the increase of oscillation. The average Nusseit
number increases twice at the natural shedding frequency.

Park and Gharib [11], studied expermintally the process of heat transfer from stationary
and forced oscillating cylinder in cross flow, They found a large increase in heat transfer rate at
a frquency approximatly three times the natural vortex shadding frequency.

Paveiek and liska [12)] studied experimentally the solution of temperature field and the
heat transfer coefficient from a horizontal vibrated cylinder under free convection in air, The
range of frequencies are from 1.8 to 5.7 Hz and amplitudes are from 0.6 to 2.6 mm. They found
that the heat transfer coefficient increases with the increase of frequency and amplitude.

Katinas, et al. [13] investigated experimentally the effect of vibrations on the local and
average heat transfer coefficients from a single row tube bundle placed in cross flow.They
found that the average heat transfer coefficient increases with the increase of vibration by about
10% greater than that of stationary tube bundle.

Armaly & Madsen [14]), and Anantanarayanan &Ramachandran [15], investigated
experimentally the effect of vibration on the heat transfer rate by natural convection. They
concluded that the increase in either the amplitude or the frequency of the vibration will
increase the rate of heat transferred.

Faircloth and Schaetzle [16], investigated experimentally the effect of vibration on the
heat transfer coefficient by forced convection. They used chromax wire. The frequency and
amplitude of the wire vibration were varied within the ranges of 20 to 40 Hz and 0.3 10 0.5 in,
respectively. The results of the investigation revealed that the convection heat transfer
coefficient was increased from 20 to 30%.

Penney and Jefferson [17], investigated the effect of the direction of oscillation (vertical
or horizontal) on the heat transfer coefficient from horizontal cylinder vibrated at low
frequencies and large amplitudes. They observed that the heat transfer coefficient in case of
vertical oscillation ts greater than the case of horizontal oscillation.

Thrasher & Schaetzle [18], and Lemlich [19], studied the instantaneous heat transfer
properties form an oscillating wire in stiil air. They found that no significant difference noted in
the average heat transfer rates for oscillations in the vertical or horizonial planes. The maximum
increase was about 400% than that of no vibration.

Abd EI Latif et al. [20], Prasad and Ramanathan [21], studied experimentally the effect
of longitudinal oscillations on free convective heat transfer from a heated vertical plate. Their
results show that the vibration causes a significant increase in steady rate of heat transfer
especially at low Rayliegh number. The influence of oscillations diminishes as Rayliegh number
increases. The maximum percentage increase varies from 9% to 33%.



M.4 M.A. Shalaby, E.A. Einegiry, H.R. El-Tahan

Zhao and Cheng [22], Lee, et al. [23], and Kim, et al. [24], studied the numerical
solution of laminar forced convection in a heated pipe subjected to a reciprocating flow. They
found that the average heat transfer rate increased with both the kinetic Reynolds number and
the dimensionless oscillation amplitude,

Lecointe et al., [25], Giffin et al, [26], Hatfield et al. [27], and Giffin et al., [28].
studied the effect of vibration on the flow structure in the wake of an oscillating cylinder and
drag coefficient. They mainly concluded that the drag coefficient increases with the increase of
oscillation frequency.

From the above researches, it is observed that the available data did mot cover all
regions of Reynolds number and dimensionless frequency and amplitude of oscillation.
Therefore, the aim of the present work is to study the behaviour of the heat transferred fom a
heated horizontal oscillating cylinder in the case of cross air flow as well as in the ease of the
stationary ¢, linder .To cover a part of the missing regions,the cylinder used is 53mm in O.D and
250mm in length. The $c is ranged from 0.08 to 0.45, A/D from 0.037 to 0.27,and Re from
3%10 10 7.8x10°.

2 Experemental Set-Up

The test rig is constructed to perform the required experiments. Figure(1) shows the
layout of this test rig. It mainly consists of:
I- Wind tunnel, 2- Test section, and 3-Vibrator,

2-1 Wind tunnel unit

An open-type wind tunnel is used. Air is drawn by a 6 kW electric blower(3) from a
bell mouth inlet(l). The flow rate is controlled by using throttling valve(%). The average
velocity of air stream is measured by using a hot-wire anemometer(15). The average air velocity
also has been checked by using a pitot static probe{10). The average air stream temperature is
measured by two thermocouples inserted in the wind tunnl befor the vibrated cylinder. A
thermometer is also used to confirm the thermocouple readings.

