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AWra&-An externally heated ceramic flat plate, instrumented on both surfaces with short time response 
platinum film resistance thermometers, was used to compare the amplitude of the additional unsteady 
heat transfer rate, 6q,, during oscillation in its own plane in a steady parallel air stream, of velocity U,, 
with the corresponding steady state heat transfer rate, qWs, without oscillation. 

The plate oscillation frequency, f, was varied between 1 and 60 Hz, the corresponding range of the 
Strouhal number, S = @x/U, (o = 2nL x is the distance from the leading edge) being 0406-20, and that 
of the velocity ratio, e = a,_/U, (u_ is the maximum plate velocity) being 0.00545. 

Amplification of periodic electrical signals corresponding to temperature amplitudes in the range 
0003404°F showed that the quahtative trends of several existing theories for the behavior and phase 
shift (with respect to uRnsI) of H/e (where H = ~~~~~~~~ for both small and large S, were subst~tiat~ by the 
experiment. H/e was essentially constant and in phase for S < 1.5, whereas, for S > 1.5, H/C CC l/S with 
the phase lag progressively approaching 90”. In addition, for a limited number of tests, no change in 

steady state heat transfer rate was detectable up to a value of S = 2 

NOMENCLATURE 

airstream surface film number at 
station N; 
shielded surface film number at 
station N; 
frequency [Hz] ; 
maximum heat transfer ratio ; 
thermal conductivity; 
Nusselt number ; 
Prandtl number ; 
heat-transfer rate; 
crank radius of oscillatory drive; 
electrical resistance ; 
Reynolds number ; 
Strouhal number ; 

* Present address: Towne School of Civil and Mechanical 
Engineering, University of Pennsylvania, Philadelphia, Pa. 
This work was carried out under sponsorship from the 
Fluid Mechanics Division of the Aii Force O&e of Scientific 
Research. 
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4 T(t), 

time ; 
2Ir/clI ; 
temperature ; 
T, - T,, steady state temperature 
difference across plate thickness ; 
unsteady surface temperature super- 
imposed on T, ; 
amplitude of unsteady surface 
temperature; 
velocity; 
plate velocity during oscillation ; 
distance from leading edge of plate ; 
distance normal to plate surface ; 
correlation factor ; 

%JJm ; 
coefficient of viscosity; 
density ; 
ceramic thermal diffusivity ; 
phase angle ; 
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0, circular frequency [rad s-r] ; 
x/an, normal surface temperature gradient. 

Subscripts 
A, pertaining to airstream surface ; 

4 pertaining to shielded surface ; 

s, steady ; 

U, unsteady maximum value; 
W, wall ; 
cg condition in the free stream ; 

pertaining to temperature ; 
pertaining to heat transfer rate. 

1. INTRODUCTION 

THE LAST fifteen years have seen an ever- 
increasing amount of attention to problems of 
unsteady fluid mechanics. Important examples 
that have been successfully tackled include 
rocket combustion instability and unsteady 
atmospheric re-entry, while continuing 
challenges include the ~ssibility of improving 
the efficiency of heat exchangers. 

Regarding the experimental side of unsteady 
boundary-layer flows, it appears that the only 
class of problems reasonably amenable to 
laboratory investigation is that associated with 
oscillating phenomena, and the pertinent litera- 
ture appears to be almost exclusively concerned 
with this particular type of unsteadiness. 
Nickerson [l] and Hill and Stenning [2] used 
hot wire anemometry to check successfully the 
validity of theoretical predictions for the shape 
of the unsteady velocity profile in flat plate type 
conjurations, and a recent presentation [3] on 
transition in oscillating boundary layers contains 
a large number of references, both theoretical 
and experimental. 

It appears that work on unsteady heat transfer 
has dealt entirely with time-averaged observa- 
tions, the objective being to determine the effect 
of oscillatory unsteadiness on the time-averaged 
heat transfer. In the mid-fifties, certain reviews 
[4,5] indicated cordMing findings from several 
investigators, but since that time, a clearer 

picture of the subject has emerged. Romie [6] 
using turbulent pulsating pipe flow, found heat 
transfer changes dependent on the frequency, 
while Nickerson [l] experimentally ,checked 
(up to 10 Hz) his own analysis that oscillation 
of a flat plate changes the heat transfer to only a 
non-measurable extent. Up to 300 per cent 
increase in heat transfer has been measured in 
oscillating pipe flow by Harrje et nl. [7--lo}, and 
attributed to complicated three-dimensional 
effects. Heated wires vibrated in transverse [l l] 
and parallel [12] air flows produced significant 
heat transfer increases, while the addition of 
acoustic energy, has also increased the heat 
transfer rate [13, 143. 

