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Section 5.2 Temperaturc Distributions

In the above scetion use is gade of temperaturc~velocity
distributions suggested by Squire~. Thesc distributions
incorparatc the index n" ol the power-law volocity distribu-
tion, which is normally of thc order of 1/7. It must be
stressed therefore that the curve labelled "n = 0" in Fig.lh
has no physical significancc and should only be regarded as
giving an absolutc lower (or upper) bound to the thcoretical
values,

Setting n = 0 in formilae such as for recovery factor
is only gustified on the grounds of its being a convenient
and {in most cases) sufficiently accurate spproximation.

28th September, 1953
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The mecasurcancent of heat transfer and skin {riction
at supcrsonic speeds

Part IV - Tests on a flat plate at 10 = 2,82

by

k., J. lionaghan
and
J. R. Cooke

This ncte gives the results of overall heat transfer and boundary
layer measurements made on a flat plate in a 5 in. square supersonic
wind tunncl operating at M = 2,82 under atmospheric stagnation pressurc
conditions. The tests were made to extend the range of rosulis previocusly
obtained at Ii = 2.@31:2 and used thc samec cxperinental cguiprient.

In general the results confirm thosc obtained at the lower nach
number and some general conclusions arc now drawn concerning the structurc
and bechaviour of cxporimontal laminar and turbulent comprcessiblce boundary
lgycrs on a flat plate.

The present series of tests is now complete, but subsonic check
tests remain to be made.
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1 Introduction

This note gives the results of overall heat transfer and boundary
layer measurements made on a flat plate an a 5 1n. square supersonic wind
tunnel operating at M = 2,82 with atmospheric stagnation pressurc, Tho
tests were made to extend the range of the results previously obbtazned
at M = 2.451’2 and uscd the samc experimental cquipment.,

The oversll heat transfer measurements were made wath a mean plate
temperature of approxxmatcly 373°K and for tumnel stagnation temporatures
1n the range 225°K to 3129K, corresponding to free stream Reynolds numbers
between 2.5 and 4 mllion, bascd on plate length.

Pressure and temperature traverses of the boundary layer were rade
for the zero heat transfer condition and for one case with heat transfer
(T, = 373°K, Ty, = 276.5°K). These have been analysed to show the

cheracteristics of the boundary layer and on addationsl snolysais 1s mode
ef the velocity and temperature dastributions. The latter arc olso
compared with results obtained by Splvac.k3 from measurement of o tummel
wall boundary layer at M = 2.8.

The testa were made bebtween August cnd December 1950 and in
February 1951 and complete the present seraics, bub subsonic check sests
are to be made and there may be an extension to higher Mach numbers and
Reynolds nmumbers at a future date.

2 Experamental apparatus and techniques

The tunnel {apart from the highcr Mach number nozzlc), hot plate
and heating equapment, and pressurc and temperature measuring equipment
were the samc as described in Ref.2,

This section is concerned with the flow over the plate given by
the new nozzle and with a slight refinement in thc method of deravang
total temperatures from the recorded pitot-thermocouple temperatures in the
boundary layer.

2.1  Mach number distribution along plate

The Mach number distrabution along the plate, as deraved from
surface static and tunnel stagnation pressures, was as shown in Fig.l.
The variation from the average mean Mach number of 2,82 was less than
+2 per cent in all cases, but thais 1s larger than would normally be
considered acceptablc by present stondards for a gemeral purpos: tunncl.

However the approximate calculations of Appendax I suggest thal
the resulting errors (duc to pressurc gradients) in the turbulent boundary
layer should always be less than 2 per eent, provaded Reynolds numbers
etc are based on local conditions. Such an error is within the lamits
of experamental accuracy and the Maeh number variation was therefore
accepted for the prescnt sernes of check tests.

The crrors in the laminar boundary layer over the forward portion
of the plat. are not so easy to assess, but since they are complicated
by additional effects discussed below, and since the experamental
accuracy 1s lower than in the turbulent layer further back, the effects
of possible pressure gradients have been neglected.

The plate was ralsed 0.16 inches above wall level as in the

My = 2.43 testsl;2, at which height at least 96 per cent (by velocaty)
of the tunnel wall boundary layer was removed by suction at its leadaing
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edge. Thus some residual turbulence 1s lef’t in the streem over the plate.
Fig. 1 shows tnat the resulting Mach number distribution cver the forward
portion of the plate was better than that obtained in the sare region of
an umbroken flat wall. The slight dip in the regron of 6 inches back
from the leading edge 1s probably caused by disturbances arising at the
points where the leading edge enturs the side-wallzboundary laycrs. (&
sumlar effect was observed an the 1 = 2,43 tests ). The more
pronounced drop and subsequent recovery at 10 inches back occurs both

on the plate and on the unbroken flat wall and is presumably caused by a
small irregularity in the nozzle profile., It 1s possible that this
disturbance may come from the plug in one of the forward hecles cut in

the liner to accommodste the pitot holder.  As made, the plugs were

a flush fit, but in time 2 small cmount of distortion always occurs
between a wooden plug and weoden liner, However 1ts effcct on the
boundary layer should theoretically be less than 2 per cent, s has
already been mentioned,

