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Data obtain8d from free flight tests on pointed cones havingsemi-angles from 5 to835 at Mach numbers from 2 to 5 and Reynoldsnumbers up to 1.7 x 10 are correlated with simple theoreticalformulae. A detailed analysis of the errors in the experimentalmeasurements is presented and from correlations of data having anaccuracy of ± 10% or better, the following oonqlusions were made:-(a). For Reynolds numbers greater than 2 x 10' the experimentalStanton numbers exceed the theoretical conical values by about ll$.(b). The effect of conb-angle on the correction factor applied toflat plate theory to adjust it to conical flow conditions appears tobe quite random, the data falling around the normally recommendedvalue of 1.15. (c). The skin temperature, at least for fullyturbulent conditions, can be predicted to a high order of accuracyby Hills method in conjunction with Van Driest s theory.(d). Reynolds analogy is well verified by the data and is found tobe independent of both Mach number and Reynolds number effects,.(e). Owing to poor presentation of the wall temperature data in mostof the reports the recovery factor data was found to be unreliable.

The following recommendations, based on the results of thisinvestigation, may be made with regard to ary future free flight testson pointed cones:-

1) Owing o the paucity of data for Reynolds numbers higher than2 x 10 9tests could profitably be designed to investigate thisregion#
2) Some tests in the cone-semi angle range from 150 to 30e0 eitherin free flight or wind tunnels would be of value in finallyassessing whether or not the correction factor, mentioned above,

is a function of cone semi-ang le.
3) Every effort should be made to locate the transition point during:'light if reliable comparisons are to be made between theoryand experiment for turbulent flow.
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1. Introduction.

A number of reports presenting the results of free flight
tests to determine the aerodrnamic heating characteristics of
pointed cones have been ublished in recent years. Generally,
these tests were made for specific cone semi-angles and
trajectories. The present report correlates the available
free flight data for all the available test results and compares
it with the existing theories on aerotrnamic heat transfer to
pointed cones.

Simple lincomp .essible, and 'compressible' correlations of
all the data are first presented and, after a detail assessment
of the probable errors in the experimental measurements, points
having an accuracy of - 1% or le3s, are retained in the rest of
the analysis. In particular, the analysis has been aimed at
investigating the following topics:-

a) Prediction of heat-transfer rates (i.e. Stanton numbers)

and wall temperatures.

b) Finding evidence in support of Reynold's analogy.

o) Temperature recovery factor values.

d) The effect of cone semi-angle on the heat transfer rate.

Owing to the small quantity of laminar flow data presented it
was decided tc carry out an investigation of the turbulent flow
data only,

Section 2 gives details of the methods used to redwce and
present the data, and Section 3 presents a discussion of the
results. The final conclusions of the investigation are noted
in Section 4.

2, Data reduction and.YRresentation of results.

2.1. Data Reduction Prograire

Experimental data from free flight tests is normally
presented in the non-dimensional form of local Stanton
number or as a dimensioned heat flux, A data reduction
programme was written to reduce all the data to a common
form for the purposes of correlation. Variable specific
heat calculations were made throughout and the Eckert
reference temperature was deduced from the reference
enthalpy given belv (in the usual way).

@i *e iI + 0.5 1 + 0o22 (1r - W
wi ti C*1  0i +-~- Y 2

and r = 0.89 (Turbulent flow conditions only have
been considered).

N.B. All Symbols are given in Appendix I.
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2.2o Presentation of Results.

(a) 'Incompressible' correlation (Nui Rei:)

Fig. I shows the correlation of data from five
free flight tests in the 'incompressiblet form of
Nu vs Rok. The theoretical curves for incompressible
flxw derived in Appendix II are also shown on Fig, J*

(b) Fig. 2 shows the results from six free flight
tests correlated on an "intermediate flow conditions"

basis in the form S * (Pr *)213~ vs. R .The
corresponding theoretical curves derved in Appendix 11
are also shown.

(o) Estimation of probable errors in the measured Stanton

numbers.

