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Abstract — Experiments were carried out to determine the increase in heat transfer rates as a result of
mechanical vertical vibrations applied to horizontal cylinders. Two cylinders, one of 0.85cm and other of
1.27 cm external diameter heated from inside by electrical resistance heaters were vibrated in still air. The
ranges of amplitude, g, frequency, f, and the surface—air temperature difference, AT, for the first cylinder were
0-1.715cm, 0-63.7 ¢/s and 18-150°C respectively. The corresponding values for the second cylinder were
0-1.78 cm, 0-68 ¢/s and 22-90°C. It was observed that for amplitude to diameter ratios exceeding 0.5, the
relative vibrational heat-transfer coefficient increased almost linearly with the former irrespective of the
frequency of vibration. Simple correlations based on experimental observations have been given to predict
the vibrational heat-transfer coefficient from the known values of AT, a and f.

NOMENCLATURE

a, sinusoidal displacement amplitude of vib-
ration [m];

/s frequency of vibration [s™'];

D,  outside diameter of cylinder [m];

he,  coefficient of heat transfer in the absence of
vibration [W/m?K];

h,, coefficient of heat transfer in the presence of
vibration [W/m*K];

af, intensity of vibration (product of amplitude

and frequency of vibration) {m/s].

INTRODUCTION

SEVERAL investigations [1-10] have been undertaken
in the past to determine the increase in heat transfer

rates resulting from vibrations applied to cylinders.
Both mechanical and sound vibrations have been used.
The cylinders used in the past investigations have
tended to be either very small in diameter [3, 4] or very
large [5] in relation to the amplitude of vibrations
used, thus giving either very large or very small values
of amplitude to diameter ratios. Horizontal and
vertical vibration have both been employed on horiz-
ontal cylinders. No comprehensive mathematical
theory has so far been advanced to explain the
observed facts. Experimental observations have been
limited, and in some cases, at considerable variance,
with one another [3-6].

The present work was undertaken with a view to
studying experimentally the effect of such mechanical
vertical vibrations on horizontal cylinders as yield
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(1) The exciter {2) Power amplifier {3) Sine random generator

(4) Oscilloscope

(5) Vibration meter (6) The filter (7) The accelerometer (8) The main suppiy

FiG. 1. Experimental set-up.
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amplitude to cylinder diameter ratios of the order of
magnitude of unity. The surrounding medium for these
vibrations was air.

EXPERIMENTAL ARRANGEMENT

The test rig for the experimental work is shown in
Fig. 1. It was essentially a vibrating strip bolted to a
rigid supporting frame and excited by an electrody-
namic exciter {B & K). The heated cylinder fixed at
both ends was carried on brackets mounted on the
vibrating strip and receiving vibrations through it. The
strip received vibrations by the impact of a rigid pin
welded to a square plate mounted on the exciter head.
An accelerometer was used to pick up vibration signal
from the cylinder and transmit the same to a vibration
meter which could measure amplitude, velocity or
acceleration. The frequency of the vibration could be
read from a scale on the sine random generator. An
oscilloscope suitably connected was used for visual
observation of the vibration signals.

The heating of the cylinder was done by a resistance
element fixed inside it. The surface of the cylinder was
polished to reduce radiation. Six copper-constantan
thermocouples were soldered to the cylinder surface
for surface temperature measurement. The cylinder
was isolated from the surrounding objects by enclosing
it in a transparent canopy of plastic sheets vented to
the atmosphere. The ends of the cylinder were in-
sulated using cork stoppers which also acted as end
supports for the heating element. Any windows near
the experimental set-up were closed to avoid draught.

EXPERIMENTAL PROCEDURE

The operating procedure was divided into two
parts: (a) natural convection condition without vib-
ration; (b) convection with vibration,

In the first part, a random electrical input was given
to the heater inside the cylinder. The cylinder surface
was allowed to reach steady state condition. When two
consecutive readings of a thermocouple were the same,
the output was recorded. The thermocouple outputs
were not found to be the same because of their different
locations on the cylinder surface. An average value of
the thermocouple outputs was assumed to represent
the average temperature difference between the cylin-
der surface and the ambient.