2.2 Pitot=thermocouple rccovery factors

The design of the corbined pitet and thermocouple tube was the same
a3 described in Ref, 2, but a standard sized head of about 0,017 in.
outside diameter was used threoughout the present tests. The required
small air-flow through the tube during temperature readings was obtained
as 1n Ref, 2 by opening the connection teo 2 vacuum pump. The flow
quantity should then depend onh the differcnce

between pitot pressure (po') and pump pressure Py,  During a boundary
layer traverse, DPyac remeined sensibly constant but po' varied between

50 and 250 mm.Hg.abs., To allew for this, the pitot-thermocouple was
calibrated in the free stream over the full range of prossure differences
(po' - Pvac) produeing curves, such as showm in Fig., 2, for rccovery
factor Bin. (Por definitions of the symbols used 1n this note, sec the
l1st of symbols at the back). A separate calibration was made for each
traverse since small differences were found, but the general shape was
close to that illustrated., This shows that B¢ varied between 0,92

and 0,94 over the range of (po‘ ~ Dyne) Of the traverses, and th. celibra-
tion was then assumed to apply through the boundary layer.

An alternative procedurc would be to kecp (py' = Pyag) constant

during the traverse, but this would mean accepting the lower valuc of
Bth = 0,92 throughout,

The haghest volue of 8,y = 0.94 wos less than that cbitained for a
pitot-thermocouple of simlar dimensions in the My = 2.43 tests, This

may be a Mach number effect, or i1t may be caused by slight differences in
the geometry of the quartz pitot hcads and positioning insidc them of

the thermo—junction, The latter explanotion i1s supported indirectly by
Spivack's results”, which show no systematic varistion in the recovery
factor of his tempecraturc probe between M = 1,2 and M = 2.8,



3 Overall heat transfer tests

3.1 Measurement of kinetic temperature rise

The method used in Ref'. 2 for determanaing kinetic temperature rise
was to circulate room air through the plate and to vary the tunnel
stagnation temperature slowly until the inlet and outlet temperatures
of the circulating eir coincided, when zero heat tranafer conditions
were assumed to have been reached, The method was not very satisfactory
and in the present tests an attempt was made to measure the kinetic
temperature rise directly from the surface temperatures of the copper
plate. Since the plate 1s mounted in a wall of the tunnel, zero heat
transfer conditions between plate and ailr-strcam will only be obtained
if there is zero heat transfer bebween plate and room, Thercfore
the tunncl stagnation temperature was adjusted to make the mean plate
surface and room temperatures cqual, giving the results shown in Fig. Ja,
As in the M = 243 tests, there was a fall in surface temperature from
leading edge to trailing edge,

Tests were also made using a dummy wooden plote, which 1s more
nearly an insulated surface, giving results also shown in Fig. 3a.
Surface temperatures measured on the wooden plate are considered to
be less accurate than those measured on the copper plate, because it 1s
difficult to instal the thermo~junctions so that thoy will recad the
actual surface temperature and not o mean temperaturc over a finite depth.
This is not so serious with copper which is an excellent conductor, but
wood is an insulator so that there can be large temperature gradients
through it which can introduce sizeable errors. Hence the discrepancies
shown between the two cannot be regarded as significant: the main
conclusion is that the two sets of temperatures are of the same order
of magnitude for the same stagnation temperature,

Local recovery factors (B) based on the eopper plate surface and
tunel stagnation temperatures of Fig. 3a and the appropriate Mach
number distribution of Fig. la, are given in Fig. 3b. The mean value
is approximately 0.90, as compared with 0,906 (obtained by the circulation
method) for My = 2,43.

Finally, Fig. 3¢ shows the variation in mecan recovery factor
obtained when the stagnation temperature was varied, giving mean plate
temperatures unequal to room temperature. Assumng that the heat
transfer between plate and airstream varies as (Ty - Ty,) and the hoat

transfer between plate and room varies as (T, - Tp), (where T, is the mean

plate temperature, T4 1ts zero heat transfer value end TR is room
temperature), then whin equilibrium 1s established it can be shown that

Br =B + 4 (T~ T,)

where 8' is the apparent mean recovery factor based on Ty
and B is the true mean recovery factor for T, = Tg,.

The scatter of the experimental points* in Fig. 3¢ shows the
drfficulty in obtaiming an accurate estimate of g, even though the

* The shape of the tempcrature distributions along the plate was
simllar to that of Fig., 3a in all cases,
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temperatures were given at least half an hour to settle 1n each case,
As a result, B 15 only specified to two places of decimals by

B = 0,90 (1)

and this value has been used an the analysis of the overall heat transfer
results below,

3.2 QOverall hezt transfer results

Measurements of overall heat transfer were cbtained as in Ref. 2
for a plate temperature of approx. 373°K and for tunncl stagnation
temperatures in the mange 225%K to 312°K., The results were analysed
as 1n Ref. 2 (exocept that the mean recovery factor wns token to be 0,90)

1
and are given in Table I, while Fig. 4 gives the plot of ky, ReB-&galnSt
THl . T
ET” (An auxiliary scale of E: is also given).
W i

Colburn's formula

-2
k—00360‘3Re
h'—' -

Ui

(2)

modified in accordance with the results of Ref. 1 to give (with o = 0.72)

m
K, = 0.045 (Rew _T%;> (3)

-

gives good agreemsnt, with the experimental values in Fag. 4., However the

T
trend of the latter indircates that for Eﬁl lcss than 0.60, QJL less
T

W
than 0.43) equation 3 might underestimafe the heat transfer, These
conclusions aré 1n agreement with those” obtained from the My = 2.43
tests.

