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SUMMARY

The_preliminary heat transfer investigation, reported in the
first notel of this series, was made with a heatsd copper plate let
into one wall of a supersonic tunnel and in the tunnel boundary layer.

This note describes *he subsequent design modifications made to
remove this layer at the leading edge of the plate and gives the
results of pitot traverses in the ensuing fresh boundary layer., The
tests were made on an unhsataed wooden plate under zero heat transfer
oonditions at ¥ = 2,5,

The measured rate of growth of the laminar loyer was greater
than theory would predict. Transition to turbulent flow cceurred
between three and four inches from the leading edge, at a Reynolds
mumber between 8 x 105 and 106,

The thickness of the turbulent layer was approximately the
same as in low speed flow, Skin friction, deduced from the pitet
traverses, was about 20 per cent below that obtained in Ref,l, and
the mean coefficient agrees with a semi-empirical formula

T 2,6
GFW = 0-}4-6 (loglo RGW 1/TW)

where subscript "w" denotes wall temperature conditions

T

8 wall temperature

and T1 is free stream temperature,

A preliminary investigation was made of the we of chemical methods
for indicating transition,
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1 Introduction

The preliminary investigation cof the heat transfer from a flat
plate to an air stream at M = 2.5, reported in the first notel of this
series, was made with a heated copper plate let anto one wall of a
supersonic tunnel. It had been hoped to remove the tunnel wall
boundary layer by suction at the leading edge of the plate but, wath
the orrginal design of suction slot (Fig.la) and with the pump capacity
aveilable, 11t was found impossaible to remove any appreciable proportion
of it. Thug the tezts were made with 2 turbulent boundary layer
(approxamately ©.2 in. thick) already in exastence at the leadang edge.

After the conclugion of the heat transfer tests, a detairled
investigation of this boundary layer was made, using a similar un-
heated wooden plate. This showed that a considerable variation in
boundary layer thickness and rate of growth could be caused by disturb-~
ances arising at the slot and from leckage of the Joints between plate
and tunnel. These guantiiies were unknown during the heat transfer
teats so that generalisation of the results was impossible.

In order to determine the correct design of slot and suction
olpe to remove the boundary layer and to cbtoin more znformation
about the zero heat transfer condation, a fairly lengthy series of
tests has been made using the unheated plate before proceeding with
further tests on the hot plate. The resulis rre grven an this note
and 1nclude estimates of turbulent skan fraction {(derived indirectly
from pitot traverses) which are in good agreenent with a seni-theoreti~
cal estimate. The results of a preliminary wnvestigation of the use
of chemical methods for indicating transition are given in fppendix I.

2 Experimental apparatus

] Details of the tunnel, manometers and pressure connections etc.,
are given in Ref.1. The working section 1s 5 x 5 inches and 18 inches
long. The nozzle is designed for M = 2.5 and in each test the stagna-
tion temperature was adjusted to give zero heat transfer at the plate
in accordance with the results of Ref.l.

241 Unhsated plate and suction slot

The unheated plate 1s made of hard polished wood and was origin-
ally of the same external dmmensions as the heated copper plate of Ref.i.
In the original design the plate was mounted with its surfaoce level with
the tunnel wall and the shape of the leading edge and suction slot is
shown in Fig.la. There had to be a trailing entry to tre slot because
of the presence of the plate.

After the tests descraibed in section 3, the plate was raised
0.16 inches and the final design of suctaon slot and medifacation of
the leadang edge 18 shown in Fig.lb., TFour static pressure holes were
fitted at the fore~and=-aft positions indicated in Fig.k (relataive to
the new leading edge). Theair lateral position was along the line of
the pitot traverses.

2.2 Pitot tubes
The pitot heads were made from hypodermic tubing of 0.02 inches

cutside diameter and were traversed through the boundary layer by means
of a micremeter screw which read to 1/1000 inch.  Full details of the
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traversing gear are given in Figs, 5 and 6 of Ref, 2. Some later check
tests on the effect of pitot tube size wore made with the same tubing
flattened and filed tc a height of 0,01 inches,

Three positions for fitting the iraversing gear (in the opposite
wall to the plate) were provided at 2, 6 and 11 inches behind the
leadang edge and pirtot tubes of various lengths were made so that
readings could be obtained at othsr posituons,

2+3 Measurement of stagnstion oressure and temporaturs

The stagnaticn pressure and temperature wore measured in the
same way as deseribed 1n section 3.1 of Ref, 1,

3 Removal of the tunnel boundary layer at the leading edge
of the plate

The original design of the leading edge of the plate and boundary
layer sunction slot 1s shown in Fig, la and, vhen thc tunnel was running,
a weak oblique shock wave was present just ahead of the lip of the slot.

3,1 VWeight flow of air in boundary laver

To make an egtimate of the weight flow of air in the boundary
layer approaching the slot, several pitot traverses werc made just ahead
of the shock wave, The rcsulting mean velocity profile (determined
from the pitot measurements as in section 5 below, using the static
pressure from point "A" of Fig.la) is shown by the upper curve of Fig. 2.
It 13 turbulent in form and thoe thickness of the laysr is of the order
of 0,25 1inches, The average value of displacement thickness (GX) 18
0,0L35 1nches.

