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NOMENCLATURE 
a, amplitude of oscillation; 
d, cylinder diameter; 
9, acceleration due to gravity; 
H, heat-transfer factor (defined in text); 
h, heat-transfer coefficient; 
k, thermal conductivity; 
R, cylinder radius; 
AT, difference in temperature between cylinder surface 

and distant air; 
/~, thermal coefficient of expansion of air; 
~, 4Res/Grl/Z; 
2, ratio of thicknesses, natural convection boundary 

layer to harmonic oscillation boundary layers; 
v, kinematic viscosity; 
co, circular frequency of imposed harmonic 

oscillation; 
Gr, Grashof number, flflATR3/v2; 
Nu, Nusselt number, hd/k; 
Re~, streaming Reynolds number, a2co/v. 

RECENT analysis of the effects of vibrations on heat transfer 
occurring otherwise by pure natural convection have shown 
a significant role should be played by a boundary-layer 
thickness parameter 2 [1]. Experimental data obtained by 
Lowe [2] happen to fall in a range of 2 where effects of 2 
should be strong, and allow some comparisons which are 
described here. 

Effects of vibration and sound fields on heat and mass 
transfer have often been measured for a circular cylinder 
with the oscillations transverse to its axis. There are several 
different classes of flow situations which can dominate the 
transfer process, and no single correlation can reasonably 
be used to fit all the data [3]. Even in the absence of 
natural convection effects, data may fall into at least three 
distinct characteristic solutions in one of which convection 
is dominated by outer streaming at large streaming Reynolds 
numbers [4]. Analysis of combined natural convection and 
horizontal or vertical oscillations at a heated horizontal 
cylinder [1] for large Grashof and large streaming Reynolds 
numbers, predicts local changes in boundary-layer thickness 
and heat transfer; these changes correspond to the directions 
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of local changes observed in experiments at large Grashof 
and small streaming Reynolds numbers [5]. 

The analysis [1] draws attention to the additional char- 
acteristic parameter 2 = R/Gr~/4(2v/o9) 1/2, the ratio of the 
natural convection boundary-layer thickness to the oscil- 
lating boundary-layer thickness. At any finite value of 
e = 4 Res/Gr 1/2 = 4(a2~/v)/Gr 1/2, the change in heat-transfer 
increases with 2, rapidly at small values of 2(< 10, say), 
and approaches a finite limit as 2 ~ ~ .  

Experimental data at large values of streaming Reynolds 
number Res = a2og/v are most easily obtained when co is 
small because a can be quite large then. When co is small, 
however, the oscillation boundary-layer thickness (2v/o9) I/2 
is relatively large and values of 2 may typically fall in the 
range 2 to 10, which complicates correlation of data because 
of the relatively strong effect of 2 in this range. At present 
there does not seem to be local data available at large Res 
to compare with the predictions of the analysis that hori- 
zontal oscillations increase the heat-transfer rate at the 
bottom of the cylinder, and that vertical oscillations de- 
crease the heat transfer, as e is increased from zero to 
moderate values. (As e becomes large, one must expect 
effects of natural convection to become unimportant.) 
However, the unpublished thesis of Lowe [2] contains 
data for overall heat transfer at moderate Grashof numbers 
(about 3 x 103) and with streaming Reynolds numbers up 
to 800 ("large"), and it is worthwhile examining these data 
in the light of the analyses. 

The following points can be established about Lowe's 
data: 

(1) The experimental results merge with the two pertinent 
asymptotes. Figure 1, in which (Nu/Grl/4){l +0.94(a/d)} is 
plotted as a function of e, shows how the data approach 
the asymptotic cases of ~: -* 0 (pure natural convection) and 

~ m (acoustic streaming dominant) [4]. The value of 
Nu/Gr 1/4 expected as ~, --, 0 is somewhat larger than that for 
large Gr (i.e. for the boundary-layer solution as Gr ~ ~ )  
because of boundary-layer curvature effects [6]. 