Note however that equation 2 is equivalent to toking
-2
1

with Cp given by the Blasius' formula, wheress the Farmen relation between
skin friction and heat transfer would give

o = (2 ) -3 (5)
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which for o = 0,72 would give a line 10 per cent below that shown in Fig, L.
This emphasises the need for further heat transfer measuremcnts from a flat
plate at low speeds an order to establish the constant in equation 3.

L Boundary laycr msasuremcnts

Pressure and temperature traverses of the boundary layers corres—
%?ndlng to zero heat transfer conditions and to the heat transfer case

—— = 1,35 wcre obtained and analysed as in Ref, 2, The average pitot-
THy

thermocouple size was 0,017 in. C.D., but o nuber of pressure traverses

were taken independently with o flattened stainless stecl pitot head of
height 4.010 in,

The present seotion considers transition position, and the variations
of dasplocement and momentum thicknesses, etc, Section 5 below considors
the structure of the velocity and temperature distributions across the
turbulent boundary layer,

4.1 Transition position and velocity profiles

The results of crecper measurements of transition on the centre
line of the platc are shown 1n Fig. 5,

T
Under zero heat transfer condations <ggf- = O.9h> the transition
1

rogion begins 4 in, from the leading edge ot

Rey = 0.8 x 106.

T .
For heat flow from the plate to the airstream <%EL = 1.353>, the
THl
transition region has moved forward and now begins at

= 0.45 x 10°

T
l.e. 1ncrease 1in R from 1 to l.44 has almost halved the transition

WO
Reynolds nunber,  This gives further emphasis teo the importance of
knowing the heat transfer conditions when makang estimates of boundary
layers occurring n supersonic flaght. 1t also emphasises the need
for further measurements of the movement of transition with heat tranwzler,
but the present rig is unsuitable for such work because of the very low
transition Reynolds muber under zero heat transfer conditions,

Velocity profilces for the two experimental conditions are given in
Figs, 6 and 7. As in the My = 2,43 testsl:2, the laminar profiles arc
"fuller" than theoryh'would predict, For gzero heat transfer the turbulent
profiles {Faig. 6) once again agree woll with the %mh power law, with thec

X
appropriate value of §g~from Ref. 5. For ;ii-= 1.35, the Mi = 2.43
4
result52 agreed with o %th power law, but Fig, 7 does not show this trend

except very close to the wall, Instead, the profiles at the beglnnlngl
of the turbulent region arc closer to o %xh power law and tend to the

power law as the distance along the plate ls inoreascd, A more Complutc
discussion of the turbulent profiles, bascd on the log-law form, 1s given
in ssction 5.
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4.2 Displacement and momentum thicknesses, etc,

The variations along the plate of displacement and momentum thicke
x

nesses and of the shape psrameter H = F~ are given in Table IT and in
Fags., 8-10. The crecper measurcments of section 4.1 determained transition
position on the rentre line, where the pitot traverscs arc normelly madas,
but a test with an indicator showed that the transition riglon was tongue
shaped as in Ref, 1, starting from the corners at the leading edge,
Consequently o set of traverses was made along =z line one inch of f centre
in the zerc hoat transfer case (Fig. 8) to test the validity of the
assumption of two dimensional flow.

Fig., 8 shows close agrecment between the two sets of traverses
in the laminar region, but there i1s a davergencs in the turbalent region,
Such o divergence weould be expected because of earlicer transition on the
line one inch off eentre, and tae eurves show that the differcnces necer the
trailing edge of the plate could be consistent with this cxplonation., The
dufrerence in slopes between L and 8 inches from the leading elge cannot
be explained as simply, umless thoere 1s a very long transition on the
linc one inch off centre.  Also the possibality of sccondary flows
affecting the growth of turbulent boundary layer cannot be ncglected.
Howover the agreement in shape parometor H (Fig. 10) between the two
sets of traverses, and the experimental agreement so far found wath test
results from othur tunncls, both suggest tnwt while the corndr dasturbances
and possible scecondary flows moy affect transition posaition, the subscquent
turbulent boundary layer is two dimensionol an behaviour,

L.21 Laminer region

For zero heat trarsfcr, the creepsr gave the beginmung of the
transition region to be aboul & inches from the leading cdge (Fig, E},
and ahead of this point therce as fair agrecment between theoretical™ and
experimental values of displacerent thickness (5%, Fig.B8). This 13 1n
contrast to the My = 2,43 resultsl vhere the experimental veolues were
about 25 per cent shove the theoretical.

