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A Correlation of Forced Convection Heat Transfer Measurements

on Blunted Cones and Hemispheres for Mach number up to 10.2

and Reynolds numbers up to 4.5 x 107

Ref:— B78C/21/AED/1252 July 1962

SUMMARY

Data from eightecen reported Wind Tunnel and Free Flight tests
on heat transfer to blunt cones and hemispheres are correlated with simple
theoretical formulae. The Mach number and Reynolds number ranges for these
tests are from 1.33 to 10.2 and 8 x 10° 10 4.5 x 107 respectively. The
blunt cone models have semi-angles between 4.75° and 15° and nose to base

radius retios between 0.125 and 0.8.

For the Free Flight tests,; estimates of the error in measured
heat transfer parameters are made and only points showing errors of less
than 10% are retained in the analysis. The Wind Tunnel results are claimed

to have errors within this limit.

In this report the Nusselt number - Reynolds number relationships
are investigated and Reynolds Analogy Factors determined for a selection
of the tests. In these correlations correcHions for compressibility effects
arc made. The ratios of measured Nusselt numbers to the corresponding
theoretical imcompressible Nusselt numbers are also determined. The

principal conclusions made are as follows:-

1) For laminar and turbulent flow over hemispheres and
hemispherical nose caps, thec Nusselt and Reynolds numbers are

rclated by simple power law formulae.

2) For laminar flow Wind Tunnel tests on conical skirts, the
Nusselt numbers lie between flat plate and sharp cone theories
when plotted against Reynolds number. As the value of the ratio
of nose radius to base radius increases, Nusselt numbers move

away from the values predicted by sharp cone theory.

3) For Free Flight tests on conical skirts with laminar flow, the
Nusselt and Reynolds numbers are best correlated by sharp cone theory
when they are based on the length méasured from the virtual apex

of the cone skirt.
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For both Wind Tunnel and Free Flight tests on conical skirts
with turbulent flow, the Nusselt and Reynolds numbers, based on the
lengths measured round the model surfaces, are related by the

four-fifths power law for flat plates.

Correlations of Frec Flight measurements on conical skirts
arc independent of whether the local flow conditions are based on
expansion from stagnation pressures corresponding to normal, or to

conical shock wave conditions.

The ratio of cxperimental Nusselt numbers to theoretical

incompressible Nusselt numbers, when multiplied by a factor accounting

for compressibility effects, are independent of the local values

of Mach number, Reynolds number and Wall temperature ratio.

Reynolds Analogy Factors appear to be indcpendent of local

Mach number and Reynolds number.

Wall temperatures, on thin skin Free Flight models, can
generally be predicted to an accuracy of 10% using expressions for
heat transfer coefficients given by Monaghan and Hill's wall

temperature equations.
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DEFENSE DOCUMENTATION CENTER
for
SCIENTIFIC AND TECHNICAL INFORMATION

(formerly Armed Services Technical Information Agency - ASTIA)

ANNOUNCING...

An Expansion of the DDC Telephone Search Service

(for official use only by organizations authorized DDC services)

On 1 January 1963 DDC (then known as ASTIA)
instituted a rapid telephone search service to
retrieve documents on Semiconductor Devices
from its collection for engineers and scientists.
The success of this service has resulted in its
expansion to include the following disciplines:

Semiconductor Devices
Radiobiology

Masers

Biological Warfare
Refractory Metals

Documents which contain significant information
about these subject areas have been indexed in depth,
using new microthesauri of specific retrieval terms
that have been developed for this rapid reference

service. UNCLASSIFIED INFORMATION determined
to be pertinent to a question will be given by a return

telephone call. CLASSIFIED INFORMATION, bib-
liographies and reports, as desired, will be forwarded
to the requester by the most rapid means available.

To use this search service to retrieve documents from
the DDC collection that may be pertinent to your prob-
lem, call DDC (JA 5-5800, Arlington, Va.) and use the
following telephone extensions which will be manned by
specialists in each of the areas:

Semiconductor Devices - Ext. 2479
Radiobiology - Ext. 394

Masers - Ext. 441

Biological Warfare - Ext. 2828
Refractory Metals - Ext. 2426
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INTRODUCTION

Hypersonic flight is inevitably associated with large heat transfer
rates, particularly round the forward regions of Missiles and Space-
craft. This problem has been partly solved by the introduction of
blunted noscs on the vehicles and by the introduction, for re-entry
vehicles, of ablating heat shields. The problem of prcdicting the
convective heat transfer distribution around blunt concs and hemispheres
has therefore been extensively investigated, both theorctically and

experimentally, in recent years.

Broadly, one may divide these investigations into two classess
(a) heat transfer at Mach numbers greater than ten and (b) heat
transfer at Mach numbers less than ten. In the first category, real
ges cffects, such as dissociation, dominate the problem and the
'cool wall' approximation is valid. In the second, real gas effects
are minor but the specific heats are variable. The 'cool wall'

approximation is not valid in this second category of problems.

This report presents the results of an investigation into the
latter class of heat transfer problems just mentioned. The
investigation has been restricted to hemispheres and hemispherically
blunted cones, which probably represent the most extensively tested
bluff body shapes. Although no claim is made that all the experimental
evidencc has becn investignted, it is felt that a sufficiently large
number of reported tests have been analysed for the conclusions

drawntto be representative.

