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THE INFLUENCE OF SOUND ON HEAT TRANSFER FROM 

CYLINDER IN CROSSFLOW 

R. M. FANDI” and P. CHENG: 

(Received 3 1 October 1962) 

Abstract-This paper reports the results of an experimental investigation of the influence of intense 
acoustic vibrations on the rate of heat transfer from a circular cylinder ($ inch diameter) to air in 
crossflow. The direction of vibration was normal both to the axis of the cylinder and to the crossflow. 
Plane stationary sound waves were employed and the cylinder was positioned so that its longitudinal 
axis coincided with displacement antinodes of the sound waves; the sound frequencies used were 
1100 cps and 1500 cps. 

The results show that intense sound causes the overall convective heat-transfer coefficient to increase 
appreciably (up to 25 per cent) in two regions. In one of these regions, which corresponds to the 
lowest values of the crossfiow Reynolds number employed in the experiments [(Relcr - lOOO], the 
increase in the rate of heat transfer appears to be the result of an interaction similar to thermoacoustic 
streaming. In the second region, which corresponds to the highest values of the crossflow Reynolds 
number employed in the experiments [(Re)ef - 10 0001, the increase in heat transfer appears to be the 
result of two different interactions: (1) a resonance interaction between the acoustic oscillations and 
the vortices shed from the cylinder; (2) a modification of the flow in the laminar boundary layer 
on the upstream portion of the cylinder similar to the effect of free stream turbulence. Local heat- 
transfer data are presented which support this hypothesis. Empirical equations are developed by 
means of which it is possible to calculate the m~imum increase in the Nusselt number caused by a 

given sound wave in the second region [(-Rek - 10 OOO]. 

NOMENCLATURE 

sinusoidal displacement amplitude of 
vibration, ft ; 
constants ; 
diameter of test cylinder, ft or in; 
frequency of vibration, cps; 
weighting factor, [see equation (3)J; 
gravitational constant, 32.2 ft/s2; 
Grashof number (based on cylinder 
diameter) ; 
heat-transfer coefficient, Btu/h ft2 
degF; 
dimensionless parameter; 

I6 = P/p, US [see equation (5)] ; 
dimensionIess parameter; 

KC = P/Z pa ,B At [see equation (i)]; 
half wavelength of sound, ft; 
length of test section of cylinder, in; 
integral length scale of turbulence; 

t Bolt Beranek and Newman Inc., Cambridge, Massa- 
chusetts. 

$ Graduate School, Stanford University, Stanford, 
California. 

A 

constant; 
Nusselt number (based on cylinder 
diameter); 
mean acoustic radiation pressure, 
IbfJfts; 
Prandtl number; 
total heat dissipation from test sec- 
tion, W; 
crossflow Reynolds number (based on 
U and cylinder diameter) ; 
vibrational Reynolds number (based 
on u and cylinder diameter), 

U 
(Reh = - (Re)cf = E (Re)& u 

sound pressure leve1, dB, re 0$002 rJ.b; 
ambient temperature, “F; 
surface temperature, OF; 

mean film temperature, “I;; 
if = (ta + tsy2; 

root-mean-square velocity of vibra- 
tion or turbulence, ft/s; 
crossflow velocity, ftjs; 
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I’, velocity amplitude of vibration, ft/s ; 
I’ = 27x$ 

Greek symbols 
coefficient of volumetric expansion of 
air at constant pressure, (degF abs.) --I ; 
AC boundary-layer thickness, ft ; 

ha,,, -=_ J ” ; w 

tempera‘ture diB%rence, degF; 

level of vibrations; E = $; 

wavelength of sound, ft ; h = 21; 
kinematic viscosity of air; ft2/s; 
circular frequency, fad/s; w = 24- ; 
function defined by equations (6) and 
0% 
function defined by equations (6) and 
(8). 

Subscripts 
a, indicates ambient conditions ; thus 

ta = temperature of ambient Auid ; 
0, indicates absence of vibrations; thus 

(A4&, = Nusselt number in absence 
of vibrations; 

0, indicates presence of vibrations ; thus 
(Nu), = Nusselt number in presence 
of vibrations. 

Superscript 
* * indicates local maximum values of 

(~~~~~(~~~~ [see Fig. 101. 

INTRODUCTION 

THE influence of vibrations upon the rate of 
heat transfer from a heated surface can be 
investigated experimentally by two different 
methods. fn the first method, the surface is held 
stationary and acoustic vibrations are estab- 
lished in the fluid medium surrounding the 
surface. In the second method, an oscillatory 
motion is impressed upon the surface itself- 
this method generally employs a reciprocating 
connecting rod and crank mechanism or a 
mechanical system which is caused to vibrate 
at its resonant frequency. 30th the acoustical, 
or “sound method”, and the ‘imechanical 

vibrations method’ have the same basic objec- 
tive: to create an oscillating 8~41ri~e z,dtlcitJ: 
vector between a heated surface and a fluid 
medium. The two methods are directly compar- 
able if the characteristic dimensions of the test 
object are simultaneously large compared to the 
amplitude of vibration and small compared to 
the wavelength of sound. When these conditions 
are satisfied, the decision as to which method 
shall be used in a particular situation depends 
primarily upon the region of interest in the 
frequency of vibration. Generally sneaking, the 
mechanical method is more convenient for 
investigations conducted at low frequencies 
(less than approximately 500 cps), whereas the 
sound method is usually more suitable for 
studies conducted at higher frequencies. 

The interaction between vibrations and heat 
transfer has been studied for several different 
geometries of heat-transfer surfaces and for 
different orientations of the vibration vector 
relative to these surfaces; however, for practical 
reasons, the geometry which has been most 
intensively studied is that of a circular cylinder 
subjected to vibrations whose direction is normal 
(transverse) to the longitudinal axis of the 
cylinder. Until quite recently, the majority 
of research in this area of study has dealt with 
natural convection (as opposed to forced convec-, 
tion); this limitation was a consequence of the 
desire on the part of research workers to reduce 
to a minimum the number of primary variables 
which would have to be considered during 
the initial studies of this complex problem. The 
initial studies demonstrated that the influence of 
vibrations on heat transfer cart be large; this 
potentially useful discovery has aroused con- 
siderable imerest and, as a consequence, the 
research effort in this area has expanded--tt 
currently includes studies in both natural and 
forced convection for gases and also for liquids. 

The “state of the art” in this field of study hai 
not yet progressed to the point where broad 
generalizations over wide ranges of the control- 
ling parameters can be made, for the problem is 
very complex and the available data refer to 
specific conditions which are difficult to relate. 
The present work was undertaken in order to 
obtain data on the influence of high intensity 
vibrations on forced convection from a cyhnder 
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whose diameter is large compared to the dis- 
placement amplitude of vibration. These data 
provide information under conditions which 
have not been systematically investigated hereto- 
fore, and they tie together the results of several 
earlier studies to form a more coherent picture 
of the overall problem. 

SURVEY OF THE LITERATURE 

The forced convection experiments with sound 
which form the basis of the present study are 
related to analogous natural convection in- 
vestigations; for this reason, a brief resume of 
the known facts concerning the interaction 
between vibrations and natural convection 
heat transfer from cylinders is given below. 
Also, since the results of the present work are 
related in some respects to the results of studies 
of the influence of free stream turbulence on 
heat transfer, a short discussion of the influence 
of free stream turbulence on forced convection 
for cylinders in crossflow is included in the 
survey of the literature which follows. 

Natural convection and vibrations 
One of the earliest investigations of the inter- 

action between vibrations and heat transfer is 
that of Martinelli and Boelter [l]. They studied 
the effect of vertical vibrations upon the rate of 
heat transfer from a horizontal tube immersed 
in a tank of water. The tube diameter was 2 in, 
the amplitude of vibration was from 0 to 0.10 in, 
the frequency range was from 0 to 40 cps, and the 
temperature difference, At, varied from 8 to 
45 degF. It was found that at low vibration 
Reynolds numbers the coefficient of heat trans- 
fer was unaffected; this result was attributed to 
the dominance of free convection in this range. 
For sufficiently intense vibrations, however, 
the coefficient of heat transfer was observed to 
increase by as much as 400 per cent of its value 
without vibrations. No effort was made to 
observe the boundary-layer flow around the 
cylinder. The data were correlated by means of a 
dimensionless equation relating the Nusselt 
number with the Grashof, Prandtl, and vibration 
Reynolds numbers. In a later communication 
[2], Boelter reported that results obtained from 
subsequent experiments did not agree with the 
original data. Recently, Larson and London [3] 

have suggested that cavitation, which, they 
found, has a major effect on heat transfer, may 
have occurred in the Martinelh-Boelter experi- 
ments. The occurrence of cavitation could 
explain why efforts to reproduce the original 
Martinelli-Boelter results were unsuccessful, for 
it is known that the occurrence of cavitation in 
water is a function of the gas content of the 
water, and the gas content of the water in the 
original Martinelli-Boelter tests may have 
differed from the gas content in subsequent 
experiments. 

