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Abstract-Experimental data are presented for heat transfer to an essentially constant property 
turbulent boundary layer for various rates of free-stream acceleration. A limited amount of data for 
free-stream deceleration is also presented. The experimental apparatus was so constructed that 
surface temperature could be varied in an arbitrary manner, although the bulk of the data presented are 
for simple steps in surface temperature. It is found that acceleration causes a depression in the heat- 
transfer rate below what would be predicted assuming a boundary-layer structure such as obtains 
for constant free-stream velocity. An empirical correlation of the results is presented. When used in 
conjunction with superposition theory, the results can be used to calculate heat-transfer rates for any 

arbitrary free-stream velocity variation, and any arbitrary surface temperature variation. 
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NOMENCLATURE 

specific heat at constant pressure; 
friction coefficient ; 
free-stream mass velocity, uoop; 
convection heat-transfer conductance; 
absolute humidity; 
an acceleration parameter, defined by 
equation (1); 
stagnation pressure ; 
Prandtl number; 
radius of a body of revolution; 
Reynolds number, defined by equation 
(7); 
Reynolds number, defined by equation 
@a) ; 
Momentum thickness Reynolds 
number, 2&G/p; 
Stanton number, h/(Gcp) ; 

Stanton number from equations (8) 
and (6); 
wall surface temperature ; 
free-stream temperature (constant for 
all tests); 
convection temperature difference, 
To - Tm; 
free-stream velocity; 

X, 

8 my 

5, 

I+ 
P, 

v, 
70, 

distance from beginning of plate to 
point in question; 
momentum thickness of the boundary 
layer ; 
distance from beginning of plate to 
a step in surface temperature ; 
viscosity coefficient; 
fluid density; 
kinematic viscosity, p/p; 

wall shear stress. 

INTRODUCTION 

INTEREST in the behavior of turbulent boundary 
layers in a free-stream pressure gradient has, 
until the last dozen years, been primarily con- 
cerned with boundary-layer separation in an 
adverse pressure gradient (decelerating free- 
stream). More recent problems associated with 
the cooling of gas-turbine blades and especially 
rocket nozzles had led to increased interest in 
heat transfer under varying free-stream velocity 
conditions, and in this case the accelerating 
flow becomes of more practical concern. 

Wilson and Pope [l] in 1954 noted that heat- 
transfer coefficients on the convex side of a 
gas-turbine blade were considerably lower than 
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anticipated for a turbulent boundary layer, and 
Wilson [2] in 1957 suggested that acceleration 
may have caused the boundary layer to return 
from turbulent to laminar. Sternberg [3], Senoo 
[4], and Sergienko and Gretsov [5] have observed 
a similar phenomenon, and more recently 
Launder [6, 71 has studied this re-transition or 
“laminarization”phenomenoninconsiderablede- 
tail and has proposed a quantitative criterion for 
re-transition. Still more recently, Schraub [8] has 
correlated with the axial pressure gradient the 
rate at which turbulence “bursts” leave the wall, 
the results being quite consistent with the 
observations of Launder. 

Definitive heat-transfer data under these con- 
ditions are more scarce. But of particular 
interest are the results of Back, Massier, and 
Gier [9] for heat transfer from the surface of a 
supersonic nozzle. Although it is not clear 
whether or not a complete re-transition occurs, a 
definite reduction of the heat-transfer coefficient 
related to the rate of acceleration is observed. 

As far as the authors are aware, no attempt 
has been made to study experimentally heat 
transfer to a turbulent boundary layer under 
varying free-stream velocity conditions with 
surface temperature varying axially in an 
arbitrary manner. Because the energy equation 
is linear and homogeneous, the varying surface 
temperature problem can be handled by super- 
position if the response of the boundary layer to 
simple steps in surface temperature is known. An 
experimental study of the effect of surface 
temperature steps not only leads to the possi- 
bility of a more generally useful solution to the 
energy equation, but should also provide more 
information on the influence of free-stream 

PRIMARY 
NOZZLE 

\ SECONDARY 

velocity gradients than is obtainable with a 
completely isothermal surface. 

