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SUMMARY 

Tests on a steel oone of 15' included angle, cooled internally by 
the circulation of' cold alcohol, gave the results that when the ratio 
(surface temperature ahead of transition)/(surface temperature for zero 
heat transfer) was reduced from 1.0 to 0.88, the transition Reynolds number 
at zero incidence was increased by a factor of about 1.8 for a 1walMach 
number (M,) of 1.86 and by a factor of 1.24-1.43 for MI = 2.81. The 
spread in the latter factor arose from alternative estimates of transition 
Reynolds number under sero heat transfer conditions, sinoe at 9 = 2.81 
this Reynolds number was dependent on stagnation pressure. (Thas effect 
might be explained by the presence of an adverse pressure gradient over 
the rear of the cone at this hlach number.) 

Simultaneous records of transition position on the top and bottom 
generators of the cone were obtained in all oases, using the shadowgraph 
technique. 

Vhen the cone was set at an incidence of 2', transition on the wind- 
ward generator moved aft with cooling at about the same rate as was found 
in the zero moidenoe tests (at each Mash number). However, little, if any, 
movement aould be discerned on the leeward generator, 

Further tests at &T = 3, 4 and 4.5 will be made at R.A.E./%'ernborough, 
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I Introduction 

It is by now a well known theoretical result that withdrawal of heat 
from a leminar boundary layer should increase its stability to ~11 two- 
dimensional disturbances. Indeed if the external flow is supersonio & 
its Mach number is less than about ten, the theory Rresented by Lees' (an 
extension of the Tollnnen-Schlichting theory of inoompressible flow) and 
further developed by Van Driest2, indicated that if the cooling rate were 
sufficient, then the laminsr boundary layer could be made completely stable. 
The amount of oooling (expressed in terms of reduction of surface tempera- 
ture below that for sero oonveotive heat transfer) required to obtain this 
ideal state of affairs would be at a minimum around M = 2, but would then 
increase with inorensing Mach number until for h5ch numbers around ten it 
would be impossible to achieve complete stability. 

More recently, Dunn and Lid have shown that for Mach numbers greater 
than two, three-dimensional disturbances may play a leading role in determin- 
ing the stability 02 the la!ninar boundary layer and complete stability by 
cooling cannot be achieved with respect to all three-dimensionaldi.stuX- 
bances. However, surface cooling may still be an effeotive means of delay- 
ing the onset of instability. 

These theories give "minimom oritioal Reynolds numbers" below which 
all small disturbances are damped out. As yet they cannot be related to 
the transition Reynolds numbers obtained in practice ard in addition the 
latter may be dominated by effects such as roughness, press~e gid-ients”, 

shook waves and, in wind tunnel tests, tunnel turbulence. However, if tb.e 
turbulence level is low, transition on a smooth body olear of eXtran%m 

shock viaves might be expected. to vary with cooling rate and Mach number in 
a manner similar to that calculated for the mininium critical Reynolds 
number. This irrleed was the case with the correlation of experimental 
results in Ref.5, whioh gave fourfold and tenfold increases in transition 
Reynolds number when the ratio of surfaoe temperature to zero heat transfer 
temperature was reduced from unity to 0.80 alld 0.68 respectively. However, 
the local Mach numbers involved were mainly in the range 1.5 < M < 2.5, and 
this is the region where theory predicts that cooling should be most effec- 
tive. The query then arises as to how these results might be modified if 
the local Mach number were higher and this was the reason for the present 
series of tests. 

The intention is to measure the effect of surface cooling on the 
transition Reynolds number on a oone over a Mach number range from 2 up to 
about 4.5. A cone was chosen for t'he test body since at supersonic speeds 
there is eero pressure gradient along its length (assuming uniform flow 
conditions in the working section of the wrnd tunnel) and, when mounted in 
the centre of a wind tunnel, it is free from interference with tunnel wall 
boundary layers, unlike a flat plate spanning the working se&ion. The 
dimensions were chosen to give Reynolds numbers as large as possible when 
tested at the higher Mach numbers in the No.5 Supersonio Tunnel at R.A.E./ 
Farnborough. This meant that tests could not be made at Mach rnunbers less 
than three, because of tunnel blockage, so, additional tests were scheduled 
for the 8 in. x 9 in. Supersonic Tunnel in the High Speed Laboratory of 
R.A.E./Bedford at M = 3 (for comparison with the No.5 Tunnel) anl at M1=2 
(for oomparisonwith the correlation of Ref.5). 

The tests at R.A.E./Bedford were made first and the results are 
given in the present note, Tests ere now being de at M = 3, 4 and 4.5 
in the No.5 Tunnel at R.A.E,/Fernborough ati the results will be given in 
subsequent notes. 

* A theoretical treatment of the two-dimensional problem including 
pressure gradients may be found in Ref.4. 
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Smce earlier tests had shown that small amounts of incidence 00~1~3 
have a ver 

ti conditions , 
marked effect on transition position under zero heat transfer 

the cooling tests are being made at inoidences of O" and +2'. 
All the transition results in the present note were obtained from shadow- 
graph pictures and correspond roughly to the end of the transition "region". 
Another note is being issued which oompares transition estimates givenby 
shadow, schlieren, pitot, sublimation and oil-flow teohniques7, wl-&h were s 
all tried out before the main test series began, 

Finally, the authors would like to acknowledge the willing co-operation 
and assistance afforded to them by members of the staff of R.A.E./%edford, 
both before end during the tests, which extended over the pericd November 1955 
to April 1956. 

E 

2 Apparatus ad techniques 

2.1 The No.4 Supersonic Tunnel. High Speed Laboratory. R.A.E./Bed.ford 

This is a new facility and is a return flow wind tunnel with a working 
section 8 inches high by 9 inches wide. It is powered by a B.T.H. four stage 
centrifugal compressor, electrloally driven, with Ward Leonard speed oontrol. 
A small auxiliary oompressor is provided for pressurising or evacuating the 
cirouit. Liners for M = 2 and M = 3 were available and the operating condi- 
tions appropriate to the teds described in this note are tabulated below 

Maximum Maximum Local Reynolds 
M Stagnation Stagnation 

NumberPe Inch m 3 Pressure Temperature 
(Atmospheres) PO) is x IO" 

1.97 1.86 3 38 0.918 

3.01 2.81 4 40 0.755 

2.11 Uniformity of flow in the workinn se&ion 

Before commencing each test series a calibration of the flow in the 
working section was made with a pitot rake. With M = 3 liners and for a 
stagnation pressure of two atmospheres, the oalibration revealed a maxirmun 
variation of +0.75 per oent from a mean Maoh number of 3.01. Subse uent 
runs with a ~?c stainless steel oone model sprayed with ascbensene ? sublima- 
tion indicator of transition) showed up disturbances whioh could be traced 
back to the wzdcw joints A and B in FLig.3. An attempt was made to reduce 
the wall discontinuity at B by filling with Picien wax, but this r&e little 
differenoe to the shock strength. At this Mach number, the most forward 
point on the acne at whioh the disturbanaes showed up was two inches from 
the base, but when transition occurred in this region, the shape of the r 
transition front, indicated by azo-bensene, did not appear to be affeated by 
them*. 