In the second part, the electrical heater was given an
arbitrary input. The amplifier was first set to power-on
position and about 105 later to power-load position,
thus starting the vibration of the cylinder. The gene-
rator frequency was adjusted to the desired level. The
output from the accelerometer, which was mounted on
the bracket carrying the cylinder, was fed to the
vibration meter on which amplitude, velocity or
acceleration could be read. After the steady state was
reached, the temperature difference, frequency, peak-
to-peak values of amplitude, voltage, current electrical
power and the ambient temperature were recorded.
The experimental ranges are summarized in Table 1.

Probable maximum error in the determination of
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Table !
Model | Maodel 2
Outside diameter 0.85¢cm 1.27¢m
Frequency. /' U-637cs 068 ¢is
Amplitude. a 0 1.715e¢m 0178 em
18-150°C

Temp. difference, AT 2290 C

heat-transfer coefficient as a result of errors in the
measurement of temperature difference and metered
electrical power input was calculated as 4°,. The
surface emissivity for the cylinders was determined in a
separate standard experimental set-up. The average
value of surface emissivity was 0.089 which was used to
infer the radiation loss. The net power dissipated in an
experiment was found by subtracting the estimated
conduction and radiation losses from the gross electri-
cal power input. Both these losses depend upon the
average cylinder surface temperature which is max-
imum when it is not subject to vibration. The
maximum combined loss is about 109 and decreases
rapidly with the decrease in surface temperature
caused by vibration.

RESULTS AND DISCUSSION

For the purpose of analysis, the raw data was
divided into 3 main categories: data on horizontal.
internally heated cylinders without vibration; that
with vibration of such cylinders at low intensities
(af < 0.15m/s) and that with vibration at higher
intensities (¢f = 0.2 m/s). The heat-transfer coefficient
in the first category generally depends on Gr x Pr.
However, for the case of air as the surrounding fluid,
the value of hy is given by McAdam’s equation (12):

AT
— 2 . i
hy = L.L( o) (1)
where kg isin W/m? K, AT is the average lemperature
difference between cylinder surface and the surround-
ing air in Kelvins and D is the cylinder diameter in
meters.

Regression analysis on the present data gave the

equation
7 RE LT )

— i Yy
hy = 0.57( 5 } i
Calculation of h, for a few values of (AT/D) using
equations (1) and (2) shows that in the temperature
range of the present experiments the two calculations
are within 109 of each other. This established that the
procedure adopted for the calculation of heat losses

was quite satisfactory.

Major variables which influence heat transfer dur-
ing vibration of the cylinder are the amplitude and
frequency of vibration apart from the temperature
difference AT. It has been pointed out [S] that the
product, af, acts as the sole vibrational variable. Also,
it has been inferred in the past that the relative increase
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values of vibrational Reynolds number and Grashof
number [4]. With these ideas as the initial guides, the
experimental values of h, were plotted against the
group af/(AT/D)*! where the best exponent of
(AT/D) was established by multilinear regression ana-
lysis. This plot is shown in Fig. 2. Further calculations
establish the following equation to the best fitting
straight line:

The range of applicability of this equation is indicated
by the following:

0.015 < af <0.15m/s
22 < AT< 85°C.

It may be seen from this figure that the maximum
deviation of any experimental point from equation (3)

2.0
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Table 2
AT af - -
(°C) {m/s) 0.4 0.5 0.6
60 (38.1) (31.9) (44.2) (39.9) (50) (47.8)
70 (38.7) (32.9) (44.9) (41.1) (50.8) {49.3)

80 (39.2) (33.8)

(45.5) (42.2) (51.5) (50.7)

is less than 15°9,. A few interesting features of this plot
are: a rapid increase in heat-transfer coefficient start-
ing with as small a value of af as 0.015m/s. This
observation is at variance with Fand and Kaye’s [5]
wherein no substantial increase in h, was observed till
vibrational intensity increased to about 0.1 m/s. This
observed difference is probably as a result of much
higher values of relative amplitude, a/D, in the present
data. If the straight line is extended to zero value of the
parameter af /(AT/D)°, it gives a value of heat-
transfer coefficient which is equal to that of the non-
vibrating horizontal cylinder at AT = 85°C (the max-
imum temperature difference for this set of
experiments).