The effect of large amplitude velocity oscil- 
lations on the heat transfer from a heated plate 
was reported by Feiler and Yeager [15] who 
found up to 65 per cent increase in Nusselt 
number, with no effect attributable solely to 
frequency. An extensive bibliography and a 
tested proposal for heat exchanger improvement 
was given by Lemlich [16]. 

It is now well established experimentally that 
oscillation, under favorable circumstances, can 
significantly change the net heat-transfer level, 
but the published results are largely of an 
empirical nature, and existing theories are not 
capable of predicting the observed increases. 
The experiment to be described was conducted 
to test the validity of the theoretical pre- 
dictions given in Part I [17], as follows. Let 
qdx) denote the heat transfer rate at point x 
from the plate Ieading edge where the free stream 
velocity U, is steady and the surface is main- 
tained at constant temperature. Correspond- 
ingly, let 69,(x, t) be the ~~i~i~~~ heat transfer 
rate due to an unsteady motion given by 
U(t) = U, (1 + E eiW’) where t is time, w is a 
circular frequency and t 4 1 is a non-dimen- 
sional constant. Putting 6q,/q,, = h, then for 
Prandtl number Pr = 0.72 and small Strouhal 
number S = wx/U,, the result from Part I [17] 
is h = (0.5 - BiS)e’“’ where B is a small 
constant. The values of B from the analysis of 
various investigators are : 
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For large S, Illin~orth found h,/r = ~~3945~~~~ 
X &.mt using an expansion in SW*. 

In particular, if 6,q, is the maximum value 

constant. However, the ex~~rnent~ arrange- 
ment to be described below would not allow 
constant AT = T, - T,, but produced AT ccxa 
approximately. It is readily shown with constant 
U, that AToc x* gives rise to constant q,,,,. 
Similarly, using equations (4.1) and (4.2) of [lS] 
for no dissipation on a flat plate with ATa x*, 
it may be shown that the unsteady part of the 
heat transfer rate is also independent of x 
explicitly, but it does involve t and S, so that a 
relation of the form H = H (a S, &) will still 
hold. 

(amplitude of q&, t) and H = 61qW/q,: 
H/e = 0.5 very closely for small s, and is 
approximately in phase with U(t), and 
H/c = 0*3945/S for large S and lags U(t) by a 
phase angle & = 90”. In addition, for a cycle 
period t, ‘P 

f 6q,(x, t) dt = 0 
P s 

for both small aid large S. 

A second experimental deviation from the 
theoretical requirements lay in the type of 
oscillatory plate motion employed.. This was 
not truly sinusoidal, being derived from a slider- 
crank arrangement, and is described in more 
detail in Section 3. 

Thus, with no prediction of any change in the 
time-averaged heat-transfer level, it was neces- 
sary to investigate the time-wise details of the 
heat-transfer process, requiring temperature 
indicating instrumentation with a short response 
time. The model used was an externally heated 
ceramic flat plate, equipped with a sufficient 
number of platinum film thermometers to 
determine the steady heat transfer and the 
corresponding additional unsteady heat transfer 
under plate oscillation, using air as the fluid 
medium. The experiment was conducted entirely 
on the basis of observations of the surface 
temperature of a solid body when transferring 
heat to a fluid flowing over it. 

The non-constant surface temperature, T,(x), 
resulted from the convenient use of carefully 
adjusted infra-red lamps to heat the model on one 
surface with an almost constant radiant energy 
flux. For a given value of U,, the value of AT 
near the plate trailing edge was set to a desired 
level by adjusting the power of the heating lamps, 
and accepting the equilibrium surface tempera- 
ture produced with the plate at rest. AT(x) of the 
unheated surface was then measured, together 
with the temperature difference, A1 T(x), across 
the plate thickness. The surface temperature 
gradient (dLrMn),(x) was then obtained, using the 
Schwarz-Christoffel transformation to take into 
account the effects of conduction within the 
model. 

2. OUTLINE OF THE EXPERIMENTAL 
PROGRAM AND PRACTICAL LIMITATIONS 

The theoretical results given above as 

H = &, S, &J 

With the same ex~rimen~l conditions pre- 
vailing the plate was oscillated at a desired 
frequency, and from the recorded local time 
variation in surface temperature, the value of 
(~T/?h),(x) was computed, using Fourier analysis 
and the value of the thermal diffusivity of the 
plate material measured in the laboratory. 
Hence, there followed H = @~dn),J(87/&1), 
without the necessity of knowing the thermal 
conductivity of the plate material. 

require that both the stream temperature 
T, and the plate surface temperature T, be 

This method of reducing the unsteady data by 
Fourier analysis precluded dete~ination of the 
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leading (constant) term which represented, if 
non-zero, the change in net heat transfer due to 
oscillation. However, an independent sensitive 
method was used to detect its possible existence, 
although there is no prediction of it from 
theoretical considerations. 