Estumntes of weight flow (1b/sec) across a section the width
of the tunnel and of height v inches (from the wall) were calculated
using the mean velocity profile and assuming constant total energy.
The results are given by the lower curve™ of Tig, 2,

To remove the wholc of the boundary layer (up to y = 0,25 inches)
would thercfore involve removing 0,126 1b/ssc of air,

3.2 Modifiention of slot and lealing edgs

The static pressure in the tunnel 1z of the order of 50 mm Hg.
stsolute and the pitot traverses of sectlon 3.1 showel that the airflow
in the boundary layer approaching the slet is supersonic te within 0,01
inches of the wall, Waen the origimnl design of slot (Fig, la) was
found to be impracticable 1t wos Jecided to try the effect of raising
the plate above wall level ani fitting o sharp edged forward facing
lip on bo 1ts leadang edge (as in Fig, 1b). Compression to subsonic
flow could then occur across a shock wave at the new entry and if the
duct and piping losses were reduced, 1t was possible that the rise in
pressure woulda enable a good proportion of the boundary layer to be
removed by usse of a reascnable pump capaciiy,

3 The asymptote to this curve for large values of y 15 cbtained by
assuming that

0 for y< &
u) for y 3 &§°

where B 18 the free stream velocity.
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The pressure losses in the suction system were reduced by en-
larging the height of the slot and the diameter of the suction pipe.
A steel tip 0.03 inches thick, ground to a knife edge, was fitted flush
with the surface of the plate whaich was raised above the wall level.
These modifications proved successful and a series ~f tests was made
to determine the best fore-and-aft position for the knife edge, while
the plate height was adjusted (using Fig.2) to suit the measured flow
quantity through the pumps. The final modification of the system is
shown in Fig,1lb, In it the plate is raised 0,16 inches and the knife
edge is vertically over the lip of the slot. A shadowgraph showed
that in aetion there is a slightly concave shock between the two,

Tdeally the plate should be raised 0,25 inches, but the maximum
weight flow that could be obtained was of the order of 0.(8 lb/sec and
Fig.2 shows that this 18 sufficient for a plate height of 0,175 inches
at most., The curves in Fig.2 give average values, so to allow far
possible variations in pump performance the plate height was set at
0.16 inches,

Thus, not all of the boundary layer is removed but Fig.2 shows
that the residue has at least 98-39% of the free atream velocity.

Fig,? shows the pressure distribution obtained in the suction
system after final modification, There is a large pressure rise under
the tip but this is practically all lost in rounding the corner and
passing through the slot. The losses in the rest of +the system are
small so that the pump pressure is about the same as the tunnel static
pressure, The welght flow is measured by a 2 inch standard orifice
in the 3 inch pipe. It was found that removing this orifice did not
lead 4o an increase in pump pressure, so it was retained as a check
on the efficiency of the system,

4 Airflew ever plate

Fig.l, shows the variation of Mach num'berii along the wooden plate
after removal of the tunnel boundary layer at the lending edge, The
relevant points are classified under the heading "original nozzle",
end are denoted by crosses.

A shadwograph showed that Jhere was a weak obligue shock wave
at the leading edgc of the plate. The chock angle was rbout 26° where-
as for a Mach number of 2.48 (on turnel wall ahead of shock) the Mach
angle is 23,89, Theoretically the Mach number behind the sheck would
then be 2,38, Fig.4 shows that the flew then expands te about M = 2,5
at five 1nches from the leading edge and afterwards falls away agein,
There was an insufficient number of static pressurs holes on the plate
to determine the variation with any accuracy, so the test results in
the following sections ere taken to apply at the mean Mach number,

Me 2.‘,4-6
and the slight pressure gradients are neglected,

The mean value of Reynolds number, based on free stream conditions
and a Jength of one inch is

2,5 x 107

»
derived from static pressure measurements at the surface of ths plate.
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Since the completrion of tne tests on the durmy plate, the
turmel has been re-designed with the aam of reducing the Mach number
variztion, The result is shown in Fig.l under the heading "new nozzle".
Aft of a point about 5 inches frow the leading edge, the mean Mach
number is

Nil =1 ‘2,-’-].,3

and the variation from it 1s very esmall,

Some of the preliminary results from the new turnel are ancluded
in this report in order to strengthen the svidence on the turbulent
boundary layer. They appear in Figs,7, 8, 10 ard 11 and are denoted
by circles to distinguish them from the maein zeries of resulte which
are deneoted by crosces, In the analysis in this report, for simplic-
1ty the mean Mach number has been tsken to be ¥3 = 2,46 in all cases,
Any errors thus introduced are lakely to lie wi*thin the limats of
experimental accuracqy.

5 Ioundarv Jlaver measuremente, Zero heat tranesfer condition

Fitot traverses were made through the boundary layer at
dagtances {x) downstream from the leading edge given in the farst
column of Tables I and IT, The results of a preliminary investi-
gatzon of the use of chemical rethods for indicatang the poant of
transition from laminar to turbulent flow are given in Appendax I,
They indicate (Fig.13) that transition cccurs at about 3+ inches
from the leading edge, which tallies with the pitot traverse results
(section 6, below),

5,1 Reduction of pitot mezsurements

-~

The origiral pitot measurements (Table 1) were analysed to give
velocity profiles (Fage.5, € and $) and values of dasplacement thick-
ness, womentum thickness and total skan froction (Table I and Figs.7,

8 and 10}, Valaes of the latter quantitics obtainad 1m the re-designed
turnel are included in Fics,7, £ and 10, and arce tabulated ir Table IT.

Values of the velocity ratioc %u: (where subserapt "i" denotes
free stream conditions) werc obtained from the pitot pressures and
plate static pressures by ising Reyleigh's pitot tube formula and
by assuming constant total energy and static pressure acrozz the
boundary layer, For pitot positions that dad not correzpond o
a measured static pressire, the valuc of the latier was obtained
from a faired curve through the measured values.

Displacement thickness (&) was calcilated fror the formula

B
p
6X=/ < i 31) Ay cornn (1)
Q

whele u is the velocity at a point in the boundary layer,

p 1s the density at the same point

vy is the distsnce from the wall to this point (taken to
be at the centre of the pitot orifice)



3]

& 18 the full boundary layer thickness
and subscript "1" refers to free stream conditions.

