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SUMMARY 

Some of the theoretical methods for oomputmg the growth of 
turbulent boundary layers along both the curved and straight walls of a 
rectangular supersonic unnd tunnel are dlscussed and the estimated values 
compared with experiment. Approximate formulae, which may be useful in 
the initial stages of nozzle design , are suggested for the overall 
boundary-layer growth along the curved nozzle end flat wall. 

1. Introduction 

The widespread use of supersonic wind tunnels has led, 111 the 
last decade, to a large number of papers dealing with the theoretical 
design of supersonic nozzles. Such methods, however, can only be used to 
calculate the nozzle profile m inviscid flow (i.e., the so-called 
‘potential outline’) and for real fluids it is necessary to allow for the 
growth of the boundary layer along the walls of the tunnel. Usually this 
is done by displacing the potential outline slightly away from the tunnel 
centreline, the correction being calculated from the displacement 
thicknesses of the wall boundary layers. In most oases the boundary layer 
will be turbulent from some statlon well upstream of the throat but in 
small tunnels (or in tunnels working at low stagnation pressure I some 
laminar flow may persist into the nozzle proper. 

The problem of determining the appropriate boundary-layer growth 
along the curved nozzle and straight side walls of a rectangular wind 
tunnel has received less attention than the companion problem of nozzle 
deslgo for invlscid flow. Admittedly, there are many general papers 
dealing unth boundary leyers which could be employed for making the 
necessary calculations, but this approach is often undesirables in most 
oases, rapid approximate methods of estimating the boundary-layer 
allowances are required. 

Several such methods have been proposed, some being satisfactory 
and others lea6 sot the former do not seem to be as well known perhaps as 
they deserve and the present brief note is intended to draw attention to 
them end to oompare their predictions with experiment, where this 18 
possible. It should be pointed out perhaps that none of these methods 
can allow for secondary flow effects. 

During the preliminary stages of designing (or adapting) a 
nozzle profile, an even more approximate estimate of the boundary-layer 
growth is often needed. The experimental information at present 
available suggests that suitable approximate formulae for boundary-layer 
growth can be found which are applicable for nozzle designs of moderate 
supersonic Mach number. 

The present discussion is restricted to tunnels of rectangular 
cross-section, but some of the theoretical methods (particularly Ref. 6) 
are applicable to axi-symmetr~o flow. Heat-transfer effects are not 
considered; the tunnel walls are assumed to be insulated. 

2./ 
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2. Roundm-Layer Growth Along the Curved Contour 

2.1 Theoretical Methods 

The need to modify the oalculated profile of 8 supersonic nozzle 
to allow for the presence of the boundary Layer on the nozzle surface w8S 
reoognized at en early stage1 in the study of supersonic flows. hlY 
methods of oalculating the displaoement thichess (6*) of 8 boundary 
layer in 8 flow having 8 considerable longitudinal pressure gradient often 
involved extensive computation end the need wes realised for more 
approximate end speedy methods, whose use w8s justified to some extent by 
the existence of seoondary flow vnthin the tunnel which distort the ideal 
two-dimensional flow, 

A rapid end approximate method was given by PuokettlC in l9+6; he 
assumed, emongst other things, that the boundary-leyer velocity profile and 
the Mach number variation along the nozzle were both linear. This 
representation is generally agreed to be too orude and 8 more realistio 
approach is due to Tucker end appears in two papers5,g. The anslyeie is 
restricted to turbulent boundary 18yers end the usual momentum equation ie 
solved in conjunction with Falkner's surface-friotlon equation7. 

T :/7 
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The variation of the local surface friction with Beach number ten 
be obtained by choozlng the values of I.I end p in equation (I) at some 
particular region in the flow. For example, in Ref. 5, Tucker considers 
the choice of either stream or wall conditions; 111 the later Paper he uses 
the fluid properties at a temperature which is the arltbmetio mean of the 
wall and streem temperatures. The variation of surface friction with Mach 
number XI this case closely follows the trend of the complicated extension 
of the Frti-voiehell6 ana;lysie end is reasonably well supported by 
experimental evidenoe for Mach numbers up to about 3.5 (Fig. 1)s it 
represents a considerable improvement On the use of well conditions. 