For both Wind Tunnel and Free Flight tests the data from eighteen
reported experiments on hemispheres and blunted cones has been
analysed with the object of determining, for laminar and turbulent

flow, the following:—

1) The variation of Nusselt number with Reynolds number and the

optimum lengths on which to base these parameters.

2) The effects of local Mach number, wall temperature ratio and
Reynolds number on the ratios of the compressible Nusselt numbers

obtained by experiment, to the incompressible theoretical estimates.

3) For conical skirts; the effect of basing the local flow conditions
on isentropic expansion from either normal or conical shock wave

conditions.

4) The effect of nose to base radius ratio on the Nusselt number for

conical skirts.

5) BEBvidence of Reynolds Analogy for a selection of the experiments

analysed.
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6) Comparison of theoretical and measured wall temperatures

on Free Flight Models with thin skins.

Section 3 gives details of the methods used to reduce and present the
data, and in Section 4 correlated results are discussed in detail. The

final conclusions drawn from the investigation are presented in Section 5.
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Notation

Specific heat of skin matorial cau. 15~ %k
Local skin friction coefficient
Specific heat of air at constant pressure CHU.lb_1 OK—1
Pressure coefficient

\ . i s o -2 o,~1
Thermal capacity of skin psogg < CHU. ft K
Heat transfer coefficient based on CHU.ft-Q sec-1 oKf1

temperature 5 ’
Heat transfer coefficient based on enthalpy 1b. ft ° sec

Enthalpy CHU. 1b

Recovery enthalpy
Thermal conductivity of air CHU.ft_1seo._1 OK_1

Mach number

Nusselt number hs/Kq or h' CP1S/K1
Nusselt number bascd on 8 h' Cp1 s/K1
Nusselt number based on s, h' Cpq Sa/Kq
Nusselt number based on sy h! Cp1 st/K1
Nusselt number based on D hD/K1
Static pressure lb.f‘l:_2 ;

2

Total pressure behind a normal shock wave 1b.£4%

Prandtl number

Convective heat transfer rate CHU.ftuz.sec—1

Recovery factor: Local body radius (Fig.1)
Nose radius for blunted cone or hemisphere (Fig.1.) ft.
Base radius of blunted cone (Fig.1.) ft.

Reynolds number

Reynolds number based on s P; Uis/pI
Reynolds number based on s, p. U
: 1 150/AP1
Eeynolds number bascd on sy B, U s
LI S AT

Surface distance measured from stagnation point (Fig.1)  Pt,
Distance measured from virtual apex of blunt cone (Fig.1) ft.
Distance measured from transition point (Fig. 1) PE,

Reynolds Analogy Factor
!
Stanton number h/p1 U1 Cp or h/p1 U1

Time SeCe
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Temperaturc

Recovery temperature

Stagnation temperature

Velocity along s co-ordinate
Stagnation point velocity gradient
Ratio of specific heats for air

Time interval in wall temperature
calculation

Surface emissivity
Cone semi-angle
Dynamic viscosity
Kinematic viscosity
Density

Deviation in a parameter: also
Stefan-Boltzmann radiation constant

Skin thickness
Angular co-ordinate

Pressurc gradient parameter
defined in Appendix VI

Subscripts

oo

=

Stagnation conditions
Edge of boundary layer
Free stream conditions
Compressible flow
Incompressible flow
Flat plate conditions

Wall conditions

Superscript

*

N.B'

—
e

°K (except where otherwise statcd)
°k

oK

(ft-sec1)

sec

SECe

degrees
b, £571 sec
ft.zseq.-1

1b. £

CHU.ft_2seo._1 o4

ft.

degrees

Properties based on intermediate enthalpy conditions

All other symbols used in the report are defined

in the text.
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3. Data Reduction and Presentation of Results

301.

Data Reduction Programme

Experimental data on heat transfer to blunted cones and
hemisphercs from eighteen sources (Refs. 1-18) has been analysed,
and, since the results in these reports are presented in terms of
varicus parameters, a dota reduction programme was prepared to
rcduce all the data to common sets of non-dimensional parameters.
Wherever possible the local flow conditions were calculated
from the isentropic flow relations using experimental pressure
distributions. In cascs where the latter were unavailable, modified
Newtonian theory was used. Referring to Fig. 1, the Newtonian

pressure coefficient distribution is given by

2
- . COS
Cp = Cp —_— ¥ (1)
wherc C_ max = P = s
P oN 5 (2)
+ &P, M,

and PoN was estimated from the normal shock

wave relations with.Y = 1.4.

On the conical skirts of slightly blunted cones, where the
pressurcs were not measurced, the pressure was assumed to take the

conical value given by Kopal (Ref.19).

The Eckert intermediate enthalpy technique (Ref. 20) was used
throughout the correlations, the relevant properties being evaluated
at a temperature, T,* derived from the enthalpy, i,¥* which is
given by

i* = 1, + 0.5 (iy - 14) + 0.22 (i, - 11)

(3)

fl

. . X 2
with i, = 1, (1 + 2 (¢- 1)M,1 )

2
where r = 0.85 for laminar flow
and T = 0.89 for turbulent flow.