Momentum thickness (8) was ealculated from the formula

~d
6: L ( —-—1&- dy L I (2)

In beth these calculations 2t was necessary to assume constant total
energy across the boundary layer in order to evaluate the density p.

If there 1s no pressure gradient along the plate then the local
skin frieticn coefficient is given by

ko o
(] T2 cmerams—— =t —
f —1- u2 2 E L B B B B BN (3)
2 Pl 1

where T is the shearing stress at the surface nf the plate,

By integration of equation (3) from the leading edge to position
"x", we obtain the total skan frictien coefficient

by

= 2 R ¢

S

Cp =
F : 5

which is considsred in preference to the local crefficient because &

can be determined more accurately than éE .

dx
However, in ecbtaining the log-law velocity profiles of Fig.9,
it was necessary 4o meke estimates of 4t and these wsre taken from

d

the faired curves of Fig,8. These profiles (Fig.,9) are of

1 .
/u.,‘1 against loglo N

1
whers [T %
uf'l: = “9. * 8 &0 s 0 PR (5)
1 Py
a:n.d. ,Y'r ::yurcl tcec et a Ce)
L vl

where v is the kinematic viscosity evaluated at free stream
temperature,
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Finally, Reynolds number (Re,) based on the length "x" is
glven by
Usx
Re, = - ceeees (7)
1

and the free stream temperature is obtained from the stagnation tempera-
ture (T,) by the formula

Te

— T Y""l

Tl l+ 2 M12 R RN (8)
5.2 Accuracy of results

As mentioned in Ref.l, the assumption of constant total energy
across the boundary layer in the zero heat tramsfer condition can
introduce an error of up to 3% in the valuss of q/ul close to the

surfase, However, the errors in &* and © arising from this source
are of smaller order since each is obtained by an integration over
the whole thickness of the layer,

The assumption of constant static pressure across the boundary
layer secoms to be valld except immediately behind the shock wave at
the leading edge.

A more serious source of error might ceme from the application
of Rayleigh's pitot tube formulsa to moasurements from 2 pitot ¢f finite
g8ize in a transverse velocity gradient as 25 the present oase, Also,
viscosity might influence the resadings obtalned with a small bore tube,
Te check thess peints, measurements wers taken with pitots of two
different sizes in both laminar and turbulent boundary layers, The
resulting velocity profiles are shown in Fig.l2 and there is no svi=
dence of either a size or wall interfersnce effect until the tube is
touching the wall,®  Any discrepancy between the profiles could be
explained by an error in the zero position setting which is done
visually and to the nearast 0,001 inch on the micrometer head,

The line of the pitot traverses wac cne inch off centre on the
plate, but early tests showed that this position was free from inter-
ference from the thickened boundary layer at the junction of plate and
gide well.

For these reasons it is considered that the results give a
reasonnbly accurate estimate of conditions in the boundary layer,

6 Discussion of results

When the tunnel boundary layer has been removed at the leading
edge of the plate and if the plate surface 1s smooeth, it might be
expected that the flow in the new boundary layer would be laminar
for seme distance back from the leading edge hefore becoming turbulent.
Figs.5, 6, 7 and 8, show that there is in fact a chonge in velocity
profile and in rate of growth of both displacement and momentum thick-
nesg at a distance betwesn 3 and 4 inches from the leading edge, ™

®This result is at slight variance with the measurements of Ref,2, which
showed & size offect when the centre of the tube was within one tube
dismeter of the wall,

¥MAs mentioned at the beginning of section 5, this checks with the chemical
indication given in Fig.l3 and discussed in Appendix I,

9'



Based on the mean M1 = 2,46, the free stream Reynolds number is

approximately 2,5 x 102 per inch so that the transition value is
between 8 x 102 and 109, The "laminar" and "turbulent" regions
will be discussed separately in the following sub~sections.

6.1 Laminar reglon

In Fig.,5 the vclocity profiles over the forward portion of
the plate are plotted as

U/y, 8gainst Y/, VRex

and are compared with the theoretical zero heat transfer laminar
profile for My = 2.46 obtained by the approximate method of Ref,3,

The profiles up to x = 3.0 indhes roughly form o family, but
do not agree with the theoreticel profile and the boundary layer
thickness is greater than would be predicted by theory., The same
behaviour is exhibited by ths results of Ref.2,

Pigs,7 and 8 show a laminar variation of displacement and
momentum thickness in this region but the absolute valuss are larger
than the theorctical.® Thus the experimental values can be fitted
by the curves

-~

. -
65 = 5,5 Rex x
-
5
and 0 = Rex X
whereas thoorstically®
4
5% o8 Re, °x
1
and ¢ = 0,63 Rey " x,

Minally the evpe~imenial values of
X
H="/

shown in Fi1g,1l, nowhers attain the theoretical laminar value of 7.1,
(The large amount of scatter at x = 0,82 is caused oy taking the two
extremos of possible fairings to y = O of the curves used for deter-
mining &X ana O, As can be seen from Fig.5, only & limited number
of experimental readings was available at this station because of the
very thin boundary layer.)

These discrepancies may be caused by the presence of a shock
of finite strength at ths leading edge whereas the theory assumes
that there is only o Mach line at that point, In fact, later
experiments indicate that the thickness of the leminar layer mey
depend to a large extent on the condition of the lmife edge and the
exact setting of 1ts height in relation to the flow quantity through
the suction slot,

¥sbtained by the method of Ref.3,

10,



At this stage therefore no explanation of the discrepancies will
be sought and discussion will be confined to the turbulent layer which
has not becn found to be so sensitive to chengss in the leading edge
condition,

6.2 Turbulent Region

6.21 Analysis on basis of power lew velocity profile

Af't of a point about four inches from the leading edge, the
velocity profiles (Fig.6) are in good agreement with the 1/7th power
law turbulent profile of incompressible flow. (The plots are of
u/u] against ¥/0%X, but on the basis of the 1/7th power law and by
assuming constant total energy across the boundary layer, the ratis
5?[5 has beon evaluated as a function of Mach number in Ref.4, Hence

1
Sy = () /1
L/ 1
= %) TER*) /T
and for My = 2,46, Ref.k gives

5% = 0,28 ).

