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ADDENDUH
In the calculation of the theoretical curves in Pig.15, the value of
v, in the formula uscd (cquation (2) of Appendix 1) was taken to be the valuc

in the free stream. This is incorrect, because Vo is a function of the local

stagnation pressure at the edge of the boundary layer, and this varies with
x/r. The calculations have becn repcated using the true value of Vo and

the curve replotted in the attached figure. It is seon that the experimental
points arv in fair agreement with this curve.

As pointed out in the introduction to the main text, the above formula
is derived by Rott and Crabtree® for a stream in which the pressure gradient
is & function of x, but whose velocity in the external flow is independent
of z. In the present case, neither of these conditions hold, and the
variation with x of the Mach number, M, at the edge of the boundary layer is
caused by the variation of local stagnation pressure with x. It is reason-
able to suppose, however, that the cause of the variation of M, with x does
not greatly affect the development of the boundery layer; therefore the
formula should give a good approximation for this problem.

Calculations of the quantity Rg /J?ﬁ;, as discussed in scction 4.5

have been carried out, and the quantity m + % n defined in that section has

been calculated. The accuracy of the calculations is dependent on the
experimental variation of M4 with x/r, and is therefore limited. The
accuracy is insufficient to determine whether m + + n is greater or less
than 4/2 in the neighbourhood of x = 100 r, and the calculations show merely
that m + % n is near 1/2. The arguments of section 4.5, thercfore, are
still inconclusive; it scems ccrtain, however, that if R& is a more
appropriate parameter than RY to determinc the position of {ransition,x = X
the variation of 62 with x is just as important as the variation of the
Reynolds number per inch, which was assumed by Moeckel1 to be the sole
criterion. It secems, therefore, that the sign of the quantity dxt/dr is less

easily predictcd than was previously supposed; in fact, it may be very
sensitive to small irregularities in the stream or on the surface of the
modcl.
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Cones having a 15° includcd angle and tip-radii up to 0.49" werc tested
at free strcam Mach nubers of 3.12 and 3.61 at zoro incidcnce. The position
of transition to turbulince in the boundary layer was found to move downstream
as tip radius incrcascd, as long as transition was morc than about 100 tip
radii downstream from the tips If transition occurred upstream of this
station, its position tended to move further upstream as tip radius increcaced.
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1 INTRODUCTION

When a smooth cone with a sharp tip is placed at zero incidence in a
unifcrm supersonic air stream, there is an attached conical shocke A laminar
boundary layer develops on the surface of the cone; the conditions at the
edge of the boundary are essentially uniform over the whole cone.

If a blunt cone is placed in the same air stream, there is a detached
bow shock, which develops into a conical shock further downstream, The
conditions at the edge of the boundary layer are no longer uniform over the
whole surface, for near the tip the fluid has passed through a nearly normal
shock wave but far frem the tip, the fluid has passed through a nearly conical
shock (see Fig.1 and note Fig.12 which shows local Mach mumbers cbtained in
the present tests). It is to be expected, therefare, that the position of
transition to turbulence is different from that on a sharp cone.

Hoeckel! has pointed out that the Reynolds number per inch, tgu./y., based
on conditions at the edge of the boundary layer, will increase with distance,
x, from the tip up to the wvalue Poo B °"/[_;m corresponding to a sharp cone. This

agrees with the present test results, note Fig.13. Therefore, if transition
occurs at & given value of R, = pu x,;/u, the value of x, will be larger on a

blunt nosed cone than on a sharp cone, The present tests were designed to
check this, and to determine the order of magnitude of the effect.

It was found that transition on a blunt cone cccurred for a larger value
of x than on the corresponding sharp cone in the same stream as long as Xy

was greater than 100 r, where r is the radius of the tip. Far x, less than
100 r, the trend was reversed (at least for X, greater than about 80 r)s The

values of Reynolds number per inch (pu/p) at the edge of the boundary layer
were measured (see Fig.413), and it was found that pu/p incresased rapidly with
x for x less than 100 r, and had reached the sharp cone value p u o/pm for x

greater than 1,000 r. It is therefore a little surprising that the effect
predicted by Moeckel should be found in the region Xy > 100 1; maybe the

rrevious history of the bourdary layer is of importance.

However, it was more surprising that in the region where Moeckel's
argument would be expected to hold (x less than 100 r) the reverse effect was
observed. Traverses of the boundary layer showed that, for a wide range of
values of ¥/r, the value of R{5 at transition did not vary much from 680 at

2

M, = 3.12 and 600 at M = 3.81. This suggests that the instability which

causes transition to turbulence is of the same nature as that for a sharp cone.
Measured values of the momentum thickness in this region were, however, larger
than would be expected on sharp-cone theory (see Fig.15), and larger still
than would be given by a theory allowing for the measured variation of Mach
number at the outer edge of the boundary layer. This enhancement of momentum
thickness counterbalances the reduction in Reynolds number per inch and leads
to the reversed trend observed in the region 80 < ¥/r < 100.

The theoretical values of 62 were obtained from Rott and Crabtree's
formula? ,

2 INT 6 2 AN 52
62 = Oulh v, <-,f;-> u, o r, '/ é—;) u,” Ty ds
0
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using the measured values of M‘l (Pig.12). The resulting curve is shown in

Fig,15, and gives smaller values than for a sharp cone instead of the
measured larger ones. The reason for the discrepancy may be that in its
derivation the formula includes the usual assumption that, outside the
boundary layer, the velocity does not vary with distance from the surface.
However, there is a region for x < 100 r where there is a pronounced variation
of this nature (see the pitot pressure results for intermediate ¥/r in Figs,
10 and 11), so that the above formula would not be applicable.