* It is shown in Appendix III that the errors in
Sr are related to those in St as follows:-

The function Cr SVS derived from equation (3)
of Appendix II, is shown in Fig. 3 for the flight
data of Ref. 5. The values of 0* SVS were evaluated,
as functions of the flight time, at one station on
each of the cones analysed.

The results for the chosen station were then
assumed to apply to the other measuring stations.
IxVig. 4, the results with less than 10% error in
e are prepented in the same form as Fig. 2. (The
error in Pr* is negligible). The vertical lines
attached to each point on the plot indiogte tbe
probable range in which the parameter Si (Pr) 2
lies. The points for which the estimated probable
errors in '** do not exceed I C% are retained
throughout the rest of the results presented. 7he
transitional points shown on Fig. 2 are also dropped
from Fig. 4 and later plots.

The estimated errors in Re (See Appendix II)
aro-such that they will not influence significantly
the correlation presented in Fig. 4.

(d) E ct ofbasing Re on distance measured from
transition point.

Of the reports analysed only Ref. 5 presented
data for the location of transition along the cone
surface. For this data it was therefore possible
to introduce a modified Reynolds number defined ass-

Re- (X-_T) ( Xr)

as a basis for correlating the heat transfer
measurements in turbulent flow. Pig. 5 shows
the variation of ( ) 23wi h
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(e) The effect of cone anle on the ratio of conical to

flat plate values of the heat-transfer coefficient.

A correction factor relating conical flow
conditions to those on a flat plate may be expressed
in the form

*p *) 2/3

"t r cone1" * 2/3

St (P rflat plate

By finding the values of S," (p*) c/ comparedr cone

with the flat-plate value of this parameter for the
same local flow conditions for one cone angle, the
experimental value of E was evaluated from

(St* * Prc oone,9 eXP-)M
1 *• ( ) 2/.3m P Plate

(where n . no. of experimental points).

The arithmetic mean was used since the number of
points available for evaluating for each flight were
insufficient to jus4 ify finding standard deviations by
the root mean square method.

Van Driest in Ref 12, has suggested that E should
be a constant independent of Mach number, Reynolds number
and cone angle (providing this is not too large). The
value of suggested is

P, (2) 1/5_ 1.15*

The values of derivod from the results for six
flights using equation (i) are shown in Fig. 6 together
with the theoretical line o- 1.15 as a function of the
cone semi-angle 9.

(f) 2orrelation of the parameter rBtx) with the- intermediate
tEgDrature raiT*A Lsi J

In Appendix II part 2, it is shown that the ratio of
compressible to incompressible Stanton numbers depends
essentially upon the ratio e/T i . The relation derived
in Appendix II is:-

(St)exp, [T]- 0.66

'The theoretical values of Si were derived from the
Prandtl-Schlichting incompressible skin friction ooeffimnt
formula (Equation (7) of Appendix II) and modified to
conical flow conditions using the factor 1. 5 The
correlation of the ratio (St exp/S+i with (9/Ti) is sham

1- ' iin ig. 7 together with a plot of the theoretical curve
given by the equation quoted above.
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(g) Correlation of the experimental results in the form (S a"(S
against local Mach number and wall temperature ratio TwT.

In order to obtain the dependance of Stanton numberon Mach number the results derived from five free-flight
tests are plotted seperately in Figs. 8 (a) to (e) in the
form,

(S)exp vs M1
(st)i

(where St was found by the method described in the previousSection) Inspection of equations (6), (8) and (9) inAppendix II show that such a correlation is strongly
dependent upon the values of Tw/Ti and, to a much lesser
extent, upon the value of the local Reynolds number Re i .Owing to the inevitable small variations in Tw/Tj foreach experimental point, the results are presented in
ranges of Tw/Tj , each range having a separate symbol as
shown in the figures.

The theoretical curves were derived from equations
(4) and (8) of Appendix II and are presented for the
maximum and minimum values of Tw/Tj encountered duringflight and are based on the mean Reynolds number during
the time measurements -vere mad,

(h) Rea olds -nalojry Factor

As shown in Appendix II part 3, it is possible to
obtain ostimatos of Reynolds :,nalogy factor from
experimental measuro,ments of Stanton number, Figs 9 and
10 show the values of Reynolds analogy factor found fromsix free flight tests as functions of Re and local Mach
number r9spectively. On both these plots the valueS % Pr 2/3 suggested by Colbu&n (Ref 13) are shown for the
purpose of comparison.