OBJECTIVES 

The objectives of this paper are twofold: 

(1) To present a representative selection of 
experimental local heat-transfer data obtained 
for flow of relatively low-velocity air for ac- 
celerating turbulent flows along a flat-plate 
surface with steps in temperature located at 
arbitrary points, and a more limited amount of 
similar data for decelerating flows. 

(2) To present a semi-empirical correlation of 
these data based on a simple solution to the 
energy equation proposed by Ambrok [lo], with 
empirical modifications to account for surface 
temperature steps and an apparent effect of 
pressure gradient on the rate of turbulence 
production. 

It is hoped that the experimental data will be 
useful to theoreticians interested in accelerating 
and decelerating turbulent flows, and that the 
proposed empirical correlation will be useful for 
engineering analysis, especially under variable 
surface temperature conditions where super- 
position can be used to build up solutions for 
any arbitrary variation of surface temperature. 

EXPERIMENTAL APPARATUS 

The principal elements of the experimental 
system are shown on Fig. 1. Air at near atmos- 
pheric pressure and temperature was supplied by 
a 2000 cfm blower, and, after passing through a 
straightening section and a 60 x 60 mesh screen, 
entered the system of rectangular nozzles shown 
at the left-hand side of the diagram. The test 

RIABLE WALL 

310 x231n -----__ 

FIG. 1. Diagram of test system. 
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section consisted of a rectangular duct, one wall 
ofwhich was flat and was instrumented for heat- 
transfer measurements (described in more detail 
below), and the other wall of which could be 
shaped to provide any desired distribution of 
free-stream velocity and pressure along the duct. 
The duct then discharged to the atmosphere. 

The lower wall of the duct consisted of a 
polished & in thick copper surface segmented into 
cells separated by approximately 0.025 in plastic 
spacers. Each cell was approximately 1 in wide 
(in the direction of flow). There were 96 such 
cells, each of which was bonded on the lower 
side to a Bakelite lamina, which was in turn 
bonded to a rectangular copper water-tube. In 
the portion of the plate labeled “active heat- 
transfer section” in Fig. 1 there were installed 
thermopile heat-flux transducers within the 
Bakelite laminae between the $ in thick copper 
surface plates and the rectangular water tubes. 
Thermocouples were then installed in the copper 
surface plates, so that for each lin segment heat 
flux and surface temperature could be readily 
measured. Furthermore, by varying the water 
temperature, or by closing off the water flow 
completely, the surface temperature could be 
adjusted to any desired distribution in the flow 
direction, including steps in surface temperature. 

Air free-stream stagnation pressure and 
temperature were established by conventional 
probes mounted at the outlet of the secondary 
nozzle. The free-stream velocity and pressure 
distribution along the duct were established by 
total pressure probes and static pressure taps in 
the side walls. 

In the tests to be reported free-stream velocity 
was varied in the range 30 ftjs to 200 ft/s. Stag- 
nation air temperature was typically around 
90”F, and the active surface was typically 
cooled to around 70°F by using straight tap 
water in the cooling tubes. Thus the heat-transfer 
temperature differences were small, the Mach 
number was low, and the test results were then 
for an essentially constant property boundary 
layer. 

The uncertainty in the local heat-transfer 
results (specifically the Stanton number) has 
been estimated to be approximately f6 per cent. 
The largest contributing factor from the instru- 

mentation was the uncertainty in the heat-flux 
meter responses. The heat meters were calibrated 
in place using an external heat source, and 
additional tests were run at constant free-stream 
velocity so as to check the system against 
established data. Another important source of 
uncertainty arises from the deliberate use of small 
temperature differences. A one or two degree 
temperature variation over the flow cross section 
for the fluid coming out of the nozzle can intro- 
duce a substantial error. Although the primary 
nozzle was insulated, some heat transfer could 
take place, the amount depending partially upon 
the surrounding ambient temperature. Any heat 
transfer in the primary nozzle results in some 
temperature stratification which is difficult to 
detect. An error of this type results in all of the 
Stanton numbers for a particular test run being 
biased in one direction. Thus it is felt that the 
apparatus was sensitive to relatively small 
effects when the various test points for any one 
test run are compared, but that the uncertainty 
in the absolute value of the Stanton numbers for 
any one test run is considerably larger. Therefore 
meaningful conclusions about the absolute value 
of Stanton number, and comparison of the 
results with analysis, should be based on a 
consideration of a number of different test runs, 
and not any one particular test run. 