Kubanskii has performed experimental studies 
[4, 5, 61 of the influence of stationary sound 
fields on free convection from a heated hori- 
zontal cylinder in air. In Kubanskii’s experi- 
mental work, the direction of vibration was 
parallel to the axis of the cylinder (diameter 
= 2.4 cm). The results were correlated by the 
relation 

(Nu), = 10 KO’15 C (1) 

where (Nu)~ is the Nusselt number in the 
presence of sound and KC = (P/lp&gAt) is the 
ratio of the gradient of the mean acoustic 
radiation pressure, P/l, to the buoyant force per 
unit volume of fluid, p$gAt; in (1) the physical 
quantities in (Nu), and KC are evaluated at the 
mean film temperature. It is worthwhile to note 
that since (1) does not collapse to the natural 
convection heat-transfer equation in the absence 
of sound (that is, when P --f 0), there must be a 
lower bound on KC below which (1) is not valid. 
A plot of the data from which (1) was obtained 
[7] shows that the lowest value for KC utilized 
in the experiments was 1.6; pending further 
information, KC = 1.6 may be taken as the least 
value for which (1) is applicable. 

Kubanskii also performed a theoretical analy- 
sis [7] of the sound and heat-transfer interaction 
to which the empirically determined equation (1) 
applies; this analysis was based on the assump- 
tion that the influence of natural convection and 
sound upon the Nusselt number are linearly 
additive. The calculated results of the analysis 
are in reasonably good agreement with the 
experimental data. The underlying physical 
reason why the assumption of linear addition is 
permissible in Kubanskii’s analysis is that, in 
this particular case, the effect of sound is merely 
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to distort the natural convection flow field by 
acoustic streaming.1 Kubanskii verified this 

assumption experimentally by a visual technique. 
which clearly showed that the coupled flow 
corresponded to the pattern one would expect 
from the superposition of acoustic streaming 
upon natural convection. This kind of cor- 
respondence does not always occur, for it has 
been shown [9] that the interaction of natural 
convection and sound can result in entirely new 
patterns of flow, which cannot be predicted by 
simple superposition; in such cases, the assump- 
tion of linear addition is not valid [lo]. 

The influence of vibrations upon the rate of 
heat transfer from horizontal heated wires has 
been investigated by Lemlich [2]. In these 
experiments, electrically heated wires of three 
different sizes (0.0253 in, 0.0396 in and 0.08 IO in) 
were vibrated with sinusoidal amplitudes up to 
0.115 inches in the frequency range from 39 to 
I22 cps. The range of the temperature difference 
between the wires and the ambient air was 
7-365 degF. The coefficients of heat transfer for 
vibrating wires were as much as four times the 
coefficients without vibrations but with other 
conditions unaltered. For increases m heat 
transfer in excess of 10 per cent, Lemlich cor- 
related his experimental data by the following 
empirical equation : 

where I?, is the heat-transfer coefficient with 
vibration, and h, is the analogous coefficient 

without vibration; the Reynolds number, &. 
in the above equation was computed on the 
basis of the cylinder diameter and the average 
vibrational velocity, I’ = 4aJ 

Lemlich reported similar results for both 
vertical and horizontal vibrations. In order to 
account for this observation, the concept of 
a “stretched film” surrounding the entire path of 
vibrations was proposed. An effort was made to 
observe the boundary-layer flow using smoke, 
by holding a lighted cigarette under the heated 
wires, but these smoke observations were incon- 
clusive. Kubanskii [5] has rejected the stretched 

t Acoustic streaming refers to the time-independent 
components of flow induced by oscillations in a fluid [S]. 

film hypothesis and has suggested, instead, that 
the true cause of the increase in heat transfer in 
Lemlich’s experiments was acoustic streaming 
near the wires. Tn view of the uncertainty con- 
cerning the character of the flop in Lemlich’i 
experiments, Kubanskii’s categorical statement 
must be regarded tiith reservation. To support 
his statement, Kubanskii cited the work of 
West [l I] who showed that acoustic streaming 
occurs near a small vibrating pin. However, in 
West’s work the amplitude of bibration was 
approximately half the diameter of the vibrating 
pin; whereas, in Lemlich’s work the amplitude 
of vibration was as much as four or five times the 
diameter of the wires. Now, since it has been 
shown [S] that the orderly flow which IS generally 
called acoustic streaming breaks down when the 
amplitude-to-diameter ratio ib greater than 
about 0.5, it appears that the term acoustic 
streaming, as it is usually defined, cannot be 
used to describe the interaction which occurred 
in Lemlich’s experiments. It is suggested that the 
flow near the wires in Lemlich’s high amplitude- 
to-diameter tests may properly be described as 
“unsteady forced convection”: this description 
does not conflict, in essence, with Lemlich’h 
stretched film hypothesis, but it describes 
more clearly the kind of interaction which 
occurs under these conditions. This viewpoint is 
supported by the results of a recent experimental 
study of heat transfer from an oscillating hori- 
zontal wire to water by Deaver, Penny and 
Jefferson [12]. In this study, It ic shown that for 
large-amplitude vibrations (-,I in) the heat- 
transfer rate from a horizontal Lvire (0.007 inches 
diameter) to water can be correlated by an 
equation which is almost identical to the 
equation for forced convection. 

Fand and Kaye [13] have performed a quanta- 
tative experimental investigation of the influence 
of transverse sound fields upon free convection 
from a horizontal cylinder in air: the diameter of 
the cylinder was $ in, and the vibration vector 
was horizontal. The data showed that a “critical 
sound pressure level” exists below which 
the influence of sound is negligible and above 
which the rate is markedly increased by sound 
(critical SPL 7-m 140 dB: uf 0.36 Et/s). The 
data also showed that for sound waves whose 
half-wavelength was six or more times the 
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diameter of the test cylinder (Zf& 3 6), the 
coefficient of heat transfer is a function of only 
two variables; namely, the temperature dif- 
ference, At, and the intensity of vibration, 
defined as the product of amplitude and fre- 
quency, a$ 

In order to gain insight into the physical 
mechanism which caused the rate of heat 
transfer to increase in the presence of sound, 
Fand and Kaye [9] performed a flow-visualiza- 
tion study, using smoke as the indicating 
medium. This study revealed that at the critical 
sound pressure level the typical free-convection 
boundary-layer ffow pattern around the heated 
cylinder is disrupted, and a fundamentally 
different type of bounda~-layer flow, called 
thermoacoustic streaming, develops. Thermo- 
acoustic streaming is characterized by a pair of 
oscillating vortices which begin to appear above 
the upper surface of the cylinder when the 
sound pressure level reaches the critical value. 
As the sound pressure level is increased beyond 
the critical value, the vortices eventually reach a 
stage of development wherein their character 
is fully es~blished. When this stage has been 
reached, a further rise in the sound pressure 
level increases the size of the vortices but does 
not alter their form; at this stage the fluid 
pattern resembles vortex shedding behind a 
cylinder in forced flow normal to its axis (cross- 
flow). Thermoacoustic streaming has also been 
observed by Sprott, Holman, and Durand [14]. 

For i/O, > 6, Fand and Kaye found that the 
vibration intensity for fully developed thermo- 
acoustic streaming is uf = 0.71 ftjs (SPL = 146 
dB), and that, for uf > 0.71 ftjs and 
At ,< 400 degF, the heat-transfer coefficient may 
be determined from the following empirical 
correlation equation : 

ho = 0.722 [At(af)2 J;11’3. (3) 

In (3) the factor F is a geometrical weighting 
factor defined and evaluated in [ 131; the 
numerical value of F approaches unity as the 
ratio of half-wavelength to cylinder diameter 
approaches infinity. It is of interest to note that 
the velocity amplitude, 0, for a simple harmonic 
oscillation is given by v = 2maf, from which it 
follows that hV in (3) is a function of the kinetic 
energy of vibration. 

Fand and Peebles [15] have shown that 
thermoacoustic streaming occurs, and that 
(3) is valid, for a much wider range of frequency 
than was originally considered in [13]. Also, an 
experimental investigation of the local heat- 
transfer coefficient for the same conditions as 
pertain to the overall heat-transfer coefficient 
in (3) has been made [16]. The local heat-transfer 
results (see Fig. 1) show that superposition of 
intense sound upon the free-convection field 
about a heated horizontal cylinder increases the 
heat-transfer coefficient both on the under and 
upper portions of the cylinder; the maximum 
percentage increases in the local heat-transfer 
coefficient on the under and upper portions of the 
cylinder are approximately 250 and 1200 per 
cent, respectively. 

