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In the calculation of the theoretical curves in Figed5> the value of 
V 

0 
in the formula used (quation (2) of Appendix 3) was taken to be the value 

in the free stream0 This is inoorreot, because v. is a function of the local 
stagnation pressure at the edge of the boundary layer, and this varies with 
ho The calculations have been repeated using the true value of vo, and 
the curve replotted in the attaohod figure. It is soon that the experimental 
points are in fair agreement with t&s cove. 

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 a funotion of x, but whose velocity in the external flow is independent 
of 20 In the present case, neither of these conditions hold, and the 
variation with x of the Mach number, H, at the edge of the boundary layer is 
caused by the variation cf local stagnation pressure with x* It is reason- 
able to suppose, however, that the cause of the variation of 1!1, with x does 
not greatly affect the development of the boundary layer; therefore the 
formula should give a good approximation for this problem0 

& 
m . , 

Caloulations of the quantity R6 /\rpo, as discussed in section 4@5 

have been carried out, and the quantigy m + 4 n defined in that section has 
been calculated* The accuracy of the calcu.Lations is dtqendent on the 
experimental variation of MI with x/r, and is therefore limited* The 
accuracy is insufficient to determine whether m + & n is greater or less 
than q/2 in the neighbourhood of x 
that m + & n is near l/2* 

= 100 r, and the calculations show merely 
The arguments of section 4.5, therefore, are 

still inconclusive; it soems certain, however, that if R 
62 

is a more 

appropriate parameter than Rx to determine the position of transitioqx = xt, 
the variation of h2 lvith x is just as important as the variation of the 
Reynolds number per inch, which was assumed by Moockel' to be the sole 
criterion0 It seams, therefore, that the sign of the quantity &ddr is less 
easily predicted than was previously supposed; in fact, it may be very 
sensitive to small irregularities in the stream or on the surface of the 
model" 
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Chws having a 15O included angle and tipradiiup to Cl.@Y wcxrx tcMx33. 
at free strcm Nach numbrs of 3-12 and 3.&l at ZCTO ~XS&XICC. The pcx3ition 
of transition to turbuknci3 in thkk boundary layer was found to move downstrCCam 
ZYZS tip radius incrcasGd, as long as transition was more than about 100 tip 
radii downstream from the tip* If transition occurred upstream of this 
statioq its position tended to move further upstream as tip radius increased. 
Pitot traverses of the boundary layer were madL, and show& that the Reynolds 
number based on momentum thickness at tran&tion rcmain~d nearly constant in 
all cases (at 680 when X z 3.12 and 600 when 1L s 3.L3). SCIIW tcnta-bivc argu- 
mcnts are put forward to ~~@ai.n the upstream rncsv~mtint of transition when 
occurring nczz the tip. 
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4 INTRODTJCTION 

‘ 

When a smooth oone with a shsrp tip is plaoed at zero incidenoe in a 
untiorm supersonio air stream, there is an attaohed conical shock. A leminar 
boundary leyer develops on the surfaoe of the cone; the conditions at the 
edge of the buundary are essentially uniform over the whole cone@ 

If a blunt cone is placed in the same air stream, there is a detached 
bow shook, whichdevelops intoa oonical shockf'urtherduwnstrea 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 from the tip, the fluid has passed through a nearly Ocnlid 
shock (see Fig.1 and, note Rig.12 which shows local Uach nu&ers obtained in 
the present tests). It is to be expected, therefore, that the position of 
trsnsition to turbulence is different from that on a sharp oone. 

Moectil' has pointed out that the Reynolds ntier per inch, 
on conditions at the edge of the boundary layer, will increase wi 

~dp, 'based 
distance, 

x, from the tip up to the value pW uJ~~ corresponding to a sharp cone. This 
agrees with the present test results, note Fig.13. Therefore, if transition 
occurs at a given value of Rx z pu xt/p, the value of x.t will be larger on a 
blunt nosed oone than on a sharp cone* The present tests were designed to 
check this, and to determine the order of magnitude of the effeot. 