(2) The rise of overall heat transfer as e increases from 
zero is slower than the change of local heat transfer 
predicted by analysis [1] for the same range of 2. A similar 
observation has been found in other experiments with much 
higher values of 2 [5, 7], where it was found that there are 
simultaneous local changes of opposing sign and similar 
magnitude at different locations around the cylinder. 
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FIG. 1. Lowe's experimental results plotted as overall heat 
transfer as a function of a parameter which characterizes the 
relative strength of streaming motion to natural convection, 
e. The parameter in braces on the vertical axis is a correction 
factor which allows for the effect of pure conduction in the 
inner streaming region, an effect omitted in the analysis 
for e--+ c~. Lines are drawn for asymptotic expectations: 
as e--+ 0, the line for natural convection at Gr ~ 3 x I03 is 
shown, and for e--+ oo the line for convection by acoustic 
streaming at large streaming Reynolds numbers (4) is shown. 

(3) The measured change in overall heat transfer at 
moderate values of e is found to decrease as the value of 2 
increases; the change in local heat transfer found by analysis 
at small values of ,: increases as 2 increases. To investigate 
the effect of 2 in Lowe's data, a statistical analysis was 
applied. Results for 10 < e < 30 were selected, because data 
in this range show heat transfer is clearly in excess of 
natural convection without having reached the asymptotic 
limit for streaming alone. The quantity 

H = {(hd/k)/c~/2(gflkTRa/v2)~/4 } {1 +0.94(a/d)} 

was calculated for each data point, and data points were 
grouped in sets depending on the value of 2 for the point; 
for set 1, 2.0 < 2 < 2-5; for set 2, 2.5 < 2 < 3"0; for set 3, 
3"0 < 2 < 3"5; and for set 4, 3.5 < 2 < 4.0. For both hori- 
zontal and vertical vibrations, the mean values of H for 
each set decreased with increasing level of 2 for the set. 
"Student's" t-test [8] was applied to estimate the confidence 
level that these differences represent different populations 
of data (i.e. that the differences are systematic). Table 1 lists 
confidence levels for comparison of various sets. It can be 
seen that the decrease of heat transfer in Lowe's data as 
the value of 2 is increased is shown to a high level of 
confidence. 

Table 1 

Sets compared l-2 1 3 1 4 

Confidence level % 
(horizontal oscillations) 98-6 99.2 99.1 
Confidence level ~o 
(vertical oscillations) 93.0 98-6 97.5 

Data of Fand et al. for horizontal [9] and for vertical [10] 
vibrations suggest similar trends, but their range of ), and 
number of points are too small to apply statistical analysis 
usefully. 

(4) The measured changc in on'rail  heat transfer at 
moderate values of c involves increase above pure natural 
convection for both horizontal and vertical vibrations; in 
matched ranges of 2, the overall heat transfer (as indicated 
by values of H, detined in (31 above) is slightly greater with 
horizontal vibrations than with vertical. Under a t-test, the 
confidence level of this comparison ranges from about 70 to 
90 pet" cent. 

In summary, Lowe's data fit well within the spectrum 
of experimental results for heatcd cylinders in the presence 
of vibrations and sound and agree with asymptotic analysis 
for natural convection and acoustic streaming. In particular, 
the data demonstrate thc significance of lhc boundary- 
layer parameter ), at intcrmcdiatc values of ~. However, the 
data do not permit a quantitative comparison with local 
analysis available m the latter range because the simul- 
taneous local changes of opposing sign and similar mag- 
nitude at different azimuthal locations serve to mask details 
of local effects. Thus even the different directions of change 
of local heat transfer at thc bottom stagnation region found 
in analysis and in experiments [7] for horizontal and vertical 
vibrations are seen only as a slightly smaller increase in 
overall heat transfer for vertical contra horizontal oscil- 
lations in Lowc's overall heat-transfer data. These obscrw> 
tions serve to emphasize that it is essential eilhcr to expand 
the analysis to account for local changes all around a 
cylindcr or to make local heal-transfer measnrements for 
comparison with the existing analysis which provides pre- 
dictions for the bottom region of a cylinder. 
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