%L1
(NOTE:= For laminar flow, strictly r = Pr © but r = 0.85 is

well within the experimental accuracy and simplifices the

computing)
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As in the analysis carried out in Ref. 21, only experimental
rosults having errors of 10% or less were retained in the present
analysis. For thc Frce Flight tests, the errors in measured
Stanton numbers woere estimated on the same basis as that used in
Refs. 21 and 22. This implies that the errors in Stanton number
due to errors in the estimated pressurc distributions have been
ignored. The equation for estimating the errors together with
dctailed sources of error for Free Flight tests, given in Ref. 22,
arc summariscd in Appendix I. Errors arising from conduction
along the skin close to the stagnation point were small inccases
where it was possible to assess these. 4 typical case is discussed

in Section 4.3.1..the relevant equations being derived in Appendix IT.

Presentation of Results

Details of all the tests analysed are presented in Fig. 2, which
also includes a key to the symbols used in the graphs. As far as
possible each source of data has been given the same symbol through-

out the correlations.

It has been found convenient to present most of the results in

groups as follows:—

(1) Results for hemispheres and nose caps of blunted cones

with laminar flowe.

(ii) 4As for (i) with turbulent flow.
(iii) Results for cone-skirts with laminar flow.

(iv) As for (iii) with turbulent flow.

In addition, where sufficiently large.numbers of both Freoc Flight
and Wind Tunnecl results are available, these are presented

separately for clarity.

3.2.1. Variation of Nusselt number with Reynolds number

2 I8
The parameter Nu*Pr*“3,determined for hemispheres,
hemispherical caps and cone skirts, is plotted in Figs 3-13
against Re™ based on various lengths. (See Fig. 1).

Figs. 3 and 4 present Wind Tunnel and Free Flight
results respectively, for hemispheres and hemispherical
caps with laminar flow, the abscissa in both cases being
Re*based on s. In Figs. 5 and 6, Wind Tunnel and Free
Flight rcsults for hemispheres and hemisphcrical caps

with turbulent flow a2re plotted against Re* based on

st. (Fig. 6.)
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Values of Nu* Pr’ -%'for conical skirts with laminar flow are
presented in Figs. 7-10; Figs T and 9 show plots of Wind Tunnel and
Frec Flight results rcspectively, against Re¥* based on s, whilst
Figs. 8 and 10 show these same results plotted against Re® based
on s, - Figs 11-13, which are the final graphs in this first group,
present Free Flight and Wind Tunnel results for conical skirts with

turbulent flow, thec abscissae being Re” based on 8y 85 end sy
respectively.

In Figs. 9 - 13, the full symbols correspond to local flow
conditions based on flow through a conical shock wave originating

from the vertex of a cone having the same apex angle as the cone

skirt under consideration. The remaining symbols correspond to
local flow conditions based on isentropic flow from stagnation
conditions behind the normal section of the bow shock wave. This

is essentially the method suggested by Moeckel in Ref. 23.

The equations of the theoretical curves shown in Figs. 313
are derived in Appendix III, and on each figure, deviations of
o 50% from the appropriate theoretical curve are shown in order

to indicate the spread of the data.

3.2.2. Variation of the Laminar Heat Transfer Parameter
1,
Nup/(pD%/v )2 with s/R

Wind tunnel values gf the laminar heat transfer
parameter, NuD/’(QDZ/v )Evfor hemispheres and hemispherical
caps are presented in Fig. 14 as a plot against s/R,the
normalised distance along the body surface. Since it depends
upon the local Mach number and the local wall temperature
ratio, theoretically this parameter does not collapse the
results on to a single curve. However, this parameter is
often used to present Wind Tunnel results of laminar heat-
transfer measurements, and has been included for
completeness in the present report. For the sake of comparison
the theoretical curve, obtained by Korobkin in Ref. 31,
is shown in Fig. 14. It should be noted here that the
corresponding turhulent heat transfer parameter also fails
to collapse the results on to a single curve when plotted
against s/R.

3.2.3. Variation of the Ratio of Compressible to Incompressible

Nusselt numbers with s[R

X
As stated above, the parameter NuD/(pDz/v)E does not

collapse the results when plotted against s/h. However,; the
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parameter (Nus/Nui) (T*/T1)a should (as shown in Appendix IV)
collapse the data for hemispheres on to a straight line when
plotted against s/R, with a = 0.13 for laminar flow and 0.64
for turbulent flow. By considering this particular parameter,
the effects of local Mach number and wall temperature ratio

should be eliminated.

In Figs. 15 and 16, Wind Tunnel and Free Flight results
respectively, are presented for hemispheres and hemispherical
caps with laminar flow, and in Fig. 18 results obtained from
Wind Tunnel and Frec Flight tests for the above bodies with
turbulent flow are presented. In Figs. 15, 16 and 18 deviation
of & 50% from the theoretical line are again shown in order to

indicate the spread of the data.

Wind Tunnel values for conical skirts with laminar flow are
shown in Fig. 19, whilst laminar results on conical skirts
obtained from Free Flight tests are shown in Figs. 20 and 21.
In Fig. 20, all the local flow conditions are based on the
assumption that the surface streamlines have passed through a
normal shock wave, whereas in Fig. 21 it has been assumed that
the surface streamlines have passed through a conical shock
wave (c.f. Section 3.2.1.) Fig. 22 shows a plot of
(Nus/Nui)(T*/T1)o'64 against s/R for conical skirts with
turbulent flow, the results being obtained from Wind Tunnel
and Free Flight tests. Here, both normal and conical shock
wave conditions have been used to obtain two sets of values
of the above parameter; both are plotted. For cone skirts this

arameter does not collapse the results on to a single line,
but as explained in Appendix IV, the results should be
between two lines representing the flat plate and conical

limits of the parameter.