It was found that transition on a blunt cone oczxxrred for a larger value 
of x than on the corresponding sharp cone in the same stream as long as xt 
was greater than 300 r, where r is the radius of the tip. l?or xt less than 
100 r, the trend was reversed (at least for xt, greater than &bout 80 r). The 
values of Reynolds number per inoh (pu/g) at the edge of the boundary lsyer 
were measured (see l?ig.13)P and it was found that pu/p increased rapidly with 
X for x less than 100 r, and had reached the sharp oone value pwudpm 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 xt, > 100 r; maybe the 
Rrevious history of the b-y layer is of importances 

However, it was more surprising that in the region where Hoeokel*s 
argument would be expected to hold (x less than 100 r) the reverse effect was 
observe& Traverses of the boundary layer showed that, for a wide rsnge of 
values of x/r, the value of R 

62 
at trsnsition did not vary much from 680 at 

MO = 3.12 and 6QO at M o = 3.8-l. This suggests that the instability whioh 
causes transition to turbulenoe is of the same nature as that for a sharp oone. 
Measured values of the momentum thickness in this region were, however, larger 
than would be expected on sharp-oone theory (see l?ig.l5), and larger still 
than would be given by a theory allowing for the measured variation of b&oh 
number at the outer edge of the bcnn&ry layer. This enhan0ementofmomentUm 
thickness counterbalanoes the reduction ti Reynolds number per inch and leads 
to the reversed trend observed in the region 80 x x/r -c 100. 

The theaetical values of 6 were obtained fromRott and Crabtree~s 
formula2 !2! 

-6 -2 u, r. 5r2ds ul 0 



using the measured values of M, (F&312). 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 usud 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 2 
of this nature (see the pitot pressure results for intermediate x/r in Figs. 
10 a& lq), so that the above formulawould not be applicable, 

The developent of the bou&ary ayer in an external shear flow has 
been discussed by Li3,4$ Ye$, Glauert i and hrray7, and it may be that an 
extension of their work is applicable here, (but such an extension was oon- 
sidered to be beyond the scope of the present note). 

It is worth noting that a simple Mangler transformation yields a ratio, 
x, which differs significantly from its value on a sharp 

cone only khen x is less than 100 r (see Fig.l6), 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 
oone in this region. 

Statio pressures on the surface were measured to see if these 00da have 
had a si&ficant effect on the stability of the boundary layer (see Table 2 
cud FiG9). It was found that all the measurements described were made in a 

The only effect of the variation of '3 
region of essentially constant pressurea 
static pressure which must occur nearer the blunt tip, is therefore on the 
structure of the boundary layer in that region. 

a 
2 A3?FJARhTus 

2.1 Tunnel faoilities 

The tests were oarried out in a 5 in. x 5 in. supersonic tunnel at the 
R.A.E. Farnborough. Undisturbed free-stream b7ach numbers of 3.12 and 3.81 
were used in the tests, giving undisturbed free-stream Reynolds numbers per 
inch of I .72 x Id ard I.19 x 105 respectively per atmosphere of stagnation 
pressure. The stagnation pressme was varied between I and 5 atmospheres, 
and was held steady when necessary (as during a pitot traverse) to within 
20.1" 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 insuffioient to maintain this tempera- 
ture, and in many tests the stagnation temperature was as low as 38'C. 

2.2 Models 

Five stainless steel tiels 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-rarlius mo&els were later blunted to intermediate radii, and 
altogether transition tests were oarried out for cones with seven different 
nose radii. These are shown in Fig.5 Same of these cones were also used 
for pitot traverses of the boundary layer. Each oone had a single statio 
pressure hole on the same generator used for the traverses. 

Another cone was used to measure statio pressures. This had a removable 
tip, and tips of five Werent radii could be fitted. Details, including the 
position of the pressure holes, are shown in Fig.4. 

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



293 Instrumentation 

. 

. 

Most of the measurements of transition position were made from shadow- 
graph photographs of the flow. In some tests, sohlieren photographs were also 
taken, and oompared with the shadowgra@s; in all oases the two methods gave 
the same results. Transition position was measured to the nesrest 0.j in& 
(The values of Reynolds number per inoh are quoted in Table I.) 

The pressure in the settling chaxi&er was measured with a Midwood capsule 
manometer, set to read pressures frown I to 5 atmospheres. The manometer rea& 
ing gave the absolute pressure in inches of meroury, a&l the instrument could 
be read to O.Ol*t Hg. Jh most oases, the stagnation pressure was maintained 
oonstant to the nearest O.ltr Hg. 

The stagnation temperature was measured with a coppor-constantan therms- 
couple in the settling cha&er* 

Statio pressures were measured on a bark of msnometers containing butyl 
phthalate; differenaes of pressure fra a reference pessure were measured on 
this bank, and the reference pressure was measured on a meroury manmter 
balanoedagainstatmosphere. 

Traverses of the bour&ry layer were made with quartz pitot tubes of 
outside diameter about 0.00~~~. This was found to be a suitable compromise 
between the small value needed because of the thinness of the boun&ry layer 
(in some oases 0.020" or even less) and the large internal diameter needed 
to enable the reading to become steady in a comparatively 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 
O.Olw Hg by means of a M.L%vood oapsule manometer whose range was from 0 to 4 
atmospheres. 