The use of equation (I), which is based On flat-plate data, 
implies of course that the effect of pressure gradient upon akin friotion 
is of secondary importance, and there is some evidence17 that this is a 
reasonable assumption for favourable pressure gradients, end possibly even 
for slight adverse gradients. 

Though the use of equation (I) may be critlcieed in the light of 
more recent inveetigationeg,% it may well be suffioiently accurate for the 
purpose of oalculating nozzle boundary layers. The development of secondary 
flowe within the nozzle end the usual devioe of compensating for sidewall 
boundary-leyer growth by en additional displaoement of the nozzle profile 
may sometimes nullify the benefits obtsined from more accurate oalculations. 
In addition, by using the extensive tabIil8tiOnS of Ref. 6, the boundary- 
layer growth can be computed very rapidly, 8nd this is often of 
oonslderable advantage. 

An enalysis similar to Tucker's was given by Wilson' at about 
the seme time, and uses 8 different form of skin-friction equationlO 
(based on K&.YII&~s mixing-length theory). Sample caloulations suggest 
that for final Mach numbers below about 2.5, there is no great difference 
between the predictions of this method end Tucker's later theorye. Since 
Ref. 9 lacks suitable tables , it is more laborious to use. 

R&ash/ 
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Ruptasht3’ l4 has also even a method of calculating the 
boundary-layer growth in turbulent flow end uses the following surface- 
friction equation 

T 
PW 
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where the euffiz w relates to wall conditiona end 6 is the thickness of 
the boundary layer. The computation is more aomplioated than that required 
for Tucker’s or Wilson’s method and requires two step-by-step integrations. 

Tetervin’s* approximate methods were used by Harrop, the 
complted boundary-layer growth for Md I 2 being given in Fig. 8 of 
Ref. 3. If Tucker’s seoond method6 is used for this case, the boundary 
layer thickness is in agreement with Harrop’s caluulation at the throat 
and for a little way downstream. Further along the curved oontour 
however, Tucker’s method predicts a growth some 0.002 in./inch greater. 
Harrop in fact remarks that the average rate of boundary-lwer growth 
found experimentally was greater than that predicted theoretically by a 
similar amount. 

28 Rention must also be made of the analysis of Armstrong and Smith , 
end the suggestion of Meyer29 that since large discrepancies csn result from 
the usual methods of oomprting boundary-layer growth, use should be made of 
the Illingworth-Stewartson transformation. So far little use has been made 
of either of these methods. If a more rigorous analysis is Sought, a 
modification of Ref. 30 wnuld seem to be of considerable value. 

Some methods of nomile design (e.g., Ref. 3) lead to a sudden 
change of pressure gradient when the design Mach number is achieved, 
dM/dx being discontinuous at this point. In practice, the local changes 
in Maoh number may well be rapid in this region and the theoretical methods 
of computing the boundary-layer growth must be made with care. 

Whilst the boundary-layer growth should strictly be calculated 
along the curved surfaces of the nozzle, it is sufficient for moderate 
design Maoh numbers end nozzles of oonventional length to work on terms of 
the longitndinal distance I, since ds/clx is approximately unity. This 
value of s from throat to run out is only about 2% greater then the 
corresponding value of x (i.e., .$) for design Mach numbers below about 
2.5. Even for Md - 5, the ratia s/t is usually about 1.05. 

2.2 Canmrieon with &ner%ment 

Whilst several inv6etigaticme have been made of the growth of 
tW%hlt%ot@8lyp fayml alo+ flat plates, the experimentd data for 
ti+tvxWl.&~ am Co@xn-atlvelg aoanty. 