However the present and the ea:n'ln.er;L results agree in showing
experimental valuss of momentum thickncss (9) approximstely 30 per cent
above the theoretical {Fig. 8). Fag. 10 then shows thet nowhere do
the cxperimental wvalues of EH attain the theoreticellt zero hept tronsfer
leminar value of 8.1, eppropriate to My = 2,82,

Becouse of temperature measuring difficulties no traverses were
obtained in the laminar region under heat transfer conditions (Fig, 9),
but theoretically there should be little change ain the values of 9 as
compared with the zero hest transfer cass, clthough the valuss of X
(and thercfore of 6%) should increase as shown in Fig, 10,

In the absence of pressurc gradiocnts, the mean skin fricticn
coeff1cient (GF) 15 obtained from momentum thickness (0) by the forrmla

Cp = 20 (6)

X

and Fuig, 11 summarises tho oveilable data for its wvariation in a laminor
boundary layer on a flat platc in o supersonle ailr-stream. The N,A.CLA.
results are from interferometer and pitot measurements by Blue” on o flot
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plate spanning the 3.6 1inch square working section of a supersonic wind
tunnel operating at M = 2,02 under zero heat transfer conditions. The
pitot traverses were made with a tube 0,0026 in. high.

There is good agreement between the R.ALE, and N,ALC.A, results
in showing skin friction coefficients 25 to 30 per cent above theoretiecal
estimates, A possible explanation is that experimentelly there is always
a fanite thackness and therefore a finite disturbance at the leading edge
of a plate and the effect of this d.sturbance may be noticeablc as a
momentum loss in the boundary layer for some distance downstream, Ir
it is assumed that this effect can be allowed for by the assumption that
the effective start of the laminar boundary layer is upstream a distance
Xy from the leading cdge, then Fig., 11 shows that the experimental points
are well fitted by taking Re, = 0.167 x 107, (This corresponds to

0
%-1nchcs in the R.A.E. tests at M = 2,43). Cbvaicusly a saingle value of

Ruxo could hardly suffice for all leading edge conditlons or speeds, S0
to some extent the very close agreement between the R.AE. results at
M= 2,43 and Blue's results at M = 2,02 must be rogarded as coincidental,
However there is obviously definite support for the assumption that the
effective start is upstream of the leading edge. The rising valaes of
skin friction for Rc > 0.5 x 106, can bc cxplained by the onset of
transition.

4,22 Turbulent Region

The characteryistics of the turbulent boundary laysr (Fags. 8-10)
confirm the resultst:2 of the Mi = 2,43 tests, namely:

(1)  in the zero heat transfer case (Fig. 8) values of momentum
thickness derived from equation 6 above and the Ref, 1 formula

Ty 2,6
CFW = 0,46 (logyg Re, — (7)

agree well with experiment provided 0 iz taken to be contimuous with
the experimental laminar value at a transition point gaven by the
beginning of the transition region obtained from the creepsr results
of Fig. 5. (Equation 7 agrees with an earlicr formula supggested

by Cope for zero heat transfer conditicns).

(2) no decrease in momentum thickness (and hence in skin friction)
1s found waith heat transfer from plate to strcam (Flg. 9), except
indarectly through changes in free stream Rayuolds pumber and an

transition position.

(3)  the shape paramcter H (Fig. 10) is given reasonablec accuratcly
in both cases by the modified? Ref. 1 formula

T iy
H=1.3 (§+ o3 %'-l-mr]_‘z) (8)
1

and (4) values of displacecent thickness can then be obtained by
combinmg conclusions 1~3. (Figs. 8 and 9).
10,



5 Analysis of velocity and temperature distributions in the
turbulent boundary layer

The two major assumptions made in Ref. 1 when deraving formulac
for the variations of skin friction eétc with Mach number znd heat
transfer (equations 7 and 8 above) werc

(1)  that the general log law form for the turbulent velocity
profile near a2 wall in incompressible flow

-2 = A+ B lOglo Y (9)

g

where

and

could be retained, with the sane constants, in compressiblce flo-.
rovaded density and wviscosity wore evsluaated ot woll temmerature

fg1v1ng uz, and yq ).

and (2}  that Reynolds analogy betwsen momenbum and heat exchonge
was valid, gaving the relations

Ty = THi (10)
in the zero heat transfer case, and

Ty = Toy "L

when-heat-is being transferred.

The results of Ref. 2 showed that neither assumption was valid,

2

other than as a rough approximatinn, The present results check with
this conclusion and are prescnted below,

5.1 Velocity distributions

Using values of Cf.<= 2 8 ) derived from Figs. 8 and 9, experinentsl

values of —2— and Ity have been cnlanlated frow the measured relocity

w
These values are tebulated in Table IIL and are plotted

distraibutions,
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in Pig, 12. As shown by the solad lines, good agreement is cbtained
by using equation 9 with values of A and B gaven by the following
table, {also included in the table are the experimental values
obtained for My = 2.43)

Temperature Mi = 2,L3 Mi_; 2,82
conditions A B A B
Zero heat transfer 545 Dely 5.9 5.0
T’W -
e =1 1.55 3.65 5.0 LFeB 5.2
Ty
1
Ty
= 1,57 1.65 6,1 - -
H

These compare with the usual incompressible values of

A

it

5.8 or 5.5
and

B

It

5.5 or 5.75

The broken lines in Fig, 12 correspond to the values of A and B
obtained an the My = 2,43 tests? for the appropriate temperature
condations, and thesc also are seen to be an fair agreement with the
present experimental values. Thus the above table should only be
regarded as giving the corder of the values of the constants A and B,

It shows therefore that the assumption of Ref', 1 in retainang the
incompressible constants is reasonably valid under zerc heat transfer
conditlons up to My = 2.82, but goes astray when hcat is being transferred,