3 TRANsITIONRE3uITs~~SHADOwG~ 

Shadowgraphs of the flow round each oone were taken at several stagnation 
pressures. The inoidence of the conewas adjusted in ~~~&~case so thattransi- 
tion positions on top and bottom generators were within 1 zinc& of eaoh other; 
sirme some of the cones were tested on several separate occasions, greater 
accuraay of incidence setting would have been desirable but was found too time- 
uonsuming. In each case the meCan of the two positions has been used in the 
analysis of results, and it is f'ounl that these are in agreement for the srrmll. 
variations of inoidence involve& 

At the higher&&number, shooks frcmplugs in the upper liner struok 
the top surface of the oone an3 definitely promoted early transition in oases 
where the transition point was near the base of the cone. As a result, the 
experiments at a free-stream&oh 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 J?igs.5 
aa 7. ti B’ig.5, the value of Rx at transition is shown as a fun&ion of QY~, 
the Reynolds number per inoh on the oorresponding sharp oone under the ssme free 
streem oonditions; the transition Reynolds number Rxt is taken as %x+,/v& and 
is therefore the true Reynolds number only in the region where sharp oone aondi- 
Sons hold at the e 

7 
e of the boundary layer (i.e* for x > 100 r as will be 

shop in section L3 . In Fi.g.7, the position of transition, given by x z xt, 
is shown as a funotion of uW/y ooz . 
when a = 2' is given by 

The actual distance s elong the surfaoe 

S = 1.0086 x + 0.5629 r 

(see Rig*2 for nob-C-on), and this quantity varies from x by less than 5% for 
all the values of x snd r used, and in most cases by less than I$. The measured 
value of xt is therefore supposed equal to the actual distanoe slcz3.g the surfaoe 
frfxn tip to transition position. 



Fig.5 shows that for most cones there is a tendency for the Reynolds 
ntier at transition to increase with Reynolds number per inch. 
are the sharp oonewhenMo z 

The exoeptions 

ulttl/vJs ’ 

3.12 (on which Rxis essentially indepmden* of 
and the two bluntest cones at the same value of MO. Wxn this f'ig~e 

it appears'that for the smaller values of r, Rx inoreases with r for a given 
value of u cd v& but that the trend is reversed for r greater than about 
0.062 in. whenMo z 3.12 or 0.048 in. when M = 3.81; the original trend 
appears again for even larger values of r, b$ there is little data in this 
regiorb This is illustrated more clearly in Fig,6 which is obtained by 
cross-plotting from Fig,s, and gives the variation of Rx with r at constant 
values of do& 

When this reversal in trend was discuvered in the original analysis of 
tests at a limited number of values of u cd v od it was thought that experimental 
inaccuracies or disturbances in the tunnel might be contributqy causes* 
Further tests, made over a wider range of values of uJvW (as given in Fig.5), 
ruled out these oauses and led to the investigation of the boundary layer 
develupment reported in section 4 below. 

Meanwhile, the effects of disturbances at MO = 3.81 may be largely 
elimtited by considering Fig.7, where the value of xt is pbttd agdn.st 
u oi vw on a logarithmic scale; it is found-that-&is enables a straight line 
to be faired through the experimental points for MO z 3.12. For Mo = 3.81, 

the value of xt. has a 'plateau' at about 6& 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 shoti A faired line 
has, hmever, been drawn through the points correspeg to transition 
positions upstream of this plateau, and it is not unreasonable to produce 
this line into the region down&rem 

The faired lines (produced where necessary) are drawn on one graph (for 
each Mach nuniber) in Fig.8. To avoid a confused diagram, the lines are given 
only for the region xt > 100 r. (It should be noted that the only cones for 
which xt < 80 r have tip radius 0.083n or 0.1651~ for No = 3.12 and 0.165~ for 
M o = 3.81). 

Two conclusions can be drawn, The first is that for xt greater than 
about 100 r, transition position moves downstream as the tip radius r increases 
as predicted by Moec&lts theoryI. The second is that for xt less than 100 r 
(and greater than about 80 r) there can be a reversal of this movement; this 
uan be seen in Fig.9 by inspection of the lines for r = 0.062 in. and 0.083 in. 

4.1 Static pressures 

Table 2 gives the variation with x of static pressure, p,, do% 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 abays 
oocurred in the region oovered by these measurements, so that the assumption of 
constant pressure is justified. The effeot of tip radius on transition position 
cannot therefore be explained by the induced statio pressure distri.butiW. 

. 



42 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 oone): this elizlnated effects 
due to ixregularities 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 &miner. 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 41 to have uniform stat& pressure. 