The development of the boundary %ayer in an external shear flow has
been discussed by Lijsk, Yend, Glauert® and Murray/, and it may be that an
extension of their work is appliceble here, (but such an extension was con-
sidered to be beyond the scope of the present note).

It is worth noting that a simple Mangler transformation yields a ratio,

( f :c'o2 dx> /r 02 x, which differs significantly from its value on a sharp
cone only when x is less than 100 r (see Fig.16), and that the value of the
momentum thickness is related to this ratio (see Appendix 2)., It is not
surprising, therefore, that conditions at the edge of the boundary layer,

and the form of the boundary layer itself are different from those on a sharp
cone in this region.

Static pressures on the surface were measured to see if these could have
had a significant effect on the stobility of the boundary layer (see Table 2
ond Fig.9). It was found that all the meosurements described were made in a
region of essentially constant pressure. The only effect of the variation of
static pressure which must occur nearer the blunt tip, is therefore on the
structure of the boundary layer in that region.

2 APPARATUS

2.1 Turmel facilities

The tests were carried out in a 5 in. x 5 in. supersonic tunnel at the
R.A.E. Farnborough. Undisturbed free-stream Moch numbers of 3.42 and 3,81
were used in the tests, giving undisturbed free-stream Reynolds numbers per
inch of 1.72 x 109 and 1.19 x 105 respectively per atmosphere of stagnation
pressure. The stagnation pressure was varied between 1 and 5 atmospheres,
and was held steady when necessary (as during o pitot traverse) to within
#0,1" Hg. The stagnation temperature, which was thermostatically controlled,
was regulated in the early tests to be 41°C*; in later tests, it was found
that the available supply of heat was insufficient to maintain this tempera-
ture, and in many tests the stagnation temperature was as low as 38°C.

2.2 Models

Five stainless steel models were prepared, each being a 15° included
angle cone; the tips were ground to spherical radii up to half an inch. Some
of the small-radius models were later blunted to intermediate radii, and
altogether transition tests were carried out for cones with seven different
nose radii. These are shown in Fig.3. Some of these cones were also used
for pitot traverses of the boundary layer. Each cone had a single static
pressure hole on the same generator used for the traverses.

Another cone was used to measure static pressures. This had a removable
tip, and tips of five different radii could be fitted. Details, including the
position of the pressure holes, are showm in Figel.

* This gives a recovery temperature approximately equal to room temperature.

-5~



2.3 Instrumentation

Most of the measurements of transition position were made from shadow-
graph photographs of the flows In some tests, schlieren photographs were also
taken, and compared with the shadowgraphbs; in all cases the two methods gave
the same results. Transition position was measured to the nearest 0.1 inch.
(The values of Reynolds nunmber per inch are quoted in Table 1.)

The pressure in the settling chanber was measured with a Midwood capsule
manometer, set to read pressures fram 1 to 5 atmospheres. The manometer read-
ing gave the absclute pressure in inches of mercury, and the instrument could
be read to 0,01" Hg. In most cases, the stagnation pressure was maintained
constant to the nearest 0.1" Hg.

The stagnation temperature was measured with a copper—constantan thermo-
couple in the settling chanber,

Static pressures were measured on a bank of mancmeters containing butyl
phthalate; differences of pressure from & reference pressure were measured on
this bank, and the reference pressure was measured on a mercury mencmeter
halanoced ageinst atmosphere.

Traverses of the boundary layer were made with quartz pitot tubes of
outside diameter about 0.007". This was found to be a suitable compromise
between the small value needed because of the thinness of the boundary layer
(in some cases 0.020" or even less) and the large internal diameter needed
to ensble the reading to become steady in a camparatively short time, The
tubes used took between one and two minutes to attain a steady reading after
being moved to a new station. The pitot pressure was measured to the nearest
0,01" Hg by means of a Midwood capsule manometer whose range was from O to 4
atmospheres.,

3 TRANSITION RESULTS FROM SHADOWGRAFH

Shadowgraphs of the flow round each cone were taken at several stagnation
pressurcse The incidence of the cone was adjusted in cach case so that transi-
tion positions on top and bottom generators were within 1 inch of each other;
since some of the cones were tested on several separate occasions, greater
accuracy of incidence setting would have been desirable but was found too time~
consuming, In each case the mean of the two positions has been used in the
analysis of resuits, and it is found that these are in agreement for the small
variations of incidence involved.

At the higher Mach mumber, shocks fram plugs in the upper liner struck
the top surface of the cone and definitely promoted early transition in cases
where the transition point was near the base of the cone. As a result, the
experiments at a free~stream Mach number of 3.81 may be less reliable than
those at a free-stream Mach number of 3.12.

The results of these tests are given in Table 1, and plotted in Figs.5
and 7. In Fig.5, the value of Ry at transition is shown as a function of ‘ia/ Voo
the Reynolds number per inch on the corresponding sharp cone under the same free
stream conditions; the transition Reynolds number Ryy is taken as Uy, %./V,, and
is therefore the true Reynolds number only in the region where sharp cone condi-
tions hold at the edge of the boundary layer (iecs for x > 100 r as will be
shown in section 4«3)s In Fig.7, the position of transition, given by x = X,
is shown as a funotion of y /v . The actual distance s along the surface
when a = 75° is given by ‘

S = 1.0086 X + 005629 r

(see Fig.2 for notation), and this quantity varies from x by less than 56 for
all the values of x and r used, and in most cases by less than 1% The measured
value of x¢ is therefore supposed equal to the actual distance along the surfaoce
from tip to transition position.