L 
The oalibration with the M = 2 liners was carried out after the M = 3 

test series and showed a mean Mach number of I.97 with a maximum variation of 
3.15 per cent. A cone sprayedwith azo-benzene showed up disturbances 
coming in from the side walls and reflecting at a most forward point of 
three inches from the tip. Once agaaln no affect on the shape of the transi- 
tion front was observed. 

* The disturbanoes mentioned above were observed when the flow was 
laminar over the whole length of the cone. 
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The final distributions of Mach number along the 13' pressure oone 
are given in Fig.7 and discussed in Section 3.1. 

2.12 The settling chamber, screens and filters 

The approach to the working section consists of a 20 foot length of 
steel pipe of 23 feet internal diameter, follo~~ed by a settling ahamber of 
maximum cross-section 43.6 inches square and of overall length 16 feet, 
The mean air velocities in the 43.6 anch square section were 14.5 Pt/sec 
(TH, q 311%) for M = 2, and 5.8 ft/sec (TH, = 314%) for M = 3. 

For the tests at M = 3 the two wire gauze (60 mesh) turbulenoe 
reducing screens, spaoed 2 feet apart in the settling chamber, were 
supplemented by four layers of buttermuslin fitted to the upstream gauze. 
The buttermuslin was added to arrest alumina dust (from the dryers) which 
had conteminated the circuit and had eroded model surfaoes and interfered 
with optical observation of the airflolr. The buttermuslin was cleaned 
quite frequently an1 was sprayed with oil to facilitate dust adhesion 

For the tests at M = 2, the buttermuslin filter was replaced by a 
filter consisting of l/16 inoh pressed woollen felt (Specifioation No. 
D.T.D.390) on a wire gauze (32 mesh and No.32 Imperial StanYard wire gauge). 
This proved to be a far superior dust filter and needed considerably less 
attention. The properties of this type of filter ere desoribed in 
another noteg. 

2.13 Air dryins and temperature control 

The air is dried on entering the tunnel circuit by filtering through 
activated alumina granules and is maintained in a dry condition by 
continuous by-passing of a fraction of the flow through the circuit dryer. 
The amount by-passed is controlled by a valve, the opening of which can be 
calibrated to maintain the required huzndity. 

A Cassella dew-point meter, tapped onto the high pressure eni of the 
tunnel and exhausting to atmosphere, was used to cheek the humidity control. 

For the first series of tests at M = 3, the dew-point measurements 
were made fairly frequently and showed a reasonably constant humidity level. 
The ,maximum value of absolute humidity measured was 3 x IO-4 lb/lb, which 
would have an effect of increasing the zero heat transfer temperature on a 
model by less than ICC above that obtained with perfectly dry air. 

For the second test series, at M = 2, dew-points were measured in the 
first two tests and the by-pass vsilvs was adjusted to maintain the level 
of absolute humidity between 1.5 to 3 x IO-4 lb/lb. The effect on zero 
heat transfer temperature would be similar to that in the M = 3 tests. No 
further measurerrent of the dew-point was made, experience having proved the 
efficiency of the dryers and the reliability of the valve setting for 
humidity control. 

The temperature of the air was controlled by regulation of the water 
flow through the air cooler in the tunnel cirouit, and temperature limita- 
tions on the compressor set an upper limit to the stagnation temperature 
attainable. 

2.14 Optical system 

The optical system, shown in Figs.1 ard 2, is a standard two-mirror 
schlieren system having spherical mirrors of twelve inches diameter and 
ten feet focal length. 
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2.2 Models 

2.21 15' Static pressure cone (coppa-1 

This model is shown in Fig.3, loosely mounted in the tunnel. It is a 
sharply pointed 15' cone nine inches long. The frustrum is of copper with a 
butt-welded seam, ard has a nominal wall thiakness of 0.050 inches. The tip L 
is separately maohined from copper bar and soldered into position, Eighteen 
& mm pressure holes are spaced mainly along two opposite generators of the 
cone an& are formed by 1 w outside diameter copper nickel tubes flush 
soldered into the skin, These tubes are passed through the steel base, I 
which is attached by four screws to the cone shell, and are then connected 
by P.V.O. tubes to a manometer bank. A No.4 Morse taper on the base provides 
the attachment to the model mounting. Some repairs with solder are visible 
in the photograph. 

2.22 15' Heat transfer cone (mild steel1 

Details of this model are given in Fig.&. The cone is 9 inches in 
length, excluding 'araldite' resin sealing at the base, an3 is attaohed to 
an integral base plug and sting, Mild steel was chosen for the oone because 
of its comparative ease of fabrioation and machining. The cone frustrum was 
machined from bar and it has a wall thickness of ~/IO inch. The conical 
nose piece was separately machined and was attached to the frustrumwith 
soft solder. 

The average surface roughness, measured by Talysurf profilograph, was i- 
10 micro-inches r.m.5. The tip radius, deduced from an enlarged shadowgraph 
picture (Fig.%), was 0.0015 inches, giving maximwn Reynolds numbers based on 
tip radius aM3. undisturbed flow conditions of 1370 at Iv&= 1.97 and p, = 3 
atmospheres, and 1100 at M = 3.01 ati p 

i 
aD 0 

= 4 atmospheres. 

Thermocouple jurmtions (steel/con&a&an, using the skin of the cone 
and an attached mild steel wire as a common return) are spaced mainly along 
the upper and lower generators of the cone at indicated in 2ig.4. Details 
of the installation and calibration of these thermocouple junctions are 
given in Appendix I, and some discussion of the requirements regarding 
surface condition in their neighbourhood (Fig.5a) is given in Appendix III. 
Two further thermocouple junctions are positioned centrally in the coolant 
inlet and outlet passages in the cone sting. 

The oone was oooled by an internal circulation of cold alcohol using 
the oooling system shown in the schematic diagrsm of Fig.6 an3 described 
fully in Appendix II. This oooling system proved to be very successtilin 
maintaining steady surface temperatures. 

The sting mounting was similar to that used for the 15' static pressure 
cone. 

2.23 15' Stainless steel cone (uninstrumented) 

This model is a sharply pointed cone, 9 inches in length made from 
stainless steel bar. No instrumentation is fitted, the model being used L 
mainly for independent checks on zero heat transfer transition results, The 
surface finish was of the order of 10 micro-inches r.m.s. 

The result5 for transition at sero heat transfer obtained with this 
cone, by both optical and chemical indicator r&hods, agreed with the results 
obtained with the mild steel cone using the same methods under the same 
oonditions. 
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2.3 Model mounting and setting 

From Fig.3 it may be seen that the models were mounted on an 
extremely rigid wedge beam support, positioned vertloally on the aentre- 
line of the tunnel at the rear end of the working se&ion. The beam is a 
machaned forging in steel with drillings for coolant flow and. for thermo- 
couple wires. Fabrioated steel boxes, mounted flush with the liners and 
bolted to the tunnel shell, provide anchorage for the beam. Yaw and 
incidence settings are obtained on adJustable plates and fanal looking 
is by large nuts bearing on spherically seated washers. 

Incidence an3 yaw of each model was measured relative to the bottom 
liner and starboard sidewall, This was accomplished by means of a vernier 
scale bevel protractor am3. engineers + blocks, using the appropriate cone 
generator as a reference line. An accuracy in angular measurement of t2 
minutes was obtained. True zero was taken as the tunnel centre line. 