(i) Recovery Factor Data.

As explained in Appendix II part 4, it was notpossible to obtain reliable estimates of the turbulent
temperature recovery factor from the flight tests
presented in Refs 2, 3 & 6. However, in seeking for
trends of the recovery factor with local Mach number andReynolds number these results are presented in Pigs 41
and 12 respectively. Ref. 7 also presents results for
recovery factor measurements on the NACA RM-1O missile
and these are more reliable than those Just mentioned.
These have also been presented on Figs. 11 and 12.
Various theoretical values are also shown on Fig. 11
and extrapolated data from Ref. 9 on continuous flow
tunnels is shown for comparison on Fig. 12.

(a) Wall temperature measurements

In order to assess Hill's method (4ef. 10) for
predicting the wall temperature of thermally thin skins4 during flight, two specimen calculations of wall
temperature v-riation based on Hill's method were made
for two extreme values of the cone semi-angle. Hillts
equation is presented in Appendix II part 5, 2and the

CONFIDENTIAL
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value of G was found for an average value of the wall
temperature over the time range investigated. The heat
transfer cocfficients wore evaluated from Van Driest's
theory (Rof. 11). The results for a typical fully
turbulent station on the cone tests reported in Refs. 2
and 6 are shown in Figs 13 and 14 respectively. The
radiation terms were not included in these calculations.

3. Discussion.

3.1. Nusselt Number and Stanton Number Correlations.

Correlations on a Nusselt or Stanton number vs.
Reynolds number basis are shown in Figs. 1, 2, 4

and 5. The results shown on Fig. 1, which are on a
local flow conditions basis, show that the trend of the
experimental results follows that predicted by
incompressible flow theory.

If the results are corrected for compressibility
effects using the Eckert reference temperature corfeciQn
method, they can be re-plotted in the form S* (Prt )
vs. Rta. This plot is shown in Fig. 2 and it will be
seen, by comparison with Fig. i, that the experimental
points are in much better agreement with the theoretical
curves. The results from Ref. 3 for lintermediatel
Reynolds numbers greater than about 2 x 101 lie well
above the theoretical predictions. However, since these
results are derived from one particular flight a modification
of the theory in this region is not justifiable.

The results shown on Fig. 4. include all the points
shown on Fig. 2. for which the error in SW* is estimated
to be less than about 10%. (See section 2.2.c. and
Appendix III). Ifithin this band of accura-cy the results
(excluding those from Ref. 3) show no definite bias towards
either theoretical curve presented. Even considering the
points with the smallest errors the distribution about the
two theoreticl lines remains fairly random. The results
shown for Re greater than about 2 x 10f still lie wellabove either theoretical line. Despite the fairly good
accuracy of these points as estimated on the assumptions
described in Appendix III, it is quite possible that they
may be in error due to an error peculiar to that flight
which is not accounted for in the general error analysis
presented in this report.

Considering the results shovn in Figs. i, 2 and 4, it
may be concluded that, the recommended curve for turbulent
heat-transfer to pointed cones will give a reliable estimate
of heat-transfer to pointed cones at least up to local
Reynolds numbers of 5 x 10t. To confirm the recommeqded
curve for local Reynolds numbers greater than 5 x i0 would
require more experimental evidence than that currently
available from free flight tests.

CONFIDENTIAL
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As previously described in Section 2.2.d, it was only
possible to invcstigate the influence of transition on the
correlations 'or the results of Ref. 5. Compxing the
results shown with the corusponding ones on Fig. 4, the
correlation is not oignificantly improved by the modification
of Re described in section 2.2.d. 'oints such as those
for Ref. 3. previously discussed, however, could well fall
on thu theoretical curves when conrrelated on the basis of
Fig. 5. It may be concluded from this that, if reliable
deductions are to be made from free flight measurements of
aerodynamic heating phenomena, more effort should be put
into providing a means of locating the transition point
during flight than appears to have been put into this
problem to date.

