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The measurement of heat transfer and skin 
friction at supersonic speeds 

part11 - Boundary ls,yer measurements on a 
flat plate at M = 2.5 and eero heat transfer i-“ 

R.J. Monaghan, M.A. 
and 

J.E. Johnson, M.Sc.(Tech.), A.M.1.Mech.E. 

The prelruninq heat transfer investigation, reported in the 
first note1 of this series, was mede with a heated copper plate let 
into one wall of a supersonic tunnel and in the tunnel boundary lsyer. 

This note describes the 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 leyer. The 
tests were made on an unbeatd wooden plate under zero heat transfer 
oonditions at M = 2.5. 

The measured rate of growth of the laminar l@,yer was greater 
than theory would predict. TransItion to turbulent flow occurred 
between three and four inches from the leading edge, nt a Reynolds 
number between a x 1.95 aa 106~ 

The thickness of the turbulent layer was approximately the 
same as in low speed flow. Skin friction, deduced from the pitot 
traverses, was about 20 per cent below that obtained in Ref.1, and 
the mean ooefficlent agrees with a semi-empirical fonrmla 

%v z 0.46 (loglo Re, Tl,Tw)-2-6 

where subscript 'W denotes wall temperature conditions 

T v: is wall temperature 

end Tl is free stream temperature, 

A preliminary investlgatmn was made of the we of chemical methods 
for indicating transition. 
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1 Introduction 

The preliminary investigation of the heat transfer from a flat 
plate to an air stream atM = 2.5, reported in the first note1 of this 
series, was nw3.e with a heated copper plate let into 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, cvlth 
the origLna1 design of suction slot (Fig.la) and with the pump capacity 
available, it was found impossible to remove any appreciable proportion 
of it. Thus the tests were made v,ith 'I. turbulent boundary layer 
(approximately 0.2 in. thick) already In existence at the leading edge. 

After the conclusion of the heat transfer tests, a detailed 
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 grwth could be caused by disturb- 
ances arising at the slot and from leakage of the joints betv,een plate 
and tunnel. These quantities vuere unknobUn during the heat transfer 
tests so that generalisation of the results was inpossible. 

In order to determine the correct desiam of slot and suction 
pipe to remove the boundary layer and to obtain Tiore information 
about the sero heat transfer condition, a fairly lengtkly series of 
tests has been made using the unher,ted plate before procecdzng with 
further tests on the hot plate. The results :re gven m this note 
and include estimates of turbulent skin friction (derrvsd indirectly 
from pitot traverses) which are in good agreenent with a seni-theoreti- 
Cal estimate. 'the results of a preliminary investigation of the use 
of chemical methods for indicating transition are given in Appendix I. 

2 Experimental apparatus 

Details of the tunnel, manometers and pressure connections etc., 
are given in Ref.1. !lhe working section is 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 hith the results of Ref.1. 

2.1 Unheated plate and suction slot 

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

Af'fter the tests described in section J, the plate was raised 
0.16 inches and the final design of suction slot and modification of 
the leading edge is shotin in Fig.lb. Four static pressure holes were 
fitted at the fore-and-aft positions Indicated in Pig.4 (relative to 
the new leading edge). Their lateral posztion was along the line of 
the pitot traverses. 

2.2 Pitot tubes 

!Che pitot heads were made from hypodermic tubing of 0.02 inches 
outside diameter and mere traversed through the boundary layer by means 
of a micrometer screw which read to l/1000 inch. Full details of the 
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traversmg gear are gzven m Figs, 5 and 6 of Ref. 2. Some later check 
tests on the effect of pltot tube sue wore made with the same tubing 
flattened and flied to a height of 0.01 Inches. 

Three posz.tions for flttlng the traversu~g gear (in the opposite 
wall to the plate) mere provldc6 at 2, 6 and 11 Inches behud the 
leadmg edge and prtot tubes of various lengths were made so that 
readmgs could be obtamed at other posltlons. 

2.3 Xeasurement of stagnation pressure and temperature 

The stagnation pressure and tempwature wire measured in the 
same way as described III sectIon 3.1 of Ref. 1. 

3 Removal of the tunnel boundary layer at the l~?.dux~ edse 
of the plate 

The original design of the leadug edge of the plate and boundary 
layer sunction slot IS shown in Fig. la and, when the tunnel was runnmg, 
a weak oblique shock wave was present just ahead of the lip of the slot. 

3.1 Weight flow of air in boundary laser 

To rrnke an estimate of the weight flow of air in the boundary 
layer appronch-ing the slot, sevaral pltot traverses were made just ahead 
of the shock wave. The rcsultuxg mean veloaty profile (detenned 
from the pltot mcasuremcnts as xn section 5 below, using the statx 
pressure from point "A" of Flg.la) is shown by the upper curve of Fig. 2. 
It IS turbulent in form and the thickness of the layer is of the order 
0f 0.25 Inches. The xverage value of displacement thwkness (sx) 1s 
0.0435 Inches. 

Estuates of weight floiv (lb/set) across R section the width 
of the tunnel and of height v Inches (from the wall) were calculated 
usxng the mean velocity profile and assurmng constant total energy. 
The results are given by the lower curveW of '6'16, 2. 