.C~M Ot %#a ua&# detailed inveetigationa was made by Rrlnich” 
in’ lm uui& &%&lo de&g&J fbr a final @aah number of 2.08. He showed 
that mar&t %i~%k&xm of utmkg h#tudind preueure gradient the 
butm~l& @#&Lle Ooubi be repree6nted with sufficient aooureoy by a 
po~law~~~tlo~ of veloaity of the form 

1 
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and that the analysis given by the earlier method of Tucker 5 predicted 
the boundary-layer growth without serious error, The application of 
Tucker’s later theory6 to Brinich’s results causes some improvement, as 
1s shown m Fig. 2. 

Fig. 3 compares the theoretical estimates of Ref. 6 with 
experiment for a wide range of design Mach numbers; these results are 
given by Baron in Ref. 12. The boundary-layer growth 1s underestimated 
somewhat in every case, particularly at Mach numbers above 2.5, though 
this discrepancy is reduced when the displacement thickness 6’ is 
computed. On the other hand, the use of Tucker’s second method for 
computing boundary-leyer growth for the nozzle of design Mach number 3 
used by Ruptashl3 is in good agreement with experiment (Fig. 4). This 
figure also shows that the difference in the theoretical estimates of 
Refs. 6 and 13 is not large for this particular nozzle. 

Wilson has compared his own boundary-layer thickness estimates 
with experiment for nozzles having design Mach numbers of 2.0 and 5.0, 
end obtains satisfactory agreement in both cases. Tucker’s method has 
also been applied to these profiles and agrees well at the lower Mach 
numbers at the kugh Mach number, the growth 1s slightly underestimated. 

It may be worth noting that in the oases where Tucker’s method 
underestimated the boundapJ-layer growth at high design hlach numbers the 
nozzles were comparatively short. For example, the nozzle used by BaronI 
%:,2;$ = 3.0 had an 4/h ratio of 4.02 (almost the minimum-length 

. Good agreement between Tucker’s theory and experiment was 
obtained at nQ = 3.0 m Ref. 13 with a liner in which 4/h was 6.5. 

This suggests the possibility that Tucker’s method over-estimates 
the effect of the longitudinal pressure gradlont in reducing the boundary- 
layer growth, resulting in a boundary-layer growth which is too small when 
the pressure gradient 1s more marked. Eore information is required, 
however, before this can be proved. 

All the experrmental results quotod in this section were obtained 
in tunnels with a working-section width (b) greater than one-third of 
the full tunnel height (2h); for most results the ratio 2h/b was much 
nearer unity. In tunnels having a narrow width compared with the height, 
the affects of the secondary flows and the sidewall boundary-layer growth 
become of more importance end may modify the boundary-lwer growth on 
the curved walls. 

2.3 Mean Rate of Growth 

In many cases the measured boundary-layer growth 1s approximately 
linear with distance along the nozzle surface and this linearit 18 often 
obtained in the theoretical estimates too (see Figs. 2, 4 and 8 3 . The 
mean rate of growth (AS/C) from the nozzle throat to the run-out position 
may well be useful in the initial stages of nozzle design, when no great 
accuracy is required. The available expermental evidence known to the 
authors has been plotted in Fig. 5 in terms of the wall Reynolds number at 
the run-out position (l.e., based on design M and 4). Wilson’s estimatesY 
for three Foelsh-type18 nozzles and the results of applying Tucker’s later 
theory to the liner used m Ref. 11 for a range of Reynolds number have also 
been added. 

The experimental points for design Mach numbers below 2.5 are 
grouped together and seem to be represented approximately by the curve 

This/ 
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This is of similar form to the approximate equation for the 
growth of a turbulent boundary layer along a flat plate in incompressible 
flowl9, 

6 0.37 
- = ---- , . . . (5) 
x R 1/s 

x 

which assumes a friction relation similar to equation (2) end a boundary- 
layer velocity profile of the form 

For a tunnel with a working section about 2 feet square, the 
value of A&/& for atmospheric stagnation pressure at a Mach number of 
2 is about 0.010. This represents a mean rate of growth of the 
displacement thickness of about 0.002 in./mch, a value often quoted as 
being suitable for the boundary layer allowance for one wall of 
moderately large supersonic wind tunnels. 