. . From the ratio of static9 to pitot pressure, the Mach nurriber snd velocity 
distributions through the boundary layer were found, and hence the displacement 
thickness 6, ard the momentum thickness h2 were calca.ilated~ The looal Reynolds 
number per inch at the edge of the boundary-layer was calculated from the 
values of statio pressure# total temperature and measured Mach nu&er at this 
point. Hence the Reynolds number R6 based on momentum thickness was 
calculate& 2 

The main uncertainty in this procedure arises in choosing the position 
of the "edge II of the boundary layer. In Fig.10 are sketches (not to the ssme 
scale) of tie variations of pitot pressure across the boundary layer found for 
different values of x/r. Fig.lOa shuws the usual kind of pr&U.e in which pot 
increases rapidly with z at first, and then steadies to a constant value; this 
is the type of profile obtained for large values of x/r (x/r greater than about 
100)s and there is no ~ficulty in de-lx?- the edge of the boundary layer. 
Near to the tip (x/r of the order IO or less) the prof'5J.e is as shown in 
Fig.40~; here the value of pot steadies to a nearly constant value, and then 
stsrbs increasing again as the probe traverses an external shear layer, Again 
there is no difficulty. For intermediate values of x/r, however, the pt%f?.le 
is more like that in Fig.dOb. In this profile, the value of pot begins to 
steady to a constant value, but before it reaches this value it begins to 
increase again because of the external shear layer; all that can be seen are 
the Tao 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 psrtly by watching 
the dial of the pressure recorder while the measurements were being oarried 
out: as the probe passed through these points of inflection, the needle of 
the recorder seemed to move more sluggishly than for smaller or lsrger values 
of 2. Fairly good agreement was obtained between these two methods. Measured 
values of par are shown in Fig.11 for t@-cal traverses of the three mes. 

4 3 Conditions at edge of boundary lsyer 

The value of M,, the Mach number at the edge cf the boundary layer, was 
calculated from the ratio of the pitot pressure there rand the static pressure 
at the surfaoe. These results are given in Table 3P and the values for 
laminar layers are plotted in Fig.12 (where x is less than 100 r) as a 
function of x/r. This correlates the results from the cones of different tip 
radiL It is clear that for small x/r, where the boundary layer is thin 
relative to the external shear layer, the value of Xl approaches that given 

by Moecke? for the surface of the cone. As x increases, M, inareases to its 
sharp cone value which is in the region of x = 100 r. The corresponding values 
of PI u,ih 0 p are shown in Fig.13. 



TABLE 2 

Static3 pressures 

(a) MO = 3.12 

pl F at A 
0 B 

c 
D 
E 
F 
G 
H 
I 
J 
K 

BLOCKED 
BROKEN 

0.0328 1 0.0306 0.0315 
0.0323 0.0300 0.0303 
0.0331 0.0305 , 0.0308 

I- + 

.L 
I 

r + 0.005" r G 0.051t 

93.3 1 119.0 148.2 89-4 1 118.2 ; 937.9 

::i;$ i 1 0.0306 0.0308 1 

1 

0.0300 1 ' 0.0305 1 
0.0313 0.03q6 1 ' 0.0313 0.0313 1 

/ 
0.0307 0.0309 1 0.0308 0.0311 

0.0316 0.0311 0.0308 s 0.0308 
BLOCKED BLOCKED 
BROKEN BROKEN 

0.0293 0.0305 
0.0287 1 0.0297 

I 
1 

0.0311 0.0306 ; 0.0302 1 0.0309 

0.0297 I 0.0304 
0.0303 0.0300 

0.0293 0.0299 
I 0.039 I 

0.0303 0.0304 1 0.0300 i 
0.0308 
0.030-l 

0.0295 0~0301 0.0304 0.0310 ’ 0.0307 a G-07 
a0303 0.0308 0.0308 0.031-l 0.0308 0.0306 

0.0304 0.0300 i 0~0306 0.0307 1 0.0302 0.0301 

r + 0.16t' 

88.7 ; 116.2 ' 114.3 
i 

I 
I 

0.0300 I 
1 

0.0298 I 0.0295 
0.0302 0.0300 i 
0.0302 1 0.0300 1 

0.0300 
0.0299 

BLOCKED 
BROKEN 

0.03% 
i 

0.0310 . I 0.0308 ; o.op31 
' 0.0336 

0.0332 
0.0330 

1 
0.0308 1 0.0318 ' 

1 
0.0296 

OqO311 0.0311 0.0306 
1 0.0304 1 0.0308 1 0.0295 1 

0.0311 1 0.0307 0.0303 
0.0305 1 0.0305 ; o*oplp 

1 



For small changes of x/r, it is permissible to egress any fun&ion of 
x/r in the form of a power law; hence, 

ul PI a 3 
m 

0 r 
-02 PO 622 n 2 

4 po r 0 r 

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

and if transit5.onoccurs foraconstantvalue ofR 
62a 

then 

i.e. xt a r '-i&i . 