3.2. The effect of cone a!Ele on the correction factor applied

to flat plate theory to estimate conical flow values of

the Stanton number.

Fig. 6 shows the variation of the correction factor
defined in section 2.2.e., with cone semi-angle 9. Owing to
the random distribution of the experimental values of
Ck (Pr)/ about the theoretical lines discussed in the
proceeding soction and also to the relatively few cone
angles investigated, no definite trend of t with 0 isfound. This result points to the need for free flight
tests to be cnrried out for a wider range of cone angles
than those hitherto tested.

3.3. Corrulation of the paricter x. with the intermediate

temperature ratio ane Mach number.

Fig. 7 shows a correlation of the =-perimontal results
in the form of (Sj) exp/(j) a'. ainst TYT. Within the

error bnnds previously selected for the analysis (Section
2.2.c), the rksults agree with the simple theoretical law
derived in Appen&Lx II part 2,. With the results correlated
in this rxmnncr, it c-n be soon that, on average the simple
theory for conical flow conditions generally overestimates
local Stanton number and henco, overestimates the local heat-
transfer coefficient.

Figs 8 (a) to (e) are an attempt to show the effeat of
local Mach number on the value of Stanton numbor. Owing to
the fact that the values of Tv/T1 in flight generally increase
with Mach number it is almost impossible to present
experimental data for constant values of T/Ti as a function
of local Mach number. The plots show that tho data is in
fair agreement with the theoretical predictions of Mach
number effects.

3.4. Reynolds Analomr factor and recovery factors.

Fig. 9 shows the'variation of Reynolds analogy factor
with Reynolds number based on intermediate temperature
conditions and Fig. 10 shows the same factor as a function
of Mach number. The theoretical value of Reynolds analogy
factor based on a Prandtl number of 0.72 represents a good
mean through the data. In addition to this, it may be
concluded that Reynolds analogy factor for pointed cones
is independent of both Mach number and Reynolds number for
the range of these parareters investigated.

CONFIDENTiA L,
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Nothing may be concluded from the part of theinvestigation dealing with the recovery fdotors. Theestimated recovery factors are shown as functions of the
local Mach number and Reynolds number in Figs. 11 and 12
respectively. Crudely, the data in Fig. 11 shows a
tendency for the recovery factor to decrease with
increasing loc l Mach ntuiber, as ]rcdicted by Tucker
and Maslen (Rof.0), but is by no means cQnclusivo. The
reasons for thus, poor results for the recovery factor
are detailud in Appendix II part 4. Fig. 12 does not
show any distinct evidence that the recovery factor
decreases with increasing Reynolds number as observed
by Morn.7han in Ref (9) from a survey of continuous flow
tunnel measurements.

3.5. Estimation of wall temperatures.

A comparison of the theoretical and experimental
variation of wall temperature with time for two typical
flights ig shown in Figs. 13 and 14. The results shown
for the 5 semi-angle done on Fig. 13. show excellent
agreement with the theoretical prediction based on Hillts
method (Ref. 10) using Van Driestts theory for predicting
the heat-transfer coefficients (Ref. 11).

The results for the 350 semi-angle cone, however,are not quite as good, there buing a discrepancy of
9% between the predicted and measured maximum temperatures.The theoretical prediction can, of course, be improved
by making allowance for radiation effects which were not
included in the present calculation.

Bearing in mind, from the results shown in Fig. 4,that the theoretical Stanton numbers for these flights
differ from the experimental Stanton numbers by the order
of 10%, Hill's method cn be said to give an excellent
prediction of the wall temperature for thin skins.

4, Conclusions.

i) Some attempt should be made to obtain free flight heo-transfer me.asurvilaunts at Reynolds numbers -reater than 10',
where the available results app.ar to be unreliable.

2) Owing to the low Mach number range covered by the freeflight data aVailabla, it is proposed to extend the present
correlation to higher Mach numbers using wind tunnel results.