For design Mach numbers above 2.5 there are insufficient 
experimental data from which to deduce approximate formulae for the 
overall growth. Nozzles designed for the higher supersonic Mach numbers 
tend to vary more widely in length for a given Md, according to the 
method of design employed, and this may become of significance when 
considering the overall growth of the boundary layer. It may thus be 
more satisfactory to perform a complotc calculation to estimate the 
boundary layer rather than rely on an equation similar to (4) above, 
bearing in mind that as mentioned above, the method of Ref. 6 may some- 
what underestimate boundary-layer growth for short nozzles. 

2.4 Boundary-Layer Growth Upstream of the Throat 

In nozzle design the assumption is o ften made that the boundary- 
layer thickness is zero at the throat due to the large favourable pressure 
gradient upstream of this position. Whilst it is true that the pressure 
gradient restricts the growth of the boundary layer, the small amount of 
experimental evidence available suggests that its thichess is only 
offootively zero when the design Mach number is above about 3. Fig. 6, 
for example, shows the thickness of the boundary layer at the throat of 
the family of nozzles tested by Baronl2. 

Though most of the theoretical methods can be employed to 
calculate the growth of the boundary layer along the contraction 
surface upstream of the throat, it is often difficult to decide where 
to begin the calculation and what thickness to assign the boundary layer 
at this station. The theoretical values shown in Fig. 6 were based on a 
simple approximate method described in Ref. 12, whioh depends on a 
knowledge of the measured boundary-layer thickness at the throat of one 
of the nozzle family. 

In the absence of specific information, however, en estimate 
must be made of the boundary-layer thickness, preferably- at some statlon 
well upstream of the throat. The effect of the contraction on the 
boundary-layer growth ten then be computed end the boundary-layer 
thickness at the throat found. The calculation can subsequently be 
extended along the curved profile of the nozzle. 

The/ 
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The assumption of zero thiclcness at the throat leads to a 
slightly higher rate of growth on the surface downstresm because of 
the smaller Reynolds number associated with the boundary-layer 
development. In addition, the effective throat width will be over- 
estimated. These effects combine to cause the effective area ratio of 
the nozzle to be overestimated) hence the actual Mach number obtained in 
the working section is a little higher than that designed for. 
Fortunately the throat boundary layer is likely to be thickest at the 
lower nozzle design Mach numbers where the throat is large. Thus errors 
in estimating the value of the boundary-layer thickness at tho throat are 
smaller in proportion to the throat width. 

With very small tunnels or those working at low stagnation 
pressures, laminar boundary layers may exist on the tunnel walls in the 
throat region. This is discussed briefly ~fl seotion 6 below. 

3. Boundary-Layer Growth Along the Flat Sidewalls 

The boundary layer on the flat sidewalls downstream from the 
throat is subject not only to a pressure gradient along the length of 
the tunnel, but also to a lateral pressure gradient caused by the Mach 
number variation across the tunnel in the region where the flow is being 
accelerated to the design Mach number. Near the throat, due to the 
curvature of the lines of equal Mach number caused by the r&al-like 
nature of the flow, the highest pressure on the sidewall is at the centre 
line (for a double-sided nozzle). Further downstream this pressure 
gradient is reversed, since the design Mach number is achieved nearest the 
throat on the sidewall centre line. This transverse pressure gradient vnll 
usually be more severe than that experienced by the flow near the throat 
and will cause the sidewall boundary layer to thicken near the centre line 
(Fig. 7)9, the effect being more pronounced at higher design Mach numbers 
where the transverse prcssura gradient is stronger, Additional experimental 
evidence is given in Refs. 11, 12, and 21. In Ref. 21 it is shown that 
shaped fences placed on the sidewall retard this secondary flow and make 
the boundary layer thickness more uniform. This is of particular importance 
at high supersonrc Mach numbers where the boundary leyer may well occupy an 
appreciable fraction of the tunnel width at the sidewall centreline. 