Figure 3 represents the graph between logh, and
log (AT/D)°-%% (af)'’®. The exponents were again es-
tablished using multilinear regression on the data in
the range of vibrational intensities, af > 0.2 m/s. The
graph is a straight line with the equation:

0.1
h, =29.5 (-AD—T> (af)*>. 4)

The maximum deviation of any single data point from
equation (4) was found to be less than 159

For the purpose of comparison, Fand and Kaye’s
[5] equation

AT 0.2

with the restrictions
AT = 55°C
af > 0.275m/s

was taken. Table 2 gives a few representative values
obtained from equations (4) and (5) for a horizontal
cylinder of 1cm dia.:

Each first bracketed value in this table represents h,
in W/m? K calculated from equation (4) and second
value is h, calculated by the use of equation (5). Thus
the difference in the two values becomes less and less as
the intensity and/or the temperature difference be-
comes more. It appears that important vibrational
variable is the product of ¢ and f only at higher
intensities whereas at lower intensities, amplitude and
frequency act independently. The contribution to heat
transfer is more significant by amplitude than by
frequency in this range.

The present data is insufficient in the range 0.15
< af < 0.2m/s. However, a sharp decrease in the h,
values seems to take place in this range of intensities.

Considering that an important parameter in de-
termining the increase in heat-transfer coefficient of a
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vibrating horizontal cylinder over that of a non-
vibrating one is the ratio a/D and the order of
magnitude of a/D is unity in the present experimental
data as distinct from such order of magnitude in
Lemlich’s work {3], or Lemlich and Anandha Rao’s
work {4], where a/D > 1 or Fand and Kaye’s work [ 5]
where a/D « 1, it was considered proper to plot
variation of h,/h, against a/D. This variation is shown
in Figs. 4 and 5 for models 1 and 2 respectively. It is
clear that for a/D > 0.5, the experimental points
cluster around straight lines. The slopes of the two
straight lines representing the best fit, are somewhat
different for the two models, being less for model 1 than
for model 2. For the range of parameters in the present
experiments,

h, a
E{; = 1.36 (5) +0.63 6)
a
— > 0.5 Model 1
D
and
h a
L =167— .
e 1.6 (D)-H}’?'Q 7
2505  Model 2
5> 05 ode

Equations (6) and (7) give a deviation of 20 %, or more.
However, they do stress the importance of amplitude
of vibration in increasing heat-transfer coefficient.

CONCLUSIONS

1. Vertical mechanical vibrations of heated cylinders
in air can increase the heat-transfer coefficient to more
than 3 times the value of the heat-transfer coefficient
from the cylinders without vibration.

2. For values of a/D exceeding 0.5, h,/h, increases

almost linearly with a/D irrespective of the frequency,
AT etc.

3. If a/D values are sufficiently large (> 0.25), the
increase in heat-transfer coefficient takes place almost
as soon as vibrations start and it is not necessary to
increase the vibrational intensity beyond a critical
value (5) to realise a significant increase in heat-
transfer rates.

4. Correlations represented by equations (3) and (4)
can be used to predict heat-transfer coefficient during
vibration of cylinders to within 15 % of their experim-
ental values if amplitudes of vibration are of the same
order of magnitude as the cylinder diameter.
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EFFET DES VIBRATIONS VERTICALES SUR LA CONVECTION THERMIQUE NATURELLE
AUTOUR D'UN CYLINDRE HORIZONTAL

Résumé - On détermine expérimentalement ['accroissement de transfert thermique par vibration verticale
d’un cylindre horizontal. Deux cylindres, I'un de 0,85 cm de diamétre extérieur et I'autre de 1,25 cm, chauffés
électriquement par résistance interne, sont mis en vibration dans I'air calme. Les domaines d’amplitude a, de
fréquence f et de différence de température surface — air AT, sont pour le premier cylindre respectivement
0--1,715¢cm, 0-63,7 cm et 18-150°C. Les valeurs correspondantes pour le second cylindre sont 0-1,78 cm et
22-90°C. On observe que pour un rapport amplitude/diamétre supérieur a 0,05, le coefficient relatif de
transfert thermique croit presque linéairement avec lui indépendamment de la fréquence de vibration.
Des formules simples basées sur I'expérience sont données pour prévoir le coefficient de transfert a partir
des valeurs de AT, a et f.