This result agrees with the results of Refs,l and 2, Plota of dis-
placement and momentum thicknesses against distance from ths leading
edge ¢f the plake are given in Figs.,7 and 8. Fig.ll shows that in
the turbulent region the ratio of displacement to momentum thickness
is approximately 4.0 (under the test oonditions).

As mentiened in section 4, results from later tests, made under
improved airflow conditions, are included to strengthen the evidence,
These are dencted by circles,

The experimental points of Figs,7 and Bdefine mesan curves with
ragscnable scouracy. Those shown were obtained by imposing the cone

ditions that both should give the same effective gtart to the turbulent
boundary layer and that the mean condition

5%/6 = b0
of Fig,ll should be satisfied, When thas is done it 1s found that
the e st position for the effective start is one inch back from the

leading edge and that both X end ¢ vary approximately as XQ-B,
where X = x = 1, The final curves are

21
&* = 0,106 Re, /5 x cerneeen (9)
1
and 0 = 0,0265 Rey /5 X
where X=x~1,

Thus the incompressible flow ocrrespondence between

Yy = (7/6)7

11.



and
X o “;/5

aan be retained in compressaible flow,

From Ref.k, at My = 2.46
OX/’b = (0,28

and “Jo = 0,07,

fl

hence from equations 9 and 10 we ohtain

..1/5X

‘5 .“'_0.3?8 Rex .o.....“.(lz)

which compares with the low speed flow value (Ref,5)

-

O =037 Re, X cieenaeaes (13)

This result indicates that there 1s very little change in turbulent
boundary layer thickness in changing from low speed to a Mach number
of 2.5, and sugrests that a good approximation to the variation of

5% and ¢ with ¥ should be given by the ocurves of &/6 and 6/5
against M an Ref,4, If se, then, with increasing M, 5% increases
and ¢ (and hence Cp) decreases.  Simple analytical expressions for
these variations are found from the more gensral treatment cf the
following sub-section,

6,22 Analysis on basis of log-law veloeity profile

The varicus powsr law veloecity prefiles of incompressible flow
are only approximaticns, @ach wvalid within a limited range of Reynold's
number, te the more general log-law profile

u/uT=A+ElOg caustasrarn (1&-)

10 O3

where T i
u_ = ( %p)?

and
I = yu@é

The best agreement with low speed experimental results (mainly for pipe
flows) over a wide range of Reynolds number has been foundd with

A= 5,5

and B =575,

12,



A further analysis of the present experimental results was
therefore made on the basis of equation (14). Density and viscosity
were evaluated at free stream temperature and valuss of Ty Were
obtained by differentiation of the faired curve of 9 against x
n Fig, 8, The regalt of this analysis 1s given in Fig, 9, whaich
shows that in the fully turbulent region the low speed values of
A and B (5,5 and 5,75) provide a fairly good fit with the experi-
mental poants if density and viscosity in eguntion (14) are evaluaw
ted at wall (plate) temperature instead of at free stream terpera-
ture, i.e, the velocity profile might be taken as

u/hqw = 5.5 + 5,75 loglo I ceeenn. (15)
where
1
U, = (T 2
R ( o/ Pw)
v = FUmy,
Tw Vi

and subscript "w" refers to wall temperature condliicns. (Flg. g
also shows that there are no experamental points inboard of & value
of yfl, corresponding approximately to Ve, = 30, when My = 2,46,

In low speed flow, yr = 30 1s a ccnvenient mark for the inner limit
of the "turbulent core" of the boundary layer (see Ref, 5) so that
if the extenslon to compressible flow suggested by equation {15)

8 valid, then the present results provide no check cn the inner
layers where viscosity 1s cf 1mpcrtanse).

If, lacking data covering a range of Mach nurbers and heat
transfer conditions, we assumc that cquation {15) s the general
expression for the velocity distribution in the compressible turbulent
boundary layer, we can deduce certain results for the variation of
skin friction etc., with Mach nurber and heat transfer. A mathematical
analysis 1s made 1n Appendix II, based on the following assumptions,

(1) that the veleocity profile in the compressible turbulent
boundary layer, with or without heat transfer, i1s given by equation
(258), ana

(2) that Reynolds analogy between momentum and heat exchange
is valid,

It gaves the following results, for flows with or without heat transfer
and assuming that the layer 1s turbulent from the leading edge.

(a) Msan skin friction coefficient

Denoting incompressible values by subscript "2" and taking

o by
Py = T3
W %—PW u:|_2x

where F s the skin fraction force on length x of plate

130'



and Uy X

Re o ——
wo Vy
then
CFi = OFW nnnnnnnnn . (17)
when

Ty
Rei = Rew /&w

where Ty is the free strenm "statie" temperature
and Ty 1s the wall (plate) temperature,
(The same result is valid for the local skin frietion coefficient cp.)

In the zero heat transfer case, 1f we assume 1n accordance
with Reynolds emalogy that T = T., then use of equation (17) with

Schoenherr!s formula for low spsed skin friction gives the same
result as an earlier,formula cbtained by Cope from the same essumptions.
He also takss U o TH.