To remove the whole of the bou-&ay layer (up to y = 0.25 inches) 
would therefore uwolve removing 0.126 lb/s+c of au-. 

3.2 Kodific-tion of slot and lea-line, edge 

The static pressure ln the tunnel 1s of the order of 50 m Hg. 
absolute anA the pltot traverses of section 3.1 showe? that the airflow 
111 the boundary layer approaching the slot is supersonIc to wzthin 0.01 
mohes of the virrll. When the ong-~nzl design of slot (Fig. la) was 
found to be rmprrrctrcable lr, iias Ceclded to try the effect of ruslng 
the plate above v&l level an< f;ttlng a shwp edged foxward facug 
lip on IJO its leading edge (as in Fig. lb). Compression to subsonic 
flow could than occur across a shock wave at the new entry and If the 
duct and piping losses were reduced, It was possible that the rise in 
pressure would enable a good proportion of the boundary layer to be 
rmOved by use of a reasonable pump CapaClty. 

w Tile asymptote to this curve for large values of y IS obtuned by 
assumrng that 

u = 0 for y< sx 

u = Ulfor y 3 ?jx 

where IQ IS 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 which was raised above the wall level. 
These modifications proved successful and a series of tests was made 
to determine the best fore-and-aft position for the knife edge, while 
the plate height was adjusted (using F1g.2) to suit the measured flow 
quantity through the pumps. The final modification of the system is 
shown in Fig.lb. 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 nctmn there is a slightly concave shock between the two. 

Ideally the plate should be raised 0.25 inches, but the maximum 
weight flow that could be obtained was of the order of O.Cg lb/set and 
Fig.2 shows that this 1s sufficient for a plate height of 0.175 inches 
at most. The curves in Fig.2 give cverege values, so to allow for 
possible variations in pump perfolmnnce 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 9%9% of the free stream velocity. 

Fig.3 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 th e ssme as the tunnel static 
pressure. The weight flow is measured by a 2 inch standsrd orifice 
in the 3 inch pipe. It was found that removing this orifice did not 
lead to an increase In pump pressure, so it was retained as a check 
on the efficiency of the system. 

4 Airflow over plate 

Fig.4 shows the variation of Mach number* along the wooden plate 
after removal of the tunnel bound.lry layer at the lead- edge. The 
relevant points are classified under the tinding "orclglnal nozzle", 
and are denoted by crosses. 

A shadwograph showed that bhere was a weak oblique shock wave 
at the leading edge of the plate. The check (angle was rbnut 26O where- 
as for a Mach number of 2.46 (on tunnel wall ahead of shock) the Mach 
angle is 23.8O. Theoretically the Mach number behind the shock would 
than be 2.38. Fig.4 S~OOWS that the f’lcw then expands to about M I 2.5 
at five inches from the loading edge and afterwards falls away again. 
There was an insufficient number of static pressurti holes on the plate 
to determine the variation with any accuracy, SO the test resUltS in 
the f<,lloting sections are taken to apply at the mean Mach number. 

M = 2.46 

and the slight pressure gradientS are neglected. 

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

2.5 x lo5 

w 
&rived from static pressure measurements at the surfs.oe of the plate. 
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Since the comuletux of tne tests on the duNmy plate, the 
tunnel has been re-&sxgned ;nth the aim of reducing the Mach number 
variation. The result is shown in Fig.4 under the heading "new nozzle". 
Aft of a point about 5 inches f'rov the leadlng edge, the mean Kach 
number is 

- 

and the variation fro% it IS very small. 

Some of the preliminary results from the new tunnel are xncluded 
in this report in order to strengthen the evidence on the turbulent 
boundary .la>-er. They appear in Figs.7, 8, 10 sr,d 11 snd are denoted 
by circles to distinguish them from the main series of resultt which 
are denoted by crosses, In the analysis in tlxs report, for sunplic- 
lty the mean Nach nun;ber has been taken to be K? = 2.!+6 in all cases. 
Any errors thus introduced are likely to Lx wiihin the llmlts of 
experimental accuracy. 

5 EcmndaL~ la,yer measurements. Zero heat transfer condition 

Fitot traverses were made throligh the boundary layer at 
distances (x) dowlstream from the leadlng edge given in the fust 
column of Tables I and II. The results of a preliminary investi- 
gatzon of the use of chemical netho& for indicating the point of 
transition from laminar to turbulent flow are given in Appendzx I. 
They zndicate (F~g.15) that transltlon ocwre at about 3,; inches 
from ttlt leading edge, 
(section 6, below). 

‘vhich tallies xith the pitot traverse results 

5.1 Reduction of pltot measurements 

The origiril pitot measurewx~ts (Table I) were analysed to give 
velocity profiles (Fl@,s.5, 0 snc? 5) uid Mues of dxplacement thick- 
ness, nomentw thickness an8 total xkln fraction (Ta7Lle I and Figs.-/: 
8 and 10). Vahes of the latter qidntities obtain-d 10 the re-deslgned 
tunnel are included in Fiys.7, i: and lC>, dr16 are tabulated i? Table II, 

Values cf the velocity ratio '/LIT (vzhere subscript "1" denotes 
free stream conditions) WWL obtained from the pitot presswes ana 
plate static pressures by ~slng Rqleigh's pitot tlLbe formula and 
by acsuming constant total iwerg-y and static pressure across the 
boundary layer. For pitot >osLtlone that did not correspond to 

' a measured static pressxe, thz value of the latter was obtained 
from a f'a~red curve through the measured values. 