2-2 Test section and vibrating cyfinder

Figure (2) shows test section channel walls (2) which are made of two horizonta!
transparent perspex plates, and closed by two vertical wooden plates. Two vertical slots are cut
in the vertical wooden plates to allow the cylinder oscillatis. These slots are covered by the
rubber sheet (34) to prevent air leakage and to isolate the wind mnnel vibration out of the test
section. Refer to Fig(2), and Fig.(3), steel frame consists of two units, one of them is used to
carry the vibrator unit while the other is used to carry the test section. Each of them is supported
in the ground by using stud bolts (33). To absorb the apparatus vibration, rubber washers are
placed berween the steel structure and the ground. Cam (32) contacts the middie of the steel
beam angle (31). The vibrated cylinder is hold horizontally by holder bars (29) and attched with
the steel beam angle through two springs (30). Ali latitude members are made of stec! angles in
order to prevent the deflection which may be occurred by the load effect.

The vibrated cylinder (6) is made of a snjooth brass with an inside and outside diameter
of 45/53mm respectively, with total length of 250 mm, as shown in Fig.(4). The two ends of 1he
cylinder are sealed with teflon pluges{41). The cylinder is internaly heated by using an electric
heater coiled on gypsum cylinder(40). Mica sheet (39) is used as an electrical insulation
between the heater and vibrated cylinder. Heater power can be changed and measured by using
autotransformer and voltmeter-ammeter circuit. , The circumferential temperatures have been
measured around the vibrated cylinder surface by 28 copper—constant thermocouples of type-T
inserted individually with equally spaced in the tube wall. Thermocouples are distributed into
three groups as shown in Fig.(5). Four thermocouples are embedded in the teflon. pluges with
Smm apart, to check the axial conduction heat loss. Temperature is recorded by using a
temperature recorder mode! (3087) of 0.1°C accuracy.
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2-3 Vibrator

The vibrator unit is used to achieve the cylinder oscillation. It consists of the vibration
exciter and set of cams. A variable speed 1/3 kW motor (27) is used as the exciter.A variable
resistance (18) is used 1o change the motor speed. The motor is fixed on the steel fram as shown
in Fig. (2). The amphitude of vibration changes by using four cams with different eccentricties.
The set of cams are made of hard steel disks. Each one is fixed rigidly on the main motor shafi
as shown in Fig.(3). In order to prevent wearing due to the friction between the cams and the
steel beam angle, cams are puched in a ball bearing (36). The inner race of the ball bearing is
rigidily supported with the cam, while the outer race is in good comtact with the steel beam
angle, as shown in section A-A Fig.(3). The amplitudes of the oscillation are twice of the
eccentric distance, which is pre measured by using a dial-indicator. The velocity of main motor
is measured by using a digital strobo scope (11).

3-Test Procedure and Data Reduction

The osciliating cylinder is plugged from its two ends by using two circular teflon pluges
of 15mm thick and 56 mm in diameter to minimize the axial heat loss. A heat balance test for
the heating cylinder is made for each trial. The axial conduction heat loss (Q,) from the two
teflon pluges is obtained in each run by measuring the temperature diference (AT of the two
thermocuples in each teflon plug (with thickness 8= 5 mm apart) using equation {3).The
maximum axial heat loss was about 4% of the maximum total heat input. The surface
temperature of the cylinder is determined by taking the average value of the three sections
termocouples readings over the cylinder surface. The surface temperature fluctuation of the
three sections are of about £3%.

So, the rate of heat dissipated from the cylinder surface to air stream by convection
(Q.),can be described as ;

Q=Q:-Q (tH
Where, Q, is the total heat generated by the heater,defined as;

Q=1V 2)

Ql:[kAT.ZA] o)
5
tef

The average heat transfer coefficient b can be caculated as follows:

=QJ (A AT) (4)
The heat transfer results for the tested cylinder are represented in termes of average Nusselt
number Nu, which is defined as :

=

No - Db (5
ks
Another quantity characterizing the cross air flow around the cylinder is Reynolds number,

defined as:

{6)

The amplitude of oscillation A, is twice the distances between the exciter shaft and the cam
center.
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4-2-2 Effect of the dimensionless oscillation amplitude. (4/D)