2.4 Measuring Techniques 

2.41 Test procedure 

(a) Zero heat transfer 

For this condition the cone was free of coolant. Supersonic flow 
over the model was established at a low pressure in approximately 3 to 5 
minutes from the start of the main compressor. The auxili.aiT compressor 
was then used to increase the total mass of air in the circuit and thus 
raise the stagnation pressure to the desrred value. A warming up process 
then ensued until the required steady stagnation temperature was reached. 
This ocaupied a time of between q0 and 30 miriten according to the initial 
temperature of the pipework and the selected mass flow of air. 

With the stagnation pressure held to within 20.2" Hg and the Staga+ 
tion temperature controlled to within k$'C, a plot of the cone temperature 
distribution was made and shadowgraph pictures were taken. 

(b) Cooling tests 

The technique for the cooling tests was similar to that for the zero 
heat transfer tests except for the additional requirement of a Steady flow 
of coolant at constant temperature into the model. 

Thermocouple 2.6 T (2.6 Inches slant length from the tip, on the top 
generator) was used as a control in these tests, and Oconplete surveys Of 
the lengthwise temperature distribution were made at intervals. Tests 
were made vnth the coolant flowing from base to tip and vice versa. 

2.42 Measurement of stagnation uressure 

The stagnataon pressure was taken from a pitot mounted at the centre 
of the settling chsmber and was measured by a Yddwood automatic self- 
balancing capsule manometer9. This particular manometer had a range of 0 
to I+ atmospheres absolute ati a measuring accuracy of +O.Ol inches of 
mW?Xll-y. 

2.43 Measurement af stagnation temperature 

The stagnataon temperature was measured by an Elliott electrical 
resistance thermometer having its sensitive element positioned at the 
above pitot in the settling chamber. The thermometer had a large horizon- 
tal scale covering a range of 0 to 50°C and had a measuring accuracy of 
$Oc. 



2.44 Measurement cf static pressures on the 15°pressurc aone 

The static pressure distribution along the pressure cone was measured 
on a bank of mercury mancmeters which had a backing screen graduated in 
tenths of an inoh. The reference pressure was ambient atmospherio. There 
were no cocks in the system. 

2.45 Temperature measurement on the heat transfer cone 

The layout of the temperature measuring equipment is shown in Fig.1. c 
Thermccouple e.m,P. values were measured on a Tinsley constant resistanoe 
potentiometer and mirror galvanometer, using a near null system with a least 
count of one microvolt (equivalent to '/50°C for the steel/constantan couple). 
A thermostatically controlled, electrically heated Sunvio "cold junction" 
thermostat was maintained at a constant temperature of +41cC as measured by 
a calibrated mercury thermometer. 

2.46 Measurement of the transition position 

The shadowgraph method was ohosen to recc 
tive study had been made of a number of methods F 

transition after a ccmpera- 
. The advantages of this 

method are its speed an3 ease of operation, its independence of model surface 
temperature, and its ability to record transition on both generators 
simultaneously. The latter is a most important feature bearing in mind the 
sensitivity of transition position to small incidence changes on a body of 
revolution in supersonic flow. 

The boundary layers on the cone were very thin, but examination of a 
shadowgraph picture revealed an image due to the refraotion of light through 
the turbulent boundary layer superimposed on and above the diffraction lines 
at the cone boundary. The boundary of this image approximates tc the 
theoretical turbulent boundary layer thickness, and by viewing it obliquely 
to increase its gradient, the point of interseotion with the main diffraotion 
band at the cone boundery may be marked to within 24 inch*. The transition 
position interpreted in this manner corresponds to the end of the transition 
region7. 

Circumferential similsnty of transition position was cheoked both by 
oil flow ard ohemioal sublimation techniques. 

The shadowgraph pictures were taken with parallel light rays from a mer- 
OUV vapour lamp passing through a measuring grid onto bard brc&,d.e phctcEraphio 
paper positioned close to the tunnel,and long exposure times of between 20 
and 30 seconds were used. 

3 Results and disoussion of tests at eerc incidence 

In these tests the Cones were set at zero incidence relative to the 
centre line of the tunnel. The subsequent transition results indicate that 
this may not have been true zero relative to the airstream, but the difference 
was probably very small (see Section 3.3 below). 

3.1 Mach number distributions along the top and bottom generators of the 
150 copper cone 

The static pressures measured on the 15' copper cone were combined with 
the stagnation pressure, (a correction for the small loss through the tip 
shock would be within the experimental accuracy) to give the Maoh munber 

* This correspozxls approximately to 3~0.1 x 106 in transition Reynolds 
number at the highest stagnation pressures used (of. the table of operating 
conditions in Seotion 2.1). 
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distributions show in Fig.7. These distributions were obtained mainly to 
give a check on the performance of the tunnel (which was a new facility) 
and some of the noatter in the results naybe due to the surface condition 
of the copper cone in the neighbourhood of the static pressure orifices, 
which was not ideal, 

Fig.7a shows the results for a nominal tunnel Mach number (I&.) of 
2.0 and a stagnation pressure (po) of 3 atmospheres (the highest available 
pressure at that Mach number). There are appreciable variations in local 
Mach number (M1) ever the first 4 inches of the cone which might be 
related to the tunnel disturbances mentioned in Section 2.11, but aft of 
that station the flow becomes sensibly uniform, lvith good agreement between 
results from the top and bottom generators. Transition on the steel cone 
always occurred aft of 4 inches from Lie tip, so, from Fig.Ta, the local 
Mach numb*r was taken to be 1.86, oorrespording to a tunnel Mach xnnnber cf 
1.97, which is l&per cent. below the design value. 

Pig.3 shows the results for nominal I& = 3.0 and p = 4 atmospheres. 
In this case the distribution is fairly uniform over the first 6 to 7 
inahes of the cone, but there is evidence of an adverse pressure gradient 
over the last 2 to 3 inches (which also may be related to the tunnel 
disturbances mentioned in Section 2.11). Transition generally occurred 
downstream of x = 5 inches and therefore may be sffeoted by this pressure 
gradient in some cases. The local Mach number was taken to be M, = 2.81, 
corresponding to a tunnel Mach number of 3.01, which is '/5 per cent. above 
the design value. 

Tests at lower stagnation pressures showed no significant effect of' 
stagnat:cn pressure on the distributions at either Mach rmmber. 

3.2 Surface temperature distributions along the tap and bottom generators 
of the 15O mild steel acne 

This was the cone used in the transition tests arii Figs.8 and 9 give 
representative surface temperature distributions obtained during these 
tests. Short vertical llncs through the curves show the corresponding 
transition positions indicated by the shadowgraph. (The full lines are 
for the top generator and the broken lines are for the bottom generator.) 

Fig.8 is for M = I, 97 and po = 3 atmospheres. 
Mm = 3.01 and pc = 4matmcsphares. 

Pig.9 is for 

At one stage it had been hoped that transition could be deduced from 
the surface temperature distributions. This is feasible under sero heat 
transfer conditions, as evidenced by the shape of the topmost curves in 
Figs.8 and 9 and their comparison with the temperatures which would be 
expected with temperature recovery factors (r) of 0.85 (lsminar) and 0.88 
(turbulent). Note that the shadcxgraph indications are near to the 
beginning of the fully turbulent region. 