It follows that when rn+% n is greater t&u~ 3, xt increases with r; whsn 
m+&n is less than &, however, xt increases as r decreases. When m+&n =*, 
transition remains stationary as r varies. The theoretical curves (with 
measured Maoh number distribution) show m+&n greater than or equal to&, 
to that transition would be expected to move back always as r inczeases. 
The experimental curves, however, show the opposite tendency in one region. 
For x greater than about 100 r, m+&n is greater than 3 beoause n = I and m 
is positive; for x less than about 80 r (a& greater than,say, 50 r) m+$n 
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+*n 
is less than& (exact values are not quoted because of the insuf'ficient 
irdormation fhm H.g.13). 

It seems, theref'ae, that the upstream movement of transition position 
as r increases in the region for x just less than 100 r is due to the large 
experimental values of 62 oompered with theory ti this region, an3 to the 
low experimental rate of dmnge with x/r of p. 522/r. 

” 10 - 
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It is shown i.nApIzendix 2 that the ratio ro2 dx ro2 is related 

to the value of the momentum thiokness on a blunt oone compared with that on 
the corresponding flat plate (given by the Mangler transformation). This 
quantity is shown in Fig.46 as a fun&ion of x/r for a 45’ blunt cone, and it 
can be seen that for x greater than 100 r, the ratio differs little from its 
shsrp-cone value of *. It would appear, therefore, that the major difference 
in boundary layer properties on a blunt oone from those on a sharp cone would 
be expected to occur for x less than 100 r. 

Finally it may be noted that conventional formulae for boundary layer 
growth assume that the streamv&se velocity outside the bourdary layer does 
not vary with distance from the surface, but only with distance along the 
surface. Figs.10 and II illustrate that this assumption is correct when x/r 
is large (considerably greater than 100) or smsll (around IO), but for inter- 
mediate values the assumption is not justified and we must oonsider 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 tie present note. 

5 cKXGLusI~s 

(1) When xt is greater than 100 r, xt increases as r increases: Le. the 
position of transition moves downstream as tip radius increases. When xt is 
less than 100 r (and greater than about 80 r), this trend is reversed. 

(2) When x is greater than 100 r, the conditions at the outer edge of the 
boudary layer are the S~JE as those on a sharp cone, so that the downstream 
movement of transition is not assmiated with a reduced value CXE' Reynolds 
number per inoh. When x is less thsn 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 c 100 r transition moves in the reverse direction (upstream) 
to that which might be expected. 

(3) Transition oocurs whenR 
62 

* 680 when Ho = 3.-!2, and when R8 $ 600 
2 

when Ho = 3.81. This suggests that transition is caused by the usual kM 
of boundary-layer instability. 

(4) Further experimental investigation of the conditions in the region 
nearx= 100 r is necessary. Further theoretical work must include the 
consideration of boundary layer development in an external shear flow. 
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a* sonio velooi~ 
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free stresmMao,hnumber (ahead of'bowshook) 

5 Machnusberatedge ofboundarylayer 
bf 

p: 

value of II!, on sharp acne 
free streamstagnation~ssure 

pl ~tatxio pressuxe on surface of oone 

PO’ 
pitch pressure 

x radius of tip of oone 

rO 
distanoe of point on surfaoe fromaxis of oone 

G x x d 
RO 

gas oonstant 

R62 
Reynolds ~-LIZ&Z based onmomentumthicknessandtruelocalccnditicns 

outside theboundaryI&rer 

value of R 
82 

at transition 

Rx 
S 

TO 

Tl 
x 

X 

*t 

Resolds rmmibcr based onxa.nd.oimdit~outs~the~ 
layer ona sharp cone 

distancealongsurfaoe of oone 
stagnation temperature 
temperatie at edge of boundary layer 
distanoe parallel to axis of point on surfaoe from tip 

x/r 
value of x at transition 

9 
U 00 

velooity at edge of boundary layer 
value of u, on sharp oon2 

semi-vertex angle of cone 
ratio of speoific heats 
displaoement thickness of boundary layer 

momentumthicknessc&boundarylayer 
visoosity under stagnation oonditions 
viscosity at edge of boundary layer 
k&nematic visoosi* under stagnation oonditions 
kinematio visoosity at edge of boundary layer 
value of VI on sharp oone 
free stream stagnation densiw 
densiwatedge ofboundarylayer 
value of vj on sharp oone 
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. 