~¢6-



Fig.5 shows that for most cones there is o tendency for the Reynolds
nunber at transition to increase with Reynolds number per inch. The exceptions
are the sharp oone when M = 3.12 (on which B, is esscntislly independent of

u/v,)s and the two bluntest cones at the some value of M. From this figure
it appears that for the smoller values of r, Rx increases with r for a given
value of u oo/ v s but that the trend is reversed for r greater than about
0,062 in., when M, = 312 ar 0.048 in. when M= 3.81; the original trend

appears again for even larger values of r, but there is little data in this
regions This is illustrated more clearly in Fig,6 which is cbtained by
cross-plotting from Fig,5, and gives the variation of R, with r at constant

velues of L&/ Vs

When this reversal in trend was discovered in the original analysis of
tests at a limited number of values of u o/voo, it was thought that experimental

inaccuracies or disturbances in the tunnel might be contributory causes.
Further tests, made over a wider renge of values of u o!voo (as given in Fig.5),

ruled out these causes and led to the investigation of the boundary layer
development reported in section 4 below.

Mearwhile, the effects of disturbances at M, = 3.81 may be largely

eliminated by considering Fig.7, where the value of X, is plotted against

uo/ v, ona logarithmic scale; it is found that this enables a straight line
to be faired through the experimental points for Mo = 3412, For M o = 3.81,
the value of x, has a 'plateau' at about 65" for the sharper cones, and at a

rather smaller value for the blunter cones. This corresponds exactly to the
position on the cone where a shock wave from the upper liner hits the cone,
and shows that transition is indeed promoted by this shock, A faired line
has, however, been drawn through the points corresponding to transition
positions upstream of this plateau, and it is not unreasonable to produce
this line into the region downstream.

The faired lines (produced where necessary) are drawn on one graph (for
each Mach number) in Fig.8. To avoid a confused diagram, the lines are given
only for the region X > 100 r. (It should be noted that the only cones for

which x, < 80 r have tip radius 0.083" or 0.165" for Mo = 3,12 and 0.165" for
MO = 3‘81 )o

Two conclusions cen be drawm. The first is that for Xy greater than

about 100 r, transition position moves downstream as the tip radius r increases
as predicted by Moeckel's theoryls The second is that for X, less than 100 r

(and greater than about 80 r) there can be a reversal of this movement; this
can be seen in Fig.9 by inspection of the lines for r = 0.062 in., and 0,083 in.

4 PRESSURE MEASUREMENTS

e Static pressures

Table 2 gives the variation with x of static pressure, Pys along the cone

for five tip radii and for three free-stream stagnation pressures, and a typi-
cal curve is shown in Fig.9. Although this pressure does vary slightly with
distance from the tip, the percentage change is very small. Transition always
occurred in the region covered by these measurements, so that the assumption of
constant pressure is justified. The effect of tip radius on transition position
cammot therefore be explained by the induced statioc pressure distribution.

-7 -



L2 Pitot traversed techniques

For these tests, the stagnation pressure was chosen for each cone so
that transition always occurred at roughly the same location relative to the
tunnel (usually about 3 in. from the base on the cone): this eliminated effeots
due to irregularities in the flow., On most of the cones tested, 4 traverses
were made - 2 in the laminar and 2 in the turbulent region of the boundary
layer., For the blunter cones, several traverses were made at a lower stag-
nation pressure so that the boundary layers were entirely laminar. The static
pressure for each traverse was taken to be the value measured at the single
pressure hole in the cone, since all traverses were made in the region shown
in section 4.1 to have uniform static pressure.

From the ratio of static to pitot pressure, the Mach number and velocity
distributions through the boundary layer were found, and hence the displacement
thickness 61 and the momentum thickness 62 were calculateds The local Reynolds

number per inch at the edge of the boundary-layer was calculated from the
values of static pressure, total temperature and measured Mach number at this
point. Hence the Reynolds mmber R6 based on momentum thickness was
calculated, 2

The main uncertainty in this procedure arises in choosing the position
of the "edge" of the boundary layer. In Fig.10 are sketches (not to the same
scale) of the variations of pitot pressure across the boundary layer found for
different values of ¥/r, Fig,10a shows the usuel kind of profile in which po'

increases rapidly with z at first, and then steadies to a constant value; this
is the type of profile obtained for large values of */r (¥/r greater than about
100), and there is no difficulty in determining the edge of the boundary layer.
Near to the tip (¥*/r of the order 10 or less) the profile is as shown in
Fig.10c; here the value of po' steadies to a nearly constant value, and then

starts increasing again as the probe traverses an external shear layer. Again
there is no difficulty. For intermediate values of ¥/r, however, the profile
is more like that in Fige10b. In this profile, the value of po' begins to

steady to a constant value, but befare it reaches this value it begins to
increase again because of the external shear layer; all that can be seen are
the two points of inflection fairly close together, and the position of this
region is difficult to determine exactly. In practice, the position was
determined partly by a careful inspection of the graph, and partly by watching
the dial of the pressure recorder while the measurements were being carried
out: as the probe passed through these points of inflection, the needle of

the recorder seemed to move more sluggishly than for smaller or larger values
of z. Fairly good agreement was cbtained between these two methods. Measured
values of p o' are shown in Fig.11 for typical traverses of the three types.