A nunber of authors have made theoretical investigations of the
compressible turbulent boundary layer and a good summary of their
assumptions and rcesults i1s gaven by Rubesin, Maydew and Varga in
Ref, 7%. Their report shows that the results obtained vary considerably
with the initial assumptions made concerning both the equation for
shearing stress and the boundary conditions at the junctaion with the
laminar sub=layer or with the buffer layer. Thus by making suirtable
assuptions it might be possible to fit the experamental velocity
profiles chtained an the present note and an Ref. 2, but such an
investigation 1s beyond the scope of the present note since 1t raises
fundamental questions concerning the mechanism of turbulence in a
compressible flow,

5,2  Temperature Distraibutions

5.21  Zero heat transfer (I = Ty,)

Typical distributions of total temperature (Ty) as measarcd
across the turbulent boundary layer under zero heat transfer condations

* This report also contains experamental results for skin frictzon
on a flat plate 1n a 6 in, tunnel at M = 2,5 and zero hcat transfer
conditions, These rcsults sre fitted well by the formula of Ref, 1,
1.¢. equaticn 7 of the present note,
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are shown plotted against distance from surface in Fig. 132 and against
velocity squared in Fig. 4. Both show the degree of departure from
the simple assumption of constent total encrgy,

(10)

as normnally used in analysis of boundary layer traverses.

Now in Ref, 2 it was shown that Squire's sugpested temperature
distribution® for the turbulcent boundsry layecr under zero heat transfor
conditions is equivalent to

n'r'l 2
T+
™! =T + ¢ 12)
H 238 Cp (
= constant
= T,,, 1f correct values near the wall are
desired,
where
n+l 2
n+3 !
Two = Tl + 0 5-5-"-0'[:‘ (13)
g

end " is the index in the power law velocity profile
n
X /.:z>
g ”\6

(Note that Ty' = T, under gero heat transfor conditions, but when heat

is being transferred, scction 5.22 below, Ti;' as defined by cguation 12

will vary ecross the layer whercas T,  will remaln constant, being glven
by cquation 13).

T
Following cquations 12 and 13, values of Tii canl bc obtained as
I
1
functions cf .ﬁi and these arc plotted in Fige 14 far n :.% and for the

limiting valuc n = O, The result shows that the cxperimental temperaturcs
lic necarcst to the linc corresponding ton = 0, i.e. to

(12a)
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Using an appropriate cxperimental velocity distribution é&?. os
=)

obtained from equation l12a is plotted against y in Fig, l3a, whach gives
s comparison in terms of the physical dimensions of the boundary layer,
The reversal 1n the experimental temperature distributions near the
surface of the copper plate remnins unexplained, Subsequent check tusts
showed thot it was not an accidental effect confined to a particular
test series,

A drawback to tho temperature distribution given by n = 0
(equation 122) is that the energy distribution obtained from it doss
not integratc to give zerc heat transfer, Neither docs the experimental
temperaturce distrabution, as 1s evadent from Fig. 13a. This poant was
discussed in Ref, 2, where 1t was shown that use of the distribution

for n = —:_]-/'- (Fig, 14),

2 2
Ty' = T 4oll (12b)
2dg OP

with an arbitrary extrapolation for values of Ty greater than Try
(since Ty rust equal THl in the free stream) could give o truc zero

heat tronsfer energy distribution.
Thus the distrrbution correspending to n = %’WOUld seem profcrable

and Fig, 14 shows that while 1t 21s not i1n agreement wath the present

results, it gaves very good agreement (up to %gm = 1) with results obtained
H

L
by Sp::.v‘ack3 from measurement of o tunnel wall boundary laycr at M = 2,8,

The exnct heat transfer condaitions were in doubt during Spiveck's touts
but he assumed that thoy were very close to zero heat transfer,

Thus in swmary 1t can be sa1d that the most cccurate zero heat
transfer temperature distribution is probably given by Squires distribution

(equation 12) wath n = %-(equation 12b). However 1n application to

experimental boundary layer analysis, current variations in values accepted
for Prandtl number (o) for air make the additional refinement of equation
1%b over equation 12a (for n = 0) hardly justafisble and in most cases 1t
is probably sufficiently accurate to accept the agsumption of constant
total energy (equation 10).

5,22 With heat transfor, T, = 373°K. = 276.5°%
W THl

In this case, Reynolds anslogy between momentum snd heat oxchange
gives

= — (14)
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In Ref, 2 1t was shown that a better daistribution is probably
given by

Tw = Ty’ u
Lo (O G5)
W H.l 1
where TH' is given by equation 12a
.
Bt = 1 e o3 U (122)
2dg GP

and the trend of the e:qperimental.results2 suggested that

~-L
£(o) = o ° (16)
might be a good approximation for £{a),
Fig. 15 shows the present experimental results plotted as
T
“H . ogeinst 2 and compares them with
Ty i
1.
(1) Reynolds analogy, equation 1k
(2) Bquation 15 with £{o) = 1
1
and (3) Equation 15 with £(¢) = ¢ 3 (wath ¢ = G,72).
Of the three, equation 15 wath £(o) = 1, 1.e.
moo_ 1
- t .
TW TH]_ ul

gives probably the best approximation to the experimental resuits 1a
Fig, 15, Thus despate the results of Ref, 2 therc 1s not yet sufficront
evidence to justify choosing

Wi

(o) (16)

1
q

in preference to

o)

It
=

15-



and as will be evident from Fag, 15, Reynolds analogy (equatzon 1i)
should be sufficiently accurate for analysis of cxperimental measurements
et least withan the range of heat transfer conditions so far covered,

6 General Conclusions from the Present Test Series

On the basis of the experdmental results cbtained in Ref.l, 2
and the present note, the {ollewing general conclusions can be drawn
concerning the compressible laminar and turbulent boundary layers
found on a flat plate in the absence of pressure gradients. The test
Mach numbers were 2,43 end 2,82,

LAMTNAR BCOUNDARY LAYER

(1) The experimental velocity profiles woere "fuller" than
theory would predict. {e.g. see Fig. 6).