In Fig. 17, Nus/hes%_is plotted against s/R for the
results of Refercnce 6, with and without heat conduction
effects accounted for in the region near the stagnation point.
The derivation of the equation for estimating the effect of

longitudinal heat conduction is presented in Appendix ITI.
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3-2.4. Reynolds Analogy Factor

Reynolds Analogy Factor was estimated in two ways, both
involving the use of experimental Stanton number
measurements. (See Appendix V) The first was the evaluation
of the skin friction coefficient from a flat plate formula,
and the second was the correction of this coefficient for
pressure gradient effects as described in Appendix VI,

The function §, derived in Appendix VI, which describes
the pressure gradient effects, is shown in Fig. 23 for a
hemisphere-cone of 4.75° semi-angle with laminar flow at

a free stream Mach numgﬁr of 3.12 and %ﬂ ratio of 1.0.
0

Results for the two methods of estimating Reynolds
Analogy Factor for a selected number of Wind Tunnel tests
on hemispheres and hemispherical caps are presented in
Figs. 24-27. Figs 24 and 26, which show plots of S against
local Mach number and Reynolds number respectively,
also include the boundaries within which lie the points
corrected for pressure gradient effects. Values of
Reynolds Analogy Factor with the correction for pressure
gradient effects are presented in Figs. 25 and 27 as
plots against local Mach number and Reynolds number

respectively.

In Figs. 28-33, the estimates of Reynolds Analogy
Factor on the conical skirts are presented, the values
being obtained from the equations derived in Appendix V.
These estimates are plotted against both local Mach number
and local Reynolds number. Again, the full symbols of
Figs. 30,431,32 and 33 correspond to local flow conditions
based on flow through a conical shock wave. On all these
plots the value S = Pr—“%, suggested by Colburn (Ref.24),

is shown for the purpose of comparison.

3.2.5. Wall temperaturec measurements

Wall temperature results for four selected Free Flight
tests are shown in Fig. 34. The results arec presented as
the ratio of measured to estimated wall temperature

plotted against a reduced time of flight, ;, defined as

t = (t = tpin)/(tnax = tuin)

where t min = initial time for data recording
and 1t max = time at which maximum measured wall
temperature occurs.

The method used for estimating the wall temperatures
is described in Appendix VII.
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4. Discussion

4.1. Variation of Nusselt number with Reynoclds number

4.1.1. Results for hemispheres and nose caps (Figs 3 - 6)

Both Wind Tunnel and Free Flight data for hemispheres
with laminar flow correlate reasonably well with the simple
hemisphere theory, as seen in Figs 3 and 4. The low
points from Ref. 8, at the high Reynolds number end of
Fig. 3, coming from one source, cannot be regarded as
strong evidence for modifying the theory in this region.
It would 2ppear that there is some consistent error in
the measurements, possibly due to conduction effects.

(As shown in Appendix II, conduction may lead to an
under-estimate of the Nusselt number). If these points
are discarded then the theory of Ref. 25, is well
verified by the experimental results in the Reynolds

number range investigated.

The Free Flight tests, on the other hand, lic on the
average, some 30% below the theory of Ref. 25. (Fig. 4).
It may also be noted that possibly 10% of this disérepancy
nould be due to conduction effects, as discussed in
Section 4.3.1. for the test results of Ref.6. Bearing
this in mind, together with the difficulty of making Free
Flight heat transfer measurements, the Free Flight data

agree satisfactorily with the Wind Tunnel results.

The eorresponding results for turbulent flow over
hemispheres and nose caps are shown in Figs 5 and 6, for
both Wind Tunnel and Free Flight tests. In Fig. 5 both
the Nusselt and Reynolds numbers have been based on the
distance measured from ths stagnation point, s, (c.f.Fig 1)
and the test data are compared with turbulent flat-plate
theory. Although the simple 4/5ths power law represents
the trend of the data well, the bulk of the results are
perhaps better correlated by a line about 30% below the
flat plate theory.

In Ref. 26 a simple formula for turbulent flow over
hemispheres is presented and the results are compared with
this theory in Fig. 6. Here, in order to account for the
presence of the initial run of laminar flow, both the
Nusselt and Reynolds numbers have been based on the
distance measured from the transion point, si(c.f. Fig 1)

It will be observed immédiately that the equation suggested

in Ref. 26 is not supported by the experimental evidence
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cited here. In fact, the line 30% below the flat plate
theory suggested above, in connection with Fig 5, would
also best correlate the results in terms of the

parameters presented in Fig. 6. Since transition is
impossible to predict accurately when carrying out project
studiesy; we may recommend that, for turbulent flow over
hemispheres, the best results for either Wind Tunnel

or Free Flight tests will be obtained by basing the
Nusselt and Reynolds numbers on s (c.f. Figs 1) and using
the simple flat-plate equation with about a 30% reduction

factor.