e Cornditions at edge of boundary layer

The value of M‘l’ the Mach number at the edge c¢f the boundary layer, was

calculated from the ratio of the pitot pressure there and the static pressure
at the surface. These results are given in Table 3, and the values for
leminar layers are plotted in Fig.12 (where x is less than 100 r) as a
function of ¥*/r. This correlates the results from the cones of different tip
radii. It is clear that for smll ¥/r, where the boundary layer is thin
relative to the external shear layer, the value of M1 approaches that given

by Moeckel! for the surface of the cone. As x increases, M1 increases to its

sharp cone value which is in the region of x = 100 r« The corresponding values
of p, u,‘/p.1 P, are shom in Fige13e
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TABLE 2

Static preasures

(&) MO = 3412
r &0 T 2 0,005" r % 0.05" i r % 0.16"
p, ("Hg) | 88.3 i 117.7 | 7.7 | 93.3 i 19.0 | 8.2 | 89k | 118.2 [ 1379 | 8.7 | 1162 | 1143
| ' |

P

Lata |0.0337| 0.0309! 0.0311 | 0.0305 | 0.0306 | 0,0313 | 0.0313 | 0.0307 | 0.0308 | 0.0300 | 0.0298 | 0.0295

o B |0.0337 | 0.0310 | 0.0311 | 0.0318 | 0.0308 | 0.0316 | 0,0313 | 0.0309 | 0,0311 | 0.,0302 1 0.0300 | 0.0300
C |0.033% ' 0.0307 ' 0.0314 | 0.0300 ' 0.0305 ' 0,0316 | 0,0311 ' 0,0308 ' 0.0308 | 0.0302 i 0,0300 | 0.0299
D BLOCKED BLOCKED BLOCKED BLOCKED
E BROKEN BROKEN BROKEN BROKEN
F | 0.0328 | 0.0306 , 0.0315 | 0,0293 | 0.0305 ; 040311 | 0.0306 ; 0.0302 | 0.0309 | 0.0299 0,0303 , 0.0296
G | 0.0323| 0,0300 | 0.0303 | 0.0287 | 0,0297 | 0.0303 | 0,0300 | 0,0298 | 0.0300 | 0.0296 | 0.,0297 | 0.0297
H |0.0331 | 0.0305 | 0,0308 | 0.0297 | 0.030L | 0.0309 | 0,0307 | 0.0306 | 0.0308 | 0.0302 | 0.0301 | 0.0300
I |0.,0321 | 0.0295| 0.0299 | 0.0293 | 0.0299 | 0.0303 | 0.0304 | 0.0300 | 0.0301 | 0.0305| 0.0302| 0.0300
J 10,0335 | 0,0311 | 0,0313 | 0.0295 | 0.0301 | 0,030k | 040310 | 0.0307 | 0.0307 | 0.0309 | 0.0308 | 0,030k
K | 0.0353 | 0,0327 | 0.,0323 | 0,0303 | 0.0308 | 0.0308 | 0.0341 | 0.0308 | 0.0306 | 0.0310 | 0.0306 | 0,0305
L | 0,033k | 0.0307 | 0.0309 | 0,030k | 0,0300 | 040306 | 0.0307 | 0.0302 | 0.0301 | 0.0306| 0.0300 | 0.0299
M | 0,0338 | 0.0310 | 0.0308 | 0,0301 | 0«0306 | 0.0308 | 0,0313 | 0.0306 | 0.0302 | 0.0332 | 0.0306 | 0.0299
N 10,0336 | 0.0308 | 0.0318 | 0,0296 | 0,0306 | 0.0313 | 0.0310 ; 0.0306 | 0.0308 | 0.0311 | 0.0307 | 0.0306
0 }0.0332 | 0.0311 | 0.0311 | 0.0306 | 0.030L | 0.0306 | 0.0308 | 0,0301 | 0.0302 | 0.0311 | 0.0307 | 0.0303
P | 0.0330 | 0.030k | 0,0308 | 0,0295 | 0,0300 | 040307 | 0.0303 | 0.0303 | 0.0305 | 0.0305 | 0,0305 | 0.0309




For small changes of x/r, it is permissible to express any function of
X/r in the form of a power law; hence,

where m and n may vary slowly with */r, but for small changes may be taken
as constant. In this case,

and if transition occurs for a constant value of R then

5,°

m+En

SN

nf-+

dle€s X

It follows that when m+%n is greater than %, x, increases with r; when
m+%n is less than -12—, however, Xy increases as r decreases, When m+%n =32',

transition remeins stationary as r varies. The theoretical curves (with
measured Mach nunber distribution) show m+3n greater than or equal to %
to that transition would be expected to move back always as r increases.
The experimental curves, however, show the opposite tendency in one region.
For x greater than ebout 100 r, m+%n is greater than 3 because n = 1 end m
is positive; for x less than about 80 r (and greater than, say, 50 r) m+En
is greater than & because m is greater than % and n is positive, But for
the region where x is just under 100 r, both m and n are small, and m+sn
is less than ¥ (exact values are not gquoted because of the insufficient

informetion from Fig.13).

Tt seems, therefare, that the upstream movement of transition position
as r incresses in the region for x just less than 100 r is due to the large
experimental values of §, compered with theory in this region, and to the
low experimental rate of“ change with X/r of P, 522/1'.
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Tt is shown in Appendix 2 that the ratio < f r ?

dx ro2 x) is related

to the value of the momentum thickness on a blunt cone compared with that on
the corresponding flat plate (given by the Mangler transfarmation), This
quentity is shomn in Fig.16 as a function of X/r for a 15° blunt cone, and it
can be seen that for x greater then 100 r, the ratio differs little from its
sharp-cone value of ¥, It would appear, therefore, that the major difference
in boundary layer properties on a blunt cone from those on a sharp cone would
be expected to occur for x less than 100 .