The boundary layer on the test plate at the 
exit from the secondary nozzle is believed to 
have been in all cases laminar, a fact that will 
be more apparent when the effect of a rapid 
acceleration is examined later. Accordingly a 
boundary-layer trip, consisting of a $ in wide 
strip of “Scotch Masking Tape”, was fastened to 
the surface at a point where the momentum 
thickness Reynolds number was in the range 
300-500. 

Velocity and temperature profiles were 
measured on the plate under constant, relatively 
low-velocity conditions, merely as a check on the 
operation of the system. However, no attempt 
was made to make such measurements in the 
highly accelerated flow, as the direct heat-transfer 
measurements proved to be far more meaningful. 

TEST PROGRAM AND PRESENTATION 
OF RESULTS 

The test program consisted of forty-six test 
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runs in which the free-stream velocity was 
systematically varied to provide various rates of 
acceleration and deceleration, and the surface 
temperature was varied to provide steps in 
temperature difference at various points along 
the plate, and in one case to provide alternate 
increases and decreases in temperature difference. 

A selected representative set of the results for 
twelve of the test runs are presented in Figs. 2-13. 
Sufficient information is presented on each figure 
so that the results for a single test run can be 
rather completely analyzed as desired. In the 
upper panel of each figure the free-stream 
velocity, uoo, is plotted, along with a local non- 
dimensional acceleration parameter, 

v du, K=_ -- 
u; dx 

The lower panel is a plot of surface tempera- 
ture. For most of the test runs surface temperature 
was adjusted nominally for a simple step. How- 
ever, since it was not feasible to make any of 
the surface sections completely adiabatic, and 
there was some heat leak between sections 
(accounted for in the data reduction procedure), 
steps were only approximated. 

The maximum value of K attained in each test is The sequence of test runs shown start with 
indicated in the caption. Also indicated in the two (Figs. 2 and 3) with constant free-stream 

upper panel is the location of the trip and the 
value of the length and momentum thickness 
Reynolds numbers near the end of the constant 
velocity section. All parameters are plotted as a 
function of distance along the plate, measured 
from the start of the secondary nozzle. 

The center panel contains the measured values 
of the local Stanton number. The solid line in the 
center panel is a plot of the Stanton number 
predicted by a relatively simple solution to the 
energy equation to be described later. 

-20 
LL 

g 

z-10 Ps = 30.25 tn Hg 

FIG. 2. No acceleration ; early temperature step. 
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-20 

i 
i&=99,45 “F P, = 30.05 in Hg 

t? 
4 -10 

FIG. 3. No acceleration; late temperature step. 

velocity (K = 0), but with surface temperature 
steps at two different points. These tests were 
carried out to check the performance of the 
apparatus against established data, and will be 
discussed below. Figures 4 and 5 show the results 
of a mild acceleration with the surface tempera- 
ture step at first near the middle of the accelerat- 
ing region, and finally rather late. 

Figures 6 and 7 are similar, but with a much 
stronger acceleration. Figures 8, 9, and 10 show 
the effects of successively stronger accelerations 
with the surface temperature step before the 
acceleration. Figure 11 is similar to Fig. 10, but 
with a late acceleration so that the momentum 
thickness of the boundary layer at the beginning 
of acceleration is much greater. 

Figure 12 shows one case of a decelerating 
flow, but following an acceleration. Decelerating 
flows were not investigated extensively because 

it was not possible to obtain significantly greater 
negative values of K without encountering the 
first stages of boundary-layer separation, or 
stall. In the diffuser section of Fig. 12 the duct 
height was varied from 14 to 3 in, but the 
velocity decreased only thirty-seven per cent 
because of the increased boundary-layer thick- 
ness. Velocity and temperature traverses over the 
outlet section indicated that the boundary layer 
had not filled the duct, but nevertheless this 
possibility placed a limitation on the tests that 
could be run, and it was not possible to obtain 
higher negative K by operating at lower veloci- 
ties. 