Results for conical skirts (Figs. 7 - 13)

The variation of Nusselt number with Reynolds number
for laminar flow over conical skirts is shown in Figs. 7
and 8, and 9 and 10, respectively for Wind Tunnel and
Free Flight tests. For the Wind Tunnel results presented
in Fig. 7. it will be seen that the results lie between
the flat plate and sharp cone theories. This resutt.miy
be anticipated intuitively, for at very large values of
s/R on a blunt cone, the effect of tip blunting should be
insignificant with the flow approaching fully developed
conical conditions. Lees, in Ref. 27, also shows this
effect as a limit to his theory for large s/R values. The
existence of this trend to conical flow with increasing

s/R values is discussed later in Section 4.3.2.

An alternative measure of the Nusselt and Reynolds
numbers is obtained by basing them on the distance measured

from the virtual apex of the cone, s, (c.f. Fig. 1). The
results based on this distance are shown in Fig. 8, and it

will be observed that, for the results of Ref. 18, the
correlation is almost identical with that of Fig. 7. The
results of Ref. 11, however, become more evenly distributed
between the flat-plate and conical theories. However,
comparison of Figs 7 and 8 would indicate that therc is
really nothing to choose between these alternative methods
of estinating the Nusselt and Reynolds numbers, at least

for the Wind Tunnel test results.

The corresponding results for Free Flight tests are
shown in Figs 9 and 10. Two complete sets of results are
shown, the open symbols corresponding to normal shock

wave conditions and the full symbols to conical shock
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wave conditions (c.f. Section 3.2.1.).

Examination of the data presented in Fig. 9. indicates
that the two methods suggested for determining the local
flow conditions corrclate the results equally well between
the flap-plate and cone theories. Consequently, providing
that the data is consistently analysed it would appear
not to matter which assumption is made for estimating the
local flow conditions. Examination of these results in
conjuriction with the nose to base radius ratios for each

test (tabulated in Fig. 2) was also made.

This examination indicated (for the limited data of
three tosts) that the results are not always improved by
changing from conical shock wave conditions at small
R/Rb values (e.g. 0.138 for Ref. 17) to normal shock wave
conditions at large values of R/Rb (esgs 0.333 for Ref.1)
S0 again, it may be concluded that there is little to
choosc between the two methods of estimating the flow

conditions.

In Fig. 10 the Free Flight results are shown in terms
of the Nusselt and Roynolds numbers based on the distance
from the virtual apex of the cone skirts. A significant
change occurs in the corrclation when this is done, as
can be seen by comparing Figs. 9 and 10, The results,
for either set of local flow conditions, are almost uni-
formly distributed about the cone theory line. The low
points of Ref. 17 in the Reynolds number range 106 to
2 106 may be due to conduction effects. With these few
points disregarded, one may conclude that, contrary to the
Wind Tunnel results, the Free Flight laminar results on
conical skirts arc best correlated by sharp cone theory
with the Nusselt and Reynolds numbers based on 8,9 the

distance from the virtual apex of the cone skirt.

The Wind Tunncl and Free Flight results for turbulent
flow over cone skirts are shown in Figs. 11 to 13. Both
normal and conical shock wave conditions are shown. As
for the laminar cases, there is little to choose between
the two sets of local flow conditions, except for the
results of Ref. 4. which are better when based on
conical shock wave conditions. The results for the model
of Ref. 17, which has a smaller R/hb value than that of
Ref. 4, are not improved by selecting conical shock wave

conditions. As with the laminar results, then, we find
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no consistent effect of the nose to base radius ratio on

the selection of the best local flow conditions to use.

Within the scatter of the data there is little to
choose between the three correlations presented in Figs.
11, 12, and 13 though the latter, with the parameters
based on the distance from the transition point
(s c.f. Fig. 1) is slightly better than the other two.
It may be concluded, then, that for turbulent flow over
conical skirts the results are most simply correlated in
terms of the Nusselt and Reynolds number based on either
of the lengths sy or sy . Furthermore, with the scatter
in the results,no clear choice betwcen the cone and flat

plate theories can be made.

1
4.2. Variation of the laminar heat transfer parameter NuD/(B D2/v )&

4.3.

with distance round a sphere surface (Fig. 14).

The ¥ariation of the laminar heat transfer parameter with
s/R is shown in Fig. 14 for laminar flow Wind Tunnel tests on
hemispheres and cone nose caps. For comparison, Korobkin's theory
(Ref. 31) is also shown. It can be seen that, as predicted by
this theory, the heat transfer parameter decreased with s/R.
Although this parameter is independent of Reynolds number it is
not independent of Mach number and wall temperature ratio effects.
To compare the results with theories such as those presented
in Refs. 5, 27 and 28, for example, would involve evalu;ting
these thecories for each set of conditions pertaining to the
experiments under consideration. Therefore; although this
parameter is frequently used to present heat transfer results
obtained from laminar flow tests, it was aBandoned in favour of

ancther parameter, discussed below.

Correlations of the ratio of Compressible to Incompressible

Nusselt numbers with s/R. (Figs 15 - 22).

4.3.1. Results for hemispheres and cone caps (Figs. 15 - 18)

The ratios of compressible (i.e. experimental) to
incompressible Nusselt number plotted against s/R for
hemispheres and nose caps are shown in Figs. 15 - 18. As
shown in Appendix IV,the parameter plotted throughout
these Figures (excluding Fig. 17) should be independent

of all the parameters M4, Tw/T4, s/R and Reg . In Fig.15
the results for laminar flow wind tunnel tests are secen

to be evenly distributed about the theoretical value of

unity for this parameter. Inspection of the values of
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Tw/T1, Reg and My for allthe points also showed the results
to be independent of these parameters although thesc are

not noted in Fig. 15.