Displacement thickness (8) was calcLated frcm the formula 

6” = ;B (1 - f$-- dy 
0 

. . . . . (1) 

whe+e u is the velocity at a point in the boundary layer. 

p is the 3enslty at the same point 

Y is the distance from the wall to this point (taken to 
be at the centre of the pitot orifxe) 
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6 IS the full boundary layer thickness 

and subscript "1" refers to free strearr, conditions. 

Momentum thickness (0) was calculated from the formula 

.* . . . . . . (2) 

, 

In bcth these colcul?.tions It 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 friction coeffxlent is given by 

Cf = 1. 
%O de 

q 2- 

2 P1 y2 
. . . . . . . . 

ax 
(3) 

where 7 0 is the shearing stress at the surfnoe nf the plate. 

By integrntlon of eqxatlon (3) from the leading edge to position 
!1x!I , we obtain the total skin friction coefficient 

F H 
GF = =2- . . . . . . . . 

2 
(4) 

; PI u1 x 
x 

which is considered in preference to the local crefficient because S 
as can be determIned more accurately than - . 
dx 

However, in obtaining the log-la&veloclty profiles of Fig.9, 
it was necessary to make e&motes of 

;i; 
and these were taken from 

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

where 

u/u-%1 against loglO ~71 

. . . ..I . . . (5) 

and JT YT =- . . . . . . *.. (6) 
1 Ul 

where v1 is the kinematzo vlscoslty avaluated at free stream 
temp&ature. 



Finally, Reynolds number (Rex) based on the length 'W' is 
given by 

3x Rex = - 
ul 

. . . . . . (7) 

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

. . ..*. (8) 

5.2 Accuracy of results 

As mentioned in Ref.1, the assumption of constant total energy 
across the boundary layer in the zero heat transfer condition can 
introduce an error of up to 3% in the values of u/u1 close to the 
surfaoe. However, the errors in Sx and 0 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 statio pressure across the boundary 
layer seems to be valid except immediately behind the shock wave at 
the leading edge. 

A more serious source of error might come from the application 
of Rayleigh's pitot tube formula to measurements from a pitot cf finite 
size in a transverse velocity gradient as is the present oase. Also, 
viscosity might influence the readings obtained with a small bore tube. 
To chock these points, measurements were taken with pitots of two 
different sizes in both leminar nnd turbulent boundary lsyers. The 
resulting velocity profiles are shown in Fig.12 and there is no evi- 
dence of either a size or wall interference effect until the tube is 
touching the wal1.m Any drscrepsncy between the profiles could be 
explained by an error in the zero position setting which is done 
visually and to the nearest 0.001 inch on tho micrometer head. 

The line of the pitot traverses was one 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 
side wall. 

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

, 

6 Disoussion of results 

When the tunnel boundary lwer has been removed at the leading 
edge of the plate and if the plate surface is smooth, it might be 
expected that the flow in the new boundary layer would be laminar 
for some distance back from the leading edge before becoming turbulent. 
Figs.5, 6, 7 and 8, show that there is ~TI fact a change in velocity 
profile and in rate of growth of both displaoement and momentum thick- 
ness at a distanoe between 3 and 4 inohes from the leading edge.m 
'This result is at slight varianoe with the measurements of Ref.2, which 

showed a SEX effeot when the centre of the tube was within one tube 
diameter of the wall. 

WAS mentioned at ths beginning of section 5, this checks with the chsmical 
indication given in Fig.13 and discussed in Appendix I. 
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Based on the mean M 
1 

= 2.46, the free stream Reynolds number is 
approxunately ‘2.5 x 105 per inch so that the transItion value is 
between 8 x 105 and 106. The “laminar” and “turbulent” regions 
will be discussed separately in the following sub-sections. 

6.1 LamlrXX region 

In Fig.5 the velocity pmfiles over the forward portion cf 
the plate are plotted as 

u,lul against y/, <Rex 

snd are compared with the theoretical eero heat transfer lsminar 
profile for Ml = 2.46 obtained by the approximate method of Ref.3. 

The profiles up to x = 3.0 inches roughly form a fsmily, but 
do not agree with the theoretical profile and the boundary leyer 
thickness is greater than would be predicted. by theory. The same 
behaviour is exhibited by the results of Rcf.2. 

Figs.7 end 8 show a laminar variation of dzsplaoement and 
momentum thickness in this region but the absolute values are larger 
than the theoretical.* Thus the experimental values oan be fitted 
by the cl~rves 

x -3 
6 = 5.5 Rex x 

and 0 e: Be, 4 x 

whereas thooreticallyx 

bX = 4&9 33, -& x 

shown in Fig.11, ncwhore attain the theoretical laminar value of 7.1. 
(The large mount of scatter at % = 0,82 is caused oy taking the two 
extremes of possible fairmgs to y = 0 of the curves used for deter- 
mining 6x ana 0. As cw be seen from Fig.5, only a limited number 
of experimental readings wa s available at this station because of the 
very thin boundary layer.) 