(2) The present tests and some Amsrican testsd at 1 = 2,02
toth gave laminar skin friction coefficients 25—-30 per cent abovs
theory (Fig. 11), which 1s probably ceused by the disturbance
orzginating fraom fanite thickness of the leading edge of the

plate,
TRANSITION

(3) There was a forward movement of transition wath heat transfer
from plate to stream, but very little backwards movement oceurred?
for heat transfer in the opposite darection. However the prescent
rig 1s unsurtable for guantitative evaluation of thas sffvct and
further work 1s necessary.

(1) In the znalysis of the twrbulent boundary laysr 1t was found
best to meke momentum thickness (0) contzmuous witn 1ts experimental
laminar velue (from conclusion 2 sbove) at a "transition polnt"
given by the beginning of the normal transiticn region {e.z. c.f.
Figs. 5 and 8),

TURBULENT BOUNDARY LAYER

(5) Under zero heat trensfer conditions the velocity profiles

followed the L th power law form, At Ml = 2,43 and with heat

=
transfer from plate to stream, the profiles varied through a % th

to a % th power law form, but the same behaviour was not-discernibles
at Ml = 2.82.

The results were also plotted in log law form

Yug
oA + B loglo '—;'-IV-
W w

and a varilation in the constants A and B was found.
(Tabulated in the present note).

15,



(6) Under zero heat transfer conditions the Ref. 1 formula for
the variation of mean skin friction coeffucient

Cp, = Cr,
when
T
Re, = Re T&
i w T,

(where "i" denotes incompressible values

"y denotes that density and viscosity are evaluated
at wall temperature T,

and Ty is free stresm static temperature)
ave good agreement with experiment, when allowance was made
%following conclusion L) for the laminar boundary layer over the

forward portion of the plate, It aiso gives agreement with the
majority of results from other sources.

(7) Contrary to the prediction of the Ref, 1 formula quoted in
conclusion 6, no decrease in skin fraiction was found when heat was
being tronsferred from plete to stream.

X
(B) With or without heat transfer, the shape paramater(% = %T)

was given reasonsbly accurately (e.g. Fig. 10) by the formula

H=1.3 < + o M
i 2 Tl

where ¢ is Prandtl mmber (= 0.72 for air).

(3)  The mean temperature recovery factor-(B) for the plate,
def'ined by

- TWO- Tl

B =
TH1 - Ty
where T, 1s the mean plate temperature for zeroc heat transfer

and Tl’ TH arc the free stream static and tobal temperatures
1 respectively,

had the value 0.906 at M; = 2,43 and 0,90 at My = 2,82, Contrary

to expectation, the 100&1 values ot the front of the plate (laminar
region) werc slightly higher than those at the back (turbulent region).
(e.g. Fig, 3b). The faigure recommended for applacation for turbulent
boundary loyers is 0.90.

17,



(10) Overall heat transfer coefficients ky based on the temperature
difference (TW - ) showed a slignt variation with temperature
ratio =L |

w

The formula

TW 0

khw = 0,045 <£GW %i)

Ui

gave good agreement with experiment. (This formuls 1s a gencralis
sation of Colburn's incompressible flow formula 1n accordance with
the variation suggested in Ref. 1 and conclusion 6 above for skia
frietion in compressible flow.  However the constant requares
checking by further subsenic tests).

(11) The temperature drstrabution across the zero heat transfer
turbulent boundary layer was given approxumately by

L
TH' =T+ g3 ———— = constant = Two
2Jg GP

Further esvrzx.aence3 suggests thot the true distribution may
be given more nearly by

5

Ay 2 '
T, =T + Ull L = constant =
H 2Jg Gp CR'-"O

These dastributions arc as suggested by Squ:i.re0 and corruspond
to teking exponcnts O and «17 in the power law velocrty profile.

(12) When heat 1s being transforrcd the tomperature distribusion
is given roughly by

where TH' is defined as in conclusion 11,

18,



LIST OF SYMBOLS

distance along plate from leading odge
distance normal to plate
velocity parallel to plate at a point in the boundary layer

value of "W" in free stream outside boundsxry layer

r 1
friction velocity L: (%9)2}

local skan friction
total skin friction on length x

density (mass units)

dynamic viscosity

mean skin friction coefficient, Cf local skin friction
coefficient

Reynolds nmuber based on plate length and free stream
values of p and H

ditto, based on length x

static temperature

2
u

2Jdg G

total temperaturc = T +
b
Jn+l w2

= T ¢ o n+3

when "n" is exponent in turbulent velocity
Jdg C . u v\
P profile = =

U TS
SUBSCRIPTS
1 denotes free stream value
w  denotes platc surface (wnll) value
wo denotes wall valuc for zero heet transfer
Q overall heat transfer rate
'S heated aren of plate

e

= Py GS(T ) (convective hest trarafer-coefficient).
L W Two

where g 18 acceleration due to gravity

and Cp 1s specific heat of air at constant pressure

i19.