As shown in [19], a plate thickness above a 
certain minimum allows “separation” of the 
temperature effects on the opposite faces, thus 
considerably facilitating the determination of 
(X/&Q, at the surface of interest. The separation 
effect is further accentuated by low values of the 
material thermal diffusivity, which, at the same 
time, improves the temperature sensitivity of the 
platinum film thermometry and increases the 
magnitude of the steady state temperature 
difference across the thickness. 

3. APPARATUS 

The basic model was fired, ground and 
polished in the laboratory from a self-glazing 
opaque ceramic slip (trade name: Parian) with 
final dimensions 3 in. long, 2.5 in. wide by 0100 
in. thick, and a 15” flat bevelled leading edge 
terminating in a thickness of 00015 in. The heat 
transfer of interest occurred from the non- 
bevelled airstream surface (designated surface 
A), while the other surface (designated surface B) 
was heated externally by infra-red lamps, as 
described below. The onset of boundary layer 
transition on surface A was delayed by the 
addition of a blunted, tangent-ogive shaped 
plexiglass nose-piece which extended the leading 
edge forward by 025 in. (Fig. 1). In addition, the 
sting-mounted model was fitted with a 1 in. long, 
smooth-sanded balsa trailing edge extension to 
remove, as far as p~cti~lly possible, the 
influence of the trailing edge wake, during 
oscillation, from the rear portion of the ceramic 
section of the model. 

The model was instrumented with thin (01 u), 
fast response (1 MHz) platinum film thermo- 
meters (fired from Hanovia 05 liquid bright 
platinum paint), each approximately O-5 in. long 
by C&O05 in. wide with a resistance of 950 Sz, and 
positioned on both surfaces every 025 in. 

symmetrically across the long center line, starting 
from the ceramic sharp edge. These were mirror- 
like in appearance, and were designated A-O to 
A-11 on surface A and B-1 to B-11 on surface B. 
In addition, three surface A film, S-2, S-5, and 
S-9, each 025 in. long and centered approxi- 
mately 0.75 in. from the center line, were used to 
check the departure of the surface temperature 
from the one dimensional requirement. Further 
details of the model and instrumentation can be 
found in [i9]. 

Surface B was given a single coat of sprayed 
mat&black cellulose paint to improve the infra- 
red radiation absorption rate, and to serve as an 
absorption layer for the conversion of infra-red 
radiation to sensible heat. In this way, the films 
bounded a region of pure conduction without 
the complication of distributed heat source 
effects. The painted surface B, carrying the 
wiring, was fitted with a vented cover of 0003 in. 
thick celluloid in order to make it aerodynami- 
cally cleaner, especially during oscillation, so that 
transition and the higher associated heat-transfer 
rate would be prevented. 

The wind-tunnel used was a low speed, low 
turbulence, temperature controlled, blow-down 
installation (contraction ratio 81) converted to 
an open-ended working section type on account 
of the bulky nature of the mounting of the model 
and its oscillatory drive. The working section 
was a 4 in. id. polished plexiglass tube with a 
wall thickness of & in. 

The working section velocity was measured 
with a small pitot-static tube connected to a 
sloping tube manometer containing absolute 
ethyl alcohol, the meniscus of which was ob- 
served through a travelling microscope. The 
error in setting a velocity U = 5 ftjs was esti- 
mated to be of the order of 2 per cent. The 
lowest velocity used, U = 2.5 ft/s, was obtained 
from the extrapolated calibration curve of a 
constant temperature platinum hot wire. 

The model sting was clamped in the chuck 
of a modified, high quality jig saw, with an 
electrical strike contact switch to indicate phase 
relationships up to the maximum attainable 



FE. 1. Flat plate model, airstream surface A. 

N.M. 



HEAT TRANSFER THROUGH THE UNSTEADY LAMINAR BOUNDARY LAYER 5-n 

0sciItation frequency of 60 Hz Oscillatory 
motion was produced by a slider-crank arrange- 
ment, with a crank radius r = 0493 in. (equal 
to the linear motion amplitude) and a connecting 
rod length 1 = 2.050 in., with the resultant plate 
velocity, including the steady stream velocity 
U,, being 

U(t) = u, 
( 

I + F sin wt 
m 

[ 

cos cot 

’ ’ + (17.3 - sin2wt)* 1~ ’ 
The deviation from true sinusoidal motion pro- 
duced a maximum plate velocity u*, which 
was 6 per cent greater than the ideal value or, 
and occurred at wt = 77” instead of 90”. 