Finally, Fig. 13 shows the results for an 
accelerating flow for which the surface tempera- 
ture was increased and decreased alternately in 
order to test methods for analytically predicting 
such behavior. 
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COMPARISON WITH AN 

ANALYTIC SOLUTION 

Experimental data of the type presented is of 
limited usefulness unless it can be compared 
against a reasonably general analytic solution, 
for only then can the results be extrapolated to 
other operating conditions. Many procedures 
may be found in the literature for calculating 
heat transfer to a turbulent boundary layer with 
varying free-stream velocity and varying surface 
temperature, and indeed one of the objectives 
of this test program was to check experimentally 
the adequacy of some of these procedures. 

A frequently preferred procedure has been to 
first solve the momentum boundary layer, 
employing the momentum integral equation and 
an assumed relationship between the surface 
shear stress and one or more local integral 
parameters. Then the heat-transfer rate is de- 
duced by either an assumed relation with the 
shear stress, or by solution of the energy 
differential equation after bringing in a law-of- 
the-wall assumption. However, a simpler and 
more direct procedure, though perhaps theo- 
retically less satisfying, is to solve the energy 
integral equation directly, after first introducing 
an assumed relationship between the surface 
heat flux and the energy thickness of the bound- 
ary layer. This is essentially the scheme proposed 
by Ambrok [IO], although it has apparently been 
proposed independently by others. 

Implicit in the Ambrok method is an assump- 
tion that the thermal boundary layer develops 
relatively independently of the momentum 
boundary layer. Despite the weakness of this 
assumption, the Ambrok solution has been 
found to provide a reasonably good approxima- 
tion for heat transfer to a gas in supersonic 
nozzles. For example, the experimental data of 
Back, Massier, and Gier [9], at least for relatively 
high stagnation pressures, can be quite accurately 
predicted. For this reason, together with its 
simplicity and compactness, the Ambrok solu- 
tion has been chosen as a primary basis for 
comparison with the present experimental data. 
The data, of course, are presented in sufficient 
detail so that other procedures can be compared. 

Actually an empirical modification of the 
Ambrok solution will be used. In its original 

H.& M.-4C 

form (although the coefficient, and the power on 
the Prandtl number, have been slightly modified) 
it may be written, 

St(x) = 0-0295Pr-“~4 ( SRl.25ATl.25 cdxro (2) 

Equation (2) is presumably applicable for flow 
over or inside an axi-symmetric body (varying R), 
and flow with arbitrarily varying surface-to-free- 
stream temperature difference (varying AT). 
However, more precise procedures are available 
for calculating the influence of varying AT for 
the case of constant G, and it would be desirable 
to modify equation (2) so that it reduces to a 
more accurate equation for this case. 

Consider the case of AT = 0 from the surface 
origin to 8, and then AT = constant from 4 to x. 
Then equation (2) may be written, 

St(f, x) = O-0295 Pr-0.4 Re;!;3 (3) 
5 

where Rez-[ = $5 R1’25 G dx 
s 
E 

(3a) 

On the other hand, for the case of constant G 
(and constant R), Reynolds et al. [ll], among 
others, have shown that the effect of a simple 
step in AT can be quite adequately represented 
for a gas by, 

St(5, x) = 0*0295Pr-0’4 ReT0.2 

(1 _ (f)Tn)-+ (4) 

where Re, = xG/p 

Equation (4) can be quite well approximated by 
the simpler form, 

St([, x) = 0.0295Pr-“‘4 Re;0’2 (5) 

But equation (5) can now be rewritten as, 

St(5, x) = 0*0295Pr-0’4 Re-0’08 Re,=0;12 

where Re,-, = (x - i)G/p (6) 

Comparison of equation (3) with equation (6) 
indicates that the latter includes some influence 
of the development of the momentum boundary 
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layer prior to the temperature step, whereas the 
former is completely independent of the history 
of the boundary layer prior to the step. Since 
equation (6) corresponds very well with the 
experimental data of Reynolds et al. [l I] for 
constant G, it will now be simply suggested that 
equation (6) may also be a better approximation 
for the case of variable G and R where there is a 
step in AT. Thus we propose employing equation 
(6) with Re,-, defined by equation (3a), and 
Re, defined as, 