The corresponding Free Flight results, shown in Fig. 16,

as might be anticipated from the results in Fig. 4
(discussed in Section 4.2.) lie below the theoretical value
of unity. However, the data presented in terms of this
parameter is again independent of s/R. The points obtained
from Ref. 6, close to the stagnation point are seen

to be rather low. As shown in Appendix II, if longitudinal
conduction effects are ignored in estimating the Nusselt
number this quantity may be under estimated. The

correction for heat conduction effects was applied to the
results of Ref. 6 (at a flight time of 5 secs) the result
of which can be seen in Fig. 17. It can be seen that the
correction to the Nusselt number can reach about 10%

which could improve the low data points of Fig. 16.

(It should be noted that the data for Ref. 6 shown on

Fig. 16 corresponds to various flight times so that the

above statement is only qualitativc).

The pesults for turbulent flow over hemispheres and
nose caps for both Wind Tunnel and Free Flight tests are
shown in Fig. 18. As with the laminar flow results these
are again seen to be essentially independent of s/R and
examination of the conditions for each individual point
on the Figure showed the results to be independent of

Mach number, Reynolds number and wall temperature ratio.

Results for conical skirts

The Nusselt number ratios obtained from Wind Tunnecl
tests on conical skirts with laminar flow are shown in
Fig. 19. For the results of Ref. 10 (pircle points) there
is a distinct trend for the results to approach the
theoretical conical value as s/R becomes large. The
results for Ref. 11 (triangle points), however, do not
exhibit this tremd. If the values of R/R;b for these two
tests are compared (see Fig. 2) it will be observed that
the model of Ref. 11 is effectively twice as blunt as
that tested in Ref. 10. Hence, the trend towards conical
flow conditions would appear to be determined primarily
by the nose to base radius ratio in addition to the value
of s/R.
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The corresponding Free Flight results are shown for
normal and conical shock wave conditions respectively in
Figs. 20 and 21. Comparison of the two figures supports the
earlier conclusion (made in Section 4.1.2.) that basing the
local flow conditions on either conical or normal shock wave
conditions makes little difference to the correlations. As
found in the Nusselt number - Reynolds number plot (Fig. 9),
the results fzll between the cone and flat plate theories
except at the lower values of s/R (<11). Here the effects
of nose blunting may be thought to be responsible for the
spread in the data. However, the results of Ref. 1 (which
correspond to R/R£ = 0.333) lie consistently lower than
those of Ref. 4, which correspond to R/Ry = 0.235. Also,
the points obtained from Ref. 17 (R/Rp = 0.138) lie slightly
lower than those of Ref. 1 so that there is no consistent
trend of the data in this region of s/h with nose blunting.
The lower points (Refs. 17 and 1) may be low due to
conduction effects previously described, or they may be due

to errors in the pressurec distribution (c.f. Section 3:1s)

It can also be observed that, unlike the Wind Tunnel
results (c.f: Fig. 19), no trend of the Nusselt number ratio
with s/R is prosent. Examination of the Mach number,
Reynolds number and wall temperature ratios for the points
presented on Figs. 20 and 21 again show the Nusselt number

ratio parameter to be independent of these variables.

The corresponding Wind Tunnel and Free Flight tests
for turbulent flow are shown in Fig. 22. Here again little
difference is seen between the two methods of estimating
the local flow conditions. Also as found for the Free
Flight laminar flow results there is a large scatter in
the data for values of s/R ¢ 12. Because of the small
difference between cone and flat plate theories (about 15%)
for turbulent flow, the scatter in the data does not allow
the detection of a trend towards the conical value of the
Nusselt number ratio for large s/R values, as was possible
for the laminar flow Wind Tunnel results. However,
examination of the Mach number, Reynolds number and wall
temperature ratios for these points show the parameter

to be essentially independent of these.
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4.4. Reynolds Analogy Factor Results (Figs. 23 - 33)

4.4.1. Introductory Discussion

The details of the methods used for estimating
Reynolds Analogy Factor are described in Appendix V. For
hemispheres the first method used was to base the local
skin friction coefficients on simple formulae of the type
used in the Nusselt number-Reynolds number correletions of
Figs.3 &5,In the case of the hemispheres, only the laminar
flow Wind Tunnel tests were examined for evidence

supporting Reynolds Analogy.

The second method was to derive an expression relating
the local skin friction coefficient cn an axially symmetric
body with either laminar or turbulent flow to that on a
flat plate in terms of a pressure gradient parameter, | .
The details of this analysis are outlined in Appendix V1.
This method of evaluating the skin friction coefficients
was then used as a basis for estimating Reynolds Analogy

Factor as described in Appendix V. This second method,
owing to the length of time involved in its calculation,
was only applied to the laminar flow results as a sample

test of the method.

Many authors (e.g. Lees (Ref. 27) ), Vaglio-Laurin
(Refs. 28, 29), and others reviewed by Phillips ( Ref.3e)
have derived similar pressure gradient parameters to the
one derived in the present report, but their analyses are
restricted to the hypersonic 'cool wall' approximation.
However, the resulis presented here are not represented by
this approximabion; and thus a special analysis was
carried out to determine § « It should be noted that the
method of Steine and Wanlass (Ref. 5), though not
restristed to 'cool walls' is laborious to evaluate, and
was iherefore unsuitable for use in the present

investigatior .