The jig-saw was solidly bolted to the final 
contraction section of the tunnel, with the black 
surface B of the model uppermost. Four 250 W 
infra-red heating lamps were adjusted to give a 
radiant energy flux as uniform as possible over 
the area occupied by the model at any instant. 
Readings from a vacuum thermocouple showed 
that the relative radiation field strength was 
within &5 per cent of the mean value. 

Steady tem~rature data from ~ea~tone 
bridges containing the film thermometers was 
obtained from a pair of Rubicon potentiometers, 
each fitted with an external mirror galvano- 
meter with a sensitivity of 0 1°F per scale division. 
Unsteady temperature signals during oscillation 
from surface A were amplified by a calibrated 
Tektronix Type 122 low level pre-amplifier. Use 
of the push-pull input proved very satisfactory 
in rejecting noise associated with the oscillatory 
drive and heating lamps. With a dummy, un- 
powered bridge circuit (containing the I3 surface 
film opposite the one from which unsteady 
measurements were being taken) connected to 
to the second input, the resulting noise referred 
to the input at a gain of 1000 and an upper 
frequency cut-off of 250 Hz, was approxi~tely 
one microvolt peak to peak, and remained 
essentially random in nature during model 
oscillation. 

The pre-ampli~er output was connected to the 
upper beam of a Tektronix Type 522 dual beam 
oscilloscope, the lower beam being connected 
to display the surface B tem~rature and the 
timing mark indicating the phase relation be- 
tween temperature and velocity. Data from the 
oscilloscope were recorded on 70 mm T&X film, 
with the camera flash contacts used to trigger 
the traces. The film records were projected at a 
magnification of 10 diameters and subjected to 
a 12 point Fourier analysis. 

4. PROcEDuRE 

Unsteady data reduction required the value 
of the thermal diffusivity, x, of the plate material. 
This was determined in the laboratory using a 
closely similar plate equipped on both surfaces 
with copper-constantan thermocouples (made 
from 0001 in. dia. wire) and attached with the 
minimum necessary amount of solder to plati- 
num film spots fired on the surface. After 
spraying one surface matt-black, the model was 
installed in a vacuum chamber and suddenly 
exposed on the black side to uniform radiation 
from infra-red-lamps directed through glass 
windows. After the ~niti~.transient had decayed, 
the constant temperature difference between 
the two surfaces produced a value of x = 623 x 

10e6 ft2/s using a standard heat conduction 
result f20]. 

An oscilloscope display of the hot wire output 

FIG. 2. Surface temperature distribution for AT,, = 30, 40, 
60 and 80°F. 



showed that the boundary layer over the rear 
1 in. portion of the ceramic section was laminar 
when the plate was oscillating up to the highest 
frequency of 60 Wz, with U, = 2*5-45 ftis (the 
highest value used in the experiment). 

The platinum films were calibrated a pair at a 
time in an air bath using a pair of Wheatstone 
bridges connected singly and in opposition as 
described in [19]. In the wind tunnel, the same 
circuitry was used for measuring the model 
surface temperature ATfx) and the temperature 

difference A,r(x) across its thickness by electrical 
subtraction, with the results shown in Figs. 2 
and 3, for Al;, = 80°F at the trailing edge. 

The ~chwarz-~hristoffei tr~~sf~~rnatio~ (see 
Appendix) was used to determine steady state 
normal temperature-gradient @T/&z), at surface 
A, and the results, for AT, 1 = 80°F (the principal 
value used during the u~~t~ad~ experiments), 
have been correlated as shown on Fig. 4 by 
means of the non-dimensional parameter 

This parameter is simply ~u~~~~ multiplied by 
the ratio ofthe thermal ~ond~l~ti~~ty of air to that 
of the ceramic. In order to correlate @T/&Z), for 
all value of AT, t7 the parameter 

with K = @0065 produced a better fit (Fig. 4). It 
is possible that 3, represents the coefficient of 

3 4 5 6 7 8 9 

PL&TE STATION NUMBER 

FIG. 4. Correlation of steady state heat trsnsfer results 
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,f = Cb94 Hz, 6, T= 0@037°F f = 1.95 Hz, 6, T = OJlO86”F 
u, = 45 ft/s, t: = @00553 U, = 10 ftjs, c = 00518 
S = 0@0820, H = 0@0516 S = 00767, H - O-0289 

f= 418 Hz, &,T= 0020°F f= 105 Hz, 6,T= QOWF 
u, = 5 R/s, c = I3221 u, = 20ft/se = a139 
S = 0.328, H = 0130 S = 0.205, H = 0.0910 