Finelly it may be noted that conventional formulae for boundary layer
growth sssume that the streamwise velocity outside the boundary layer does
not vary with distance from the surface, but only with distance along the
surface. Pigs.10 and 11 illustrate that this assumption is carrect when X/
is large (considerably greater than 100) or small (around 10), but for inter-
mediate values the assumption is not justified end we must consider the
growth of a boundary layer under an external shear flow. An extension of
the treatments of references 3 to 7 might be applicable to the present case,
but this is beyond the scope of the present note.

5 CONCLUSIONS

(1) When x, is greater than 100 r, x,_ increases as r incresses: i.e. the
position of transition moves downstream as tip radius increases. When X, is
less than 100 r (and greater than sbout 80 r), this trend is reversed.

(2) When x is greater than 100 r, the conditions at the outer edge of the

boundary layer are the same as those on a sharp cone, so that the downstream

movement of transition is not associated with a reduced value of Reynolds

number per inch. When x is less than 100 r the Reynolds number per inch at

the outer edge of the boundary layer is less than on a sharp cone, but

for 80 r < X < 100 r transition moves in the reverse direction (upstream)

to that which might be expected.

(3) Trensition cccurs when Ry # 680 when M_ = 3,12, and when Ry % 600
2 2

when Mo = 3.8%. This suggests that transition is caused by the usual kind

of boundary-layer instability.
(4) Furtber experimental investigation of the conditions in the region

near x = 100 r is necessary. Further theoretical work must include the
consideration of boundary layer development in an external shear flow.




LIST OF SYMBOLS

sonic velocity

free stream Mach number (ahead of bow shock)
Mach nunber at edge of boundary layer

value of M‘l on sharp cone

free stream stagnation pressure

static pressure on surfaoe of cone

pltot pressure

radius of tip of cone

distance of point on surface from axis of ocone
r /r

gas oconstbant

Reynolds nurber based on momentum thickness and true looal conditions
outside the boundary layer

value of RG at transition
2

Reynolds number based on x and conditions outside the boundary
layer on a sharp cone

distance along surface of cone

stagnation temperature

temperature at edge of boundary layer

distance parallel to axis of point on surface from tip

X/p

value of x at transition

velooity at edge of boundary layer

value of u, on sharp ocone

semi~vertex angle of cone

ratio of specific heats

displacement thickness of boundary layer
momentum thickness of boundary layer
viscosity under stagnation conditions
viscosity at edge of boundary layer

kinematic viscosity under stagnation conditions
kinematic viscosity at edge of boundary layer
value of ¥y on sharp cone

free stream stagnation density

density at edge of boundary layer

volue of v1 on sharp oone

- 12 -



=
(¢]
.

Author

Moeckel, W.E.

Rott, N,
Crebtree, L.F.
i, T.Y.

Ii, T.Y.

Yen, K.T.

Glavert, M.B.

era}r’ Jt D.

LIST OF REFERENCES

Title 2 etc.

Some effects of bluntness on boundary~layer
tronsition and heat transfer at supersonic
speeds.

NACA Rept.1312 (Supersedes NACA TN 3653), 1957.

Simplified lominar boundary-layer calculations
for bodies of revolution and for yawed wings.
J. Aero. Soi. 19(8) pp.553~565, August 1952.

Simple sheor flow past a flat plate in an
incompressible fluid of small viscosity.
J» Aero. Sci. 22(9) pp.651-652, September 1955,

Simple shear flow past a flat plate in a
compressible visoous fluid,
J. Aero. Sci. 22(10) pp.724~725, October 1955,

Approximate solutions of the incompressible
laminar boundary layer equations for a flat
plate in a shear flow.

J. Aero. Sci. 22(10) pp.728-730, October 1955,

The boundary layer in simple shear flow past a
flat plate.

Je. Aero. Sci. 24(11) pp.848-849, Novenber 1957.

The boundary laycr on o flat plate when the
main stream has uniform shear,

TIL No. P75170. Division of Engineering and
Applied Physiecs, Harvard University, June 1958.

-0130-



ATPPENDIX 4
2

Py U p o
VARTATION WITH = OF —bmrl AND ~2m?2
r Py iy r

If the variatioﬁ of M1 with x at the edge of the boundary layer is due

primarily to the convergence of the streamlines towards the conical surface
(rather then to the increase in thickness of the boundary layer), then M, must
be a function of ¥*/r. That this is so is borne out by Fig.12.

It follows immedintely that p, u1/po W, is a funotion of %/r only for
given free~stream Mach number and stegnation temperature, since

»1—
p1 111 ¥ __E <T:> = ¥
Po By (RTo) Po \To)  #4(T))

where p is the static pressure on the swface of the corresponding sharp oonee
A1l the quentities on the right hand side of (1) are functions of M, and M

and TO Ol'llyo
With the same assumptions, it can be shown that P, 822/1' is a function

of */r only for given M o and T , For, using the formula given by Rott and
Crabtres? °

3
2 WP 62 [ [ 2 s
6,7 = Ouk5 v (ﬁ) w Ty f <TQ> v’ r " ds, (2)

o]

and introducing the non-dimensional variablcs

Y

u,
- 0 - s 1
. = = * —
T, = T s S = s X = = (3)

where a* is the sonic velocity of the free strcam,

2 -3 <] 15
Py 62 - T1 Y A -2 T1 w =2 =
p = 0014‘5 RTO pO(TO) a¥ (TO) (‘i}";) M1* I'o f (‘T";) M1 ro ds .
(o]

Since all the quantities in (3) are functions of ¥/r only, and so is M,, it
follows that p_ 622/1' is o function of ¥/r, M and T only.