LIST OF SYMBOLS (Contd)

Gu‘

Prandtl number 2 s Where k 138 thermsl conductivity.

k

temperature recovery factor for flat plate

_ Two - Tl
S m, =T
Hl 1

pltot~thermocouple recovery factor
Tt - T

Ty - T

where Tth is measured temperature of thermocouple,

dasplacement thickness of boundary layer

)
[
P P1%

momentum thickness of boundary layer

5
= _EE.. ( - _1_1_> (]_y
Pty uy

X
shape parameter = £
0
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APPENDIX I

Approxiumate estimatc of cffects of cxperimental pressurc

gradicnt on turbulent boundary layer results

The momentum integrsl equation for two—dimensional compressible
flow reads

ol GG
"02=513+0(H+2)—l— ot S
Pl'lil ax U.l dx Pl ax
or, since
R a2
dp
dw d
Plul ——:.l-‘.-z-_li
dx ax
and
T
o)
Cf = o2
hske!
we have

I.1
q dx

Thus Mach number-is seen to have considerable-effect on the-affact
of pressure gradients. Under zero heat transfer conditions at M = 2.82
Fig., 10 shows

He 5,

Now Fag. 1 shows that between x

1l and x = 9, Mj decreases from 2,85 to
2.77 and thercfore P-R-.incx‘ea.scs_from 0,0341 to 0,0386.

Ag an approxima—
o
tion assume that the variation in £- is linecer, then

o]
)
Po/ . 5,605 x 107*
dx

22



and, substituting in equation 1,

[}
)
i

X

a® P
2 — - 5.625 x 107 (7 - m %) 20
a q

]
3]
l
b
@

L.2

Taking oxperimental values of My from Fig. 1 and of 6 and g—ﬁ- from
L

Fig., 8 we then have the following approximete volues

X = 5 9
Ml = 2‘83 2077
-A = 1.45 x 1072 1.67 x 10"5
& = 5  x21070 o x1073
2 48 5.6 x 1070 2.4 x 1070
dx
AB
- 0.55 x 10~2 0.7 x 1072
2 ax

This shows that under the present conditions, the error in

Cf introduced by neglecting the pressure gradient ond taking ths
simple formula

a8
C =20 I.
o 2 F 3

will be less than one per cent which is well within the experimental
acouracy, Nole however thaot Cp is based on the local and not on the
mean values of @y and uy.

Similarly it con be shown thot the mean skin friction. coefficient
(GF) is given by :

GF =2e I|}+

x

to a similar order of accuracy, provided fp ond vy are gaven thear
values at the point x, This suggests that the same-considecrations
should apply when evaluating local Reynolds mmbers, as has been done
in Toble II.
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In the range x = 9 to x = 12, Fag. 1 shows that

d&&
a ~1.7 x 1077
dx

so that in this case the errors involved in using equations 3 and L
should be less than two per cent which 1s acceptable,

The errors in the heat transfor case (Figs. 1 and 9) will be of
the same order.

It should be notcd that the smallness of the pressurc gradient
effect as estimated above i1s forturtous in that the Mach nunber iz in
the right region to minimisc tne term

.2
(H+2 - b7

in equation I.1.
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TABLE I

Results of oversall heat transfer meassurements

I'J:L = 2. 82

Raynolds mumber based on plate length = 13.4 in., = 0,540 matres
Hented area = 57,6 5g.in. = 3.72 x 1072 aq. motres
Results are an chronologlecal order with diavisicns between tests

| 1

mHl Ty mwo Q Re ky,

oK ox. oK kcal/sec xLo~b <109
273.0 372.6 256.3 0.051)% 312 1,92
273,1 372.5 256, 1 0,0939 3.12 1,32
242.1 372.4 2274 0.1190 3.6k .28
2L2,5 372.5 227.7 0.1216 3.6l 1,30
233,9 372.2 212,56 00,1217 3.83 1.22
238.1 372.6 £23,6 0.1190 3475 L.23
238,0 372.5 223.5 0.1179 3,75 1,23
247.5 372.2 2324 0.1084 3,55 1,22
24h8.2 372,53 233.0 0.1090 3.55 1,22
253,2 371.8 237.7 0.1089 3.4k 1.2)
253,0 372.h 237.6 0.1067 3.4 1.25
258,1 372.5 2h2. L 0,100k 3.35 1.2k
258.1 372.5 242,10 0.100). 5.35 1,24
282.7 372.8 265.5 0,0852 2,93 lo3k
282.8 372.8 265,6 0, 0860 2.95 1.35
29h.. L 372.8 276.5 0.0786 2,75 1.11
264.1 372.9 248.0 €.1009 3.21 1.32
264.,2 372.9 28,1 0,099 3.21 1.30
267.9 372.4 251.6 0.0975 301l 1.33
268.0 372.6 251.7 0,0972 3eli 1.3%
287.6 372.5 270.1 0.0810 2.8 1.35
288,2 372.6 270.7 (3.0812 2.8l 1.36
298.0 272.5 279.8 0.0750 2.70 l.41
298.1 372.5 279.9 0.0745 2,70 1,40
510.3 372.5 291.4 G, 0654 2. 54 1.43
312.0 372.5 293.0 0.0633 2.5 1.41
246.,9 372.7 231,8 0,112 3450 1.26
2Lt b 372.7 232,3 0.1139 3,54 1,28
225.4 372.6 211.7 0,128 3,99 1.21
225,5 372.6 211.7 0.127h 3,99 1,20

l
SIS S — e L - - _:
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TABLE II