/ = 208 Hz, &T= @027”F 
u, = 10 ft/s, c = 0550 
S = 1.36, H = 0278 

/ =i 45.7 Hz, 6,7 = 0036°F 
U, = 5 ft/s, t = 2.42 
s = 3.59, H = 0875 

FIG. 5. Examples of unsteady temperature traces for 
AT,, = 80°F. 
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thermal conductivity change with temperature 
for the ceramic, i.e. = K,(l -t- hAT) where K, is 
the conductivity at AT= 0. Support for a 
positive value of i for insulating heterogeneous 
materials, such as Parian, is given in [Zl]. For 
the Schwarz-Christoffel integration, the change 
in K at a particular film station with respect to 
the adjacent stations would be approximately 
53 per cent an AT,, = 80°F with (d,/dx) AT -rr. 
2O”F/in.). Its effect, if present, was therefore 
neglected, considering the probable error (IrZ’F) 
in A,I: 

Unsteady temperature measurements at 
surface A along the plate length were taken at 
plate oscillation frequencies of 140 Hz through 
the same ranges of U, and AT,, as used in the 
steady experiments. Examples of the oscillo- 
scope traces obtained are shown in Fig. 5. Small 
breaks in the steady surface B trace correspond 
to the plate being in its most forward position 
and at the maximum value of U(t). With 
appropriate incorporation of calibration factors 
for the film thermometer, preamplifier gain and 
oscilloscope setting, data from the projected 

0.1 
8 

H 6 

0001 
34 68 2 34 68 2 34 68 

MO2 0.06 0.1 LO 

d 

FIG. 6. Ex~rimental results for S < 1.5 compared with 
theory. 

film record was Fourier analyzed in a digital 
computer program to provide temperature 
amplitude information for the unsteady tem- 
perature expression : 

6,T= i (6,T),sinmot + k (li,T),cosnwt. 
m= 1 n=l 

Under the conditions of the present experiment, 
and with the experimentally determined x- 
dependence of 6,T, it is shown in [19] that the 
unsteady normal temperature gradient at sur- 
face A is given by 

The maximum value of the temperature gradient 
(FTli)n),, and its phase r& with respect to the 
plate velocity were determined by Newton’s 
method. 

The experimental results for comparison with 
theoretical predictions are shown in Figs. 6-8. 
A few unsteady temperature traces exhibited a 
highly localized departure from the generally 
smooth curve. This deviation was locally 
smoothed since it sometimes occurred between 
the measuring ordinates so that it could not be 
taken into account with a 12 point Fourier 
analysis. An idealized analysis showed that such 
neglect of a typical deviation resulted in an error 
in (K&?n), of less than 3 per cent. 

The reduced data to this point showed a 
changing trend for 1.5 < S < 6, and it was con- 
sidered desirable to confirm these results, and 
also to obtain data for S > 6. Therefore, since 
the surface B film thermometer leads were 
broken, the trailing edge temperature was 
measured at film A-10 and denoted by ATlo. For 
these extended results, a value of U, = 2.5 ft/s 
was set using the calibrated hot wire anemometer, 
and for AT,, = 85”F, unsteady data was ob- 
tained up to S = 20 from the rem~ning service- 
able A-films. The corresponding steady state 
tem~rature gradient values were obtained by 



HEAT TRANSFER THROUGH THE UNSTEADY LAMINAR BOUNDARY LAYER 575 

r.4 

1.3 

1.2 

1.1 

I.0 

0.9 
n 
T 0.3 

0.7 

0.6 

QS 

0.4 

0.3 

0.2 

o,i 

0 

o.oc?t 0.M 0.1 1.0 IO 100 

S 

Fro. 7. Comparison of all experimental heat transfer results 
with theory. 
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extrapolation of the reasonably well correlated 
results plotted in Fig. 4. 

For detecting changes in the time-averaged 
heat transfer during oscillation, a double dif- 
ference method was used, as follows. A steady 
state experiment was repeated and the bridge 
potentiometer was adjusted to null the bridges’ 
output corresponding to Al7: The plate was 
then oscillated, and the change in potentio- 
meter output required to produce the new null 
was recorded. In this way, with a gdvanometer 
sensitivity of Ql”F per division, it was estimated 
that changes of 005°F in A,Tcould be reliably 
detected. Several measurement up to S-c- 2 
q = 10 Hz) did not show any measurable change 
in A,Tafter more than 1 min of plate oscillation, 
indicating no change in the steady state heat 
transfer. It was also consistently observed that 
the mean surface temperature did not change 
during oscillation. The above-mentioned surface 
B film lead breakage prevented m~surements 
for S > 2. 

5. D~SCWSSION OF THE RESULTS 

The curves of the surface temperature distri- 
bution, AT(x), (Fig. 2), show a weak Reynolds 
number dependence through the velocity, but 
are independent of the tem~ratum level of 
operation AT,,, as would be expected from the 
linear nature of the energy equation. The 
decrease in AT(x) in the region of stations 10 
and 11 is attributed to conduction in the rear 
metal supporting bar and sting to which the 
ceramic test length was attached. 