The influence of vertical mechanical vibra- 
tions on heat transfer by free convection from a 
horizontal cylinder has been investigated [ 171. 
In this experimental study the diameter of the 
cylinder was 3 in and the ranges of the primary 
experimental variables were as follows: tem- 
perature difference At, 25-185 degF; amplitude 
of vibration n, O-O*16 in; frequency of vibration 
f, 54-225 cps; intensity of vibration a$, O-1.22 
ft/s. Here, too, the data show that the sole con- 
trolling vibrational variable is the intensity of 
vibration. For intensities of vibration less than 
0.3 ft/s, the influence of vibrations upon the 
coefficient of heat transfer is negligible; above 
this “critical” intensity, the effect of vibrations is 
to increase the heat-transfer coe~cient signifi- 
cantly. A flow visualization study employing 
smoke was performed in conjunction with these 
heat-transfer experiments. This smoke study 
indicated that the fluid-dynamical mechanism 
which caused the observed increases in the heat- 
transfer coefficient was vibrationally induced 
turbulence. This turbulent type of boundary- 
layer flow differs radically from ~ermoacoustic 
streaming. In the experimental region defined 
by At 2 100 degF and af 3 0.9 ft/s, the fol- 
lowing empirical correlation equation was 
developed for the heat-transfer coefficient : 

hv = 0.847 ;; o.a (af). 
( 1 

(4) 

It was suggested that the vibrational intensity 
af = 0.9 ft/s corresponds to “fully developed 
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FIG. 1. Local heat-transfer coefficient around a heated horizontal cylinder, with and 
at constant 0 (from [161). 

without sound 

turbulent flow” in the neighborhood of the 
cylinder; this terminology is analogous to the 
descriptive phrase “fully developed vortex flow” 
which had been used to describe the flow around 
a heated cylinder subjected to intense transverse 
horizontal acoustical vibrations. Since the 
velocity amplitude for a simple harmonic 
oscillation is given by v == 2naf, it follows that 
the heat-transfer coefficient in (4) is directly 
proportional to the velocity of vibration. 

Forced convection and vibrations 
Kubanskii [18] has made experimental studies 

of the influence of stationary sound waves on 
the boundary-layer flow near, and heat transfer 
from, a cylinder in crossflow for two different 
geometries: Case l-for sound waves directed 

along the axis of the cylinder; Case 2-for sound 
waves perpendicular both to the axis of the 
cylinder and to the direction of crossflow (the 
geometry of the second case is similar to that of 
the present study, shown in Fig. 7). The boun- 
dary-layer observations were made with a 
cylinder 32.5 cm long by 2.4 cm in diameter: 
the heat-transfer studies were made with a 
cylinder 12 cm long by 1.5 cm in diameter. The 
sound field was produced by a whistle, the radia- 
tions of which were focused in a parallel beam 
with the aid of parabolic reflectors which were 
18 cm in diameter. As a result of the collima- 
tion into a beam, the sound wave was restricted 
to a relatively small volume in space and had an 
uneven intensity along its front (the ends of the 
32.5 cm long cylinder projected outside the sound 
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field). The intensity at the center of the beam was 
from 0.03 to 0.34 W/cma. The boundary-layer 
studies were made with h = 2.8 cm and 
(Re)ef = 2500; the heat transfer studies were 
made with h = 2-O cm and X = 2.5 cm, and with 
(Re)cf restricted to the narrow range from 1450 
to 1770. 

Kubanskii observed that his stationary sound 
fields produced marked changes in the boundary- 
layer flows near the cylinders, provided that the 
acoustic particle velocity was equal to or greater 
than the crossflow velocity. When this condition 
on the intensity was satisfied in Case 1, the 
boundary layer was periodically distorted in 
space along the length of the cylinder, and the 
period of distortion was h/2; when this condition 
on the intensity was satisfied in Case 2, Kuban- 
skii noticed that it was possible to move the 
point of separation either upstream or down- 
stream, depending upon the location of the 
nodes and antinodes of the stationary wave 
relative to the axis of the cylinder. Kubanskii 
stated that all these boundary-layer effects 
could be explained by the simple superposition 
of acoustic streaming, which, for these geo- 
metries, consists of a steady flow from the anti- 
nodes to the nodes of the standing wave, upon 
the convective flow field near the surface of the 
cylinder. 

As stated earlier, Kubanskii’s heat-transfer 
measurements were taken with a cylinder 12 cm 
long and 1.5 cm in diameter. This cylinder 
could be placed wholly within the acoustical 
field, but because of the nonuniformity of the 
field, the middle portion of the cylinder was 
located at a zone of significantly greater sound 
intensity than were the ends; this being so, 
great care must be exercised in attempting 
to apply Kubanskii’s quantitative heat-transfer 
results to situations in which the distribution of 
sound intensity differs appreciably from the 
prototype. In order to achieve marked changes 
in heat emission with sound, Kubanskii kept his 
crossflow velocity low, in the range from 1.45 to 
1.77 m/s (this velocity range corresponded to a 
Reynolds number range from 1450 to 1770). 
In Case 1, Kubanskii observed that the effect of 
sound was always to increase the heat-transfer 
rate; but in Case 2 he reported that he was able 
to either increase or decrease the convective 

heat-transfer rate by moving the cylinder 
relative to the nodes of the stationary sound 
waves. Kubanskii correlated the increases in heat 
transfer which he measured by means of 
equations of the fcllowing form: 

(iv@, = B(G)” (5) 
where Kb = P/paU2 is the ratio of the mean 
acoustic radiation pressure to the dynamic 
head; the fluid properties in (5) were evaluated 
at the temperature of the stream far from the 
cylinder. The values of B and n in (5) are as 
follows : 

B = 28, n = 0.08 for u < U -for Case 1 
(from [ 193) 

B=23,n=0*06foru<Ul-forCase 
B = 27, n = 0.2 for u > U 1 (from [18]). 

The quantity u is the root-mean-square of the 
vibrational velocity, and U is the crossflow 
velocity. Kubanskii hypothesized that the break 
in the curve for (Nu)~ when u = U in Case 2 is 
caused by a transition from orderly acoustic 
streaming to turbulence. (The values for B and n 
in Case 1 for u > U were not given.) 

In a recent publication [19], Kubanskii 
attempted to provide a theoretical basis for his 
experimental forced - convection - plus - sound 
results. This analysis was based on the same 
fundamental assumption as was made by 
Kubanskii in his analysis of free convection; 
namely, that acoustic streaming and convective 
effects are linearly additive. Several additional 
assumptions were made in the analysis, including 
the assumption that the average temperature 
gradient at the cylinder wall may be replaced by 
the average temperature gradient at the outer 
limit of the laminar sublayer. Kubanskii’s 
experimental and analytical results for Cases 1 
and 2 are shown in Figs. 2 and 3. These figures 
show that there is considerable scatter in the ex- 
perimental data and also, surprisingly, in the 
theoretical results; no explanation was given by 
Kubanskii for the apparent inconsistencies in the 
theoretical calculations. 

The effect of vibrations on heat transfer from a 
cylinder in crossflow has also been investigated 
by Sreenivasan and Ramachandran [20]; here, 
too, the vibration vector was perpendicular 
both to the cylinder axis and to the direction of 
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FIG. 3. Kubanskir’s results for Case 2: Sound waves 
perpendicular to axis of cylinder and direction of 

crossflow. 

crossflow (this geometry is similar to Kubanskii’s 
Case 2 and to the geometry of the present study 
shown in Fig. 7). The diameter of the cylinder 
was 0.344 in, the amplitude of vibration 
(mechanically induced) varied from 0.15 to 
O-63 in, the crossflow velocity varied from 19 to 
92 ftjs [corresponding to fRe),;f from 2.500 
to 15 OOOJ, and the frequency of vibration was 
from approximately 3 to 45 cps. No appreciable 
change in the heat-transfer coefficient was 
observed by imposing root-mean-square vibra- 
tional velocities as high as 20 per cent of the 
crossflow velocity. This insensitivity of the heat- 
transfer coefficient to vibration was shown to 
agree with an analysis based on the resultant of 
the vibrational and crossflow velocities. 