If the variation of Mq with x at the edge of the boundary layer is due 
primarily to the convergence of the strea&ines towards the conical surface 
(rather than to the increase in thi&ness of the boundmy layer), then M, must 
be a function of x/r. That this is so is borne out by 35g.12. 

It follows immediately that f, u/p0 pq is a fun&ion of x/r only for 
given freewstrem Mach number m&d stagnation temperature, since 

where p is the statio pressure OE the s-ace of the correspomling sharp oone* 
All the quantities on the right ham3 side of (I) are. f'unctions of 34, and X0 
and To only. 

With the same assumptions, it cmn be shoml that p. 622/r is a x&notion 

of x/r only for givm MO and Toe 
Crabtree 

J?m, usi% the fomula given by Rott and 

and introducing the non-dimensional variables 

where a* is the sonic velouity of the free strmm, 

PO 622 
-3 I.5 

r 
z 0.45 RTo po(To) a*-' (ToI 

-2 
Mq*m6 'o Id,d Fo2 dz . 

0 

Sinoe all the quantities in (3) are functions of x/r only, and so is M I' it 
follows that p. 622/r is a.function of x/r, MO and To only. 
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!l!HEi MANGIER TRANSFORIdATION 

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

where A is an arbitrary reference length, and the barred quantities inaicsate 
values on the corresponding flat plate (with pressure gradient), At corres- 
pondjng points on the body of revolution <znd the flat plate, the momentum 
thioknesses aze given by 

It follows that 

The factor is plotted in pig.16 as a f'unction of s/r 
, 

0 

for a blunt 15O cone. It is seen that for x greater than about -lOO I?, the 
factor is very little different from its value for a sharp oone; for x less 
than 100 r, there is a considerable variation fram the sharp oone value. 

Alternatively, manipulation of the Rott and Orabtree formula quoted in 
Appen&ix -l gives 

r 

- 15 e!3 



where R,x is the Reynolds nuder based on local conditions and x. The quantity 

ti square brackets has been calculated using the memmred values of' Id,, and 
is shown in the table belcm: it is clesr that for x/r greater than IO, it is 

S I 
neglig5bIy Ufferent frcm the shpler ratio 

1 
0 

r2ds rtsm 
0 

I 

Is 
r 

4 

Ml 5$ r2s 
0 o 0 

L 

MO = 3.12 MO = 3.a-I 

2 0.67 

5 0.57 
IO 0.50 
20 0.42 

50 0.37 
loo 0.35 
200 o-35 
500 0*34 

1000 0.34 

I 

0.78 

0.56 
0.51 

a43 
0.38 

a37 
0.35 
0.35 

1 ro2 ds 

0 

r2s 
0 

0.55 

0*57 
0.50 

0.43 
0.38 

0.36 

0.34 
a34 
0.33 
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l 4  

Transition position 

(a) Ilo = 3.12 

xt 
z distance in in&es of transition position from tip 

u v cl = theuretioal Reynolds nurbber per in& at edge of' bound3ry layer on sharp oone 
w 

Cone OA Cone I Cone 3 Cone 13 Cone 2A Cone 03 Cone 7 
r = 0.0003" , r = 0. oo53" I? = O,Ol+a" r = 0.062" r = 0.083" r = 0.165" r = O.l.# 

I 
xt u. vm OJ xt uw VW / xt Urn/V u iv ll /v 

cm xt ww *t 
UJV co xt coca xt UJU 

w 

5 7e6~3.2.1~105 > 7.6 3.88~~5 > 7.7 ~-JYXI@ > 7.5 5.o4x-d' > 6et3 5~6~~9 > 5.4~ Wi-cbd 

zi tz 
6e6{ k.88 6.5 5-75 7*j 5*59 5*4 a-70 

5Za 42 6.6 
1 

5*06 5.5 6‘0 6.88 6.32 5.6 6.1. 6.11 6.21 6:1 2-2 Ei 6179 
5*5 5*15 

go; 3 t; % 

5.6 6-22 

?Z 2% 
E 22 

5:3 5:20 
b7 01% 

;8 712a 
45 aL.0 

5*3 5.29 495 7943 
3.6 7a32 5.4 5*58 5.2 7.21 4.5 ?-76 
3.1 a.4.7 4.6 6.24 40 8.24. 
3.1 a.59 4.6 6.75 3.7 a.a6 

495 -7 
4-2 7.35 
3.9 a.46 
4.0 8.49 
3-U 8-a 1 

I i 9 



!lJABLE 1 (Con-El.) 