,.1[_1_..



APPENDIX 2

THE MANGLER TRANSFORMATION

This is given for a general body of revolution by the by the relations

r
5 = -1 2 7 = =2
s_zrods, Z = T2
A
o

where A is an arbitrary reference length, and the barred quantities indicate
values on the corresponding flat plate (with pressure gradient). At corres-

ponding points on the body of revolution and the flat plate, the momentum
thicknesses are given by

oo} o0
- I S R S OF |~ pu_ /4y B\ 0 - =25 .
Sz“f-~<1ﬁ1>dz“fpu1uadz“1;52
Py T, 1% 1
o o
It follows that
2 2 2 8 - 2
5 =\ 5 )
i = (—Z:g-> (—i—) -—-~E = C1 2/ roz ds)-—.zr— .
2 ) ro s
)
s
The factor ( f roz d.s> / sro2 is plotted in Fig.16 as a function of 5/r
° H

for a hlunt 15° cone.

It is seen that for x greaoter than about 100 r, the
factor is very little different frem its value for a sharp oone; for x less

than 100 r, there is o considerable variation from the sharp cone value.

Alternatively, manipulation of the Rott and Orabtree formula quoted in
. Appendix 4 gives
8
s
571 2
RB 2 -/ M1 (T > r, ds
2 (o] o
g = Ol I ’
1= 5/ 2
M (—-—-— r s
1 T o




Appendix 2

where R 1x is the Reynolds nunber based on local conditions and X The quantity
in square brackets has been calculated using the measured values of M1, and
is shown in the table below: it is clear that for */r greater than 10, it is

8
negligibly different fram the simpler ratio [ ro2 ds / r°2 8.

o

s - .
5/ 2
M r ~ ds
.[ 1 <T0> ° 3
o f r 2 as
N o
4 512 2 o
; M1 C‘T()) ro ® 2
L. . I‘o 8
M°= Za12 Mo = 3.81
2 Oo 67 0. 78 O. 55
0.57 0.56 0.57
10 0.50 0.51 0.50
20 0.42 0. 43 Oul3
50 Oe 37 0.38 0. 38
100 0. 35 0. 37 0. 36
200 0.35 0. 35 0. 34
500 0. 34 0. 35 O« 3l
4000 0a 34 0.33
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Transition position

TABLE 1

(2)

M =
o]

3412

distance in inches of transition position from tip

theoretiocal Reynolds number per inch at edge of boundary layer on sharp cone

Cone QA Cone 1 Cone 3 Cone 1B Cone 2A Cone 0B Cone 7
r = 0,0003" r = 0.0053" r = 0,0,8" r = 0.062" r = 0,083" T = 0.165" r = 0.49%
i
xe | owdy x| oul o x u /v | x wh | ox, u/v | % u/fv | o= u/v
To4 | 3081 105 Te6 ) 3021 X105 | > 7e6| 3088x105 | > 7o7 | 4TI x 1P| > 705 | 50k x100] > 648 | 5.6 % 10°| > Boly {8.40% 105
6ol | Lelily 6e3 | Le 39 6.6 | L1488 6e5 | 575 7e1 | 5e59 6.6 | 5.68 5e4 |8.70
5e7 | 490 6e6 | 4ol 6.6 ! 5,06 6.0 | 6432 6.1.| 6411 6.6 6.29
be3 1| 5.07 58 | 4.88 5«7 | .64 5«5 | 6.88 b6 | 6.21 6.1 1] 6.79
5.7 1 5.07 5«51 5.15 6.0! 5,80 belp | 7.10 5.6 | 6,22 Bl | 76357
5e2 | 5440 5¢3 | 5.17 5.6 | 5,94 Le9 | 7+81 S5ek | 6429 4.7 8.05
Lok | 6.23 5.7 | 5.18 5.8 6.18 L7 8.38 545 | 6466 15| 8,40
Lhelp| 6.33 5.3 ] 5.20 5.2 6.34 L.81 7.28
306 | 7026 5.3} 5.29 5e3| 6.73 L5 7448
3.6 7.32 5ult | 5458 5.2 | 7.21 Le5 | 7.76
301 | 8el7 Le6 | 6,2L 4.7 7.51 L4eO | 8e24
21| 8.59 L.61| 6.75 Lol B.21 3,7 8.86
Le5 | 687 Lelri 8447
Le2 | 7435
349 | 8Ba46
LeO | 8449
3.6 | 8.6l




TABIE 1 (Contd)