A theoretical analysis of the laminar boundary 
layer on a hot cylinder in a fluctuating stream 
has been performed recently by Cribben [21]. 
The external flow considered was that of a 
steady basic velocity with a superimposed small- 
amplitude osciiiation directed parallel to the 
main stream (this geometry differs from the 
geometry employed by Kubanskii, Sreenivasan, 

and the present authors). Gribben obtained 
approximate solutions of the equations for 
nonsteady, t\~o-dimensional low-speed com- 
pressible flow by the Poh~hausen method; 
the assumption of quartic profiles for velocity 
and temperature was made. Expressions for the 
steady and unsteady components of the skin 
friction and stagnation-point heat transfer were 
derived. The accuracy of these approximate 
results cannot be determined at the present time 
since no comparable exact solutions or experi- 
mental data are known. 

Much effort has been expended on the study of 
the influence of free stream turbulence on heat 
transfer. These studies have shown that con- 
vective heat-transfer rates generally increase 
with an increase in turbulence f22, 23, 24, 251. 
The increase may be due to one or more of the 
following effects: lno~~ifications of the flow in 
laminar boundary layers; earlier transition from 
laminar to turbulent boundary-layer flow; and 
movement of the point of flow-separation, with 
attendant alteration of the flow in the wake. 
Giedt I223 was the first to demonstrate these 
separate effects, by measuring local heat- 
transfer rates on a cylinder in crossflow. In 
Giedt’s experiments the crossfiow ReynoIds 
number varied from 95 000 to 223 000 and the 
intensity of turbulence (grid-induced) was 
estimated to vary from about 1 to 4 per cent. 
Some of Giedt’s results are shown in Fig. 4. 

The local heat-transfer data in Fig. 4 indicate 
that the heat-transfer rate in the laminar region 
of flow on the front half of the cylinder was 
increased appreciably by turbulence both for 
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FIG. 4. Local heat transfer around a cylinder for 
different crossfiow Reynolds numbers (after Giedt 

121 I). 

(R& 2 95 000 and for (R&f z 170 000. The 
figure also shows that grid-induced turbulence 
caused major changes in the local heat-transfer 
rate on the back half of the cylinder for 
(&)6 2 95 000, but less so for fRe)cf s 170 000. 
The reason for these differences in behavior is 
that for (&)cf r 95 000 the grid-induced turbu- 
lence caused transition from laminar to turbulent 
flow, as is demonstrated by the appearance of a 
local maximum in the heat-transfer coefficient at 
e = 110”; whereas, for (R~)Q z 170 000, 
transition to turbulent flow had already begun, 
and the insertion of a turbulence-generating 
grid merely completed the transition process, 
thereby causing a relatively smaller change in the 
velocity distribution on the back half of the 
cylinder. Giedt’s measurements showed that 
grid-induced turbulence (intensity -4 per cent) 
caused the average heat-transfer coefficient on a 
cylinder to increase between 10 and 20 per cent; 
however, the average heat-transfer coefficient 
does not indicate the relative magnitudes of the 
changes on the front and back halves of the 
cylinder, for the overall change is due to an 

increase of heat transfer on the front half and a 
decrease on the back half. 

Comings, Clapp and Taylor [26] have investi- 
gated the effect of turbulence on the overall 
heat-transfer rate from a cylinder in crossflow. 
In this study, the intensity of turbulence was 
varied from 1 to 18 per cent by inserting dif- 
ferent grids in the stream; the range of the 
crossflow Reynolds number was from 400 to 
20 000. It was found that increased turbulence 
at constant Reynolds number caused a maximum 
of 25 per cent increase in the overall rate of heat 
transfer. However, in the ranges tested, it was 
found that the heat-transfer rate was augmented 
by increased turbulence at higher Reynolds 
numbers [(Re)cf - SOOO], but this effect was 
negligible at lower Reynolds numbers 

KR& - SOOf; also, for (R&f - 5000, varia- 
tions in the intensity of turbulence at higher 
levels of turbulence (7-18 per cent) had little 
influence on the heat-transfer rate, whereas 
variations in the intensity of turbulence at 
lower levels (1-3 per cent) had pronounced 
effects. 

A plausible explanation for these results is as 
follows: the data of Comings et al. were all 
taken well below the critical Reynolds number; 
however, the experimental range was sufficiently 
large so that the ratio of the viscous forces to 
inertia forces in the boundary layer for the 
lower values of Reynolds number [(Re)cf - 5001 
was an order of magnitude larger than for the 
higher values of the Reynolds number 
K~4cf - 5000]. Therefore, within the sub- 
critical region in which Comings et al. worked, 
the boundary layers at the lower values of the 
Reynolds number were considerably more 
stable, that is, less susceptible to transition due 
to free stream turbulence than at the higher 
values; also, with lower Reynolds numbers and 
relatively more viscous and thicker laminar 
boundary layers, free stream turbulence was 
more effectively damped out, and was, therefore, 
less effective in modifying the velocity and 
temperature profiles near the surface. Thus, the 
insensitivity of the heat-transfer rate to changes 
in the intensity of free stream turbulence in the 
experiments of Comings et al. for (Rejcf - 500 
can be explained by the hypothesis that, for this 
range of (lie),f, the laminar boundary layer on 
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the cylinder was sufficiently stable to prevent ttvely large scale of turbulence is very nearly the 
transition and sufficiently viscous and thick to same as the heat transfer to a laminar crossflow 
prevent appreciable modifications of the velocity having the same mean velocity (in the experi- 
and temperature profiles; for (Re),f ,- 5000 the ments with wires the ratio of the scale of tur- 
converse argument can, of course, be cited. bulence to wire diameter, L.r/D,, ranged from 
Once transition occurs, further increases in the 150 to 240). When the diameter of the heated 
intensity of free stream turbulence can cause cylinder was not small compared to the scale of 
relatively minor changes in the flow; this could turbulence (LX/D, from approximately I to 10). 
explain why Comings et al. found that variations the effect of turbulence was to increase the heat- 
in the intensity of turbulence at their higher transfer rate appreciably: for example. for 
levels of turbulence (7-18 per cent) had less I>,/ I>, -= 1 and turbulence intensity equal to 
influence on the heat-transfer rate than similar 10 per cent, the convective heat-transfer rate 
variations at their lower levels of turbulence exceeded the corresponding heat-transfer rate in 
( 1-3 per cent) when (Re),f N 5000. the absence of turbulence by 38 per cent. 

Kestin and Maeder [24] have investigated the 
influence of screen-induced turbulence (in- 
tensity: 0.58-2.68 per cent) on heat transfer 
from a cylinder in crossflow in the range of 
Reynolds numbers from 128 000 to 308 000. 
As in the work of Comings et ul., it was observed 
by Kestin and Maeder that changes in the 
intensity of turbulence at lower levels of tur- 
bulence (in this case 0.6-1.2 per cent) were more 
effective in altering the heat-transfer rate than 
were equivalent changes in intensity at higher 
levels of turbulence (14-2.7 per cent). Thus, it 
appears that the hypotheses proposed above to 
explain the results of Comings et al. also apply 
to the results obtained by Kestin and Maeder: 
it is, however, important to note that Kestin and 
Maeder’s experiments were carried out at much 
higher Reynolds numbers than were those of 
Comings et al., and consequently the intensity 
of turbulence required to achieve transition in 
Kestin and Maeder’s experiments is lower than 
in the case of Comings et al. 

On the basis of quite extensive test data, Van 
der Hegge Zijnen determined empirically a 
formula and a pair of functions, one involving 
the intensity, 4 [U(ReLfiU], and the other the 
scale of turbulence, #(L,/D,), by means of which 
the ratio of the heat-transfer rate with turbulence 
to the heat-transfer rate without turbulence for 
the same mean crossflow velocity could bc 
computed. Thus. 