The relationship between the amplitude and the average Nusselt number (Nu) at
different values of Reynolds number and variable Sc is shown in Fig.{(8). Generally, the average
Nusselt number increased with the increase of the dimensionless amplitude. Average Nusselt
number corresponding to the dimensionless amplitude ranges from 0.037 o 0.189 is slightly
increases. while a rapid increase in the average Nusselt number as the dimensionless amplitude
increases from 0.189 1o 0.27 . This occures because at high values of A/D, the relative velocity
between the oscillating cylinder and the fiuid flow highly increases. So, at this high relative
velocity, the boundary layer of the fluid flow over the oscillating cylinder may be distroyed.

4-2-3 Effect of the Reynolds Number (Re)

Figure (9) a, b, ¢ and d,shows the relation between Nusselt number (ﬁ; ) and Reynolds
number (R,) at constant dimensionless amplitude values of 0.037, 0.113, 0.189,and 0.27 for

different values of Sc. It is observed generaly that Nu increases with the increase of Reynolds

number as shown in the figure. The enhancement in Nusselt number {Nu ) for oscilating
cylinder is higher than in the case of stationary one of about 70% as shown in Fig. (9 d). It is
also observed that at lower dimensionless amplitude values, heat transfer rate is almost
unaffected by the oscillation, but when the cylinder oscillates at a frequancy closed 1o the

natural shedding frequancy, N_u appreciably increased. However, when the cylinder is forced
to oscillate at sufficiently high amplitude or frequancy the wake of the cylinder may become.
turbulent. ¢

Figure (10) shows the relation between -N_u— and R, at constant dimensionless
oscillation frequancy S=0.2 for different values of A/D for both oscillating cylinder and

stationary one. A significant increase in Nu for the two cases occured with the increase of R, .

[t is observed a rapidly increase of Nu in the case of oscillating cylinder than stationary one at
R, higher than 5x10*.

Figure (11) shows a comparison between the present results and those available in the
literature of Cheng et al.[3] using air as a working medium, Park and Gharib [[1] using water as
a working medium and Gau et al. [5], using air as a working medium, one may observe that the
present data shows a good agreement with these avilable in the litreature, [n spite of using a
higher values of Re with air in the present work than that of using water as coolant mediums by

f11], the comparison shows that, ﬁ/ﬁs for [11] is higher of about 16% than the
corresponding values of the present work.

Finaly an attemp is made to correlate the results obtained from the present work. The
average Nusselt number is correlated with the other relevant governing parameters, such as
dimesionless oscillation frequancy, dimesionless oscillation amplitude and Reynolds number.
The obtained general corroleation is:

0.71

Ny =0.0704R, ' +cRy SZ(AD)™ (I

where ¢, n, m, z, are constants shown in table (1) for different ranges of Sc.

Table (1) Values of constants in equation (11)

[ condition ¢ m n z
[0<Sc=<02 402 [059 0.58 1.483
[025Sc<03 |0.238 {03313 [0.696 | -1955
| 03=8c<0.4 [0987 |0914 | 0.67 1.923




M. 8 M.A. Shalaby. E.A. Elnegiry, H.R. El-Tahan

The maximum relalive error recorded between the experimental results and the values obtained
by the correlation {1 1) was about +4%.

Conclusions

The present study is concerned with the forced convection of air flowing over a
horizontal oscillating cylinder in vertical direction. The rate of heat transfer enhancement due
to the oscillation of the cylinder has been studied. Conclusions coming out of this study are
summarized as follows:

I- In general the average heat transfer coefficient is significantly increased with
oscillation.

2- The maximum rate of heat transfer enhancement for oscillating cylinder at S¢ = 0.2 and
A/D = 0.27 is about 70% relative to the stationary one.

3- The maximum peak of heat transfer rate occurs when the frequancy of the cylinder is
approximatly closed to the natura! shedding frequancy of the flow, i.e f = f,.. This peak
may be repeated with some decay at the values of f = mf, where m=1,23...

4- The influence of dimesionless oscillations has little effects on heat transfer rate at
dimesionless amplitudes less than 0.19.

5- A general dimensionless correlation has been obtained in the following form:

N, -0.0704R 7! 1 cRY % (aD)™
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