1 ZF 
Rex = R1%P __ jR1.2bGdx 

0 

(7) 

With an equation for a step in AT, the 
arbitrarily varying surface temperature problem 
can now be handled by superposition, since the 
governing differential energy equation is linear in 
T. Thus, 

5 

St(x) = A+) s W!, 4 dTo (8) 
0 

where the integral is interpreted in the Stieltjes 
sense. 

Since the test results, Figs. 2-13, all involve a 
continuously varying surface temperature, rather 
than simple steps, equation (8), together with 
equation (6), (3a), and (7), was used to generate 
the solid line curve in the center panel of each 
figure. The comparison of this curve with the 
data points will then be used as a basis for 
discussion of the apparent effects of acceleration 
and deceleration, and a basis for empirical 
correlation of these effects. 

It should be added that the double integra- 
tions involved are tedious and virtually require 
machine calculation. For hand calculation, 
equation (2) is far simpler and differs significantly 
from the proposed procedure only in the region 
immediately following rather abrupt changes in 
AT. For a rocket nozzle, for example AT usually 
varies considerably along the surface, but seldom 
abruptly, and the two procedures will yield close 
to the same results. 

DISCUSSION OF TEST RESULTS 

Runs 1 and 4, Figs. 2 and 3, were carried out 
primarily as a check on the test apparatus for 

constant free-stream velocity and nominally 
simple steps in surface temperature. As can be 
seen the agreement between the test results and 
the modified Ambrok solution is excellent in the 
region where the temperature difference is of the 
order of 20 degF. Where AT is small the ex- 
perimental uncertainty becomes large, and the 
data points on Fig. 3 in the region x = 2 ft to 
x = 4.6 ft have been plotted on the diagram to 
illustrate the uncertainty. 

Figures 4-l 1 show the effects of a progressive 
increase in the rate of acceleration, K, along with 
the effect of placing nominal steps in AT at 
various points along the plate. The probable 
experimental uncertainty (f6 per cent), makes 
it difficult to draw definitive conclusions from 
the results of any one test run (see earlier 
discussion of this problem), but when the results 
for all of the runs are compared (and these 
figures are only part of them) the following 
conclusions seem justified: 

(a) In the region immediately following an 
abrupt increase in AT, equation (6) fits the ex- 
perimental data reasonably well, regardless of 
whether the step occurs in an accelerating region, 
or in a region of constant free-stream velocity. 
In other words, equation (6) appears applicable 
in an accelerating flow so long as the thermal 
boundary layer is thin relative to the momentum 
boundary layer. 

(b) With the exception noted under (a), there is 
an unmistakable tendency of acceleration to 
decrease Stanton number. At moderate values of 
K it appears that the boundary layer is still 
turbulent, but has a lower average turbulence 
intensity than without acceleration. 

(c) At values of K greater than about 
3.3 x 10-6, as illustrated by Figs. IO and 11, the 
Stanton number decreases sharply and ap- 
proaches what can be predicted if a purely 
laminar boundary layer is assumed to originate 
near the beginning of acceleration. Further 
increases in K (not shown) yielded virtually 
identical results, i.e. no further depression of 
Stanton number. 

To obtain a better physical understanding of 
the hydrodynamics of this phenomena, a series 
of flow visualization tests were carried out in an 
accelerating flow in a water table by F. A. 
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Schraub [8]. Schraub used a dye-trace techniqu.e 
in which he counted the frequency with which 
large-scale bursts of turbulence leave the wall 
surface and by way of a curved trajectory move 
out into the fully turbulent part of the boundary 
layer, where they break up and start a decay 
sequence. Schraub found a close correlation 
between the burst frequency and the accelera- 
tion parameter, K. And furthermore, bursts 
from the wall ceased entirely at about 
K = 3.5 x 10-s. 