However, ths task beccmcs much more difficult when the cone is cooled, 
since the surface temperatures then become dependent upon the internal as 
well as upon the external distributions of heat transfer coefficients. 
This 1s illustrated by comparing the results obtained when the coolant 
was flcp.ing from the base to the tip of the cone (Fig,i3a, Va) with those 
obtained when the occlant was flowing in the opposite direction (figs.&, 
Yb>. Raditional thermocouple stations would be needed before a quantita- 
tive analysis could be ma& of these curves. 

In the later analysis of the transition results (Section 3.3), these 
temperature distributions had to be used to givr = values of surfkae tcmpera- 
turti appropriate to the laminar boundary layer before transition. Two 
possibilities were available. The first was to take the lowest tonperature 
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reading (at x = 24 inches) to be representative of the lsminar layer. The 
second was to choose the temperature at the inflexion point on the "plateau" 
before the steep rise on the curves. The latter would seem to be the better 
choice, but, as Figs.8 ard 9 show, It cannot be chosen so accurately, mainly 
because the limited number of thermocouple stations left room for an amount 
of imagination when trying to draw in faired curves. At this stage it may 
be worth noting that an error of 3% in surface temperature would oause a 
change of 0.01 In the zurfaae temperature ratios used later (Seotion 3.3 ard 
Figs.11 and 12). 

A further point is that the stability theories for the lsminsr 
boundary layer assume that the surface teqerature is uniform. In accelerat- 
ing flight without internal cooling, the surface temperature would decrease 
with increasing distance from the nose, as long as the boundary layer 
remaned leminar. On the other had, the present tunnel results show an 
increasing surface temperature with increasing distance from the nose until 
the layer 1s fully turbulent, (although it is probable that the tip tempera- 
ture is close to zero heat transfer at all tunes, so that there would be a 
decrease in surface teqerature over the first inch or so of the cone). 

Temperature gradients may have their effect on the stability of the 
lsminar boudary layer, so from the above considerations it seemed advisable 
to concentrate on results obtained with the coolant flowing from the base to 
the tip c,f the cone since this gave more uniform temperature distributions 
(Figs.8a and 9a, by comparison with Figs.8b and yb). 

3.3 Transition results from shadowgraph pictures 

3.31 Zero heat transfer conditions 

Figs.lCa and lob give the transition Reynolds numbers, (based on local 
flow conditions, RT ) on the top and bottom generators of the DON? under zero 
heat transfer aodi?ions at M = 1.97 and 3.01, over ranges of stagnation 
pressure. In both cases trdition occurred later on the top than on the 
bottom generator, which might indicate6 that the cone was at a small negative 
angle of incidence to the airstream. However, the subsequent. oooling tests 
showed a good measure of agreement between results from the top and bottom 
generators (by sharp contrast to the tests at a = +2' in Section&), so no 
corrections were rrade. In any case, differential transition might be caused 
by the flow non-uniformities exhiblted in Fig.7. 

The more notable feature in Fig.10 is that while the transition Reynolds 
number at I& = I.97 (Fig.lOa) remains sensibly constant while p, increases 
from 2 to 3 atmospheres, at M, = 3.01 it increases from 3 to 4 rmllion while 
p, increases from 2 to 4 atmospheres. This remains an unexplained anomaly. 
Possibilities are (1) an effect of tip thickness ad (2) an effect of pressure 
gradients. 

Gonoernlng the first possibility, the Reynolds number based on tip 
radius and undisturbed flow conditions would have been about 1370 at M, = 1.97 
ana P, = 3 atmospheres and about 1100 at l&, = 3.01 ad. p, = 4 atmospheres, so 
no significant difference between the two sets of results might be expected l 

from this oause. In aqy case, with correspoding transition Reynolds mbers 
of 3 to 4 million, the outer edge of the boudary layer should be well alear 
of the tip lnfluenoe region disoussed by Moeokel in Ref.lO. (It is intended 
to make some transition tests on cones with blunt tips, which may help to 
clarify this point.) 

Concerning the second possibility, the scales at the tops of Figs.lOa 
and lob show approximstely where transition occurred on the top generator of 
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the cone'. At L& = 1.97, (Fig.lOa) the range is roughly from 5 ta 7 inches 
from the tip, which is XI a fairly unrform flow regron according to Fig.%. 
On the other hand, at & = 3.01 (Fig.?Ob) the range is from 5.5 to 8 inches 
from the tip and Fig.3 shows that the regxon dxmstream of 6$ inches was 
under the influence of adverse pressure gradients. These pressure gradients 
might explain the drop in transition Reynolds number as the stagnation 
pressure was reduced**. 

Finally, the transition Reynolds rxxnbers at I& = 3.01 under zero heat 
transfer cotiitions are fairly good5averago values by comparz.son with 
results obtained elsewhere on cones , but those at M, q 1.97 are scxnewhat 
on the low side. 

3.32 Effec: of cooling 

The cooling tests were made at constant stagnation pressure, At each 
Mach number the highest available stagnation pressure was used XI order to 
ensure that transition always occurred ahead of the base of the cone. The 
reeults are given in Table I and are plotted in Figs.11 anl. 12. 

The cone was not dxsturbed m between the tests of each set, which 
include a range of cooling coalitions and a check test at zero heat 
transfer. The transition Reynolds number from the latter was taken to 
be the datum value for the set under consideration (except where noted 
in Table I, or in the alternative analysis of Section 3.322) ad it can 
be seen that there was some variation in thus datum between sets. The 
values may differ also from those obtarned in the earlier tests at zero 
heat transfer and the reasons for these variations are probably small 
differrnces xn cone setting in the tunnel, allied with small variations 
in surface condition, 

3.321 M m = 1.97, (M = 1.86) and p = 3 atiospheres 

These results are plotted in Pig.11 for the top and bottom generators 
of the cone and for the two direotions of coolant fluw. The plots are of 
transition Reynolds number based on local flow conditions (M, = 1.86) 
against the ratio of actual surface temperature (TV) to estvrated surface 
temperature for zero heat transfer with A lamzrxr &nxdary layer (Two), 
assuming a recovery factor of 0.85 (cf. Flg.8). 

As discussed in Sectron 3.2, the surface temperature was by no means 
uniform and there was some dxfficulty in choosing a value of T, representa- 
tive of the 1amins.r boudary layer. 

The first choice was to take the value of T at x = 2$ inches on the 
top generator, ard ths gives the values In Flg.lYa. It 1s notable here 
that the results from the two coolant flow directions diverge nt the lower 
values of TV/%,. Rererence to Flg.8b shows that when low surface tempera- 

tures were being sought wzth the coolant flormng from the tip to the base, 
the temperature at x = 24 inches could be much lower than the temperatures 
obtained over the remainder of the cone. For this reason the results for 
coolant flow from base to tip seem more reliable, but even then the values 
of Tw/T~~ nre probabu on the low sde (sf. Flg.8a). 