The theoretical methods which might normally be used for 
predicting the boundary-layer growth along the sidewalls assume two- 
dimensional flow and do not, of course, allow for secondary-flow effects! 
it is thus probable that at the higher design Mach numbers, large 
discrepancies will occur, At present, the available evidence suggests 
that for nozzles of conventional length and mth design Mach number 
below about 2.5, the accumulation of boundary-layer fluid at the side- 
wall centre line is not large and the theoretical estimate of boundery- 
layer growth (assuming two-dimensional flow under the design 
longitudinal pressure gradiont) is in reasonable accordance with 
experiment (Fig. 8). It is possible that some improvement might result 
in applying the three-dimensional boundary-layer theory for displacement 
effects given in Ref. 22, but as yet no suitable method of doing this has 
been evolved. 

It is perhaps worth pomtmg out that downstream of the run- 
out position, in a region nominally free from pressure gradients, the 
transverse flow of the boundary layer may continue beoause of the 
secondary flow effects peculiar to square ducts (see Fig. 105 of Ref. 23). 

Fig. 8 also shows the theoretical estimates6 on boundary-layer 
dlsplaoement thickness for the curved contours of the nozzles. The 
differenoe u1 boundary-layer growth between the curved and flat walls is 
negllglble at Md = 1.71 and even at Md = 3.5, the average rate 

of/ 
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of growth fron throat to run-out posltlon on the two walls 1s not greatly 
dlffercnt. This cvldcnce supports the ucusl pr-tctlce of compensating for 
the boundary-layor growth on the s1dewallo by a proportionate increase m 
the boundary-leyer allowance placed on the curved nosslc contour, tho 
magnitude of the lncroase dcpendlng only on the tunnel width end holght. 
Thus for a tunnel of width w and local height 2h, having curved 
nozzles on the lower and uoper walls, tho effective dlsplaccment thickness 
applied to each nozzle would bo 

2h + Y, 
6+ -- 

EFF = m 'Contour 

The moan boundary-layer growth along the tunnel walls may also 
be found from pressure mcasuromonts mado along the axis of symmetry of 
the nozzle, the presence of a steady pressure gradlent downstream of the 
apex of the test rhombus usually mdlcatlng en Incorrect boundary-layer 
alloaancc. When the nozzle blocks ten be tlltod slightly, this gradlent 
can often be removed, the magnitude of ttc tilt applied being equlvalont 
to the deficlcnoy 111 the estlmstcd cffeotlve boundary-layer drsplaccmcnt 
thzokness slope. 

4. Boundary-Layor Growth m the Absence of a Pressure Gradlent 

Downstream of the run-out position on the curved wall, and the 
upstream lncllnod charactcrlstic from that point on the sidewall, the flow 
is thcorotloally free from any pressure gradrents, apnrt from those musod 

by secondary flows. Thus the boundary-layer growth IS slnilar 1~ may 
respects to that on a flat plate 111 a uniform stream at the nozsle deczgn 
Mach number, and If deslred, the boundary-layer growth could be calculated 
mth oonsrdcrable acouracy24. However, 1.n most cases tho ncthodn discussed 
In Section 2 are of sufflclent accuracy and the abscnco of the pressure 
gradient slnpllflos still furthor the computation. 

For exemplc, If the method of Ref. 6 1s used for this type of 
flow, the foilocflng equation can be dcduoed, using the basic assumptrons 
of the method and assuming y = 140, 

c.0153x 
6 = ----- , . . . (6a) 

AfRxi ' 

where A = (1 + 0. 1M')S" , f = G/b (and can be obtained as a function 
of M and power-law index N m the report), x 1s the distance along 
the equivalent flat plate from the beginning of the boundary-layer growth 
and Rx is the Reynolds number based on freo-stream voloolty end klnematro 
vlscoslty, end distance x. Tho appropriate flat-plate x at the beginning 
of the uniform-flow region in the tunnel can be oomputod from a knowledge of 
the boundary-layer thickness at that position. 