(b) Displacement thickness

Again, 1f

Rey = Rey TI/TW

then \ t‘ CICRE N AP RY  3 (18)

(éx u7
ﬂ_)w
(fi“ﬂ

vy

|4

T
+

(& N

My

+3
i

(e) Ratio of displacement t- momentum thickness

If .

then T
E—E+n1; I\{Hz dnesortcasc (19)
Ty 5

The present results provide a check on the assumptions behind
the above formulae in the zero heat transfer case at My = 2,45, Fer
the incompressible skin friotion coefficient we shall teke Prandtl's
formula (see for example, Ref,5)

-2,
CFy = C.46 (logy, Rei) ceeeeenens. (20)



which is valld for Re. between 106 and 1O9 on smooth plates. Then,
from equation (17) ws obtain the general formula

Tl/T.W_ ""2.6

) cenae (210

. 4
CFw- - O| -)+6 \‘loglo Re_(ﬁ

The variation of Cp with Re obtained from this formula
for zcrec heat transfer at My = 2,46, 1s compared with the present
experimental values (Gp =28/} 1n Fig, 10. The value of T1/T,

for zero heat transfer at My = 2,L6 (for substituvion in equation
(21)) wa.s obtained from the empirical formula

_T_‘Y.=1+O.88I:Elvl3_2 veen. (22)
T 2

of Ref, 1, in preference to tasing T, = Tq as would be given by

Reynolds analogy, since cruation (22) correspends to the experis-
mental conditions. The ratio “W/ul was obiained from Sutherlandls

formula, t high Reynolds numbers, sguation (21) and the experi=
mental values are in geod agreement witn cach other,

In obtaining the experimental values of Op from tne formula

25
CE = /X,

"x" was taken as the distance from the leading edge of the plate so
that the influence of the laminar porticn of the layer is perceptible
until high Reynolds numbers are reachec,  One methed of allowing for
1ts effect 15 to derive COp from the {oorule

26
=g

Cp! =

and to base Reynolds number on the length (x~xp) where
X = XO

is the position of the effective start of the turbulent layer. If so,
then squation (21} becomes

« - N ]~2.6
s! 1 _°
GFW = 046 (? - ;;) {IOglO Rew T; (; - >C>J ....(Zla)

The "transition curve" of Cp against Re obtained from equation (21a)
feor

is shown in Fig, 10, Thig 15 the value of X, given by Frgs. 7 and 8,
and in Fig, 10 1t gives reasoncble agrsement with experament over the

15.



whole of the turbulent regicn, (It should be noted that 0.1 inches
on the vertical scale corrcsponds te an error cf approximately 2.5%) «

Also shown in Fig. 10 are the incompressible (M = 0) variation
{(equation 20), with dersity and viscosity evaluated at free stream
tempersturc, which is 4C% higher than experiment; and the estimate
obtained from Von Karman's susgestion tnat the incompressible formula
be retained but that density and viscosity be evaluated at wall tempera-
ture, The latter gived results lSﬁ below the cxperimental results.
Finally, the mcan of the preliminary results of Ref, 1 is 20% above
the pressnt results,

Oonsidering next the ratio of dicnlacement to momentum thickness,
we obtain fror equations (19) anc {22)

B/, = 1+ 0,376 102 cerenen. (23)
= 54275 at 1] = 2,46
Taking Hy = 9/7
this gives H = .21

and this value 1s compared in Fig. 11 with the experimental values
and with the value

H = ll—o 00

obtained from Ref, 4 for the 1/7th power law profile, The latter
value gives the better mean to the sxperimental turbulent results
and suggests that a change of constant ir equation (23) might be
desicables, In fact

H/Hi = l + 0.35 :ﬂlz LI N (2)4')

grves good agreement with the 1/7th vower law variation for M<
as 1s shown by the following table,

i 1 2 5| &

1+ 0.37€ 1h2 | 1376 | 2,504 | 4,385 | 7,02

A Ref.L 1.350 | 2,330 | £.170 { 6.85
HL 140,35 12 | 1,390 | 2,400 | 4,150 | 6,60

In conclusion therefore, the formuia
c w
GFW = 0,46 loglO Re,, N A

is supported by the prescnt experimental resulis, and they indicate
that an the zero neat transfer condibion,

FJ
[OA
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H/Hi=1+0l351ﬂ12 LR BN R B BN (22#)
with Hy = 97

Further work is obviously necessary, both at other Mach numbers and
for vases with heat transfer,

7 Conclusicns

Tests made with the oxperimental apparatus of Ref.l on an un-
heeted wooden plate under zero heat transfer conditions at a nominal
tunnel Mach number of 2,5 show that

(1) By raising the plate 0,16 inches, fitting o sharp edged
Forward facing lip on to its leading sdge and by enlarging the suction
slot and piping from the Ref,l design, it is possible to remove from
the leading edge a sufficient proportion of the tunnel wall boundary
layer to ensure that the residue has at least 98-99% of the free
stream velocity (Figs.l and 2),

Af'ter this has been done

(2) The mean Mach numbsr over the plate is 2,46, The mean
Reynolds nunber, based on free stream conditions and a length of
one inch, is 2,5 x 105,

(3) Pitot, traverses show that there is a laminer boundary
layer over the forward portion of the plate and transition to
turbulence occcurs betwesen 3 and 4 inches T the leading edge, 1.e.
st a Reynolds number between 8 x 109 and 10®, This checks with
the result of a chemical indication test,

(4) The accuracy of the pitot traverses was checked by meking
tests with two differesnt sizmes of btube, No effect of tube size was
found until they were touching the wall (Fig.12).

(5) The measured rate of growth of thickness, displacement
thickness and momentum thickness of the laminar boundary layer are
all greater than theory would predict (Figs.5, 7 and 8). However,
later experiments (not reported here) indicate that the character
istics of the laminar layer are very dependent on the condition of
the knife edge and its exact setting (in height) in relation to the
flow through the suwtion slot, For this reason the present results
are to be treated with reserve,

(6) The turbulent boundary layer has not been found to be
sensitive to small changes in the leading edge conditions, The
veloecity profiles are in good agreement with the 1/7th power law
profils (Pig.6), Secaling up displacement and momentum thicknesses
with the aid of this law gives the boundary layer thickmess

dx/ﬁ
6= 0.378 Rey X

where X 1is the distance from the effective start of tle turbulent
layer {1 inch bchind the leading edge, Figs. 7 and 8). This compares
with the low speed value 1

5 /s
E 0.5? Rex X .