4 Also see Flg.lJa which gives direct plot of RT against xT for 
Mm = 3.01. 

a* Preliminary results of the subsequent tests at R.A.E./&.rnborough 
support this thesis, in that very little movement in transition Reynolds 
number with stagnatlon pressure IS being obtained at M, = 3.1. 
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The second choice was to take the temperature at the inf'lexion point 
before the steep rise of curves such as in Fig.8 to be representative of 
the temperature of the laminar boundary layer before transition. This 
seems more logical an3 the correations were mainly small in the ease of 
coolant flow from base to tip (3'C corresponds to about 0.01 in Tw/Two). 
Larger correotions were neoesssry in some instanoes when the ooolant was 
flowing from tip to base ati there is obviously a margin of error in both 
oases, as mentioned in Section 3.2. 

The result of making this second choioe is shown in Fig.llb. The 
results from the two coolant flow directions are more consistent than in 
Fig.lla and, as might be expected, 
Tw/Two . 

F$ increases more rapidly with decreasing 

To eliminate the effect of variations of transition Reynolds xiumber 
under zero heat transfer con&t-ions (RT ), the results (taking Tw at the 
inflexion point) are re-plotted in Fig.?lc as the ratio 

Tw/Two, 

RT/RT against 

taking RT from the faired curves of Fig.Ilb. A mean'curve has 
been drawn through the collected results and this lies somewhat below the 
mean correlation owe of Ref.5. 

However in view of the difficulty in determining representative 
values of T, and since the flow over the first 4 inches of the cone may 
have been rather non-uniform (cf. the flow distributions for the copper 
cone in Fig.?a), the disorepanoy between the +C#O o-s 18 not considered 
to be signifioant. 

3.322 M, = 3.01 (M ~2.81) ard p = I+ atmospheres 

These results are plotted in Fig.12 and all the plotting details are 
the same as in Fig.11. 

OMe again, taking T at the inflexion point improves the oonsistency 
of the results obtained wi%h the two coolant flow directions (Fig.12b 
compared with Fig.12a). 

The remsxk4ble (and disturbing) feature is that the movement of trans- 

M, = 1.97 (Fig.120). 
ition Reynolds munber wi.p;$z ise~qvv~ohl;;,thqn f;y$tabout 

1.2 at M, = 3.01 (Ml = 2.81) compared with about 1.6 at Mm ~‘1.97 (M,=1.86). 

Support for a decrease in cooling effectiveness is given by the mean 
curve derived from Jack ad Eiaaonis' results for a 9&o cone in anM I 3.12 

airstream", (giving Ma = 3.0). (The model used by Jack and Diaconi: was a 
cone-cylinder, but in eriving the mean ourve in Fig.120, only the results 
for transition on the cone were used.) This mean curve is seen to agreewell 
with the present results for a 15' cone and M, = 2.81. 

However, if there 1s such a marked deorease in cooling effectiveness 
when Ml is i~~ased from 1.86 to 2.81 (or 3.0), then one might reasonably 
expect the present results at b+ = 2.81 to lie above those obtained by Jaok 
and Diaoonis at MI = 3.0. The reason why they do not may be because there 
was an adverse pressure gradient over the rear of the cone in the present 
tests (Fiq.ib). Thus, transition under zero heat transfer ootditioy ooourred 
between 5~ and 6 inches from the ti 
inches when the oone was oooled to 
would enter the region of adverse pressure gradient shown in Fig,p and this 
could keep the transition Reynolds numbers low, 
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We have suggested already that this adverse pressure gradient may be 
a causal factor in the variation of transition Reynolds number with 
stagnation pressure, found under aero heat transfer conditions at M ~2.81 
(Section 3.2 and Pig.lOb). This suggests an alternative analysis o 1 the 
cooling results, if we assume that transition Reynolds number is a funotion 
of distance along the cone (i.e. of the position in a flow field whioh does 
not vary with stagnation pressure: note the last sentence of Section 3.1), 
as well as of the value of Tw/Two. 

Applying this suggestion, Fig.lJa shows the transition Reynolds 
numbers obtained under zero heat transfer conditions with varying stagnation 
pressure (curve B) and the transition Reynolds numbers obtained in the 
cooling tests at constant stagnation pressure (curve A), both plotted 
against the distance of the transition point from the tip (q). (For 
clarity, only the results for the top generator and with coolant flowing 
from base to tip, as shown,) As already mentioned at the head of 
Section 3.32, the transition Reynolds numbers under eero heat transfer 
conditions show some soatter, so a further curve (C) was added, whiah is 
parallel to curve B and goes through the zero heat transfer value on 
curve A. 

It was then assumed that curve C would give the zero heat transfer 
values of transition Reynolds number corresponding to the cooled results 
on curve A, e.g. if wxth a aortain degree of aooling, transition oocurs 
7 inohes from the tip then the corresponding sero heat transfer transition 
Reynolds number is about 3.8 million, instead of the 4.3 million assumed 
in the earlier analysis. 

This may seem to be an artificial procedure, but in fact it is that 
which would be used if transition was being determined from a fixed pitot, 
say 7 inches from the tip, in which case when the cone was cooled, the 
stagnation pressure would be altered until transition oocurrted at the 
pitot and the corresponding Reynolds number would be taken as the appro- 
priate value. 

Combining curves A and 0 gives values of %4 which are plotted 

against Tw/Two in Fig.13b (combined symbols) and the'mean ewe (full line) 

is considerably above that deduced with oorstant RT in the earlier analysis. 
0 

At this stage the only conclusion which may be drawn is that, with- 
out pressure gradients, the variation of RT/RT with Tw/Two at M, = 2.81 
might lie within the region enclosed by the tw$ curves labelled %l = 2.81~~ 
in Fig.13b. The check tests in the No.5 tunnel at R.A.E./Fsrnboro&h may 
help to clarify this point. 

The mean curve for K, z I. 86 would not be altered by a similar 
alternative analysis, since the transition Reynolds number under eero heat 
transfer conditions did not vary with stagnation pressure (l?ig.lOa). 

So, in summar y, it oan be said that for Tw/Two = 0.9, while 
RT/RT = 1.87 from the mean curve of Ref.5 for 1.5 < M < 2.5, the present 

tests'give values of 1.6 at M, = 1.86 and I.39 to 1.32 at M, = 2.81". 

* The comparisonwith Ref.5 in this instance might better be made in 
values of Tw/Two for the sane RT/kT,, since the curves are steep. Thus 
RT/R, = 1.87 corresponds to Tw/Two = 0.90 from the mean curve of Ref.5 
and Of875 from the present tests at N, = 1.86. The corresponding extra- 
polated values at M, 
Diaconis) 0.6 -0.65. 

= 2.81 would be ?-0.815, and at M, = 3.0 (Jack and 
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The mean curve derived from Sack am3 Diaccnis" gives +x-Q z 1.19 when 
T-J%0 = 0.9 at M, = 3.0. Tkols there is evidence that the &'f'ectiveness 
of cooling in delaying transition deoreases with increasing Bach number 
above 2. 