These discrepancies may bc caused by the presence of a shock 
of finite strength at the leading edge whereas the theory assumes 
that there is only c Mach line at that point. In fact, later 
experiments indicate that the thickness of the laminor lsyer rn~ 
depend to a large extent on the condition of the knife edge and the 
exact setting of its height in relation to the flow quantity through 
the suction slot. 

uobtained by the method of Ref.3. 
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At this stage therefore no explanation of the discrepancies will 
be sought and discussion will be confined to the turbulent layer which 
has not been found to be so sensltave to changes in the leadang edge 
condition. 

6.2 Turbulent Region 

6.21 Amlysi~ on basis of power 1s~ voloclty profile 

Aft of a point shout four inches from the leading edge, the 
velocity profiles (pig.6) are in good agreement with the i/7th power 
law turbulent profile of incompressible flow. (The plots me of 
u/q against Y/5x, but on the basis of the l&h power Law and by 
assuming constant total energy aoross the boundary layer, the rati? 
3X/b has been evaluated as a function of Mach number in Ref.&. Hence 

“/Ul = (Y/6 ) l’7 

and for Ml d 2.46, Ref.4 gives 

2% = 0.28 ). 

This result agrees mth the results of Refs.1 and 2, Plots of dis- 
plaoement and momentum thrcknesses against distance from the leading 
e&e cf the plate are given in Figs.5 and 8. Fig.11 shows that in 
the turbulent region the ratio of displaoement to momentum thickness 
is approximately 4.0 (under the test onditions). 

As mentioned in se&ion &, results from later tests, made under 
improved airflow conditions, are included to strengthen the evidence. 
These are denotad by circles. 

The experimental points of Figs.7 and 8define mean curves with 
reasonable accuracy. Those shown were obtained by imposing the oon- 
ditions that both should give the same effective start to the turbulent 
boundary layer and that the mean condition 

of Fig.11 should be satasfied. When thas is done it is found that 
the best posltlon for the effective start is one inch back from the 
leading edge and that both cSX and B vary approximately as x0.8, 
where X = x - 1. The final curves are 

and 

6x = 0.106 Rex -l/5 x . . . . . . . '. (9) 

0 = 0.0265 Rex+5 X 

where x=x-1. 

Thus the incompressible flow mrrespondence between 
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oan be retaxned in comprttsslble flow. 

From Ref.4, at Ml 7 2.46 

and C'/cj = 0.07, 

hence from equatxons 9 and 10 we obtain 

‘s = 0.378 R% -l/5 x .* . . . . . . . . (12) 

whit:: compares .&th the low speed flow value (Ref.5) 

Ti e 0.37 Re 
J/5 

x x ..e..q .,.. (13) 

This result lndioates that there 1s very little change in turbulent 
boundary layer thxckness in changing from low speed. to a Mach number 
of 2.5, and suggests that a good approxlmatian to the variation of 

6X and 8 vplth M should be given by the curves of e/6 ancl e/cl 
against M m Ref.b. If so, thzn, with increasing M, 6X increases 
and 6 (and hence 5) decreases. Simple analytical expressions for 
these variations are found frc7m the more general treatment cf the 
following sub-section. 

6.22 Analysis on basis of log-law velocity profile 

The various power law vcloclty proflles of incompressible flow 
are only approxlmatlons, each valid. withm a limited range of Reynoldfs 
number, to the more general log-law profile 

vu7 = k + I3 log 
10 yT 

*....,..., WI 

The best agreement with low speed experimental results(mauiiy for pipe 
flows) over a wide range of Reynolds number has been found!? with 

. 
k = 5.5 

and B = 5.75 . 
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A further analysis of the present experimental results was 
therefore rwde on the basis of equation (14). Density and vucosity 
were evaluated at free stresm temperature and values of x0 vere 
obtained by dlfferentlatlon of the f'au~d curve of 8 against x 
In Fig. 8. The regilt of this analysis 1s given 1.n Fxg. 9, vhxh 
shows that zn the fully turbulent region the lox speed values of 
A and B (5.5 and 5.75) provide a fairly good fit with the experi- 
mental points if density and vxcoslty In eqmtion (14) are evalul- 
ted at wall (plate) temperature instead of at free stream tempezx- 
ture, i.e. the velocity profile might be taken as 

%, 
= 5.5 + 5.75 loglo yavr . . . . . , . (15) 

where 

and subscript "VT" refers to wall temperature con&ltlons. @lg. 9 
also shows that there are no expermtwntnl points inboard of a value 
of yTl, correspondu,g epproxwtely to s"c, = 30, when Ml = 2.46. 

In low speed flow, yT = 30 1s a convenient muk for the inner luxit 
of the "turbulent core" of the bo~undary layer (see Ref. 5) so thd 
if the extension. to compressible flow suggested by equation (15) 
IS valid, then the grzsent results provide no check on the uner 
layers where vlscosxty IS of mmpcrtsnce). 