Equation (68) can be simplified by noting that when N = 7, 
the product Af is nearly 0.1 for Mach numbers between 1 and 4. Thus 

. . . (6b) 



-8- 

It 1s interesting to note that this equation ivcs values of 
6/x which are similar to those obtained from equation 7 5)1- 

- _ _ _ _. 

a, x m+ i 3 5 7 IO 15 25 i 
_ - .-. --- - _- .- _~ __. __ ._ 

6 
- x 105 21.3 18.2 16.9 16.2 15-3 14.3 13.5 
x 

; 

/ (em (6b) 1 I 

!-. 6‘--‘ _ . . _.-.__- --. __. _ . ._ _-_. - ._^-___-_ -. 

I - x IO' 23.4 18.8 17.0 15.8 14.8 13.6 12.3 1 
' x 
a (@w.(5)) 

- --- -.-- .-_ -.- ._~. ~. .._. _ -__.- -- __ - - ._ __ _. _- 

Fig. 9 suggests that there is some experimental support for 
equation (6b)for moderate values of &J alternatively t!le approxrmate 
equation for the average boundary-layer growth along the curved part 
of the nozzle contour 

A6 0.29 
- = -- 
e R I,'6 

x 
*.. (4) 

can be modified for use in uniform flow, by writing 

A6 as 0.29 
-o-- P---- 
Ax dx Rx,, 

. . . ha) 

This form nsy sometimes be convenient in proliminarjr design work by 
enabling a single equation to be used for boundary-layer development 
along tho complete nozzle block. Fig. 9 shown that equation (&a) 
does not give markedly different results from equation (6a) above. 

Alternatively use may be made of the fact that for a fixed 
velocity distribution within the boundary laycr 

CF = 2(;)= 2(;)(;), 

and Cf = 2(Z)= 2(g)(;). 

Thus curves of CF and Cf against Reynolds number, for varzous 
stream Mach numbers (es m Ref. 32) can be used directly to determine 
the mcmentun thickness or its rate of growth; by means of suitable 
tables or graphs, the value of 6 or d6/dx may be found. The rate 
of growth of the boundary layer as computed from Cope's32 ourves of 
the local surface-friction coefficient (Cf) for M = 2 is shown 
ln Fig. 9, this curve being in reasonable agreement with the others. 

5./ 
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5. Calculation of Displacement Thichcss 

The foregoing discussion has been mainly concerned with the 
calculation of the boundary-lilyor thickness; to correct the potential 
outline of the noselc profile, the displacement thickness of the boundary 
layer must be used, whore 

The value g ha:: been given in numerous reports in either 
tabular or graphical form; the most comprehensive tablcs are probably 
those of Ref. 6. For convcruence, values of g are shorn in Fig. 10 
of tho present note. 

The choice of n value for N appropriate to the conditions 
being considered is ofton difficult. Tuokero, for example, suggests 

N = 2.2 RxLA4 (1 + O.IMs)l” . . . (7) 

whilst Ruptash” and BaronI neglect the factor containing M; tho 
former also uses a numerical coofficiont of 2.6, W1lson9 recommends 
that N should be put equal to 7 for all Reynolds numbers. 

Experimentally the value of N is not easy to determine 
accurately from the boundary-layer traverse data1 1. Bnron’2 found for 
VdUSS Of Md between 1.5 and 3.5 that on the curved nozzle contour, 
a Power-law velocity distribution with N = 7 fitted most of the 
measurements made on the curved sections of nozzles; on the sidewall, the 
experimental values of N wore around 8 awcy from the tunnel centro- 
line, and somewhat higher on the contrelme, particularly in regions of 
large pressure gradient. 