For estimating Reynolds Analogy Pactor on cone skirts,
the local skin friction coefficients were based throughout

on the sharp cone equations.
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Reynolds Analogy Factor for hemispheres and nose caps

(Figs. 24 - 27)

Reynolds Analogy Factors for laminar flow over
hemispheres as found using the two methods discussed in the
previous section are shown in Figures 24 to 27 for the Wind
Tunnel tests. Figs 24 and 25 show the results plotted
against local Mach number, whereas, in Figs. 26 and 27 they
are plotted against local Reynolds number. The results in
Figs. 24 and 26 show immediately the great improvement in
the correclation obtained by using the pressure gradient
parameter §y. However, if the results based on the use of
the parameter are examined on a larger scale (Figs. 25
and 27) ‘they are seen to lie almost wholly below the value
of Pr'z/guggested by Colburn in Ref. 24. For either method
used to estimate Reynolds Analogy Factors on hemispheres
for laminar flow, the results are seen to be virtually
independent of local Mach number and Reynolds number.
Although the use of the pressure gradient parameter,¥ in
estimating Reynolds Analogy Factor brings the experimental
results more into line with Colburn's value (s = 1.246),
it does increase the scatter among the data points.

(c.f. Figs 24 and 25, for example).

Reynolds Analogy Factor for conical skirts (Figs 28-33)

Figs 28 and 29 show the values of Reynolds Analogy
Factor obtained from laminar flow Wind Tunnel tests on cone
skirts. They are plotted, respectively against local Mach
number and local Reynolds number in the two figures. The
data here is so limited that no trend of Reynolds Analogy
Factor with either Reynolds number or Mach number can be
observeds It is worth noting, however, that the use of the
pressure gradient parameter, § y in place of the pointed
cone factor, v3, in determining Reynolds Analogy Factor
for these tests might correlate the results better with the
line Pr—%; 1.246. (This is providing that the value of ¥
on cone skirts does not vary significantly from that shown

in Fig. 23).

The corresponding Free Flight results for laminar flow
over cone skirts are shown in Figs. 30 and 31. The resultg
based on both methods of estimating the local flow
conditions are shown. Although in both Figures the data is
moved to the right in going from normal to conical shock

wave conditions, the value of Reynolds Analogy Factor for
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each point remains virtually unaltered. The data is seen
to fall below the theoretical value. This is partly due
to the low values of the heat transfer data observed in
Fig. 9 and also, as suggested for the Wind Tunnel tests,
the results might be improved by the introduction of the
pressurc gradient parameter in the place of the V' 3 factor.
Agein the data shows no definite trend with either local

Mach number or local Reynolds number.

To conclude the Reynolds Analogy Factor investigations,
the results for turbulent flow over cone skirts are shown
in Figs. 32 and 33, plotted against local Mach number
and Reynolds number respectively. Again the results
obtained are independent of the method of estimating the
local flow conditions and also of the Reynolds and Mach

numbers. This latter result was observed for the Frce

Flight tests on pointed cones investigated in Ref.2l.
Estimation of Wall Temperatures in Free Flight for Thin Skin Models

Theoretical estimates were made of the wall temperatures
attained during the flight of four rocket propelled blunt cone
models and one hemisphcre model. These were based on the method
of Hill (Ref. 32) with the heat-transfer coefficients determined
from the semi-empirical equations due to Monaghan (Ref. 33)

(Details of the calculations are presented iy Appendix VII.

The ratio of the measured to theoretical wall temperatures
for selected measuring stations on the models of Refs. 1,2, 4
and 6 are plotted in Fig. 34 against the reduced flight time %
(defined on the Figure).

Considering the simplicity of Monaghan's equations
(Ref. 33) the results are very good, almost all of them lying
within 10% of the perfect correlation; (i.e. the line 1.0 on
Fig. 33) The method used here is thus to be recommended for

estimating wall temperatures for thermally thin skins.
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5. CONCLUSIONS

5«1« Nusselt number - Reynolds number Relations

1)

ii)

ELT)

iv)

For laminar flow over hemispheres and nose caps, for
2 X 103 z Ret ¢ 3 x 106 ; the Wind Tunnel results correlate

well with Sibulkin's formula expressed in the form

ol i
* * =3 Al

*
Nug Pr = 0.763 Reg =

The corresponding Free Flight results follow the trend
indicated by the above relation but lie 20 to 25% below the
valucs given by this equation. The Reynolds number range

for these results is 1.8 x 10%¢ Reg¢ 6.2 X 108

For turbulent flow over hemispheres and nose caps, both the
Wind Tunnel and Free Flight data correlate best with the
flat plate equation with the constant reduced by about

30% i.ce

* * -
Nug Pr

R ol

(0.7) x (0.8296) Reg 4/5

These rcsults, when plotted in terms of the parameters based
on the distance measured from the transition peint, are not

correlated by van Driest's formula, namely,

¥ ¥ 1 *
Nuy Pr ° = 0.042 Roy 4/5

The results obtained from Wind Tunnel tests on cone skirts
with laminar flow when corrcleted in terms of the parameter
Nu ¥ Pr¥ _%'vs Re* lie between the flat plate and sharp
cone theories. This result is independont of the lengths

on which Nusselt and Reynolds numbers are based.