3) Where possible, every effort should be made to obtain
evidence of transition location during flight so thatreliable estimates of the effective Reynolds number in
turbulent flow can be made.

4) No influence of cone angle on the magnitude of theStanton number compared with the equivalent flat plate
Stanton number could be established from the results.This was primarily due to the small range of cone angles
investigated in free flight. If more free fMight testsare done it wou;d be w8rth investigating cone semi-angles
in the range 15 to 30

€@NFIIDEMTIAL
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5) The trends of the experimental results follow the
theoretical predictions in the main, except for t e results
available at Reynolds numbers greater than 2 x 10 .

6) Reynolds analogy factor was found to be indopendent of
both Mach number and Reynolds number as predicted by simple
theory.

7) Recovery factor data deduced from the presented
experimental results arc, in genoral, unsatisfactory. This
is primarily due to the small s cals used for presenting
wall temperature - time plots in the reports and the lack
of tabulated values of the actual measured wall temperatures.

8) Hills method for predicting the temperature of thermally
thin skins, when used in conjunction with Van Driest's theory
for predicting the heat-transfer coefficients, give reliable
estimates of the wall temperature.

4
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Appendix 1

List of Symbols

a Speed of sound ft/sec.

o Specific heat of skin material C.H.U/Ib 'K.
Of Local skin friction coefficient
a p Specific heat at constant pressure C.H.U./lb OK.

also, pressure coefficient p .

G Thermal capacity of thin skins, (pal), CHU/ft2-OK.

h Local convective heat transfer coefficient /seV

(Tr-w;)
i Local static enthalpy CHU/lb

k Thermal conductivity CHU/ft/se/cK

1 Skin thickness ft

M Mach number
N Nusselt number (h 4k).

p Pressure lb/ft2

Pr Prandtl number ( t/k)

q Heat flux CHU/ft2/se.

Re Reynoldas number (,ux/ )

r Temperature recovery factor.

s Reynolds aalogy factor (Cf / S)

Stanton number (4/pwp)

T Temperature

t Time sec.

U Velocity ft/sec.

x Distance along cone surface measured

from tip. ft

CONFIDEMIAL
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V Ratio of specific heats

e Emissivity

0Cone semi-angle Degrees

4Viscosity lb/ft-soo.

p Density it/fO

r Deviation in a parameterl also Stefan Boltznn

Subscripts

1 Local conditions at boundary layer edge.

Free stream conditions.

i Incompressible flow.

r Recovery conditions.

a Stagnation condlitions.

T Transition

w Wall conditions.

SuXerscript

* Evaluated from the Eokeft ref erenoe enthalpy.

COW(biMM3AL
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Appendix II

Summary- of theoretical equations

I ExprOssions relatina St .ton number and Nusselt number to
Reynolds number and Prandtl number for turbulent flow (= a

The simplest relation between Cf and R is given by the
equation e

f - 0.0592 R -/s (Ref.
14))

and, using the modified Reynolds
Analogy due to Colburn

p -2/3
r (f2

we obtain for the Stanton number in incompressible flow,

, 0.0296 p -2/3 Re -/5
(2)

Further, we note that Nu is given by

Nu aPrR.St
and substituting this expression into equation (2) yields,

N v 0.0296 +_ _ _ 1/3 Re + 4/5

The Stanton number in compressible flow is found frMequation (2) using the tintermediate' temperature technique
due to Eckert noting that,

S - SI* ... I = S (
It YA,

Where, S 0.0296 (P)-23 (R

(5)
and the properties are evaluated at a temperature T* corresponding
to an enthalpy i given by

i 0.5 (i- ij) +0.22 (ir - il
(6)

An alternative expression for the incompressible local skinfriction coefficient is the Prandtl-Schlichting formula (Ref.i4).

0r 0.288 (log1 0 R) 2.4 5  
()

C*WfMDFJ4T1AL
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and, corresponding to this there can be obtained the
following relations;

2/3 .144 (loglo Re) - 2.4,5 (8)

and (SV~)comp 0.144 (P (p4'2,13 (log 0 R -2 .4 5

P _(9)
Equations (3), (5), (8), and (9) can be applied to conical
flow by multiplying the right hand As by tho factor.115.