17.



Thus there seems te bhe little changs in turbulent boundary layer
thickness with Mach number,

(7} In low speed flow, the power law velocity profiles are
only approximations to a more gencral log law turbulent profile
of the form

where u, = ( O/Q

A ond B are empirical constants,

The best agreement with low speed expcrimental results over a wide
range of Reynolds numbers has been foundb with A = 5,5 and B = 5,75,
{The results are mainly for pipe flows,)

The same values of A and B can be used to give reasonable
agreement with the present results for the turbulent loyer if density
and viscosity are evaluated at wall temperature, i,e. the experimental
resulte lie near the curve

Wug ® 5.5+ 5.75 logyg %

where subsoript "w" refers to wall conditrons (Fig.9).

(8) 1If it were assumed that conclusion (7) was an exact result
of gencral validity (with or without heat trmnsfer) and that Reynolds
analogy between momentum and heat exchange is valad, then the variation
of skin Priction coefficrent with Mach rumbor and heet transier would

be given by
CFi = CFW

T
when Rey = Roy 1/Tw

~

where subscript "i" denoctes the incompressible value
Tl is the free stream “stetic" itemperature
and T, is the wall temperature (both in degrues sbsolute)

(9) A check on the errors invelved in the assumptions of
conclusion (8) is given by the present skin friction results (obtained
from the formula Op = 2@/1), for My = 2,46 and zero heat tremsfer,

The formula taken for CFi was
-2,6
Cpy = 046 (log10 Re, )

which leads, in-accordance with conclusion (8) to
Ty -2,6

18



The latter formula gives good agfeemsnt with the experimental results,
(Fig.10) and thersfore justifies the assumptions of conclusion (8)
in this instance,

(10) The present resulés for mean skin friction are about 20%
below the mean of the preliminary results of Ref.l,

(11) Also derived from the assumptions used in conclusion (8)
is the formuls

Tw
Hag = /T o+ Y5 1,2

for the variation of H = 8/9,

Under zero heat transfeor conditions, Ref,l1 gave

Y~1 o

g0 that in these conditions

2
B/Hy = 1+ 0,376 by~ .

However, teking Hy = 9/7, the present measurements indicate that the
constant should be changed and the equation read

2
Hy =1+ 035 M7

(12) Further checks cn the validity of conclusions (8) and (11)
are necded, both at cther Mach nuwbers and for cases with heat transfer,

l9l
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distance normal to plate

velocity at a point in the boundary layer
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temperature of wall

density (subscripts as for temperature)

kinematic viscosity (subscripts as for temperature)

Reynolds number based on length x, with free stream
wiscosity end velocity

Reynolds number based on length x, free stream velocity
but viscosity evaluated at wall temperature

thickness of boundary layer

digplacement thickness of boundary layer

\
6 ou |

= J 1 = dy
9] Pl ul

\

momentum thickness of boundary layer

\'/‘o

1»cal skin friection

§)

— (1~ Yuy) ay
1

x
total skin friction on length x, =/1 T, X
Yo

lccal skin friction coefficient

T
&
2 el = 2 L if no pressure.gradient

= 01 uy2
mean skin friction ecoefficient

F
e u; %

e

g
= 2 z if no pressure gradient
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LPPENDIX T

Chemical Indication of Transiticon

Anclysis of the pitot traverse measurements showed that transition
from laminar to turbulent flow was taking place between three and four
inches from the leading edge, but the shape of the transition front
across the plate was not known. It was therefore decided to experi-
ment with chemical indicators to sec what results could be obtained
under supsrsonic tunnel conditions,

Both evaporation and contomination methods were considered.,

For the first, the plate would be sprayed with a thin coating of some
slightly volatile compound befere assembly in the tunnel and the differ-
ential rate of evaporation of the coating would then distinguish between
the laminar and turbulent regions., For the second, the chlorine metheod
was chosen for trial, in which the plate would be sprayed with a solu-
tion of potassium iodide in starch and, when the correct flow conditions
were established, a small amount of chlorine gas would be mixed with

the air flowing through the tunnel and the differential rate of contamina-
tion of the potassium icdide by the chlorine would indicate the transition
front.

Difficulties arose in the application of either method to the
supersonic tunnel used in the present tests,

With the evaporation method, a compound has to be selected having
a very low volatility as the plate has to be sprayed before assembly of
the tunnel, which, with the present rig, tekes about two hours; follow-
ing which the correct flow and temperature conditions have to be estab-
lished. The time to be allewsd for the latter is doubtful. It takes
chout thirty seconds to establish supersonic flow in the working section,
during which time there are violent daisturbances in the tunnel., It may
then toke fifteen to thirty minutes to obtain the correct stagnation
temperature, but it is possible that, from the peint of view of fixing
transition, the temperature may be sufficiently close to the cerrect
value after about five to ten mirutes. It follows therefore that the
compound must have negligible volatility under atmospheric conditions
and evaporate fairly slowly under tunnel conditions,  Also the coating
should be thin sc as not tec affect the heat transfer from the plate to
the stream, but at the same time it should be easily vusible through
the tunnel windows,

Because of the difficulties inherent in the evaporation methed,
it might be expected that the chlorine methnd would be more suitable,.
In theory, i1ts chief advantage is that the surface remains inactive
while the tummel is being assembled and started up.,  Then, when correoct
conditions have been obtained, the chlorine is introduced and the indi-
cation obtained within a few minutes. Also, the coating mn the plate
can be much thimmer than with the evaporation method,