Sy way of comparison with flight conditions, it may be noted that for 
a 15O cone flying in the stratosphere at M = 1.97 and J.Ot, the 1~Cns.r 
values of Two would be 360% and 545% res;ectively. The present results 
extend down to Tw&vo c. 0.05, which would corrsspond to surface temperatures 
09 306% (35°C) and 4.&K (190°C) respectively. The latter value is roughly 
the (laminar) equilibrium temperature at the station corresponding to 
R = IO million in flight at M 
of 0.9. 

m = 3 at 50,ooO ft, with a surf'aoe emissivity 

4 Results and disoussion of tests at an incidence of +2' 

In these tests the steel cone was set at an incidence (a) of +2' 
relative to the oentre line of the tunnel. This would introduce a ciraum- 
ferential variation of Mach munber around the cone surface (in inviscid 
flow) but the condition of zero pressure gradient should still be satisfied 
along the generators. The test results of Ref.6 showed that theoretioal 
estimates of the pressure field an3 of the laminar boundary layer develop- 
ment on cones at small incidence should be valid urder the test conditions, 
Also, under eero heat transfer oonditione, there should be a xrarkcd diffsr%ce 
in transition position between the top (leeward) an3 bottom (windward) 
generators6. 

The variations in local Mach nmber a@i Reynolds mmioer intrcduced on 
a 15' cone by changing the incidence from 0 to 2' would be small and the 
analysis of the present test results was based on values derived for zero 
inoxlenoe. This gives a direct comparison with the results of Section 3 
and, in addition, small variations in incidence or yae in a flight case 
would be largely accidental and it is convenient to have the answers 
expressed in terms of conditions appropriate to eero incidence, 

4.1 

Coolant flow was from base to tip during these tests. 

Surface temperature distributions 

s”“B le temperature distributions along the top and bottom generators 
of the 15 steel cone at +2' incidence are given in Fig.14. Fig.+&a gives 
the results for M, = 1.97 snd p, = 3 atmospheres. 
and P, : 4 atmospheres. 

Fig.lJ+b is for && = 3.01 

The solid curves refer to the top (leeward) generator, the broken 
curves to the bottom (windward) generator and the short vertioal lines show 
where transition was indicated by the shadcwgraph pictures. 

As the cooling rate is increased there 1s an increasing divergence 
between the temperature distributions on the top and bottom generators. This 
is in aooord with axial asymmetry in boundary layer growth (and hence in heat 
transfer rate) and with the marked differences in transition position. 

There is also oonsiderable difficulty in defining temperatures repre- 
sentative of the laminar boundary layer before transition, because of the 
limited number of therazcouple positions and the fact that no measurements 
were available upstream of a station 24 inches from the tip. 

So the representative lsminar temperature was arbitrarily chosen to be 
that measured at x = 2& inches on the top generator. 
of 3'0 would correspond to 0.01 in Tw/Tw,) 

(Once again, an error 
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4.2 Transition results from shadowgraph pictures 

These are given ~.n Fig.15 as plots of transition Reynclds number 

A 
based on looal conditions appropriate to zero incidence) against the ratio 
W/T,, , where Tw is the surface temperature at x = 24 inches and Two is 

the zero heat transfer temperature for a lamins.?? boundary layer, assuming 
a reoovery factor of 0.85 and zero incidence flow conditions. 

The results for MW = 1.97 and p, = 3 atmospheres in Fig.15a were 
obtained in two distinct tests and have been denoted accordingly becauze 
of apparent bfferenoes in zero heat transfer transition Reynolds numbers. 
(A zero heat transfer condition was not obtained in Test K.) 

The results at M = 3.01 and p = 4 atmospheres (Fig.15b) are too 
few in number to justiyy the drawing"of mean curves. 

The interesting result from Figs.15a and l5b is that while transition 
Reynolds number on the bottom generator inoreased, with decreasing Tv,v'~~, 
at about the same rate as was found in the tests at zero inoidenoe (shown 
by the mean curves from Figs.lla and 12a for a = 0), there was little, if 
any, movement on the top generator. 

This indicates that the cross-flows engendered by inoidenoe may 
dominate the scene on the leeward (top) surface and, if this is the case, 
it would be very important to keep the effective incidenoe and yaw of a 
body of revolution close to zero if extensive runs of laminar boundary 
layer were desired. The limits to be set on incidence and yaw would depend 
on the cone angle: thus Ref.6 verifies that a/g is the relevant faotor 
(where, as in theoretical treatments, 8 is the semi-angle of the cone) 
and in the present case an incidence of 2', giving a/g = 0.267 could be 
too large. 

The conditional clauses in the previous paragraph are dictated by 
the fact that transition on the top (leeward) generator was Mt eaSil.y 
determmed, since it was within three inches of the cone tip, where the 
boundary layer was of the same order of thickness as the diffraction fringe 
on the shadowgraph pictures. Thus there may have been small movements 
which were not deteoted in the photographs. Time did not permit check 
tests to be made at lower stagnation pressures (giving larger values of 
XT) but this will be done during the tests at R.A.E./Farnborough. 

5 Gonclusions 

Measurements of boundary layer transition (using shadowgraph pictures) 
on a 15' cone in a wind tunnel at M = 1.97 and 3,Ol led to the following 
conclusions when the cone was at ze?o incidence relative to the centre line 
of the tunnel., 

(1) Under zero heat transfer conditions at M = f.97, the transition 
Reynolds number stayed constant over a range OF stagnation pressures (p ) 
from 2 to 3 atmospheres. The values were about 4.5 million on the top &d 
3.9 million on the bottom generator of the cone (Fig.lOa), The diffenenoe 
may have been caused either by a small angle of inoidenoe relative to the 
airstream or by disturbed flow over the forward portion of the cone (Fig.Ta). 

(2) However at h$ = 3.01, the transition Reynolds number inoreased 
roughly linearly from about 3 million at p, = 2 atmospheres to about 
4 million at p 
over the rear gf 

= 4 atmospheres (Fig.lClb). An adverse pressure gradient 
the cone (Pig,ib) may provide the explanation of this 

anomaly. The difference between values on top and bottom generators was 
smaller than at k& = I. 97. 
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(3) When the cone was cooled, tix variation of transition Reynolds number 
with surface temperature at M 5 1.97 was less than would be given by the 
mean oorrelation curve of RefT5, whioh was based on results in the range 
1.5 tM < 2.5, @ig.llc). However, the differencesare not considered to 
be unduly significant in view both of the disturbed flow over the front of 
the oone (Pt.-/a) and of the errors involved in defining a surface tempera- 
ture representative of the leminsr boundary layer ahead of transition, from 
temperature distributions such as in Pig.9. < 

(4) Cooling was less effoctlve in delaying transition when the tunn.elMsch 
number was raised to 3.01. Alternative analyses of the teat results were 
p0ssibl.e because of the dependence of transition under zero heat transfer 
conditions on stagration pressure ati hence on distance from the tip of the 
cone (Figs.3 and ISa), The results of these analyses are given in Fig.13b 
and show, for example, that when Tw/T,,,, = 0.9, RT& was reduced from 1.6 
at M, = 1.86 (M 5 m 1.97) to between 1.39 and 2.32 at81 = 2.81 (bl, = 3.01). 

liken the cone was set at 2' of positive incdence the following result 
was found. 

(5) Both at M = 1.97 and 3.01, transition on the bottom (widward) generator 
moved aft with Eooling at about the same rate as was found in the zero 
incidence tests, However, there was little, if any, movenxxt of the transi- 
tion point on the top (leeward) generator (Fig.15) which would idicate that 
the cross-flows set up by incidence may be the dominant. factor in determining 
transition on the leeward surfaoe. 