Since the mechanism whereby turbulent bursts 
are ejected from the wall is not yet fully under- 
stood, the reason why free-stream acceleration 
(or a negative pressure gradient) suppresses 
burst ejection is equally obscure. However, the 
effect of this phenomenon on heat transfer is 
clear enough for it corresponds rather precisely 
with the reported heat-transfer results. Where 
the thermal boundary layer is relatively thin, as 
in the region immediately following a step in 
surface temperature, the effect of acceleration is 
small because the heat-transfer mechanism is 
primarily molecular conduction in the sublayers. 
Farther downstream, where the thermal bound- 
ary layer has penetrated out into the fully 
turbulent part of the boundary layer, the overall 
heat-transfer rate is decreased because the 
turbulent eddy diffusivity for heat transfer has 
been decreased due to a lower rate of turbulence 
production. And of course the complete absence 
of wall bursts for K > 3.5 x lo6 corresponds 
to the apparent re-transition to a laminar 
boundary layer noted in the heat-transfer 
results. 

Launder [7] employs the parameter K as a 
criterion for re-transition, and suggests a critical 
value of 2 x 10-s. It could be argued that the 
data on Figs. 8 and 9, where K = 2.52 x 10-s 
and 3.04 x IO-s, respectively, do in fact show a 
complete re-transition. But since the water 
table results show a continuous relation between 
K and burst frequency, it is probably not possible 
to detect from heat-transfer measurements a 
precise critical value for K. 

Another observation that is consistent with 
the above mechanism description is that there 
appears to be a considerable delay or lag in the 
influence of acceleration on the Stanton number. 

On Fig. 8, for example, the full effect of accelera- 
tion on the Stanton number takes about 1 ft to 
be established. After the velocity returns to 
constant, the Stanton number tends to recover, 
but not fully, and this will be noted for a number 
of the test runs. The average turbulence in- 
tensity in the boundary layer at any point is 
evidently a function of events that have occurred 
a considerable distance upstream, and although 
the data are not sufficiently precise to describe 
the lag quantitatively, it appears that it may be as 
much as 100-200 momentum thicknesses. 

The possibility of stall made it impossible to 
vary K significantly during the deceleration tests, 
and Fig. 12 is quite representative of all of the 
data obtained. The long zone of strong initial 
acceleration may, through the lag phenomenon 
described, have some depressive effect over 
much of the test section. At any rate, the modi- 
fied Ambrok solution is reasonably close to the 
data points, and there does appear to be a 
tendency for Stanton number to increase after 
an initial depression. 

Figure 13 is a test of how well equation (8) and 
(6) handle a situation where surface temperature 
varies in a complex manner in an accelerating 
flow. Here it is apparent that acceleration has the 
same effect of depressing Stanton number as 
noted before, for otherwise the analysis follows 
the data rather satisfactorily. The test data dip 
somewhat lower than might be anticipated, but 
the heat flux is so low in the dip region that the 
experimental uncertainty is considerably greater 
than the +6 per cent previously quoted. 

A CORRELATION OF THE EFFECTS 
OF ACCELERATION 

The preceding results suggest that it may be 
feasible to correlate empirically the depression 
of Stanton number caused by acceleration with 
some suitable acceleration parameter. The 
parameter, K, has been used for convenience in 
describing the test results because it is con- 
structed of easily measurable local quantities, 
but there is no theoretical basis for assuming that 
K is the significant parameter. In fact it would 
seem plausible that boundary-layer thickness 
should be involved in some way. (On the other 
hand it is interesting to note that on Figs. 10 and 
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11, where it is believed that turbulence produc- 
tion was completely inhibited, the behavior is 
almost identical despite a two-to-one difference in 
initial momentum thickness Reynolds number.) 

A correlation of the measured Stanton number 
depression [below equation (6)] with K alone is 
evidently not possible, at least for a non- 
isothermal surface, because when the thermal 
boundary layer is thin the effect becomes negli- 
gible. Run 22, Fig. 4, perhaps illustrates this fact 
most clearly. A simple expedient that will yield 
a reasonable correlation is to divide K by the 
measured Stanton number. Thus when the 
thermal boundary layer is relatively thin and 
Stanton number is high, as in the region near a 
surface temperature step, the acceleration para- 
meter becomes small. 