DER EINFLUSS VERTIKALER SCHWINGUNGEN AUF DEN WARMEUBERGANG
BEI FREIER KONVEKTION AN EINEM WAAGERECHTEN ZYLINDER

Zusammenfassung—Es wurden Untersuchungen durchgefiihrt, um die Zunahme des Wirmeibergangs
infolge mechanischer senkrechter Schwingungen zu bestimmen, zu denen ein horizontaler Zylinder angeregt
wurde. Zwei Zylinder, einer mit 0,85 cm, der andere mit 1,27 cm AuBendurchmesser, die im Innern mit einer
elektrischen Widerstandsheizung beheizt sind, wurden in ruhender Luft in Schwingung versetzt. Die
Bereiche der Amplitude a, der Frequenz fund der Oberflichentemperaturdifferenz ATbetrugen beim ersten
Zylinder 0 + 1,715¢cm, 0 =+ 63,7 Hz und 18 + 150°C, beim zweiten Zylinder 0 + 1,78 cm, 0 + 68 Hz und 22
~ 90°C. Es wurde beobachtet, daB bei Verhilinissen von Amplitude zu Durchmesser von iiber 0,5 der
relative schwingungsbedingte Wirmeiibergangskoeffizient unabhingig von der Frequenz praktisch linear
mit diesem Verhilinis zunahm. Einfache Beziehungen, die auf experimentellen Beobachtungen beruhen,
werden fiir die Bestimmung des Wirmeiibergangskoeffizienten bei Vibration aus bekannten Werten von AT,
a und f angegeben.

BJAMSIHUE BEPTHUKAJIbHBIX BUBPALIMA HA TETJIONEPEHOC PU CBOBOJAHOM
KOHBEKUWH OT T'OPU3OHTAJIBHOIO LIMJIMHIPA

Anxotamns — [1poBeieHO IKCTIEpUMEHTAIBHOE MCCICI0BAHHE HHTEHCHUKAUMH TenioobMena 3a cuer
MeXAHHYECKMX BEPTHKAJIbHBIX BHOPALMil TOPHIOHTAIBHBIX LWIHHAPOB. [1Ba WMIMHAPA ¢ HAPYXHBIMH
auametpami 0.85 u 1,27 cM, HarpepaeMble U3HYTPH WICKTPHYECKHM TOKOM, NOABEPraiuch Bubpalun
B croKOlHOI Cpele BO3ZAYXa. AMONMTYIa o M 4HacToTa koneGanuil f Nepsoro UAIMHApPA, 4 TaKXe
Pa3HOCThL MeXIy TEMAEpATYpaMH IIOBEPXHOCTH UWIHHAPA M BO30yXa AT M3IMEHSIHCh B CICAYIOUIHX
muanazonax: 0-1.715 em, 0-63.7 T'u 1 18150 ° C, cooTBeTcTBEHHO. [l BTOPOro LMIHHIpPa yKa3aHHbIE
BETMYMHbL U3MEHSIHCh B Auana3zonax Q- 1,78 cm, 0-68 Tuu 22-90° C. oka3aHo, 4TO NPH OTHOIIEHHAX
AMILIHTY bl K AHAMETPY . NpeBblaoux 0,5, COOTBETCTBYIOUMA KO>QOULUHEHT BUOPaUNOHHOTO TeMIO-
lepeHOca BO3PACTAN NOMTH JIMHENHO HE3ABHCHMO OT 4acToThl KoneGanuA. Ha ocHoBanHM JKCepH-
MEHTAJTbHbIX HAGIIONEHUH ONYHEHBl IPOCTHIE COOTHOIUEHHS /UIs pacueTa KodhuuHeHTa BUGpaUHOH-
HOTO TENIONEPEHOCA N0 H3BECTHBIM 3HaueHHaM AT, a u f.