If, lacking data coverug a range of Mach nwbers and heat 
transfer condltlons, we assmc that CqLztion (15) 1s the general 
expression for the velocity distribution in the compressible turbulent 
boundary layer, we CUE deduce certain results for the variation of 
skin friction etc., with Nach nunber anti heat transfer. A mathematical 
analysts is made in Appcnd~x II, based on the followng assumptions, 

(1) that the velocliy profile in the compressible turbulent 
boundary layer, 
(15), an+ 

with or without heat transfer, 1s given by equation 

(2) that Reynolds analo~ between momentum and heat exchange 
is valid. 

It gives the following results, for flows with or wxthout heat transfer 
and assuming that the layer 1s turbulent from the lead;ing edge. 

(a) Mean skin fr.~ctzon coefficient 

Denoting ucompresslble values by subscript "1" and taking 

F 
cFw = 

& Pw U12X 

where F IS the skin friction force on length x of plate 



and 

then 

when 

where T1 is the free stream "static" temperature 

and Tw is the wall (plate) temperature. 

(The same result is valid for the local skin frictlan coefficient Cf.) 

In the zero hent transfer case, if we assume m acoordanoe 
with Reynolds sxi@y that Tw = T,, then use of equntion (17) with 
Sohoenherr's formula for low speed skin friction gives the same 
result as an enrlier,fcrrda cbtalned by Cope from the same assumptions. 
He also takes LJ cE T3. 

(b) 

. 

then 

(0) 

then 

] 

i 

. . . . . . . . . (18) 

Ratio of displacement t- momentrrm thrickness 

The present results provide a check on the assumptions behind 
the above formulae m the st?ro heat transfer case at 1~11 = 2.l+&. Fcr 

. the incompressible skin frwtion ooeffxient we shall take Prandtl's 
foImula (see for example, Fef.5) 

CFf = c.46 (logv Rei) 
-2.6 

. . . . . . . . . . . (20) 



which is valid for Re. bet~reen lo6 and lo9 on smooth plates. 
from equation (17) tve=obtau the general formula 

Then, 
s 

The variation of CF with Re obtained from this formula 
for ZC~O heat transfer zt Ml = 2.46, 1s ~~mpnpzred rvith the present 
experimental values (CF =2e/x) In FQ:. 10. The value of T1/T,v 
for zero hect transfer at Ml = 2.1-6 (for substltutlon ;n equation 
(21)) was obtauxd from the empuxal forjia 

of Ref. 1, In preference to t&ang TV, = To as would be given by 
Reynolds analogy, suxc cquatron (22) corresponds to the elcperi- 
mental conditions. The ratlo pv?/pl wzs obtained from Sutherland's 
formula. At hrgh Raynol&s numbers, zquatzon (21) and the expert- 
mental values arc In gooj agreement wltn each other. 

In obtsnlng the expCr1mentd values of CF from tne formula 

"9 was Taken as the dxitanw fram thd ladlng edge of the plate so 
that the lnfluencc of tnc 1a.m~~~ portion of the layer is perceptable 
untrl high Reynolds numbers are reachw. One wthd of allowing for 
ItS effect Is to der1Ve CF from thl: -;'LTJtiL. 

and to base Reynolds number on the length (x-x0) where 

is the posltion of the effective start of the turbulent layer. If so, 
then equatzon (21) becomes 

CFw = 0.46 (1 - ~)>log10 Re, 2 (I - ;)J2*, . . ..(a& 

The "transltlon curve') of CF ngaust He obt?lned from equation (21a) 
for 

x o = 1.0 I 

is shown in Fzg, LO. T2n.s 1s the value of x0 gxven by Wgs. 7 ad. 8, 
and 111 Fig. 10 It gives reasonable agreement vrlth ezp%-unent over the 
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whole of the turbulent rzgux~ (It should be noted that 0.1 inches 
on the vertxal scale corrcspcnds to ar, errw cf zpprbsunately 2.5$). 

Also shown ID Fig. 10 are the uxcmpressrble (M = 0) variation 
(equation 20), wxth derslty an& vlscoslty evaluatid at free stream 
temperaturi, which IS 4Cp higher than experiment; ad the estimate 
cbtalned from Van Kar~~~n~s sugg"stlon t.mt the uxompresslble formIda 
ba rctalned bu-, +-hat &snslty and r~caslty be evduate3 at-wall tempera- 
tura. The latter gives resultC: 154: b&w the experimental results. 
Fudly, the rn~~.n cf the prel~~~r~ry results of Ref. 1 LS 207: above 
the p??es5nt results. 

Cormderln& next the rat10 of dls$a"" p-rent to momentum thrcxness, 
we obtain from equatzons (19) an6 (22) 

H/ii1 = 1 + 0.376 xl2 . . . . . . . . (23) 

= 3.275 at id1 = 2.46 

Takug q. = v/7 

thu gives Ii = 4.21 

and this value IS compared m Fig. 11 with the experimental values 
and with the value 

Ii = 4.00 

cbtaued from Ref. 4 for the 1/7th power law profile. The latter 
value gives the better mean to the experxmental turbdent results 
an6 suggests that a change of constant III equation (23) might be 
desirable. In fact 

H/Hi = 1 + 0.35 x1* .*...... (24) 

gives god agreement wrth the 1/7th power law variation for 51< & 
as is shorm by the follwirlrg table. 