On Fig. 14 the ratio of measured Stanton 
number to Stanton number evaluated from 

equation (6), St/,6 is plotted as a function of 
K/St. The plotted points have been selected from 
the test data in a sufficiently random fashion so 
as to include data both near an abrupt increase 
in AT, and well downstream of such abrupt 
changes. To avoid including the effect of the 
lag discussed above, the correlation points were 
chosen where Khad been approximately constant 
for a distance of at least 100-200 momentum 
thicknesses. The plotted data include additional 
test runs not contained in this paper, and include 
the deceleration data. 

The results indicate a definite trend that can 
be approximated within the experimental un- 
certainty of the data by the simple linear 
equation, 

It is difficult to justify a correlation based on 
K/St on any theoretical grounds because the 
mechanism responsible for the observed phenom- 
ena is simply not understood. Attempts have 
been made to derive a significant parameter 
from theoretical considerations [7, 91, leading to 
K divided by a power of the friction coefficient, 
but the basis is sufficiently flimsy that equation (9) 
should for the present be considered as only a 
purely experimental correlation. As such it 
should very definitely not be relied upon for 
decelerating flows that are anywhere close to 
separation, for one would certainly not antici- 
pate that a simple correlation of this type would 
be adequate as the wall shear stress approaches 
zero. 

CONCLUSIONS 

The following is a summary of the conclusions 
that may be drawn from this investigation : 

(1) Free-stream acceleration (negative pres- 
sure gradient) suppresses the generation 
of turbulence in a turbulent boundary 

0 I I I 
0 1 

5 x lo3 
2 3 

FIG. 14. Correlation of the influence of acceleration. 
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layer, and causes a decrease in the heat- 
transfer rate relative to what could be 
predicted assuming a boundary-layer 
structure similar to that obtained for no 
acceleration. 

(2) The influence of acceleration on Stanton 
number can be quantitatively approxi- 
mated by equation (9). Thus a complete 
empirical formulation of the test results 
for a step change in surface temperature 
under varying free-stream velocity con- 
ditions for a gas is, 

St(f, x) = 0.0295 Pr-“.4 Re;0.08 Re;J’;12 

(1 - 165;) (10) 

(3) 

(4) 

where Res is defined by equation (7), 
Re,-, is defined by equation (3a), and K 
is defined by equation (1). This formula- 
tion is based on K being relatively constant 
for some distance before the point of 
application. Where K is varying, somewhat 
different behavior may be obtained, and 
it is probably reasonable to evaluate K at 
least 100-200 momentum thicknesses up- 
stream. 
Equation (10) can be used as an adequate 
basis for calculating heat-transfer co- 
efficients when surface temperature varies 
in any arbitrary manner, using super- 
position, i.e. equation (8). Alternatively 
equation (2), corrected by equation (9) 
would appear to be a reasonable approxi- 
mation where surface temperature does 
not vary abruptly, and has the advantage 
of permitting a much simpler computing 
procedure. 
When K 3 3.5 x 10-s turbulence genera- 
tion is apparently completely inhibited, 
and, after the residual turbulence has 
decayed, the boundary layer becomes 
effectively a laminar one. 

Finally it should be noted that while the 
various equations have been presented in a form 
applicable to flow over or inside an axi-sym- 

metric body, the test work was entirely carried 
out in a two-dimensional channel. It is by no 
means obvious that the same acceleration 
parameter is applicable to an ax&symmetric flow. 