Steady state measurements indicated that 
A,T(x) (Fig. 3) was essentially constant for each 
value of AT,,, over the rear portion of the model. 
This (perhaps fortuitous) fact simplified the 
data reduction to obtain the steady state normal 
tem~rature gradient at surface A, since it 
allowed the convenient use of a constant bound- 
ary condition at inanity in the plane resulting 
from application of the Schwar~-Christo~el 
transformation. 

Theoretical predictions for steady flow for the 

cases AT(x) = constant and AT cx: x% show that 
Nu/Re+ = constant. Although, with non- 
constant AT(x), the results of all tests correlated 
reasonably well on the basis of an equivalent 
parameter (modi~ed by a small parameter i_ 
possibly representing the coefficient of thermal 
conductivity change with temperature of the 
ceramic), only those results between stations 5 
and 10 (Fig. 4) appeared approximately constant, 
with the results upstream of station 5 being 
clearly dependent on the Reynolds number 
through the distance x from the leading edge. A 
value of I = 00065 appeared to give the best 
constant correlation over stations 5-lO. It 
should be borne in mind that the maximum 
unsteady normal surface tem~rature gradient, 
(aTan), was to be compared with (~~~~)~ at the 
same station and 67: so that effects due to 
certain factors, such as the possible dependence 
of the ceramic thermal conductivity on tempera- 
ture, would tend to cancel. Although the energy 
input from the heating lamps was constant to 
withy k5 per cent of a mean, the steady state 
heat transfer, as indicated by (i3l;idn),, was not 
constant along the test length due to conduction 
within the model and along its support sting. 

For S < l-5 the parameter N was found to be 
a linear function of c (Fig. 6), while the results 
for the full ex~rimental range (Fig. 7) show that 
H;t: oc t/S approximately for S > 1.5. Both 
results are, respectively, in good qualitative 
agreement with theory for small S and large S. 
The experiments results suggest that both parts 
of the theory can be satisfactorily joined at S = 
l-5, a fact that was not determinable by Illing- 
worth in his analysis [22] of the heat-transfer 
case, although he was able to estimate a joining 
value of S = 059 for the skin friction solutions. 

It is also of interest to note that values of 
N = @75 approximately were measured in the 
neighborhood of E = 1 and S = 1. The scatter 
of the results, shown more re~istically on Fig. 7, 
is partially attributed to the fact that unsteady 
heat-transfer information had to be extracted 
by differentiation of temperature data. 

The quantitative deviation between experi- 
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ment and theory for H/s vs. S was approximately 
35 per cent. Estimates were made for the effect 
caused by errors in the measurement of the 
various temperatures and the value obtained for 
the ceramic thermal diffusivity, film thermometer 
misplacement, departure from the one dimen- 
sional temperature requirement, and the non- 
sinusoidal plate motion. Summation of the 
magnitudes of these error estimates amounted to 
less than 20 per cent, and was, in any case, 
highly pessimistic, since most of the errors were 
random. However, the fact that experimental 
limitations produced AT cc X* approximately, 
while the theoretical treatments were restricted 
to constant AT, was probably the major con- 
tributing cause to the extent of the deviation. 
However, the x-dependence of ATdid not upset 
the correlation based on rjrjc, presumably 
because the boundary layer has the ability to 
adjust to a new temperature environment in a 
relatively short distance, of the order of a few 
boundary-layer thicknesses. 

The results for the phase relation between 
heat-transfer rate and velocity (Fig. 8) show 
considerable scatter on account of data dif- 
ferentiation and the relatively coarse (30”) grid 
used in the 12-point Fourier analysis. However, 
for S < 1.5, over 70 per cent of the points fell 
within 220” of the theoretical in-phase pre- 
diction. For S > l-5, the heat transfer phase 
lag increased with S, and approached the 
theoretical value of 90” at S = 20. 

Finally, theoretical predictions were experi- 
mentally confirmed in that no change in the 
time-averaged heat transfer during plate oscilla- 
tion was detectable, to within 3 per cent, for 
s G 2. 

6. CONCLUSIONS 

1. Theoretical predictions for laminar heat 
transfer from a flat plate’ oscillating in air over a 
wide range of Strouhal number have been 
qualitatively confirmed by experiment. In par- 
ticular, H/C was found to be essentially indepen- 
dent of S for S < 1.5, whereas H/e K l/S for 

S > 1.5, with no change in time-averaged heat 
transfer during oscillation being detectable for 
S < 2. In addition, values of H = @75 were 
measured in the neighborhood of E = 1 and 
s = 1. 

2. For S < 1.5, the heat-transfer rate was 
essentially in phase with the velocity as required 
by theory, and for S > 1.5, the lag in heat- 
transfer rate pro~essively increased, approach- 
ing the theoretical value of 90” at S = 20. 