(Nu) with turbulence 

(Nu) without turbulence 

Van der Hegge Zijnen [27] has studied heat 
transfer from vibrating wires and from wires and 
cylinders to crossflows containing various 
intensities and scales of grid-induced turbulence. 
The crossflow Reynolds numbers ranged from 
60 to 25 800; the intensity of turbulence from 
2 to 13 per cent; and the ratio between the inte- 
gral scale of turbulence and cylinder diameter 
varied from 0.31 to 240. The results show that 
the average rate of heat transfer from vibrating 
fine wires to a crossflow is very nearly the same 
as the heat transfer from a stationary wire to the 
same crossflow, and that the heat transfer from 
wires to a turbulent crossflow with a compara- 

Curves for determining values of d, and J, are 
given in Figs. 5 and 6 (solid lines). One very 
interesting aspect of these curves is that the 
empirical function involving the scale of tur- 
bulence, #J, has an “optimum” value; that is, for 
a certain scale-to-diameter ratio, namely, 
Lx/Do =- I .6, the influence of turbulence on the 
heat-transfer rate is a maximum. Van der Hegge 
Zijnen suggested that the optimum value 
of L,/ D, corresponds to a condition of resonance 
wherein some “effective” frequency of turbulence 
coincides with the frequency of the eddies shed 
by the cylinder (Strouhal effect): apparently, 
this resonance reinforces the oscillations of the 
eddies in the wake and causes the observed 
maximum in the rate of heat transfer. It will be 
shown that the results of the present investiga- 
tion tend to support Van der Hegge Zijnen’s 
resonance hypothesis. 
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APPARATUS AND PROCXDUREl 

Two electrically heated cylinders were used in 
this investigation: one for overall heat-transfer 
measurements, and one for local heat-transfer 
measurements. The diameters of the cyhnders, 
Do, were both $ in, and the length of the test 
sections, L, was 6 inches in both cases; the con- 
struction and methods of operating these test 
cylinders are described in detail in [13] and [ 161. 
The system used to generate and measure intense 
stationary sound fields is also described in 1131, 
The experiments were performed in a specially 
constructed “anechoic wind tunnel,” which 
consisted of an anechoic chamber through which 
a stream of air could be made to Aow; the air 
moved upward through the fioor of the chamber, 
past a series of fine-mesh screens, and out 
through the ceiling. The purpose of the screens 
was to reduce the level of free stream turbulence 
and to provide a stream with a more uniform 
velocity profile than would have been otherwise 
obtatined. Throughout the investigation, the 
temperature of the stream was maintained at 

70 & 5°F by means of an air conditioner. The 
basic test geometry is shown in Fig. 7, and a 
sketch showing the arrangement of the apparatus 
is given in Fig. 8. 

The velocity of the air stream fcrossflow 
velocity) was controlled by a variable speed 
blower and was measured with a thermal 

* * DIRECTION OF 
ACOUSTIC VIBRATION 

25 
zg 

HEATED CYLINDER; 
DIAMETER = 3/4’ 

c 

t 
DiRECTION OF CROSSFLQW 

FKZ 7. Test geometry. 
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anen~ometer whose calibration was accurate to 
k-3 per cent. A pitot tube mounted in the duct 
near the outlet of the blower (not shown in 
Fig. 8) was used to check the consistency of the 
anemometer readings. The velocity of the air 
stream in the vicinity of the test cylinders was 
explored for different blower speeds and was 
found to be essentially uniform in an g-in cube 
centered on the test section (not including 
the region of the boundary layer and wake): 
thus, the test sections of the cylinders (6 in long) 
were well within the zone of uniform velocity. 
Crossflow velocity readings were made in the 
absence of sound, and sound readings were made 
in the absence of flow. 

In order to avoid the introduction of undesir- 
able disturbances in the flow near the test 

cylinder, a caIibration curve of crossflow velocity 
versus blower rpm was made (blower rpm was 
measured by an electric tachometer): with the 
aid of this curve, it was possible to adjust the 
crossflow velocity to a predetermined value by 
appropriately adjusting and monitoring the 
blower rpm. This procedure permitted the 
removal of the ane~~ometer from the field of 
flea during tests. (The readings of the pitot 
tube. which was mounted near the outlet of the 
blo\lcr, provided a running check on the blower 
rpm versus crossflow velocity calibration curve. I 
The sound measuringmicrophonc was eliminated 
from ihe flow field in a similar uay [ 131: thus, 
the t’mu field near the heat-transfer cylinder was 
entirely unobstructed during test?, 

The c~perimental program consrsted of a 
series of ninety-eight overa heat-transfer tests 
~ithnut sound, 426 tests with sound. and four 
sets of local heat-transfer tests (two sets without 
fund. and two sets with sound). Each set ot 
local brat-transfer tests consisted of twenty-four 
determinations of the local heat-transfer co- 
efficient. taken at 15’ Intervals around the cir- 
cujnference of the cylinder. The ranges of the 
c~perimenta1 variables were as follows: GWSS- 
Row velocity, 1.5-30 ft:‘s [( Rc),,. 590- 10 7501; 
temperature difference, 50-360degF: sound pres- 
sure level, 130.-150 dB (u, 0.5-5.0 ft/s); sound 
frequency, I100 cps and 1.500 cps. The ratio. 

U/C/, called the “level of vibrations“, varied 
between I .6 and 250 per cent; the quantity c is 
analogous to “intensity” in the study of turbu- 
lence The values of zc corresponding to the 
experimental values of SPL utilized in this study 
are listed in Table 1. 

RESULI’Y 

The results of the overall heat-transfer tests 
for crossflow in the absence of sound are shown 
in Fig, 9. This plot shows the dependence of 
9r, upon (Re),f for various rates of total heat 
dissipation. Q, from the overall heat-transfer 
test cylinder. This data can be correlated by 
Hilpert’s well known equation [28]: 

I Nub -- S[( RL’)& 17) 

where 3 and n depend upon (RF)~~; the fluid 
properties in (7) are evaluated at the mean film 
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Table 1. u at a&nodes versas SPL af nodes of statio~lary 
soundfields (fa = 70°F); SPL = 20 log u + 136 

._ ___- 

SPL 
(dB) &I 

130 0.498 
132 0,627 
134 0.801 
136 1.01 
138 1.27 
140 1.59 
142 2.01 
144 2.53 
146 3.18 
148 4.01 
150 5.05 

>- 

temperature. The pertinent values of 3 and n are 
tabulated in Fig. 9. The mean deviation between 
the ninety-eight experimentally measured values 
of (Nu)~ and corresponding values calculated 
from (7) is less than 3 per cent. (Corrections for 
radiation losses were made throughout this 
investigation.) 

CrossJlow with acousfic nibrations 
The results of the overall heat-transfer tests 

made with crossflow in the presence of sound 
are presented in convenient form in Figs. 10-16. 
In these figures the ratio (Nu),/(Nu), is plotted 

as a function of (R&f at constant values of 
SPL for different values of f and 0 (fluid 
properties evaluated at tf>, The ratio (Nu)~/(Nu)~ 
is a measure of the effectiveness of sound as an 
agent for increasing the rate of heat transfer. 
The temperature difference for any data point in 
Figs. IO-16 may be determined from the 
following relationship: At, = A&, ~(~~)~~(~~)~]-l, 
where Ato is obtained from Fig. 9 for the same 
Q; this procedure assumes that the variation of 
the thermal conductivity of air is negligible 
for a change in the film temperature corres- 
ponding to the difference between At, to At,. 

Figs. lo-16 show that acoustic vibrations 
increase the overall heat-transfer rate in two 
regions : the first region corresponds to the 
lowest ex~rimental crossflow velocities em- 
ployed [(Re),f N IOOO], and the second region 
corresponds to the highest crossflow velocities 
achieved [(Re)d - 10 0001. Between these two 
extremes, the curves of (Nz&/(Nu)~ versus (Re)cf 
go through minimum values; these minima occur 
at (Re),f approximately equal to 6000 for 
f = 1500 cps, and (Re),f approximately equal to 
4500 for f = 1100 cps. Six experimental data 
points for (Re)cf = 0 (natural convection) were 
taken from [13] and plotted in Fig. 12; these 
points, together with the dashed lines in Fig. 12, 
indicate the behavior of (Nz&/(Nu)~ for 
(Re)cf < 600. 

60 

60 

44 

FIG. 9. &versus (Re&ffor constant Q without sound. 
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The data in Figs. 10, 11, 12, 14 and 15 demon- Local heat-transfer coeficienl 
strate that the curves for (Nu),/(Nu)~ possess Fig. 17 is a graph of the local heat-transfer 
local maxima near (Re),f = 10 000; the symbol coefficient, h, under four representative physical 
Nu* is used to denote these local maximum conditions: two of these conditions were the same 
values, and the symbol (Re):, is used to denote as in the tests designated Am and Bv in Fig. 17 ; 
the crossflow Reynolds number at which Nu* the other two conditions, tests A, and B, in 
occurs. Fig. 17, were identical to the conditions of 
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tests A+, and &, except that the sound field was suiting from small random variations in At 
omitted. Each point plotted in Fig. 17 is the and 72. 
arithmetic mean of two experimentally deter- 
mined values of 12 which are symmetric~y 

All four conditions in Fig. 17 are marked 

located with respect to the vertical center line 
“0 = 44 W”; this signifies that all four local 
heat-transfer curves were determined under 

of the test cylinder; this averaging process 
was performed in order to reduce errors re- 

conditions of constant 0, where (j is the total 
heat dissipation in the corresponding overall 

2P 
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heat-transfer test. This procedure was followed the table includes comparative values of the 
in order to obtain local heat-transfer coefficients ratio (Nu)&Vu),. The entries in Table 2 show 
which, when integrated, could be compared that the average heat-transfer coefficients ob- 
directly with measured overall values for the tamed by integration of local values are 5-10 
same Q. Table 2 contains a comparison of per cent lower than corresponding overall 
the integrated and measured overall values of the measured values; this deviation is within the 
local heat-transfer coe~c~ent for & = 44 W; limits of the experimental error 1161. The 
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FIG. 16. 

table also shows that the ratios, (iV~)~/(iVu)~, 
based on integrated values of the local heat- 
transfer coefficient, are consistently larger, 
appro~~tely 5 per cent larger, than the 
corresponding values of (~~)~~(~~)~ based on 
overall heat-transfer measurements; it is prob- 
able that these consistent discrepancies are 
caused by sonically induced microstreaming 
[29] emanating from minute crevices or dis- 
continuities in the surface of the local heat- 
transfer test cylinder. 