In conclusion therefore, the fcrm~la 

! T1/TY, > 
-2.6 

% = 0.46 loglo ~ti,%, ..**.... (21) 

is supported by the present experunental results, and they udxate 
that ln the zero neat transfer con?dtlon. 

. 



H/Hi = 1 .t 0.35 Ml2 .* . . . . . . . . (at) 

with 

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

7 Conclusions 

Tests made with the experimental app-status of Ref.1 on an un- 

heated 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 a sharp edged 
for~e.Ci facing lip on to its leading edge and by enlarging the suction 
slot and piping from the Ref.1 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-g% of the free 
Stream velocity (Figs.1 and 2). 

After this has been done 

(2) The mean Mach number over the plate is 2.l+6. The mean 
Reynolds number, based on free stream conditions and a length of 
one inch, is 2.5 x 105. 

(3) Pitot,traverses show that there is a laminar boundary 
layer over the forward portion of the plate and transition to 
turbulence occurs between 3 and l+ inches f 

rgm at a Reynolds number between 8 x 105 end 10 , 
the leading edge, i.e. 

This checks with 
the result of a chemical indication test, 

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

(5) Tho 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 oharacter- 
istios of the lsminlr layer dre very dependent on tho condition of 
the knife edge smd its exact setting (in height) in relation to the 
flow through the suction 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 
velocity profiles are in good agreement with the l/i'th power law 
profile (Pig.6). Scaling up displacement and momentum thicknesses 
with the aid of this lam gives the boundary layer thickness 

6= 0.378 Rex 
-l/5 

X 

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



. 

. 

Thus there seems to be littlz change in turbulent boundary layer 
thickness with Mach number. 

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

where 

A and B are empirical constants. 

The best agreement with low speed experimental results over n wide 
range of Reynolds numbers has been found5 with A = 5.5 and B = 5.75. 
(The results are mainly for pipe flows.) 

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

u&W q 5.5 + 5.75 log10 YT 
w 

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

(8) If it were assumed that conclusion (7) was en exeat result 
of general validity (with or without heat transfer) and that Reynolds 
analogy betneen momentum and heat exchange is valid, then the varintion 
of skin fricti,nn oo&fiax,ent with Mach number and heat transfer would 
be given by 

'Fi c 'Fw 

where subscript ‘Vi11 denotes the inoompresszble value 

Tl is the free stresm "stf&.ic" temperature 

and T, is the wall tsmparnture (both in degratis absolute) 

(9) Ii check on the errors -Lwolved m the assumptions of 
conclusion (8) is given b ths present skin friction results (obtained 
from thz formula C$ e: 2b x), /" for Ml 5 2.46 and eero heat transfer. 
Tht: formula taken for 0~~ was 

-2.6 
&i = 0.46 (loglo Rq) 

tii& leads, in-acoordancs with conclusion (8) to 

CF, = 0.46 (l~~,~Re~ Tl/T,l-2*6 

18 



The latter formula gives good agreemsnt with the experimental results, 

!%2n&anoe. 
and therefore justifies the assumptions of conclusion (8) . . 

(10) The present results for mean skin friction are about 2% 
below the mean of the preliminary results of Ref.1. 

is the hzul?" d 
erlved from the assumptions used in conclusion (8) 

H/Hi a 
%I 

IT1 + l/5 Ml* 

for the variation of B = c/Y/. 

Under zero heat transfer conditions, Ref.1 gave 

so that in these con&Cons 

However, taking Hi = p/7, the present measurements indicate that tti 
constant should be changed and the e@zatlon read 

H/Hi = 1 + 0.35 Ml2 . 

(12) firther checks cn the validity of conclusions (8) and (11) 
are needed, both at other Mach numbers and fcr oases with heat transfer. 
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LIST OF SYMEOLS 

x 

Y 

u 

9 

T 

Tl 

To 

TW 

P 

V 

Be, ilox 

. 

&stance almg plate from lea&ng edge 

distance normal to plate 

velocity at a point in the boundary layer 

free stream velocity (outside boundary layer) 

temperature at a point in the boundary layer 

free stream temperature 

free stream stagnation temperature 

temperature of wall 

density (subscrripts as for temperature) 

kinematic vxcoslty (subscripts as for temperature) 

Reynolds number based on length x, with free stream 
wiscoslty and velocity 

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

thickness of boundary layer 

displacement thxkness of boundary layer 

momentum thickness of boundary layer 

6 Gu 
z A (l- u/"l) dy 

Pl p 

Itcal skin friction 
x 

total skin friction on length x, = To azc 

looal skin frxctLon ooeffxient 
‘c 

P 0 

9 Pl 32 
=2: if no pressure-.gradient 

mean skin friction coefficient 

F 
m 

3 P1 y*x 
=2F/ 

x if no pressure gradient 
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AI-PEPDIX I 

Chemical Indication of Transition 

. 

Analysis of the pitot traverse measurements showed that transition 
from lsnunar to turbulent flow was taking place between three and four 
inches from the leading edge, but the shape of the transition fmnt 
acmss the plate was not known. It was therefore decided to expen- 
ment with chemiosl indicators to set what results could be obtained 
under supersonic tunnel conditions. 