(b) M, = 3431
x, = distance in inches of transition position from tip
uoo/ v, = theoretical Reynolds number per inch at edge of boundary layer on sharp cone
Cone QA Cone 1 Cone 3 Cone 1B Cone 2A Cone OB Cone 7
r = 0.0003" r = 0,0053" r = 0,048" r = 0.062" r = 0,083" r = 0.165" r = 0.49%
xe |owvboxgl owh b ox | uv, | * ulv, | % VAN uV | F u /v,
609 | 2.9 % 109] 7o5 ! 2,85 x107 | > 7.2 | 129 %105 | > Tele| 386 102 | 7 | 3.27%10° | > 606 | 3.98x10° | > 5ok | 6433 x10°
6.7 | 3elily 7.0 3.27 6¢8 | 4elL9 66| 4etb 6e5 | 354 6.2 | Lot
6e6 | 3451 6.5 | 3.88 6e8 | 4e53 belr| LebD 6.5 | L4a17 6e2 | Lult3
6.0 | 3.87 6e2 | 4.08 6e7 | 4.86 63| 5.03 6.6 | he?2A 63| L4.48
5¢7 | 4l 567 | beli5 Gode| Solihy 6.0 5.54 6.1 | L4e35 59| 4.85
562 | 470 507 | ko6l 6.1] 5.93 5.5| 5.83 6e2 | La72 6.0 4.93
Leli | 5.72 5.3 | 5.09 5¢8| 6,00 5e2 | 6425 6.1 | 5417 5.8 5.31
Le0 | 6.39 be7| 5.75 6.0 6.24 567 | 5443 5.9 5.39
le5 | 6406 5¢7| 6633 5¢5 | 5.68 5¢7| 5.69
563 | 5.85 52| 5¢79
Le9 | 5.85 5e2| 6424
5.6 | 5.87 5¢1| 6.29
1‘-.8 6009
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TABLE 2

Static preasures

(&) MO = 3412
r &0 T 2 0,005" r % 0.05" i r % 0.16"
p, ("Hg) | 88.3 i 117.7 | 7.7 | 93.3 i 19.0 | 8.2 | 89k | 118.2 [ 1379 | 8.7 | 1162 | 1143
| ' |

P

Lata |0.0337| 0.0309! 0.0311 | 0.0305 | 0.0306 | 0,0313 | 0.0313 | 0.0307 | 0.0308 | 0.0300 | 0.0298 | 0.0295

o B |0.0337 | 0.0310 | 0.0311 | 0.0318 | 0.0308 | 0.0316 | 0,0313 | 0.0309 | 0,0311 | 0.,0302 1 0.0300 | 0.0300
C |0.033% ' 0.0307 ' 0.0314 | 0.0300 ' 0.0305 ' 0,0316 | 0,0311 ' 0,0308 ' 0.0308 | 0.0302 i 0,0300 | 0.0299
D BLOCKED BLOCKED BLOCKED BLOCKED
E BROKEN BROKEN BROKEN BROKEN
F | 0.0328 | 0.0306 , 0.0315 | 0,0293 | 0.0305 ; 040311 | 0.0306 ; 0.0302 | 0.0309 | 0.0299 0,0303 , 0.0296
G | 0.0323| 0,0300 | 0.0303 | 0.0287 | 0,0297 | 0.0303 | 0,0300 | 0,0298 | 0.0300 | 0.0296 | 0.,0297 | 0.0297
H |0.0331 | 0.0305 | 0,0308 | 0.0297 | 0.030L | 0.0309 | 0,0307 | 0.0306 | 0.0308 | 0.0302 | 0.0301 | 0.0300
I |0.,0321 | 0.0295| 0.0299 | 0.0293 | 0.0299 | 0.0303 | 0.0304 | 0.0300 | 0.0301 | 0.0305| 0.0302| 0.0300
J 10,0335 | 0,0311 | 0,0313 | 0.0295 | 0.0301 | 0,030k | 040310 | 0.0307 | 0.0307 | 0.0309 | 0.0308 | 0,030k
K | 0.0353 | 0,0327 | 0.,0323 | 0,0303 | 0.0308 | 0.0308 | 0.0341 | 0.0308 | 0.0306 | 0.0310 | 0.0306 | 0,0305
L | 0,033k | 0.0307 | 0.0309 | 0,030k | 0,0300 | 040306 | 0.0307 | 0.0302 | 0.0301 | 0.0306| 0.0300 | 0.0299
M | 0,0338 | 0.0310 | 0.0308 | 0,0301 | 0«0306 | 0.0308 | 0,0313 | 0.0306 | 0.0302 | 0.0332 | 0.0306 | 0.0299
N 10,0336 | 0.0308 | 0.0318 | 0,0296 | 0,0306 | 0.0313 | 0.0310 ; 0.0306 | 0.0308 | 0.0311 | 0.0307 | 0.0306
0 }0.0332 | 0.0311 | 0.0311 | 0.0306 | 0.030L | 0.0306 | 0.0308 | 0,0301 | 0.0302 | 0.0311 | 0.0307 | 0.0303
P | 0.0330 | 0.030k | 0,0308 | 0,0295 | 0,0300 | 040307 | 0.0303 | 0.0303 | 0.0305 | 0.0305 | 0,0305 | 0.0309
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TABIE 2 (Contd)
(b) M =381

r%0 r % 0.005" r = 0.05" r £ 0,08" r & 0.16"

p, ("Hg)| 95.1 [13146 [157.2 | 90.5 [121.8 | 152.8 | 9het |118.7 |151.9 92.6 | 124e5 [156.2 | 91.7 |129.3 | 155.2

0. 0104} 0.0142]0.0142 | 0. 0142 {0.0142] 00141 | 0.0138{0. 0144 |0.0140 | 0.0143;0.0140]0.0138 | 0.0133]0,0135| 0.0132
00 014y 0. 0142 ] 0. 0141 | 00 0144 {0. 0142] 0. 0140 | 0.0138] 0. 0140|0, 0140 | 00 014:3| 0, 0140{0.0138 | 0.0135]040136{ 0.0133
00139 040137}0.0137 { 0.01400.0138| 0.0139 |0e0135{0.0138{0.0137 | 0o 0140{ 0.0138{0,0136 {0,013k 0.0135{0.0133
0.0140! 0, 0138/ 0.0139 | 0,0141!0.0138! 0.0140 | 0.0136{0.0139!0.0140 | 0.0140! C4013910.0139 | 0,0136(0.0137! 0.0137