However, the reaction between chlorine and potassium iodide
depends on the presence of water vapour in the air, and unfortunately
the air in the tunnel has to be relatively dry in ordsr to avoild con-
densatien shocks. As a result, no reaction ocould be obtained in the
first chlorine testis,

22,



Te overcome this dafficuliy, glycerine was added to the
potassium iodide solution and this enabled a reaction to eccur,
The reaction was, howsver, negative in that the ¢olouring recurred
at places on the plate associated with a low rate of shear, whereas
the opposite should be the case, It is thought that this occurs
because the giycerine may evaporate from the plate while the tunnel
ai1rflow is being brought to the szteady conditzon, If so, it would
evaporate more from those places with a high rate of shear then frem
those with & low rate, so that when the chlorine is introduced it
is ¢nly at the latter places that there is sufficient glycerine left
to precipitate the reaction.. The chief advantage of the chlorine
method is therefore rmllified, since it seems that the surface does
not remain inactive during the starting process,

I+t was alsp found difficult to obtain uniform mixing of the
chlerine with the air stream, but this was partly cvercome by
introducing the chlorine into the duet well uypstream of the tunnel,

The evapcration methcd was then tried. Dr. Main-Smith of
Chemistry Dept. supplied a sample of azobenzene, which was sprayed
on tv the plate as a solution in light petroleum. This dried,
leaving an orange ccloured crystalline film, It was found that a
thick coating gave the best results, but the length of fime of ex-

osure to the airstream was somewhat indeterminate, varying from
Z to 3 hours, Initially tests were made with a white cellulose
finish on the plate but latterly a black pheno-glaze finish was used,

Fig.1l3 shows the result obtained with azobenzene on the black-
finiched plate after an exposure of 1 hour 20 minwtes to the airflow,
It is net a good picture for defining transition, since there is ne
sharply defined border to the (white) laminar region ot the front of
the plate, apart from the disturbances from the corners which spread
inwards to meet at a point about six inches from the leading edge,
The uneven evaporation from the plate moy arise frem the difficulty
of securing a uniform thick coating. The probakle transverse line
ef transition, as deduced from the prtot traverses, has been added,

Of interest are the disturbances from the pitot tube and support,
A pitot traverse was made during the test and the pitot tube was held
for finite lengths of time at different heights from the surface,
which explains the number of discrete intersections of the disturb-
snces with the plate., Behind fthese chock wave intersections there
ig very little evaporation, which suggests either that there is
separation or that the boundary layer has been thickensd to such
an extent that the shearing stress is very low,

This test was made with a plate temperature of about gus 17
deg.C. In a later test, made with a plate temperature of about minus
25 deg,C and with a thinner coating of azobsnzene, no evaporation
took place even after three hours running time. Pitot measurements
showed that transition did take place, so the failure of the chemical
method must be ascribed to a temperature effect on the azobenzene,

The existence of this temperature effeot is serious where the
present series of experiments is concerned, because boundary layer
measurements will be required over & range of plate temperatures up
to plus 10C deg.C.

The results of this preliminary investigation are therefore:

z23,



(1) The contamination method 1s a priori the more suitable
in the present instance but substances must be found
whose reaction does not depend on the presence of water
vapour in the airstream,

(2) Moderate success was obtained from the evaporation method,
using azobenzens, but 1t scems that another compound must
be found if it is to be used over a range of plate
temperatures,
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APPENDIX IT

Derivation of formulae for turbulent skin friction, ete,

It is assumed that the velocity profile in the compressible
turbulent boundary layer on a flat plate, with or without heat trans-
fer is given by

I

WA 5.5 + 5.75 logyy ¥,

u

w W
= 5.5+ Yk in g, veveens T
\Ti
where In = loge
k = 0,400
uTQ "IIO/
W = PW,
b}
v, - ¥ M
W Vi

end subscript "w" denotes that density and viscosity are evaluated
at wall temperature,

It is also assumed that Reyholds analogy between momentum
and heat exchange is valid. If so, then the temperature distribu-
tion in the lasyer is given by

- u u 2
T/TW—-:L—' !:)/ul"(x(/ul) savscEar II.Z
3 TO
whers P=1-"°1, sorosnas LI.3
T 1y 2
O(‘:—E."'_l'_'-"" evaduew II’ZJ-
Ty MlQ + 5
and Tﬁ is the free stream stagnation temperature, (It is assumed

that Y= 1.4,)

(Wote that zero heat transfer at the wall corresponds to Ty
by Reynolds analeogy, whereas Ref,l gives Ty = 1,077, at My 5

and zero heat trensfer, Thus equation IL.2 18 slightly in error.)

]

TO
2e

Skin Friotion

The local skin friction (7,) at a point (x) on the wall is
gilven by

o
TOH-d-i—\/ pu (ul"u)dy' tovee II.5
o}
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Now equation II,1 can be written in the form

v
y =2 exp {k u/qu} 11.6
urCW
where a = 0,111 11.7
3
Put z=Y%u; and v= "l e (—-2—) then II,6 becomes
w Cp
w
vV

yo= a -‘1- ex-p. (kVZ)
uy

hence ’
dy = a kv ¥ {exp (k:vz)} dz I1.8
u,
Also, equation II,Z2 becomes
Tty = 1 =Bz = az? IL.9
end since the static pressure (p) is constant across the layer we have

_ T
Pl Lz IT,10

Then. substituting from II1.8, II.9 and IL,10 in IT,5 we have

To a kv
= ¥ £ (VEI) I1,11
where A
z(1wz) exp (kvz)
I= dz 7,12
1-pz = az?
“o
or
a3 2
— = akv” L (421 I1.11a
Vg dx
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Equatien II.12 can be integrated either by expanding the
denominator as a power series in z and integrating term by term
or by partial integrations, Now v is large and as is customary
in evaluating the incompressible case we shall neglect all terms
not multiplied by exp(kv) and retain only the first surviving term
cf the power series in 1/.2, When this is done we obtain