DISCUSSION AND CORRELATION OF RESULTS 

In the previous section, it was stated that the 
mean deviation between the experimental deter- 
minations of (ZVU)~ and corresponding calculated 
values from Hilpert’s equation (7) is 3 per cent. 
This close agreement between Hilpert’s results 
and the present investigation is of major im- 
portance; for it implies that the inte~ity of the 
free stream turbulence encountered ~ou~out 
the present investigation was close to Hilpert’s 
low value, estimated in [24] to be about O-9 per 
cent. Thus, in the large majority of the tests 
conducted during the present study, the vibra- 
tional level, E = u/U, was higher than the 
intensity of free stream turbulence by an order 
of magnitude or more. Now, since the intensity 

of turbulence in the present study was approxi- 
mately constant and relatively low, and further, 
since the method used to present the main 
results of the study [ratios of (A%), to (A%),] 
tends to cancel out the effects of such turbulence, 
these effects (turbulence effects) upon the main 
results are considered to be negligible. 

During the planning stage of the present work, 
it was hypothesized that thermoacoustic 
streaming, which occurs when intense sound is 
superimposed upon natural convection, would 
also occur in the case of forced convection, 
provided that the velocity of the forced convec- 
tion was sufficiently low. This hypothesis was 
based on the assumption that for low crossflow 
velocities, say U - 2 ft/s [(Re)6 - lOOO], the 
flow conditions vis-a-vis an intense sound wave 
are not far different from natural convection. 
[In this connection, it should be noted that 
the heat-tran~er process for (&+f < 1000 is, 
in fact, a combination of natural and forced 
convection.] The correctness of this anticipated 
result is supported by the experiments in three 
ways: (1) Fig. 12, which contains the most 
extensive set of heat-transfer results obtained in 
this investigation for particular values off and 
Q, shows that for SPL > 140 dB (140 dB = 
critical SPL), the lines which connect the data 
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Table 2. Comparison of average valrres of h, , II,,. md C Nu)J( Nu), for 0 -_ 44 \t 

Test A,. 
SPL 148 dB 
.f : 15oocps 
u 7.41 ft;\ 
At,, 7 2455°F 

Test A,, 
SPL ~ 0 
u == 7.41 rt/s 
St,, ~ 268WF 

Test B, 
SPL = 148 dB 
f = 1500 cps 
u == 28.3 ftjs 
Str -= 102.7”F 

- 
Test B, 

SPL = 0 
u z 28.3 ft/s 
At, = 117.2”F 

taken from [13] for 

Average obtarncd by integratlnn of 
local meahurements 

II,, or /lo 

Btu 
i ~~~ -~ 

17,. 

h ft’ degF 1 l7,i 

(/vu),* i 

t NII),, : 

II.7 

natural convection 
[(Re)6 = 0] with the data taken in the present 
investigation for (Re)Cf - 1000 form a family of 
continuous, monotonically decreasing curves 
whose derivatives are also continuous and 
monotonic. This well-behaved transition from 
the data at (I&), q = 0 to (Re)6 - 1000 suggests 
that the physical process of the interaction 
between sound and convection throughout this 
region is the same, namely, thermoacoustic 
streaming: (2) the local heat-transfer data for 
(Re)Cf - 2000 in Fig. 17 prove that the increase 
in heat-transfer due to the injection of sound at 
low crossflow Reynolds numbers occurs on the 
upper portion of the cylinder; this effect is 
similar to the effect of thermoacoustic vortex 
flow on heat transfer by natural convection from 
the upper portion of the cylinder in Fig. 1: (3) it 
was observed visually, by using the smoke in- 
jection technique described in [9], that the effect 

Average obtamed by nx~surlng 
overall heat transfer 

ir, or 17,, 

( j, &!gegF) ;;,: g;;; 

6, I2 

i 0‘9 

5 63 

118 

.-___ _.---..- I I4 

13.0 

of sound at low crossflow Reynolds numbers 
was to amplify the vortex motion in the wake; 
this is characteristic of thermoacoustic streaming. 
(Motion pictures of the flow were made, but 
unfortunately these are not of printable quality.) 

Fig. 12 shows that the per cent increase in the 
overall heat-transfer rate caused by a given 
supercritical field (SPL > 140 dB) is greater in 
the case of natural convection than for 

(Re)cf - 1000; there are two reasons for this 
difference : first, in the case of forced convection, 
vortex flow occurs in the absence of sound 
(as indicated in Test Ao, Fig. 17, by the small 
loop in the plot of h between 100” and 180 ‘); 
therefore, in this case the addition of sound acts 
to amplify an effect which is already present, 
whereas, in the case of natural convection there 
is no vortex flow to start with (see cardioid in 
Fig. l), and hence the vortices created by sound 
have a relatively greater effect on the rate of heat 



THE INFLUENCE OF SOUND ON HEAT TRANSFER 589 

240* 

270” 

\ 

/’ 1200 

i * 60’ 

/ 

/ 

/ 

FIG. 17. Local heat transfer coefficients with and without sound for constant 0 at 
(lie&y - 2ooO and (Rek - 9000. 

transfer: second, the ratio of the vibrational 
velocity to the steady component of the velocity 
in the laminar bounds-layer is much lower for 
(R&f - 1000 than for natural convection; thus, 
with crossflow, the vibration represents a weaker 
disturbance, and its effect on heat transfer from 
the lower portion of the cylinder is correspond- 
ingly less than for the case of natural convection 
(compare Tests A0 and Av in Fig. 17 with Fig. 1). 

In the region of subcritical sound levels 
(SPL < 140 dB) and 0 < (Re}cf < 1000, Fig. 12 
shows an interesting phenomenon: here the 
ratios (N&&Vu), possess local maxima near 
(R&f = 0, instead of decreasing monotonically 
as in the case of supercritical sound levels. 
This behavior is apparently the result of a reduc- 
tion in the magnitude of the critical SPL when 

the crossflow Reynolds number is raised from 
zero (natural convection) to a small finite value. 

Figs. 10-16 show that the ratio (~~)~~(~~)~ 
diminishes almost to 1 as (Re)Cf increases from 
1000 to appro~ma~ly 5000; this behavior is to 
be expected, and the reasons for it are the same 
as are given above to explain the reduction of the 
effect of sound on heat transfer as (Re),f ap- 
proaches 1000. But this reasoning does not hold 
throughout the entire experimental range of 
f-R&; for Figs. IO-16 show that the ratios 
(Nz&/(Nu), are significantly greater than 1 for 
(R&f - 10 000. The increase in heat transfer at 
these higher experimental crossflow Reynolds 
numbers constitutes the most important result 
of the present investigation and will now be 
discussed in detail. 
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In order to obtain insight into the mechanism 
whereby sound caused the heat-transfer rate to 
increase at the higher values of the crossflow 
Reynolds number [(Re)cf N 10 0001, local heat- 
transfer Tests B, and B, in Fig. 17 were per- 
formed. The results of these tests show that the 
injection of sound did not change the position of 
the point at which separation occurred, nor did it 
cause transition from laminar to turbulent 
boundary-layer flow. It follows, then, that for 