BROKEN BROKEN BROKEN BROKEN BROKEN
040439 000136] 060137 | 06 0140 |04 0136 040137 | 040135,0,013710s0137 | 0.0140{ 0.0138]0,0137 | 0,0137|0.0138] 0.0135
00 0143] 00142 0. 0141 | 0401431040141 0.0141 | 0.0138!0.0140! 06 0140 | 000144} 0, 0141 [0, 0140 | 0.01401 0. 01411 0.0139

BLOCKED BLOCKED BLOCKED BLOCKED BLOCKED

0,0146{0.0141| 0.0143 | 0.0145 0.0141, 0.0142 | 0.0140|0.0142] 0.0143 | 0. 0145] 0. 01420, 0443 | 0.01421 0, 0142 0.0143
06013500133} 00135 | 0.0132]0.0131; 0.0133 | 0.0128{0.0131|0.0133 | 0.0135| 0.0132)0.0133 | 00134} 0.0133( 0.0133

o°|°
&

0.0139[0.0134{ 0.0135 | 0.01390.0138 0.0134 | 0.0135]0,0135! 0,013 | 0.0140} 0. 0134 0.0133 | 0.0133] 0.0132) 0. 0130
0.0137|0.0132] 0.0133 | 0.0137{0.0133 0.0134 | 0.0133{0,01 34| 0. 0134 | C.0138{ 0.0133|0013) | 0.0133{0.0133| 00133
00137 {0a0137} 060143 | 060137|0.0135| 040140 { 0.0133]|0,0136| 050138 | 0.0139| 0s0136{0,0138 | 0.0137|0+0138] 0.0138
0e0137{0.0139] 00143 | 06013700137} 0,0441 | 0.0135]0s0137} 0e 0141 | 040140 060137{0.0141 | 0.0137]0+0139| 0.0141
0.0141 [0, 0140{ 0,0143 | 0.0140{0.0139| 0.0144 | 0, 0135 |0.0140| 0. 0142 | 0.0140| 0.0139|0,0142 | 0.0138]0.0141] 0.0142

HOBRPFH| HurmamEHyaw >




TABLE 3

Boundary layer traverses

(8.) MO = 3-12

o 1'0Xe

r(in.) | xUn.) | po("dg) | x(tne) | My | O,(tn.) | 8,(in.) i e I Ry ?ﬁg)

M, (1n."1) 2 2,

0.0003 5.8 85 3.8 | 2,94 | 7.61x 1075 | 0.86x 1070 | 5.25x10° | 451 | 650
4,7 292 | 9436 1.04 513 534
5.8 2.88 | 7.47 135 4,92 665
6e7 2,91 | 12.684 2433 5.10 1090

0.0053 5e3 92 329 2,93 | 7.80 0.93 555 516 680
4.75 | 2.94 | 8,30 1.13 553 626
5.8 2,83 | 9.25 1.59 5.00 795
675 | 2496 | 13461 2449 5.66 1410

0,048 505 104 346 2,79 | 5486 0.94 5.71 557 700
4,4 2.92 | 8,02 1400 6ad3 843
5.6 2.95 | 8.48 1.24 6462 821
6.4 2.99 | 1042 1,94 7400 1360

0,083 53 108 345 2443 | 5e24 0.93 4,02 374 680
4,2 2,50 | 6473 1016 4,28 4497
5a 4 274 | 9436 1.85 Be45 1010
Ge2 2,92 | 15455 2481 6.49 1820

0.165 8e5 105.5 3.7 2,30 | 1140 1,70 3436 5n ?
5e5 2436 | 1343 2,00 3455 710

0.49 > 5.4 105, 5 3.4 2.21 | 1144 1,86 3,04 565 ?
5.4 2623 | 13.9 2.24 3,07 688

-2 =




TABIE 3 (Contd)

(b) MO = 3.81
u
ritn) |xgltn) | po(™e) | x(ine) | my | Syuney | Sumn | P s Spprez.
prtntyt % 5 .

0.0003 58 | 111 39 |33 | 0.76x 1072| 0.86x103 | 4.50x10° | 387 | 5%

4.8 3036 0!86 0098 4065 420

5,9 | 3.30 | 1,02 1.37 4.43 608

8.8 | 3.37 | 1451 2,21 4,70 1040
0.043 5e5 145 3.6 2,95 | 0,97 1.08 4,16 450 620

4,4 | 3413 | 0,81 1,09 5,04 550

5.5 3e22 | 0,85 1.19 558 664

Be3 | 321 | 1426 1.86 5058 1040
0,083 4,6 143 3.2 | 2.64 | 0.77 1.29 3.03 391 550

4,2 2,78 | 1.08 1445 3e51 509

52 3425 | 130 1.86 5456 1070

642 3433 1,686 2.54 597 1520
04165 | > 6,5 | 100 5.5 | 2.61 | 0,92 1.63 2,02 330 ?
0.49 > 54 91,5 | 344 | 2432 | 1.68 2.38 1.36 324 ?

5.4 ! 2034 1074 2.73 1 L] 39 380

1
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FIG.2. NOMENCLATURE FOR A BLUNT CONE.



STATIC PRESSURE
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(b). Mg = 3-8,
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