&) MO = 3.81 

xt = distmce in inches of transition position f'rcm tip 

u/v = theoretical Reynolds number per inch at edge of boundary layer on sharp cone 06w 

I 
cone QA i 

I 
Cone 1 

??= 0.0003'~ r = 0.0053n 

xt 

L2YxlO5 
4N49 
4953 
4.86 ;:z 
$2 . 

> -$ 
614 

3.;gxl@ 
4.65 

6.3 5aO3 
6.0, 5.54 
5.5 5.83 
5.2 6.25 

I 

Cone 2A 
r = 0.083" 

7-q 327x105 
6.5 3m54 

6.2 4.72 
6.4 5.~7 
5.7 5.43 

Gone OB 
r = 0.165" T 

> 6.6 3.98~16 
6.2 4.11 
6.2 4-43 
63 4*48 

FT 
512 

z 
5179 

5.2 6.24 
5.4 6.29 

Cone 7 
r z 0.4ym 

xt 

> 5.4 6033x105 



TABLE 2 

Static3 pressures 

(a) MO = 3.12 

pl F at A 
0 B 

c 
D 
E 
F 
G 
H 
I 
J 
K 

BLOCKED 
BROKEN 

0.0328 1 0.0306 0.0315 
0.0323 0.0300 0.0303 
0.0331 0.0305 , 0.0308 

I- + 

.L 
I 

r + 0.005" r G 0.051t 

93.3 1 119.0 148.2 89-4 1 118.2 ; 937.9 

::i;$ i 1 0.0306 0.0308 1 

1 

0.0300 1 ' 0.0305 1 
0.0313 0.03q6 1 ' 0.0313 0.0313 1 

/ 
0.0307 0.0309 1 0.0308 0.0311 

0.0316 0.0311 0.0308 s 0.0308 
BLOCKED BLOCKED 
BROKEN BROKEN 

0.0293 0.0305 
0.0287 1 0.0297 

I 
1 

0.0311 0.0306 ; 0.0302 1 0.0309 

0.0297 I 0.0304 
0.0303 0.0300 

0.0293 0.0299 
I 0.039 I 

0.0303 0.0304 1 0.0300 i 
0.0308 
0.030-l 

0.0295 0~0301 0.0304 0.0310 ’ 0.0307 a G-07 
a0303 0.0308 0.0308 0.031-l 0.0308 0.0306 

0.0304 0.0300 i 0~0306 0.0307 1 0.0302 0.0301 

r + 0.16t' 

88.7 ; 116.2 ' 114.3 
i 

I 
I 

0.0300 I 
1 

0.0298 I 0.0295 
0.0302 0.0300 i 
0.0302 1 0.0300 1 

0.0300 
0.0299 

BLOCKED 
BROKEN 

0.03% 
i 

0.0310 . I 0.0308 ; o.op31 
' 0.0336 

0.0332 
0.0330 

1 
0.0308 1 0.0318 ' 

1 
0.0296 

OqO311 0.0311 0.0306 
1 0.0304 1 0.0308 1 0.0295 1 

0.0311 1 0.0307 0.0303 
0.0305 1 0.0305 ; o*oplp 

1 



PO ("&I 95.1 131.6 157.2 

: PI - at A 
ipo B 

O.Ollp!+ 0.0142 0.0142 
O.Ollp!t 0.0142 0.0141 
0.0139 0.0137 0.0137 
o.o1&0 0.0138 0.0139 

BROKEN 

BLOCKED 

r $ 0.005tf 

go.5 1121.8 1152.8 
I I 

I 

O.Ol&!+ 0.0142 0.0141 
0.0144 0.0142 0.0140 
O.Olc?@ O.Oly3 0.0139 
0.0141 0.0133 O.OlW 

BROKEN 

:::~~~El;~:l ::i:: 
BLOCKED 

0.0145 
0.0132 

0.0141' i o.ollg 
0.0131 0.0133 

0.0139 0.0138 0.01% 
0.0137 0.0133 0.01% 
0.0137 0.0135 0.014-G 
0.0137 0.0137 0.0141 
0.014.0 0.0139 0.0141 

!cABm2(wta) 

(b) Ido= 3.81 

r $ 0.05tf i r $0.08" 

0.0138 
I 
O.Ol41 0.0140 0.0143 i CLO'IW o-oV8 

0.0138 o.o~v!+o 0.01.&o 0.0143 CLOt4-0 0.0138 
0.0135 0.0138 0.0137 0.0140 0.0138 0.0136 
0.0136 0.0139 0.0140 MM.0 Q-AH39 O-W!3 