Both evaporation and contamination methods were considered. 
For the first, the plate would be sprayed with a thin coating of some 
slightly volatile compound before assembly in the tunnel and the differ- 
ential rate of evaporation of the coating would then distinguish between 
the lvninar and turbulent regions, For the second, the chlorine method 
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 nmount of chlorine gas would be mixed with 
the air flowing through the tunnel and the differential rate of contarmna- 
tion of the potassium iodide 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 tunnei, which, with the present rig, takes about two hours; follow- 
ing whioh the correct flow and temperature conditions have to be estab- 
lished. The time to be allowed for the latter is doubtful. It takes 
about thirty seconds to establish supersonic flow in the working section, 
during which time there cre violent disturbances in the tunnel. It may 
then take fifteen to thirty minutes to obtain the correct stagnation 
temperature, but it is possible that, from the point of view of fixing 
transition, the temperaturn may b e sufficiently close to the correct 
value after about five to ten mirutes. It follows therefore that the 
compound must have negligible volatility under atmospheric conditions 
and evaporate faixly slowly under tunnel conditions. Also the coating 
should be thin so as not to affect the heat transfer from the plate to 
the stream, but at the sane time it should be easily visible through 
the tunnel windows. 

Beoause of the difficulties inherent in the evaporation method, 
it might be expected that the chlorine metbnd would be more suitable.. 
In theory, its chief advantage is that the surface remains inactive 
while the tunnel is being assembled and started up. Then, when correct 
conditions have been obtained, the ohlorine is introduced and the in&- 
cation obtained within a few minutes. Also, the coating nn the plate 
can be much thinner 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 order to avoid oon- 
densaticn shocks. As a result, no reaction could be obtained in the 
first chlorine tests. 
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To overcame this difficulty, glycerine was added. to the 
potassium iodide solution and this enabled a reaction to occur. 
The reaction was, however, negative in that the colouring xcurred 
at places on the plate associated with a low rate of shear, whereas 
the opposite should be the oase. It is thought that this occurs 
because the glyoerine may evaporate from the plate while the tunnel 
airflow is being brought to the steady condition. If so, it would 
evaporate more from those plaoes with a high rate of shear than firm 
those with a low rate, so that when the ohlorine is introduced it 
is c::ly at the latter places that there is sufflclent glyoerme left 
to precipitate the reaction.. The chief advantage of the chlorine 
method is therefore nullified, since it seems that the surface does 
not remain inactive during the starting process. 

It was also found difficult to obtain uniform mixing of the 
chlorine with the air stream, but this was partly overcome by 
introducing the chlorine into the duct well upstream of the tunnel. 

The evaporation methcd was then tried. Dr. Main-Smith of 
Chemistry Dept. supplied a sample of azobensene, which was sprayed 
on tu the plate as a solution in light petroleum. 
leaving an'orange coloured crystalline film. 

This dried, 
It was found that a 

thick coating gave the best results, but the length of time of ex- 

P 
osure to the airstream was somewhat indeterminate, varying from 

;r to 3 hours. InitKLly tests were made nith a white cellulose 
finxh on the plate but latterly a black pheno-glaze finish was used. 

Fig.13 shows the result obtained with asobenzene on the blaok- 
finished plate after on exposure of 1 hour 20 minutes to the airflow. 
It is not a good picture for defining transition, since there is no 
sharply defined border to the (white) lominnr region at 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 may arise from the difficulty 
of securing a uniform thick coating. The probable transverse line 
of transition, as deduced- from the pitot 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 zntersections of the disturb- 
ances with thz plate. Behind these shock wave intersections there 
is very little evaporation, whioh suggests either that there is 
separatmn or that the boundary layer has been thickened to such 
an extent that the shearing strxss is very low. 

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

The existence of this temperature effeot is serious where the 
present series of experiments is concerned, because boundary layer 
measurements will be required over a range of plate temperatures up 
to plus 100 deg.& 

The results of this preliminary investigation are therefore: 
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(1) The contamlnatux 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 vias obtunned from the evaporation method, 
using aeobenzena, but It seems that another compound must 
be founci if it is to be used over a range of plate 
temperatures . 
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APPZNDIX II 

Derivation of formulae for turbulent skin friction, etc. 

It is assumed that the velocity profile =n the compressible 
turbulent boundary layer on a flat plate, wrth or wlthout heat trans- 
fer is given by 

“/UT 
w 

= 5.5 t 5.75 loglo yT 
w 

= 5.5 t l/k In yT 
m 

In = log, 

k = 0.400 

2 
Uz. 

pT= 

and 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. 
'non in the layer is given by 

If so, then the temperature distribu- 

where 

T/Tw = 1 - pu/ul - cL (u/ 9 
)2 . ...*-.. II.2 

B=l- T"/Tw .**o..,. II.3 

To 
a=-. 

1,112 

Tw Ml2 + 5 
1 .  .  .  .  .  .  .  II.4 

and T, is the free stream stagnation temperature. (It is assumed 

that Y= 1.4.) 

(Note that zero heat transfer at the wall corresponds to T, = To 
by Reynolds analogy, whereas Ref.1 gives T, = 1.07To at Ml I 2.5 
and zero bat transfer. Thus equation II.2 IS slightly in error.) 

Skin Friotion 

The local skin fYwtion (T,) at a point (x) on the wall is 
given by 

d To m - 
ax 

! 