The complete set of experimental data upon 
which this paper is based may be found in 
reference 12. 
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Rbumk-On presente des resultats experimentaux pour le transport de chaleur a une couche limite 
turbulente a proprietes essentiellement constantes pour differentes valeurs de l’acu%ration de 
l’ecoulement libre. Une quantite limit&e de resultats pour une deceleration de l’ecoulement libre est 
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aussi prtsent6e. L’appareillage experimental Ctait construit de telle facon que la temperature parietale 
pouvait varier de facon arbitraire, bien que l’ensemble des rtsultats prtsentes correspondent a de 
simples sauts de temperature parietale. On trouve que l’acceleration produit une diminution du flux 
de transport de chaleur en-dessous de ce qu’on pourrait prevoir en supposant une structure de couche 
limite telle qu’on obtient pour une vitesse constante de l’ecoulement libre. Une correlation empirique 
des resultats est presentee. Lorsqu’on les combine par la theorie de la superposition, les resultats 
peuvent Ctre employ& pour calculer les flux de transport de chaleur pour n’importe quelle 
variation arbitraire de vitesse de l’ecoulement libre, et n’importe quelle variation arbitraire de 
temperature parietale. 

Zusammenfassung-Fur den Warmeiibergang an eine turbulente Grenzschicht mit im wesentlichen 
konstanten Stoffgrossen werden Versuchswerte bei verschiedenen Beschleunigungswerten des 
Freistroms angegeben. Ebenso wird ein begrenzter Betrag von Werten fur die Verzogerung des 
Freistromes angefiihrt. Die Versuchsapparatur war so konstruiert, dass die Oberfltichentemperatur 
beliebig variiert werden konnte, wenn such die meisten der angeftihrten Daten fur einfache Ober- 
fl%chentemperaturanstiege gelten. Man findet, dass die Beschleunigung einen Abfall der Wlrmeiiber- 
gangsgeschwindigkeit unter den Wert verursacht, den man bei Annahme einer Grenzschichtstruktur 
fur konstante Freistromgeschwindigkeit vorhersagen wiirde. Eine empirische Wechselbeziehung der 
Ergebnisse wird angegeben. Wenn die Ergebnisse in Verbindung mit der Superpositionstheorie 
gebraucht werden, konnen sie fur die Berechnung der Warmeiibergangsgeschwindigkeiten fiir jede 
beliebige Variation von Freistromgeschwindigkeit und Oberlllchentemperatur verwendet werden. 

AHHOTfbqWsr-~PHBOJ&FITCrl 3KCIIepHMeHTaJIbHbIe RaHHbIe n0 TeIIJIOO6MeHy B Typ6yZeHTHON 

IIOrpaHMYHOM CJIOe C CyqeCTBeHHO IIOCTOHHHbIMH CBOiCTBaMH @Vi pa3JIINHbIX 3HaseHdi 

yCKOpeHEIH CBO60fiHOrO IIOTOKa, a TaKme HeKOTOpbIe AaHHbIe AJIH CJIyYaR 3aMeAJIeHMR 

CBO~~~HO~O~OTOK~.~KC~~~~~M~HT~~~H~FI~CT~HOBK~~~I~~CKOHCT~~H~OB~H~T~KE~M o6pasou. 

YT06bI MOHCHO 6bu-10 npOH3BOJIbHO MeHFITb TeMnepaTypy IIOBepXHOCTH; OnHaKO, OCHOBHOe 

KOJIEiYeCTBO HaHHbIX npHBOAElTCR JJJIfl OnpeAeneHHbIX 3Ha=IeHd TeMIIepaTypbI IIOBepXHOCTLf. 

HaBAeHO, 9TO yCKOpeHHe BbI3bIBaeT yMeHbIIIeHHe IIHTeHCHBHOCTIl TenJIOO6MeHa HH?Ke TOI- 

ana9errmr, noropoe M0m~0 nonyssTb, npeAnonomnn, ‘ITo cTpynTypa norparrnsnoro cnon 
0cTaeTcn TaRoti me, uau B cnysae nocTomHoil c~0p0cTH CBO60AHOrO noToKa. IIPHB~~HTcR 

3Mnnpll'4eCKOeo6o6~eHMepe3yJIbTaTOB.B COBOKynHOCTH CTeOpllefiHaJIOHteHMRpe3yZIbTaTbI 

MOWHO MCIIOJIb3OBaTb AJIFi paCYeTa HHTeHCHBHOCTEl TeIIJIOO6MeHa AJIfI n106b1x IIpOM3BOJIbKbIX 

ll3MeHeHRti CKOpOCTM CBO60AHOrO nOTOKa A TeMnepaTypbI nOBepXHOCTB. 