Regults of boundary layer measurements

Ml = 2-82
(a) Centre line. Zero heat transfer. (-:-IT-E—- = 0.9, T = 28901{)
1

x in. Re, x 1070 & in, ® in. B
1.25 0,25 0,0169 0,00223 7.58
2.95 0.59 0,0219 0, 00314 6.97
4o 55 0,88 0.0292 0.00458 6.38
6,45 1,37 0.0330 0,00703 L4.,69
8.50 1.76 0. 0445 0,00858 5.19
10.05 1,96 0.0533 0.01118 b7
11.30 2.26 0,0637 0.01330 479
13.40 2.56 0.075L 0.01460 5,16
(b) 1" off centre line. Zero heat transfer

% in, Rex x 10"6 & an, 6 in. H
1,20 0.24 0.0148 0.00210 7.05
2.90 0,58 0.0200 0.00312 6.3
L, 60 0. 9% 0.0253 0.00478 5429
6.35 1,3k 0.0370 0.00778 L.76
8.20 1.66 0.0515 0,01083 4,76
11,20 2.16 0.0716 0,01420 5,04
13.40 2,59 0,0825 0,01660 4,97
(¢) OCentre line. With heat transfer. T, = 373°K. Ty = 276, 5%K
x in, Re, x 1070 5% 1n. o in. i
2.95 0.69 0.0254 0.00328 7.7k
l{-. 65' 1.07 040314-5 00005}4-1 6. 38
6437 1.49 0.0512 0.00831 6,16
8.40 2.00 0,0630 0,01035 6,09
11,25 2.57 0.0844 0,01360 6.21
13,35 3. 04 0,0921 0,014,489 6.19
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TABLE 111

Log-lar velocity distributions an turbulent boundary layor

el
(a)  Zoro heat iransfor condiiions. 7., = 2899K, THl o 307°K
N 6 )
Mean Lic = 0.2 x 10 nper inch
9 = u/u,Ew mn = yu,rw/vw
x = 8,5 in. x = 10.05 in, L ox = 13.4 in,
¢ logygm ¢ logygm P | Logy M
9,28 1.032 12,61 1.303 8.73 0.981
10.71 1.179 13,02 1,582 9,03 1.127
11,99 1,288 13.53 1,449 10. 71 1,236
12,79 1,575 13.79 1.507 11,68 1,320
13.67 1.510 Lyl 26 e 00k 12,35 1.396
1 25 1.635 1., 65 1.701 12,79 1...58
1,67 1.731 1. 98 1.780 13,49 1.583
15,77 1.878 15.45 1.505 15.93 1. 680
16. 24, 1,987 15.85 2,002 1ie 60 1.826
16.55 2.149 15,57 2,148 15,09 1.935
17.77 2,355 17.17 2.257 15.93 2,095
18.23 2007 17.67 24345 17.19 24303
18,46 2.52L 18.08 2,417 18,07 2.4y,
18.5., 2.589 18.38 2,479 18,12 2,500
18.55 2.645 18.49 2,507 18.72 2.549
18,64 2.559 18.96 | 2.59.
18.73 2,625 19,16 2. 6L,
| 18.76 2,718 19,27 2.729
(b)  ¥hth heat transfer. T, = 375°K. Ty, = 276.5°K,
Tean Re = 0.23 x 108 per inch
¥ = 8.4 in. x = 31.25 in. | x §M§§.55 in, |
9 l 1og10“ﬂ ) 10@101‘1 ! ©® I loglo’n f
7.4.9 0.995 7415 0,820 8,36 0,811
9.07 1,10k 7.96 0, 966 9 39 0. 957
10,06 1.192 9.13 1,975 10,35 1,067
11. 37 1,326 10.18 1.162 10.92 1.150
12.15 1.451 11,39 1.297 11.77 1.288
12.67 1.54L8 12,13 1422 12,32 1.413
13.05 1,627 12.62 1.519 12,71 1.510
13, 34 1,69 13.00 1.598 13.28 1.656
13.89 1. 803 13.31 1.665 13, 74 1.766
1. 33 1.891 13. 7k 1774 1. 50 1.925
1. 72 1.963 47 1.933 15.11 2,012
15.0 2,080 15,59 2,1h2 16.07 2,209
15.93 2.171 16.45 2,282 16,82 2.330
156,36 2.2L7 17.07 2.375 17.356 2020,
16,70 2.312 17,00 2,473 17.72 2,501
15,92 2,368 17.55 2,605 17.68L 2.567
17.04L 2.417 17.56 2,82 17.85 2,624
17.10 1 2.502 %
27,
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