3. The experimental results indicated that 
the heat transfer theories for both small and 
large S could be satisfactorily joined at S = 1.5, a 
fact itself not determinable from the theories. 

4. The quantitative deviation between experi- 
ment and theory was attributed principally to 
the fact that practical limitations prevented the 
use of a constant plate surface temperature, as 
required by theory. However, this condition 
did not upset the experimental correlation 
based on H/E. 
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APPENDIX 

.&f&ematical Details of the Steady State Data Reduction 

The model is placed in the z = x c iy plane as shown in 
Fig. 9, and scaled. for convenience, so that station 1 is at a 

” 

FIG. 9. S~hwarz-Christoffel transformation for determining 
carom, 

distance unity from the origin. The appropriate Schwarz- 
Christoffel transforma~on to the w = u + irt plane is given by 

dw 
-= 
dz 

Cw0.9’s(* + +@.oes 

and the plate lies along the real axis in the w-plane, where 
4 and B transform to A’ and B’, respectively (Fig. 9). with 
the interior of the model mapping into the upper half of the 
plane. With B’at w = - 1, the transformation scaling Factor 
was determined by quadrature to be C = 8.177. For (WI z 1 
(i.e. not too close to the plate leading edge A). 

dw 

d, = 8,177w 

giving In w = 8.177z -I- K. where K is an integration 
constant. Therefore on the plate boundary with IzI = s as 
the contour distance from A, u cc e8’177s for s > l-4 to a good 
approximation. 

The temperature gradient is given by 

Since 

dw du -t idv 
_ = _.-._ 
dt dx + idy 

is purely real on the plate boundary, then aec/8y = 0 and 
at;;+ = dw/dz, so that the required gradient at the surface is 

(A.11 

The solution for a potential function, 7; is given [23] by 

+ a_ 

T(u, a) = 2 SL Th’, 0) 
n 

j d,r’ 
(u’ - iA)2 -t- 1.2 

1 

and it can be shown that 

where the principal value of the integral is required, and the 
inte~ation is now performed in the physical z-plane. 

For a particular station x = x,, where s = sa (Fig. 9), and 
considering the behavior of the approximation u(s) cc e8.177s 
(s > 1,4), it is suBicient to consider the variation of 
I&‘) - r&) only in tire range (~9 - 1) s: s < (so + 1) on 
the x-axis, and (so” - 1) < s+ < (sg + 1) on the x+-axis. 
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where 1 
1 

SC-- 

02 
8.177 s 

II I 
R 

s3 

and 

with 

For s > 0, 

s2 dT 1 ds’ 

E = n SC-1 ad [u(d) - u(s,)] 
51 

where K, is a constant determined by quadrature from the 
first and second integrals, and there follows 
a(s) = es.177s-x1~ Similarly, for s < 0 on the slightly 
longer path s = s+, then u(s+) = e-8”77d +Kz. With these 
evaluations for u(s) and u(s+), the integrals D and E were 

ss < sq < 0 < sr < ss. 
computed using polynomial representationr for 3 T/as and 
@T/&s)‘, with the final solution being given by equations 
(A.l) and (A.2). 

TRANSFERT THERMIQUE A TRAVERS LA COUCHE LIMITE LAMINAIRE 
INSTATIONNAIRE SUR UNE PLAQUE PLANE SEMI-INFINIE-II. 
RESULTATS EXPERIMENTAUX SUR UNE PLAQUE OSCILLANTE 

R&sum&Une plaque plane de dramique chauffee par l’exttrieur sur les faces de laquelle sont fixes des 
thermometres a resistance fii de platine a court temps de reponse, est utili& pour comparer l’amplitude 
du flux thermique additionnel non permanent 64, pendant l’oscillation dans son propre plan dans un 
courant d’air parallele permanent, de vitesse Urn, avec le flwr thermique correspondant a l’etat permanent, 
qvs, sans oscillation. 

La frequence d’oscillation de la plaque f varie entre 1 et 60 Hz; le domaine correspondant du nombre de 
Strouhal S = wx/U, (x est la distance au bord d’attaque, w = 2nf) allant de 0,996 a20 et celui du rapport 
de vitesse E = U, /UT (Up eat la vitesse maximale de la plaque) s’etendant de 0,005 a 6,5. 

L’amplilication~es srgna~lectriques periodiques correspondant aux amplitudes de temperature dans 
le domaine de 0,0017 et 0,022”C montre que lea tendances qualitativa de plusieurs thtories sur le comporte- 
ment et le dtphasage (par rapport a Up_), de H/E (oh H = Sq,/q,J pour a la fois S petit et grand, sont 
confirm& par l’exp&ience. H/e est essentrellement constant et en phase pour S < 1,5 tandis que pour 
S > 1,5, H/E Q: l/S avec un dephasage qui s’approche progressivement de 90”. De plus, pour un nombre 
limit& d’essais on ne dCtecte aucun changement dans le transfert thermique permanent jusqu’a la valeur S = 2. 