Brluich” discusses this mntter at some length Jnd concludes 
that the power-law velocity profile is approximated to most cl~cely where 
the pressure gradient is oithcr very small or zero. His results for an 
Md = 2.08 noszlo suggest that a value of N of about 8 would be most 
satisfactory along the curved wall end 7 along the flat side wzlls 
@lg. 11). Also shown on this Figure is Tucker’s semi-empirical 
relationship for N. Whothor the inorooco in N down the tunnel 1s due 
to tho increase in Rx or to less distortion of the boundary-lsyer 
velocity profile by the longitudinal pr~‘c- .,,ure gradient is uncerteLm. 
Ruptashl3 found a similar increase in the best value of N with x but 
in Baron’s12 results the effect 1s less evident. 

In the absence of more conclusive evidence a vrtlue of 7 for 
N would seem to bo reasonable for both sidewall and curved contour, at 
least in the preliminary dosign stage. 

6. Boundary-Layer Trsnsition 

In the foregoing it has boon assumed that the boundary layer is 
turbulent from some station well upstream of the throat, either as a 
result of natural or forced transition in the wall boundary layer. It ma.y 
be however that U-I some small tunnels, the boundary layer IS lamlnar near 
the throat, For example, Brinichll found that transition occurred on the 
side wall of a 10 in. X 3.84 in. tunnel at Reynolds numbers (based on 
boundary-layer displacement thickness and streem kinematic viscosity) 
between 913 and 1982. No laminar layers were observed on tho bottom 

wall ,/ 
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wall, where the local Reynolds number was higher. These Reynolds numbers 
are approximately in accordance with those quoted in Ref. 15 for the 
occurrence of trsnsltion on a flat plate end presumably can be used as a 
rough guide to the likelihood of laminar flow persisting into the throat 
reg-Lon of the nozzle. An accurate prediction of boundary-layer trsnsltion 
is a difficult matter however. As Dryden has pointed out, the transition 
is affected by Mach number, free-stream turbulence and local-hoat transfer. 

Thorc seems to bc little evldonce for the assertion somotlmes 
made that transition occurs on the curved contour at the point of 
inflection downstream of the throat. 

Since the transition position will fluctuate with tunnel 
stagcation prcssure and because the boundary layer growth near the 
transition region 1~ not easy to calculate, it may be desirable to 
provoke transition artificially (by means of a wiro or surface roughness, 
for example) well upstream of the throat. 

7. Concluding Remarks 

It is hoped that this note may be of use in indicating means 
of calculating turbulent boundary-layer growth along the walls of 
supersonic wind tunnels, particularly when groat accuracy 1s not 
required or desired. 

8. Acknowledgement 

The authors wish to aohowlcdgc the help given to them during 
discussions on the development of turbulent boundary layer by 
Dr. G. E. Gadd of the Aerodynamics Division, N.P.L. 



- 11 - 

List of Symbols 

b 

e 

6 

h 

e 

M 

% 

N 

B 

RR 
B 

* 

W 

x 

Y 

cF 

cf 

8 

A6 

8* 

Y 

e 

I.4 

tunnel breadth 

e/s 

&/8 

tunnel halq-height 

distance from throat to m-out position on nozzle 

fluid Mach mnnber 

nozzle design Mach number 

inverse power index in velocity profile (equation (3)) 

Reynolds number 

Reynolds number at run-out position 

distance along curved surface of nozzle 

fluid velocity 

tunnel width 

distance along longitudinal axis of tunnel 

distance normal to wall 

mean surface-friction coeffioient (friction force, per unit wetted 
area dividod by free-stream dynamio pressure) 

local surfaoe-friotion coefficient 

boundary-layer thickness 

bouudary-leyer growth from nozzle throat to run-out position 

boundary-layer displacement thickness 

ratio of specifio heats of gas 

boundary-layer momentum thiolmesa 

fluid viscosity 

1 
.&&c&1* the &&GE& -dary leer . 

W conditions at the well 

L conditions at position x 

i value in inccmpressible flow 
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