This oonnlusion is not as firm as it might be, because when the inci- 
dence was 2', transition on the top (leemd) generator was not easy to 
determine from the shadowgraph piotures, since It was within three inches of 
the aone tip, and the boundary layer was of the ssxce order of thickness as 
the diffraotion fringe in the photograph, Tests at lower stagnation pressure 
would remove this difficulty (since transition woul?l be further back) ad 
these will be inoluded in the tests to follow at R.A.E,/%rnborough, 

M 

M (D 

Ml 

PO 

r 

RT 

RTO 

LXST OF SYMBOLS 

Mach number 

Mach number in working section of tunnel, ahead tip shook wave of cone 

local Mach number outside boundary layer on cone surface 

stagnation pressure absolute (atmospheres) 

temperature recovery factor = Go- *I 

THI - T: ' 
where T, is statio temperature 

of stream outside boundary layer, Go and TH, are defined below 

transltion Reyndds number based on looal flow conditions = u, XT/V,, 
where u, ati Y, are the velocity and kinematic vlscoslty of the 
stream outside the boundary layer, ad xT is defined below 

transition Reynolds number under zero heat transfer conditions, again 
based on local conditions = u, xq$~, , where XJJ is defined below 

0 
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LIST OF SYMBOLS (Cork&) 

stagnation temperature, equal to total temperature outside boundary 
layer ("K or 'C) THl 

T* 

T 
WO 

x 

% 

a 

temperature of cone surface ("K or 'C) 

value of Tw under zero heat transfer conditions ("K or 'C) 

distance from tip along generator of cone (inches) 

value of x at the transition point from lsminar to txrbulent flow 

inoidenoe of axis of cone relative to oentre lzne of tunnel (more 
strictly should be relative to alrstream) 

serm-angle of cone (7&O in present tests) 

boundary layer thickness 

maximum depth of a surface discontinuity 
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APPENmXI 

Thermocouple Installation and Calibration 

. 

Details of the thermocouple junctions in the skin of the cone are 
si~own in the inset in Fig.4. Each junction was formed by Easiflcw brazing 
a 35 S.W.G. enamelled and glass covered constantanwire and protective I m 
stainless steel tube into a mild steel button, whose thickness was equal to 
the skin thickness, The technique used in brazing was to apply heat and 
brazing material to the blind hole in the steel button, and then to plunge 
the stainless steel tube and wire (with the end of the wire bared and just 
proud of the tube) into the blind hole, By this means a near surfaoe 
junction oan be obtained. (A check on each thermocouple for correct 
junction was Eade before installatmn in the skin,) The button joint 
with the cone skin was made with soft solder, and the correct contour at 
the surface was obtained by a process of hand filing and scraping and of 
lathe polishing, Profiles of the joints obtained are given in Fig.5a. 

Laboratory tests have shown that this typo of thermocouple records 
faithfully the skin temperature at fairly large rates of heat transfer. 
Calibration of the wire used was mde with the tunnel temperature measuring 
equipment and a lagged tank of well stirred alcohol cooled by soiid carbon 
dioxide. Three smple themcccuples were attached to the bulb of an 
alcohol themcmeter graduated in O.l'C, and e.mf. values at intervals of 
one degree Centigrade from -6O'C to +20c0 were taken. A check on the 
alcohol thermometer was rmde at the freezing point of mercury; there was 
no error. In addition a standard thermocouple of Platinum versus Platinum/ 
13% Rhodium was used to calibrate the scale between the upper limit of the 
alcohol thermometer at O'C and the "oold &mtmn" thenostat temperature 
of t41CC. liepeat calibration at a later date produced identical results, 
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APPENDIX II 

Model Coolma Apparatus -. 

The model coolmg system, detailed in Fig.6 and shown in the emperi- 
mental arrangement in Fig.2, uses methyl alcohol as a heat transport fluid 
and methyl alcohol cooled by GO2 solid as a cold sink. The heat transport 
fluid is blown through the model by means of pressure air, preferably of 
dry tunnel aar, and the circulation 1s maintained by an electrically driven 
gear pump. By this means a gaseous free flow is achieved. 

Prom the header tank, which is vented to atmosphere, the circulating 
fluid is pumped (by a gear pump driven by a D.C. electric motor with speed 
control) to a gallery. Three outlets from the gallery pipe are provided, 
each with an adJustable valve. The first is a return to the header tank, 
the second leads to the inlet side of the ooollng coil, and the third is 
to a oooler by-pass line to the de-aerator. 

By means of these three valves the coolant may be:- 

(a) short-circuited back to the header tank 

(b) passed through the cooler 

(c) passed straight to the de-aerator 

(3) mixed to obtain a steady heat flow rate by means of a COmbir~tiOn 

of (b) and (0). 

The cooler consists ?f a doubly wound coil of copper tube susPended 
sn a drum oontaining about 8 gallons of cold alcohol. This alcohol is 
cooled by the sdditxon of 00 
to llmlt the gassing rate. 6 

solid which must be admanistered carefully 
le drum 1s mounted in a wooden case and is 

xh?,ulated with granulated cork. 

The de-aerator consists of a steel drum with a detaLhable lid which 
oontalns connections for the coolant and pressure air. On entry the 
coolant is directed towards the wall of the de-aerator to avoid the 
formation of bubbles which occur with a direct Jet into a standing tank 
of fluid. The outlet for the coolant is through a bell-mouth stack pipe 
positioned with its entry one inch above the base of the tank, and coolant 
is forced up this pipe by means of air pressure. 

Pressure air connections sre in the lid and adjustable valves an 
both the inlet and bleed provide delicate control of the airflow through 
and pressure in the de-aerator, By adjustment of these valves in conjunc- 
tion with the pump speed, a constant coolant level m the de-aerator may 
be maintained (the level IS shown on a sighting glass), and an extremely 
steady flow rate established. 

Between the de-aerator and the model a by-pass to the header tank 
1s fitted whldh enables the system and not the model to be cooled, and by 
this means the system may be reduced in temperature to -60'~ before a tunnel 
test, without formation of ice on the model. From room temperature this 
takes about an hour to aocomplish. 

Initially the circuit through the cone was by way of drillings in the 
wedge beam support, but this mas abandoned in favour of improved cooling 
through the insulated copper pipes shown in Fig.3. These pipes connect 
with two drillings in the cone sting, Flg.4. One drilling is concentric 
with a copper pipe running centrally to the cone tip which issues or accepts 
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coolant at that poant, thus ensuring ma-n cooling in the tip region. At 
the base of the cone four small drlllings spaced widely apart connect with 
the second drilling an the sting and complete the coolant circuit through 
the oone. Both sting drillings accommodate steel/constantan thermocouples 
for the measurement of inlet and outlet coolant temperatures, Vent pipes 
are provided in the base of the cone and a regulated drip feed into a glass 
beaker gives a visual indication of the flow condition. 

The cutlet from the cone is via a flexable pipe to a Rotameter flowmeter. 
This has been oalibrated over a wide band of temperatures and registers flow 
rates of between 100 and 550 pints/hr. Frcm the Rotameter the coolant passes 

1 

into the header tank via a two-way cook. A sighting glass is provided on the 
header tank and is used in aonjunotion with a similar one on the de-aerator 
to observe the balancing of flow through the system. 