@ kv
I="'—x'-"p"_£“""')'-—"" LI ] II']'!S

KoV (1=t

hence equation II.lla becomes

uy o 4 exp (kv)
o =4 kv™ 5
w Bk (1~gma)

which hy integretion from O ¢ X becomes

upx av? exp (kv) 2 2
= —d ] e — +
Ve k(1-gwa) kv k2,2
2
, av exp(kv)
k(1-Brct)
or D, 5
Re_ Cpg **—"'"——'—exp{k Y{/e IT,14
v w k(l—-ﬁ—r&) fWJ AR

Now in low speed flow

and thsrefore

2
Rog, Cp, = oxp {k V’(z/cfiJ} veves IIL15

where subscript "i" denotes the incompressible value.

Prom equations 11,14 and IT,15 we then see that if

. C-_Pi - wa
then Rey, = Roy (L -r) veese II,16
T
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Also, since

o

we have, from II,1l
F urx

%pwplzx 1’W

= 28 k vOI

L 2o exp(kv)
kK  1-Bma
or » . }
2 e k o]
Cw, Re 22 24 (/oty) veev.. ITL17
w w k lﬂﬁﬁ(l
and 2a {
Opy Rey = em ik ‘f(?/cfi)} ...... 11,18

Then from I1.,16, II,17 and TI.18 we see that

-
O, = Oy
when >
Rei = Rew (1“6-{1) TR 11019
= Rey Tl/TW

Displacement Thickness

The displacement thickness (&) is given by
&}

X Pu
6 = l R cm— dy
A ( Plul)

which with the same substitubi~ns as above becomes

1
&u g
Lo e p - LBal wm 2o
Vw | 1B zmit 22
O

28.



Then, assuming v to be large and making the same approxima-
tions as in the solution of the skin friction equation, II,20 becomes

i‘)xul & kv l+u

r‘:-'e a4 698 II'21
UW ¥ 1-»(3-—0(.
In the incompressible case, a=f =0 and therefore
X
5" 8 kv
= 2 —-08 i LA ) II¢21
T)i k
It then follows that .
6"y
Vo Lera
=
g1t l-B-a
vy
Ty
%t —'I-'.h + M12
1 5 * »® e a II.22
if v = '\'.’i
i.e, if Rex, = ReXW (L =B ~a)
= Ty
= Reyx /TW
-
Ratio of displacement thickness to momentum thickness
In the absenos of pressure gradients
= 20
Cp = /x
henoe
Sul
Op Rey = 2 —=
Vo
and equations II17 and II,18 then show that
© Csu
__ul:a il it Ve, veses I1,23
v
Vi i
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Put .
676 =H eand &5/6, = H

then equations II,22 and 1I,23 show that

H Ty 1 2
Hi Tl 5 1 rE R RPN IIQ&
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TABLG

T
L

Measuremsnts of boundary laver on dummy hot plate

1 Zero neat transfer condition

Mean M = 2.46 Variation = + 24

% = distance downstrceam from leading edge of plate

x Re 5}: e ; CF H - _6__35.
inches X anches | inchss ‘: 26/x 8
0,82 o.204 x 100 | 0.0099 o.oozo}o.ooa9 k.95

: 0,011 0.0016} 0.C039 | 6,93
,

1.90 | O.467 x 1C° | 0,016 ocmé}amm% 5,78
0.475 x 100 10,0148 | 0,0025 | 0,0026 | 5.92
3.0 0.693 x 106 | 0.0095 | 0.c035 [0.0023 | 5.60
b2 Loy x 10° | 0.0LGL [0.0045 | 0,0021k| .24
5.95  |1.34 x 107 |0.0550 |0.008L |0,0027 | L.20
|1.53 x 105 | 0,0303 | 0.0077 | 0.0026 | 3.%
10,95  |2.66 x 10 [0,0534 |0.UL38 |0.00255] 5.8
2,71 x 100 10,0542 {0,011 10,0025 | 3 98
12,5 3.0, % 107 lo.cos2 C.OLE3 | 0.002451 4.00

-~ i ! -
3.9 x 10° 10,043 10,0164 [0,00243| 3,92

E Tuo ostimates o x = 0,£2 made posoable by different
fairings of the pitot traverse results,
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TL3LE TII

Preliminary results from re~desipned tunnel

Mean My, in regron of measurements, = 2.43

Variation < + 3%

X . e A Cp |
inches ~ex inches | anches | = 20/% |H = 8%

3.50  }0.834 x 105|0.c210 | 0.00L5 | 0.00257] 4.67
4,25 1,01 z10% |0.ce21 | 0.0055 | 0,00259] 4.02
5,35 | 1.07 x 20° |0.0235 | 0.0059 | 0.00271! 4.00
6,10 |L.42 x 106 10,0320 | 0.0077 | 0.00252| 4.16
8,19 |1.93 x 108 lo.28 | 0,0L07 | 0.0026L| 4,00

10,9 |2.60 x 106 jo,0552 | 0.c137 |0.00251] 4,03

13,0 3,17 = 100 lo,om47 ' o.0162 |0,00249 | 4.00 |

£11 welocity profiles sre fully turbulent,

¥1.2078,0P84, k3. Printed in Great Briiainm.
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FIG.9. VELOCITY PROFILES IN BOUNDARY LAYER (LOG LAW)
(LOCAL  SKIN FRICTION ESTIMATED FROM FIG.8.)
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FIG.13. CHEMICAL INDICATION OF TRANSITION
EVAPORATION METHOD USING AZOBENZENE
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