(R&f - IO 000 the sound field augmented the 
heat-transfer rate by modifying the laminar 
boundary layer (O-100’) and by changing the 
flow in the wake (100-180”). The mechanism of 
interaction in the region of the laminar boun- 
dary layer is very likely the same as is en- 
countered in the case of thermoacoustic 
streaming and free stream turbulence (see Survey 
of the Literature) ; but, for (Re),f - IO 000, the 
interaction in the region of the wake cannot be 
the same as occurs in thermoacoustic streaming, 
because it has already been shown that the 
thermoacoustic mechanism becomes ineffective 
when (Re)cf reaches approximately 5000. The 
question therefore arises: what is the mechanism 
of interaction in the wake for (Re)6 -, 10 OOO? 
A plausible answer appears to be that the 
mechanism in question is resonance between the 
acoustic oscillation and the vortices which are 
normally shed from the cylinder. This kind of 
resonance has been proposed by Van der Hcgge 
Zijnen to explain certain of his observations con- 
cerning the effect of free stream turbulence on 
heat transfer (see Survey of the Literature). 
The experimental evidence which suggests the 
resonance hypothesis in the present work is the 
fact that the ratio (Nu),,/(Nu)~ begins to rise for 
(Re),f approximately equal to 4500 when 
f = 1100 cps (Figs. 10 and 1 I) and for (Re),.r 
approximately equal to 6000 when,f =: I500 cps 
(Figs. 12-16). Now, since (Re),f is proportional 
to the crossflow velocity, and therefore to the 
Strouhal frequency (the frequency of vortex 
shedding), and since the ratio of these Reynolds 
numbers (6000/4500 == 1.33) is almost exactly 
equal to the ratio of the corresponding fre- 
quencies (1500/1100 -= l-36), the resonance 
hypothesis is strongly suggested. It should be 
noted that the preceding argument utilizes the 
values of (Re),f at which (Nu)J(Nu)~ begins to 

increase: clearly, resonance does not occur at 
these values of ( ReJcf. These values of ( Re),f are 
assumed here to be proportional to the values 
at which resonance actually does occur: this 
assumption was made for lack of more direct 
measurements in the wake. In this connection 
it might be worthwhile to mention that the 
values of (Re),f at which resonance occurs arc 
not equal to (Re)$, because (Re):, depends ttpon 
the influence of sound on the heat-transfer rate 
to the laminar boundary layer as well as to the 
wake. 

It has been pointed out that the ratios 
(Nu)J(Nz~),, pass through minimum values when 
(Re),,t 2 4500 for J’ : 1100 cps and when 
(Re)cf 2 6000 forf := 1500 cps; however, these 
minimum values are not constant, they depend 
upon the temperature difference. This is clearly 
demonstrated by Figs. 12-~ 16 w-hich show that 
the minimum values of (Nu)J(lVu), increase 
from 1.01 to about I.05 with an increase in B 
from 20 to 80 W, i.e. with atI increase in Ii,. 
from 75” to 250°F. The reason for this observed 
increase in the minimum values of (N~),ii~Yz~j,~ 
with At, has not been determined at this writing. 

The numerical values of (Nu)* are of special 
interest, because lhey represent the maximum 
effectiveness of sound as an agent for increasing 
the rate of heat transfer from a cylinder in a 
useful range of (Re)cf; for this reason, an 
empirical method has been devised for calcu- 
lating (Nu)“. The method is similar to Van der 
Hegge Zijnen’s analysis of the effect of free 
stream turbulence on heat transfer and begins 
with an equation analogues to equation (lj, 
namely 

where 4 is a function of the level of vibration. 
expressed in terms of the vibrational Reynolds 
number, (Re): =: c(Re);f/; and # is a function of 
(LX/D,), where Ls, the scale of the sound field. is 
defined as follows: 

L, -= distance a particle moves in the direction 
of crossflow during a half cycle of 
vibration. 

Defined in this way, L, is the distance the par- 
ticle moves in the direction of crossflow during 
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the time it leaves its equilib~~ position 
and returns. Thus, Lz = U/Z5 from which 
L,/Do = U/2fD,. The function $ used in the 
present analysis was obtained by approximating 
the first part of Van der Hegge Zijnen’s curve 
shown in Fig. 6 by a straight line segment. The 
equation of this line (shown dotted in Fig. 6) is 

In order to obtain an expression for (be, 
it was first necessary to devise a method for 
calculating (Re)$ for a given sound field and 
temperature difference. This was done by plot- 
ting all the experimentally determined values of 
(R&If in the manner shown in Fig. 18. A 
numerical analysis of this plot reveals that all 
these data can be correlated by the following 
empirical equation : 

(Re)$ = -37 (SPL) + &oi (10) 

where b = 21.1 f 0.2. The sound pressure level 
in (10) can be replaced by the following expres- 
sion involving 21: 

SPL=2Ologu+ 136. (11) 

Equation (10) provides a means for ~l~ulating 
(Re$; therefore, since (Re),* = @e)>, the 
analysis can be completed by determining the 
dependence of (Nu)* on E. 

In order to obtain a clue to the functional 
dependence of (Nu)* upon the level of vibration, 
E, the values of [(Nu),/(Nu), - 1] in Fig. 10 for 
(Re)6 = 9000 were crossplotted as a function 
of E; this procedure was helpful because for 
(Re)cf = 9000, the values of (~~)~~~~~)~ are 
negligibly different from (NW)*. The crossplot 
showed that the increment in heat transfer 
due to sound, [(Nu),/(Nu),, - 11, is nearly 
proportional to the cube root of E. This clue was 
utilized in conjunction with the experimental 
data in Figs. lo-16 to obtain the following 
result : 

q6 = 530 [(Re):]1’3. (12) 

A plot of (12) is shown in Fig. 5; the curve 
resembles Van der Hegge Zijnen’s analogous 
result for turbulence. 

The determination of (12) completes the 
analysis, because for a given cylinder, given 
sound field, and given ~mpera~re difference 
(Do, u,f, At) it is now possible to compute (A%)*. 

At- 120 OF 
I = II00 CPS 

136 142 146 I50 154 

SPL, d B 

FIG. 18. @cz)~~* versus SPL. 
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The cal~~ation can be performed as follows: 
first, the value of (I;re>zr is obtained from 
(10) and (11); then, the crossflow velocity cor- 
responding to (Re)$ is computed; next, the 
appropriate values of 4 and # are obtained 
from the definitions of (Re): and Ls and by 
utilizing (9) and (12) ; finally, these values of d, 
and if, are inserted into (8) to obtain (Nu)“. In 
the preceding c~culation, the given film tem- 
perature may be used to evaluate the kinematic 
viscosity which appears in (Re)zf with little loss 
of accuracy; however, if desired, it is possible 
to eliminate this slight error by iteration. Table 3 
contains a comparison between thirteen repre- 
sentative measured values of (Nu)* and cor- 
responding values calculated from (8); the mean 
deviation between the two sets of values is 0.8 
per cent, which indicates good agreement. 

Rl%Ui@ AND CONCLUSIONS 

The effect of sound on the rate of heat 
transfer from a cylinder in crossflow has been 
shown to be a complicated function of the sound 
frequency and intensity, the temperature dif- 
ference, and the crossflow velocity. No general 
theoretical or empirical method for predicting 
the magnitude of this effect has yet been devised. 
Kubanskii’s equation (5) represents an attempt 
to achieve a correlation of this kind, but this 
equation is based on data limited to (Re)Cf from 
1450 to 1770, and it does not account for the 
rise in the rate of heat transfer which was 
observed to occur in the present study when 
(J?e)Cf > 6~; nor does it account for changes 
in the heat-transfer rate caused by changes in 
for At. Furthermore, on the basis of the present 
as well as previous studies [lo], it appears that 
the basic assumption which Kubanskii made in 
his theoretical analysis of this problem, namely, 
that the simple superposition of acoustic 
streaming on crossflow can explain the in- 
fluence of sound on heat transfer, is not valid. 
The interaction is nonlinear, and for nonlinear 
interactions the method of simple super- 
position is not applicable. 

The results of this investigation show that 
intense sound causes the overall convective 
heat-transfer coefficient to increase appreciably 
in two regions. In one of these regions, which 
corresponds to the lowest values of the cross- 

flow Reynolds number employed in these 
experiments [(r;le)Cf - IOOO], the increase in the 
rate of heat transfer appears to be the result of an 
interaction similar to thermoacoustic streaming. 
In the second region, which corresponds to the 
highest values of the crossflow Reynolds number 
employed in the experiments [(Re)Cf - 10 000], 
the increase in heat transfer appears to be the 
result of two different interactions: (1) a reso- 
nance interaction between the acoustic oscilla- 
tions and the vortices shed from the cylinder; 
(2) a modification of the flow in the laminar 
boundary layer on the upstream portion of the 
cylinder similar to the effect of free stream tur- 
bulence. The only direct experimental evidence 
which has been obtained in this study in support 
of the resonance h~othesis is the observation 
that the values of (Re)Cf at which (~~)~~(~~)~ 
begins to rise are proportional to 5 Although 
this evidence is highly suggestive, it cannot be 
regarded as conclusive; conclusive evidence can 
only be obtained by direct measurements in 
the wake. For this reason it is anticipated that 
further investigations of these phenomena will 
require the use of hot wire anemomet~. 