When operating the rig it as a general practice to cool the model down 
to the lowest desired or possible temperature, and to hold this constant by a 
process of graduated feed of 002 solid to the cooler, or by method (d). Step 
increases in temperature are obtained by by-passang the cooler (method (c)), 
thus allowing the tunnel to warm up the heat transport fluid, by adding warm 
alcohol, or by a combination of both, 

For teats at zero heat transfer the ccqolete elimination of coolant 
from the model may be obtained by blowing out tith all. gallery valves closed 
and the pump switdhed off. 
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A.PpF;NDIX IIJ. 

Surface condition in the neighbourhood of Thermocouple 
junctions on the heat transfer 00% 

Magnified profiles of two thermocouple junctions near the tip are 
shown in Fig.5a. The profile A is of a typical junction and is situated 
on the bottom generator at x = 3.1 inches (where x is the slant distance 
from the tip). This order of surface discontinuity had no effect on 
transition, by oomparison with the results obtained at zero heat transfer 
with the 15' stainless steel cone, using both aeo-benzene and optical 
methods of transltion measurement. 

The profile B is of a danaged thermocouple junctlonwhich fixed 
transition on the top generator at its location (x = 2.6 inches) for the 
range of pressures p, = 1 to 4 atmospheres (M, = 2.81). The profile C, 
whloh 1s of this same junction after repair, had no effect on transition. 

A comparison of the ratio e/&, the maximum surface d.lSCOntinuity 
divided by the theoretical local laminar bouds.7.y layer thickness, is 
tabulated below and. suggests a orltlcal value of 0.048 for no effect on 
transition under these operatzng conditions. The values for 6 were 
obtained from the formula 

6 = 6 (I +o.om ~1') x (R~)-& (3)-c 

Surface 
Profde 

Fig. 

a 

a 

b 

b 

X 

inohes) 

3.1 

11 

2.6 

I, 

II 

11 

11 

II 

(atESs- 
pheres) 

1 

4 

1 

4 

1 

4 

1 

3 

(inthes) in:hes) 

0.0229 0.0005 

0.01145 0.0005 

0.0209 0.001 

0.01055 0.001 

0.0209 o.OOQ5 

0.01045 0.0005 

0.021 0.0005 

0.01215 0.0005 
+ 

0.0218 

0.0437 

0.0479 

0.0955 

0.0239 

0.0479 

0.0238 

0.04II 

Effect -7 on 
transition 

Nil I 

Nil 

Fixed at x 

Fixed at x 

Nil 

Nil 

Nil 

Nil 
I 
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TABLE I 

Test results showing effect of cooling on transition at 
zero incidence (as Letennined by shadowgraph) 

1 Mm = 1.97, CM, = 1.86), p, = 3 atmospheres. 

Two/~HI assumed to be 0.939 (corresponding to a laminar recovery 

factor of 0.85). 

(a) Coolant flowing from base to tip of cone 

Test Two T OK % millions T 
w 

x=2.& in. Top Bottom 
w&VO T,/r, o 

% generator generator x& in. inflerzon 

A 294 255.5 ' 7.57 0.882 
294 256.4 7.57 

2:; 0.869 
. 0.872 0.884 

B 293 251.1 > 7.57 > 7.57 0.857 0.871 
294.5 
294e5 

',S& 2:; 0.870 

295 2&l 6161 p; . 0. a95 

0.882 
0.885 0.895 

a904 

1 0 292 
m& 

5.51 0.927 
z 0.941 

0.933 
294 5.23 0.946 

! 294.5 294.5 282:1 287.6 4.77 5.05 4.32 0.977 a 958 0.961 0.979 
295 294 4.41 $2 . 0.997 0.998 

(b) Coolant flowing from tip to base of cone 

TOP Bottonr 

D E 242*o 6.79 7.25 0.827 0.87+ 0,849 
. 269.4 5.69 5.23 0.915 0.915 

Bottom 
E 290.5 242.7 6.89 2;: 0.836 0%7 0.856 

294 259.4 6.15 0.882 0.892 0.887 
294 278.4 
294 2: 

ZIG ;22 0.947 0.947 
0.964 0.964 

294 . k41 
9% 

. 0.973 0.973 
I 1 294 1 294 1 4.32" 1 3.49” 1 I.000 1 I.000 I 

* Taken to be 4,l ad 3.4 when evaluating RT4 in Fig.110, since these 
values agree better with the trends shown by theoresults with cooling 
(TdTwo t 1). 
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TABLEi I (Oonti. ) 

2 M, = 3.01, CM, = 2,81), p. = 4 atmospheres, 

Two/TH, assumed to be 0.908 (corresponding to a leminar recovery 

factor of 0.85). 

(8) Coolant flowing from base to tip of cone 

f 

/ 

T- -Y- 

Test 
‘I 

WO 

4c 

?c millions T w "K 

x-26 in, 

242.4 
246.3 
246.9 
250.8 
261.3 
272.2 

inflexion 

0.859 0,869 
0,865 0.874 
0.874 0.882 
0.888 0.896 
0.925 0,930 
0.963 0.963 

0.847 
0.883 
0.901 
0.924 
0.940 
0.959 
0.979 
1.004 

0.857 
0.891 
0.908 
0.929 
0.942 

:;:i 
1:000 

Top Bottom 
generator generator 

Ei 
5:14 
5.14 
4.76 
4e53 

5.67 
5.14 
5.14 
L91 
4.68 
4.68 
4.53 
4.31 

5,29 

:z; 
d38 
4.38 
4.31 
4.~6 
4,16* 

I? 282 
282.5 
282.5 
282.5 
282.5 
282.5 

G 282.5 

zi; 
283 

",2 5 
283 
283 

239.4 
249.7 
254.9 
261.4 
266.4 
271.3 
276.9 
284 

L 

(b) Coolant flowing from tip to base of oone 

282.5 
283 
283.5 
283.5 

z:* 5 
282.5 I T 1 I H 

Top Bottm 

5.44 
5.06 

$3 

t:; 
4:23* 

236.2 
243.1 
247,8 
255.1 
266.7 
273.2 
204 

0.836 
0.858 
0.875 
0.899 
0.941 
0,969 
I.005 

5.37 
5.14 
5.06 
4.98 

?Zi: 
4:31 

0.869 0.047 
0.880 0,867 
0.888 0.880 
0.9cJ.J 0.899 

0,939 
0.966 
1.000 

* Taken to be 4.05 when evaluating s4 in Fig. 120. 
0 
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AIRFLOW ml3 )ul- 

MAGNIFICATION SCALE 

O-096 

(b> PROFILE OF A DAMAGED THERMOCOUPLE JUNCTION AT 2.6T 
THIS FIXED TRANSITION 

AIRFLOW FOR Ma t*S\ 

MAGN\FICATION SCALE 

DIMENSIONS IN INCHES 

0 c PROFILE OF JUNCTION AT 2.6T AFTER REPAIR 
NO EFFECT ON TRANSITION 

FIGS(g-ci>PROFILES OF THERMOCOUPLE 
JUNCTIONS ON THE 15’ HEAT TRANSFER CONE. 



MAGNIFICATION 50 

FIG.Sb. 15” HEAT TRANSFER CONE TIP. 
ENLARGED SHADOWGRAPH 
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