WARMEUBERTRAGUNG DURCH DIE INSTATIONARE LAMINARE GRENZSCHICHT 
AN EINER HALBUNENDLICHEN FLACHEN PLATTE-TEIL II. EXPERIMENTELLE 

ERGEBNISSE MIT EINER OSZILLIERENDEN PLATTE 

Zosprmeenf aaaung-Eine von aussen beheixte flache Keramikplatte, die auf beiden Seiten mit schnell 
ansprechenden Platin-Film-Widerstandsthennometern versehen war, wurde verwendet um die Amplitude 
des xutitxlichen instationlren WPrmestroms bq, w&rend der Osxillation in ihrer eigenen Ebene in 
einem statiotien parallelen Luftstrom von der Geschwindigkeit U, zu vergleichen mit dem 
korrespondierenden stationiren WIirmestrom qwS ohne Oszillation. 

Die Frequenzfder Plattenschwingung lag im Bereich 1 bis 60 Hz, die korrespondierende G&se der 
Strouhal-Zahl S = w,/U, (w = 2rcJ x ist der Abstand von der Anstriimkante) zwischen 0,006 und 20 
und das Geschwindigkeitsverhatnis E = U,,/U, (Up, ist die maximale Geschwindigkeit der Platte) 
lag zwischen 0,005 und 6,5. 

Die Verstirkung der periodischen elekttischen Signale, die Temperaturamplituden entsprechen von 
0.003 bis O,O22”C, zeigen, dass qualitativ die Tendenz mehrerer exi\t ierender Theorien ftir das Verhalten und 
die Phasenverschiebung (unter Beachtung von u,,_) von H/E (wobei H = bq,/q,,,$ sowohl fib grosse als 
such kleine S durch das Experiment best&t@ wird. Hh war im wesentlichen konstant und in Phase fur 
S < 1,5, wobei gilt: S > 1,5, H/c r l/s mit einer Phasenverziigerung, die sich 90” nlhert. Fiir eine 
begrenzte Anzahl von Versuchen war keine Xnderung des station%ren Wiirmeiibergangs im Bereich 

S > 2 feststellbar. 
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IIEPEHOC TEIIJIA qEPE3 HECTA~klOHAPHbI~ JIAMMHXI’H1,I~i 
IIOI’PAHWIHbIl4 CJIO6t. HA IIOJIYBECKOHE~HO~~ ILIOCKOtt II,IACTlil~l~. 

2. PE3YJIbTATbI OHbITOR C HOJIElXIO~E@SI IIJIACTMIIO~ 

AEEOTalluJI-HHarpeBaeMaR CHapJWilI n.mcI~afI ~epaimlsecrrafl mIacTma, Ha u6eux cT0po11ax 

KOTOpOti YCTaHOBJIeHbI qj'BCTBSlTe.lIbHbIe l~2IeHO~HbIeTepMOMeTpbI COnpOTIlRJIeHMfL I13 IIJIaTMIII>I. 

IlCIIOJIb30BaJIaCb AJIfI CpaBHeHHFt aMLlJIHTy~b1 AOIIOJIHIlTeJlbHOii CIiOpOCTIl IIeCTa~IlOIIapII~~~O 

nepeHoca isq, npyr KoneAaHmx B CO6CTBeHHOti n:IOCKOCT~l B CTaI&aoHapHoM IIR~R;IJI~~I~HOM 

IIOTOIFe BO3nj'Xa, ABHWyIQllMCH CO CKOpOCTbKl u,, c COOTB~TCTBJJI~LL~~I~ cTaL[tlorIapIIoii 

cKopocTbI0 nepeHoca Tennaq,, p n M OTCYTCTBPlM IJOJIe6EWIJii. 

YaCTOTa IFone6ami nJIaCTLlHb1 fM3MeHfIJIaCb OT 1 ;I0 60 ITA, COoTBeTCTI~y~II~Ili~ ;~IlaiIa:~oIr 
YACJIa CTpyXaJIfI s = WX/u, (rxe W = 274 X-paCCTOfIHIW OT llepeJ[Hrt:ti Ii~)OMI<Il) ('0CTaH;IfI.T 

0406-20, a ar*anasoIr SeapaaMepHofi ~~opo~~~l E = upmaxiUm (mc upnia\- hlaI~~ma~bHafI 

CIFOpOCTb II.TlaCT11AbI) 6bI.J 0,005~6,5. 