2, A Simplified Relation between S t %

Using eqns. (1), (4) and Reynolds analogys we mayr
write,

S0.0296 (k:)-i/5 (Pr *)2,3 rT

and,from equation (2)

't = 0.0296 Re-1/5 (pr)-2/3

Hence,

StRe1/15 T C) 213

Sq(12)

and, assuming (a) P P p
rr

(b) p , O .7

equation (12) reduces to

ST InrmT10. 6 6

where T is found from equation (6)

3. Reynolds analogy factor.

Reynolds analogy may be written,

(Op/2) (4)

and, CC/2 in compressible flow using the Prandtl-Schltci±ng

equation (eqn.7), is

CONFIDONTAL
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r}f is 0. 144 P..2j (log, 0 R) 2.4.5
-2 Plate

0 j" 'f 1.15 f~
Je plate. JI )

Thus, combining equations (15) and (14), S is found from theexperimentally measured Stanton number as follows,

6.039 (sT) ep, 
(16)

(logt 0 Re ).

(4) APProximate determination of the recovery factors.

The heat balance for an element of the skin neglectingconduction along the skin and internal radiation is,

G dTw h (T -T) e a- T+ (17)

aMn, for zero convective heat transfer this becomes

~c3aw CWI
dt w

In the reports ana.lysed the wall temperatures are presentedgraphically as functions of time on so small a scale that it wasimpossible to solve equation (18) by the normal graphical piocedure.However, the radiation tera in equation (17) was small for mostoases and the approximation was made that zero convective heat-transfer conditions obtained at a time when,

&r = 0 (19)

The wall temperature at this time is equal to the recoverytemperature, Tr, and the recovery factor is evaluated from the
relation

r a T r - T2

Ts T0)

(5) Hil2s method for predictg skin temperatures on thermally thin -kim.
Hill showed in Ref 10 that the wall temperature variation withtime (neglecting radiationj could be found from the following equation,

(Tw)m a h1. Trn + (hTr - h2w + 2/8 )

where m and m-I refer to two successive times and 8 is the
time interval. for thc , prl4 +

CONFIDENTIAL



i ESTUATION OF PRoBABLE MRoRo iN~ Ag_m MZAIjON NUM B

Following the procedure for estimating errors in ST described in
Ref- 7 we define,

\ = a* } . ..... (i)

where V0 is the error in 0 due to errors,

r*n in te quantities * .
The total earrcr in 0 due to errors in j quantities *n is then

(9)TOT~ LV~ 2  a

By oonsiderinig the probable errors in the individual mur1ed
or derived quantitiesp tabulated# the probable error in Stanton nmber
oan be shown to be,Wo & --n 0+0012
(f -) TOTAL 401+.6.TI~).0I (i2c

(3)

(N.B. T in OR in above equation).

Table of probable errors (After Ref. 7).

T shield 20PR

POO 0. 013 Po

00

U f ft/s8"
00

dTW/dt i Visaeo

6 0034

pj/p00p Ti/'Tm# 'U/to 0

ew 0 C12

o.oA
CQ/FJDENT! o
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2 PROBABLE MMORS IN ST*, Pr* AND Re* WHICH OOM IN THE COIRM ICKS

(a) Error in S*

ST* " (ST) -.

Hence, using equation (1),

aST = - (5)

andp similarly,

= OE/ ,9 .. .. (6)

Then# using equation (2)p

C.M ()2 + U. q (p/p1*(7)

TOTAL

Now# fcr the conditions covered by the investigation it can be
shoxn that

"(P1/P*) TCM

p/p* <<

Hene, equation (7) becomes

TOTAL TOTAL

It is readily shomn that errors in Pr* vill ie in the range
0e 0005. Hence,

Pr* O

(a) Err or i n Re*

By wing equations (1) and (2) it can be shown. -that errcr in
Re* due to errors in T*, p, U and T will be

00 00
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17 To Symbol

1-0-1-5 x THEORETICAL LINES SHOWN ARE
15 -20 0
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