P 

PU b1 - 4 4Y a.... II.5 

0 
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Now equation II.1 can be written in the form 

VW 
y=a- 

%r 

where a = 0.111 

put z= Vl then 11.6 becomes 

hence 

vwv y = a- 
Ul 

exp. (km) 

Also, equation II.2 becomes 

T/T, = 1 - pz - .z2 

11.6 

II.7 

II.8 

II.9 

and since the static pressure (p) is constant across the layer we have 

11.x) 

Then substituting from 11.8, II.9 and II.10 in II.5 we have 

where 

or 

I 

.I 
2(1-z) exp(kvz) 

I= 
I-pz-a2 

dz 

1I.l.l 

II.12 

II.lla 
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Equaticn II.12 can be integrated either by expanding the 
denominator as a power series in s and Lntegrsting term by term 
or by partial integrations. Now Y is large and as is customary 
in evaluating the incompressible case we shall neglect s.11 terms 
not multiplied by exp(kv) and retain only the first surviving term 
cf the power series in l/,2. Then this is done we obtain 

I •: exp lb) 

k2v2(1-pd.) 

hence equation II.lla becomes 

exp (-1 
k2(l+u) 

.q..... 11.U 

which by integration from 0 tc x becomes 

Y= av* exp(kv) 
-e 

VW k(1-Pa) 

2a He %r Cfw P 
k(l-P-0) exp {k g(2/ofw)i . . . . . II& 

Now in low speed flow 
J = p=o 

and therefore 

Re Cf 
xi i p y elcp \k fl(2/cfi)t 

where subscript "i" denotes the incompressible value. 

From equations II.& and II.15 we then see that if 

then Rexi = Rexw (1-P-a) 

. . . . . II.15 



Also, sin06 

1 

x 

F= %ax * 0 
Jo 

we have, from II.11 

F YX 
2- 

q 22a kv% 
&Pl x VW 

2a “xp(h) LI- 
k 1-b a 

and 

2a exp [k T(2/cfw)] 
CF, Rew = i; . . . . . . II.17 

1-B- a 

GEi Rei +i 2 em jk JP/q) 
i 

. . . . . . II.18 

men from 11.16, 11.17 and 11.18 we 888 that 

when 

cFI = Qw 

% = Rew (1-p-a) 

= Rew Tl/T w i 

,..... II.19 

Displacement Thickness 

The displaaement thickness (#) is given by 

which with the same substitutihns as above becomes 
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Then, assuming v to be large and making the same approx~ma- 
Cons as in the solution of the skin friction equation, 11.20 becomes 

..*... II.21 

In the incompressible case, aa@= 3 and therefore 

. . . . . II.21 

It then fallows that 

zu il 1-p a -- 

if v=vi 

i.e. if 

Vi 

TW =-+ AM* 
TpI 5 1 

Re 
xi =Rexw (1-p-a) 

. ..*. II.22 

= Re 

J 

Ratio of displacement thickness to momentum thickness 

In the absenoe of pressure gradients 

c, = *O/x 

hence 

and equations 11~7 ma 11.18 then SLOW that 

-pejul 9 
Vi 

if v=vi . . . . . II.23 
VW 
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Fut 

then equations 11.22 and II.23 show that 

K, 
? 
2 +1 

Hi 'JF~ 5 'I2 . . . . . . . . * II.24 
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x 6X i CF 
=Yz e / 

inches inches Inches = 20/x 

0.82 0.204 x 106 3.0093 0.002c C.OCLV C.crLll C.OGl% o.co39 i-g x . 

1.90 j 0.467 xl& a 0.0162 I O.WZ8 O.OWYg 5.78 
0.475 x 106 0.0148 o.cog 0.0026 5.92 

3.0 0.693 x 106 0.0196 0.~~35 0.0023 5.60 

Ii.04 K 136 
I 

4.2 0.~191 '0.3045 3.002i5 4.24 

5.95 1.34 x ~02 j c.cj40 b.008~ o.oo27 4.20 
/1.53 I( i0" jO.CjO;i J,K77 3.0326 3.94 

10.95 2.02 x in6 C.0534 O.L!3$ O.CO25g 3.84 

12.71 x 10G o.ii5n2 G.OilL 0.xzT 3 98 

I 

13.5 (3Jrli x !06 lo.cc92 lc.0163 :?.00242 4.00 
,3,49 x 105 I O.Cc43 iO.C16$ ,;.OO;?L+j 3.92 

31. 



x 
inCl1W 

3.50 

4.25 

s.35 

6.10 

8.19 

-0.9 

-3.0 

L 0.834 x 106 O.QlO 0.0045 

1.01 x 106 0.0221 0.0055 

i.07 x 106 0.0236 0.0059 

1.42 x 106 0.0320 o.co77 

1.93 x 106 0.9428 0.0107 

2.60 x 10' 0.0552 O.Cl37 

3.17 x 10 6 o.OS47 I 0.oi62 

0.00257 4.67 

0.00259 4.02 

0.00271 4.00 

0.00252 4.16 

3.00261 4.00 

3.00251 4.03 

3.03249 4.00 j 
I 

kli velocity ~rofiics a-c fuLly turbulent. 
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