BROKEN 
0.0135 0.0137~0.0137 ,MHw am38 0*0137 

I ' BY°KEIN O.Oly3 0.01&!+0~0.014Q l0.0144 0.0141 afxw 

BLOCKED I BLOCKED 
o.o~s!,.o 0.01&z 0.0143 I 0.0145'G.OW O-0943 
0.0128 ~-0131 0.0133 0.0135 0.0132 0.0133 

0.0135 0.0135 0.01% 0.0140 cLm3J-k 0.0133 
0.0133 0.01% 0.0134 0.0138 0.0133 ~.~I34 
0.0133 0.0136 0.0138 0.0139 0.0136 0.0138 
0.0135 0.0137 0.0141 0.0140 0.0137 0.0141 
o.Ol35 o.cquIl 0.0142 o.OlW cm139 OaOl4.2 

r G O.d6" 

91.7 42'3.3 155.2 
I I 

o.o133,G,Ol35 0.0132 
0.0135~0.0136 0.0133 

.0.01~'0.0135 0.0933 
0.0136 0.0137 0.0137 I 

BROKEN 

:::;$I :::;::I ::z; 
BLOCKED 

0.0142 
0.0134 

0.0133 

~ 

0.0133 
0.0137 
0.0137 
0.0138 

0.0139 0.0141 
0.0141 0.0142 

, 



Wn- 1 

o.m3 
-- 

5.8 85 

0.0053 5.3 92 

LO%8 5.5 104 

0.083 5.3 108 

0.165 6a5 

> 5.% 

105.5 

w5.5 

3.8 2.94 7.61x lf3 0.86x 10-3 5.25x 105 451 
4.7 2.92 9.36 1.04 5.13 53% 
5.8 2.88 74 1.35 4.92 665 
6.i’ 2.91 12.64 2*33 5.10 1090 

3.9 2.93 7.80 0.93 5.55 516 
4.75 2.94 8930 1.13 5453 626 
5.8 2.83 9.25 l-59 5.00 795 
6.75 2.96 13.61 2.49 5.66 1410 

3.6 2.79 5.86 0.9% 
444 2.92 8.02 1.00 
5.6 2.95 8.%8 1.2% 
6.4 2.99 i0.42 1.9% 

5b71 
6.43 

;:: 

537 
643 
821 

Y360 

3.5 2.43 5.2% 0*93 4.02 374 
%.2 299 6.73 1.16 %,28 4497 
5% 2.74 9.36 1.85 5.45 1010 
6.2 2.92 15.55 2.81 6.49 1820 

3.7 
5.5 

3.4 
5.4 

2.30 
2.3 

11.0 
13.3 

11.4 
13.9 

1.70 3*36 
2m 3.55 

2.2? 
2.23 

1*86 3.04 565 
2.24 3.07 688 

Boundary layer traverses 

(a) MO = 3.12 



W 3 (Contd) 

(b) MO = 3.81 

O.OW3 5.8 ' 111 Ei ;a% 
. 

tygx Kl* 0.86x10-3 4.501105 38Y 550 

1102 
0.98 4.65 420 

5.9 ' 3.30 137 4.43 608 
6.8 3*37 1.51 2.21 4=70 1040 

0.048 5.5 145 3.6 2.95 0.97 1.08 4.16 450 620 
4.4 3.13 0.81 l*W 
5*5 3.22 0.85 1.19 

:g 550 
664 

6.3 3.21 1.26 1.86 5.58 1040 

0.083 4.6 143 3.2 2.64 0.7'7 I.3 3*03 391 5% 
4.2 2.78 l.CB 1.45 3.51 509 
5.2 3.25 1.30 1.86 5856 VJ70 
6.2. 3.33 1.66 2.54 5.97 190 

0.165 a 6.5 100 5.5 2.61 o-92 1.63 2.02 330 7 

0.49 PS4 91.5 3.4 2e32 1.68 2.38 1.36 324 2 
5.4 1 2.34 1.74 2-73 1*39 380 1 I 
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FlG.1. VARIATION IN CONDITIONS AT THE EDGE OF THE BOUNDARY 
LAYER ON A BLUNT CONE. 



FlG.2. NOMENCLATURE FOR A BLUNT CONE. 
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STATIC PRESSURE 
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FlG.3. CONES USED FOR MEASUREMENT OF TRANSITION POSITION 
AND FOR PITOT TRAVERSES. 
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FlG.8. VARIATION OF TRANSITION POSITION, 
q, ON FIVE CONES WITH REYNOLDS NUMBER 

PER INCH, (u&J,FOR xt - loo?. 
(CURVES FAIRED AND EXTRAPOLATED FROM MEASURED VALUES). 

(a)e MO = 342 , (b). Mo=3~81 . 
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