In the region where it is suggested that 
resonance occurs, the maximum effect of sound 
on the overall rate of heat transfer can be 
computed from the following formula: 

(Nu)* = 1 + ($) ($). (8) 

This formula has been used by Van der Hegge 
Zijnen [27] to correlate the effects of free stream 
turb~ence on heat transfer. With the aid of 
equations (9) and (IQ, (8) can be written as 
follows : 

(Ah)* = 1 + 0.848 [(Re):]1/3 2 
i > 

(13) 0 
where (Re): = @e)r, 

and 

(Re)$ = -37 SPL + &* (10) 

The quantitative result embodied in (13) is of 
interest for two reasons; first, because the equa- 
tion provides a means for predicting (Nu)*; 
second, and more important, because the 
equation indicates that there is an analogy 
between the effect of sound and the effect of 
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free stream turbulence on heat transfer. The 
existence of an analogy is indicated by the 
similarity in form of equations (6) and (8) and 
by the similarity of the pairs of functions in Figs. 
5 and 6. This analogy is important because it 
implies that common measures of sound and 
turbulence exist, and hence certain properties 
and effects of turbulence can be studied by using 
acoustic vibrations as a tool ; such a procedure 
would offer distinct advantages, because it is 
much easier to create and control acoustic 
fields having different intensities and fre- 
quencies than it is to control the parameters of 
turbulence, and also, because an acoustic 
(harmonic) field is easier to treat mathematically 
than a turbulent field. 
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R&un&-Cet article rapporte les resultats d’une etude experimentale concernant l’influence des 
vibrations acoustiques intenses sur le taux de transmission de chaleur d’un cylindre circulaire 
(diametre 2 cm) place normalement a un ecoulement d’air. 

La direction de la vibration est a la fois normale a l’axe du cylindre et a l’ecoulement. On a utilid 
des ondes sonores statiormaires planes et le cylindre a bte place de facon que son axe longitudinal 
coincide avec le d&placement des ventres des ondes; les frequences des vibrations utilisees etaient de 
1100 a 1500 c/s. 

Les rbultats montrent que les vibrations sonores provoquent un accroissement appreciable du 
coefficient de convection moyen (allant jusqu’a 25%) dam deux domaines. Dans le premier, qui 
correspond aux valeurs les plus basses du nombre de Reynolds de l’ecoulement transversal utilisees 
dans les experiences [(Rek N lOOO], l’accroissement du coefficient d’dchange thermique semble etre 
le resultat d’une interaction semblable aux Ccoulements developpes par les phenomenes thermo- 
acoustiques. Dans le second domaine, qui correspond aux valeurs les plus &levees du nombre de 
Reynolds [(Reh N lO.OOO] l’accroissement du taux d’echange semble etre du a deux interactions 
differentes (1) l’une provoqute par la resonance entre les oscillations acoustiques et les tourbillons 
engendres par le cylindre (2) la modification de l’bcoulement dans la couche limite sur la partie amont 
du cylindre identique a l’effet que produit la turbulence de l’ecoulement libre. Les mesures locales de 
transmission de chaleur confirment cette hypothese. Des equations emp’iriques permettant le calcul 
de l’accroissement maximum du nombre de Nusselt dti a une onde sonore dtterminee dans le second 

domaine [(Re,f - lO.OOO)] sont developpees. 

Zusarnmenfassung-Es wird iiber den experimentell untersuchten Einfluss intensiver akustischer 
Schwingungen auf den Warmetibergang an einem von Luft quer angestriimten Kreiszylinder (19 mm 
Durchmesser) berichtet. Die Schwingrichtung lag senkrecht zu Zylinderachse und Stromungsrichtung. 
Der Zylinder war so angeordnet, dass seine Llngsachse mit den Schwingungsbauchen ebener sta- 
tionarer Schallwellen zusammenfiel; die Schwingfrequenzen betrugen 1100 Hz und 1500 Hz. Die 
Ergebnisse zeigen, dass intensiver Schall zu einer merklichen (bis zu 25 Prozent) Vergrijsserung des 
konvektiven Gesamtwarmeiibergangskoeffizienten in zwei Bereichen ftihrt. Im einen Bereich, dem der 
kleinsten ftir die Stromung ermittelten Reynoldszahlen [(Re)d N 10001 scheint die Erhijhung des 
Warmetibergangs auf einer Wechselwirkung lhnlich der thermostatischen Striimung zu beruhen. Im 
zweiten Bereich, in dem die Reynoldszahlen die grSsstmoglichen Versuchswerte annehmen 
[(Rek - 10 0001 wird die Vergrijsserung auf zwei verschiedene Einfliisse zuriickgefiihrt: (1) auf eine 
Resonanzwirkung zwischen den akustischen Schwingungen und den vom Zylinder abgelijsten Wir- 
beln; (2) auf eine Verarrderung der laminaren Grenzschichtstromung im vorderen, der Stromung 
zugewandten Teil des Zylinders, ahnlich dem Einfluss der Freistromturbulenz. Die angegebenen, 
Grtlichen Warmetibergangswerte unterstiitzen diese Annahme. Empirische Gleichungen wurden 
entwickelt; sie gestatten den von einer bestimmten Schallwelle im zweiten Bereich [(Re)cf N 10 0001 

verursachten Maximalanstieg der Nusseltzahl zu berechnen. 

Amroramin-B CTaTbe npHBOARTCR pa3yJIbTaTbI 3KCnepHMeHTaJIbHOrO IICCJIe~OBaHMH 
BJIHRHIlR CHJIbHbIX aKyCTWIeCKMX KOJIeklHEIti Ha IIHTeHCIIBHOCTb TeIIJIOO6MeHa KpyIYIOrO 
~kIJIIfH~pa(~HaMeTpOM B 4 AIotiMa)IIpH IIorIepeYHoM O~T~K~HH~IIOTOKOM Bosnyxa. Hanpasne- 
Hue KOJUhH@ G~IJIO IIepIIeHAHKyJIHpHbIM K OCH UHnkIHapa Ii HanpaBneHwo TeYeHHR. 
CO3AaBaJIIICb IIJIOCKHe CTaUHOHapHbIe 3ByKOBbIe BOJIHbI C 9aCTOTaMEI 1100 IIepHO~OB/CeK II 
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R pe3yJlbTaTC OIlbITOH Hdi;leHO, wo ~~~II~lbllLlt! auyrcul~ble lro;IeGam~ 3anIcT110 ym3mmrua~1~ 
OriaIJi’r HO3~~~I~I~eHT lEOl~TIeIET~IBIiOl’O TelIJIOO~,IeKl (80 25 7;) I3 ARYX OlhXTES. r, O;~IIOii IIT 

HIIX, COOTBeTCTByIOI&eii YlIIIIIMaJlbHJdX ‘IIICJlaM k”lIiO:lL~Ca n ;~aHIIOlI :~ICCllepIl\It’HTe’ [(&),/ 

- lUOO], IIrITeIIcIi~IrKaIlll~ Tennoohrerla BLI3LlBaeTcR Isoa;[eficTnIieal, a~ianoriiwmt ~epvo- 

CTaTIl YeCItOMF IIOTOK!‘. ts l~,yl’Oii UhXaCTIl, COOTBCTCTB~IOI~efi ?l~~ft~Il~l\Ia;rLIll,I~l :III;I’ICIIIIeM 

‘IIICC.? PefiIIOZIb~C3 B 017LlTe [(&‘)cj - loooo] IIllTeHCI1~~,II~3~Ilfi TeIl;rOO~MelI;i Ii[K”I”ST’~,~TIT Ii 

pe3ynLTWPe: (1) pt’3OHaHCIIOrO I~:~R4I~lO~eirc.TBtlfI MCil(AY alQWTII~eCIi1lMII IW:lt6aHIIJi~llI II 

aasnxpeHIImIl 0~ ~Iimiw~pa II (%) nrpecTpoiikuI TPVI~IH B mnmmpw~n~ norpar~~iwro~J c’;luv 

n rlepenaefi CIacTIl ~lrnrltl~pa, no~oAII0 im~g. l<al\ :)TI) rrporrc?rogrIT n c;Iylar: T~pii~“IrraaI~Irl1 

CI306O;lHOPO IlOTOKa. npIlRO~JIT(.JI ~3IlIILI~’ II0 ~[Oli~JILIlO%l~ TPlIJIOO~XeII~, Ito~ITl~e~‘fc~:‘~~II~’ 

nT>- IXIIIOTe3~. TINIXIeHL[ 3MIlIIpIIWC.llIlt’ ~p3IVIl’lIIIFI C IIOM~~II~bIO HOTOpLIS HOX;IIl) plXC=IIITt,Tl, 

nlalmlMa~bHoe IrprrpnLqcrIIre wima IIycce.wra, CBJI:1311HOP C EW~CTII’N??cl~II,I :)l{)1~eIFTO\I LiO 

I~TOpOii OkI-raC’Tll [( !?v)r, - lnoonl. 