The results obtained from Free Flight tests on cone skirts,
for laminar flow, are best correlated in terms of the Nussclt
and Reynolds numbers based on the distance measured from

the virtual apex of the cone skirt by the equation.

P
=

0

1

m*, Pr = ¥3 X 0.33p Rey 2

for 1O6< Rey ¢« 2x 10

For both Wind Tunncl and Free Flight tests on cone skirts
with turbulent flow, the scatter in the measurements is such
that the data correlates equally wecll with either the flat
plate or sharp cone theories. This is true megardless of the
distance on which the Nusselt and Reynolds numbers are

based.
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vi) For the Free Flight tests on conical skirts, the correlations
of Nusselt number with Reynolds number are independent of
whether the local flow parameters are based on normal or
conical shock wave stagnation conditions. This is.true for

both the laminar and turbulent flow results.

5.2. Results in terms of the Compressible to Incompressible Nusselt

number Ratios

i) PFor both laminar and turbulent flow over hemispheres and
nose caps, the experimental results, when reduced to the
form (Nug/Nuj) (T¥/T1)® arc independent of s/R. This is
so when Nuj is based on Sibulkin's equations for laminar
flow, or with Nui based on the flat plate relation for
turbulant flow. Furthermore, with a = 0.13 and 0.64 for
laminar and turbulent flow respectively, the parameter
(Nug/Nuy ) (T*/T1)a is essentially independent of the local
values of wall temperature ratio, Mach number and Reynolds

number.

ii) For cone skirts the results obtained from laminar flow

Wind Tunnel tests, expressed in terms of the parameter

(Nug/Nuy ) (T%/71)013 are independent of the local values of
wall temperature ratio, Mach number and Reynolds number.
Furthermore the trend of this parameter, when based on

flat plate theory, towards the sharp cone value of.;3”'

for large values of s/R appears to depend primarily on the
nose to base radius ratio. Conclusive evidence of this
effect could not be found because of the limited number of

tests investigated.

iii) For conical skirts the results obtained from laminar flow
Free Flight tests, when expressed in terms of the parameter
(Nug/Nuy ) (T*/T1)O'64 show no distinct trend towards the
sharp cone limit at large values of s/R. Again this parameter
is esseontially independent of the local values of wall
temperature ratio, Mach number and Reynolds number.

iv) For the turbulent Free Flight and Wind Tunnel test results
on cone skirts, expressed in the form (Nug/Nuj) (T*/T1)0.64
the scatter in the data allows no trend between the flat
plate and sharp cone limits to be observed. This parameter
is again found to be independent of the local values of wall

temperature ratio, Mach number and Reynolds number.
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For both laminar and turbulent flow Free Flight tests
conclusions 5 (ii) to (iv) are independent of whether
the data is based on normal shock wave or conical shock

wave stagnation conditions.

For Free Flight tests on cone skirts the parameter
(NuS/Nui) (T*/T1)a has a large scatter for values of s/R
less than twelve. This scatter could not be correlated
with either the nose to base radius ratios nor was it
completely associated with conduction effects along

the model surfacess Also some of this scatter may be due
to errors in estimating the pressure distribution, as
this is not always quoted precisely in Free Flight test

reports.

Reynolds Analogy Factors

i)

i1)

For the data investigated Reynolds Analogy Factor is
virtually independent of both local Mach number and loecal

Reynolds number.

For hemispheres with laminar boundary layers, Reynolds
Analogy Factor is best determined from experimental heat
transfer measurements when the local skin friction
coefficients are corrected for pressure gradient and body

shape effects.

Wall temperatures on Thin Skin Free Flight Models

For the cases invesgigated, 90% of the measured wall

temperaturcs are within 10% of the theoretical estimates for

hemispherical bodies and cone skirts.
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APPENDIX T

Estimation of probable ecrrors in m:asured Stanton

numbers in Free Flight tests and the aorresponding errors

in Nusselt numbers

In Appendix 3 of Ref., 21, it is shown that in the absence
of errors in local nressure measurements, the probable error in

the measured local Stanton number is given by,

1
oST 401 + 0,16 Wo +( Ty (1-r) 0,01)? at \2
—= = = ) + 0.00132 |7 44
( - >tota1 AT, =2 '(dTW> ]

siesssaaany & £1)

(The errors assumed in individual quantities are tabulated
et the end of this Appendix).

Since, in the present report, we deal exclusively with Nusselt
numbers we now derive an expression relating errors in Nusselt number

to +those in Stanton number,

Noting that,
Nu =5p. Pr. Re.
it is easily shown, using the relations in Appendix 3 of Ref. 21,

that the probable error in the Nusselt number is given by,
1
) (8] @) () TP
B k] ST Pr Re
erer s I (2)

thus, ignoring errors in the local flow conditions implied by

pressure distribution errors, we find,

(m) u<g_sz>
Bu Jrotal ST Jt5tal

so that equation I (1) also gives the probable error in the

seenranasl 15}

Nusselt number.
It is also necessary to show what the probable errors in Nu™ are,
since this parazmeter is also used extensively in the correlations.
We have, M = e T k1H
R ¥

and, using the relations

k ~ Tl N 1/T (Since p = conste_across the boundary layer)

++ Temperatures in eqn. I (1) are in °R,
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equation I (4)becomes:
2
x =
Nu = Nu (p1/$ )
T @s0 RGN sesrsreserersens I (5)
Consequently, using the previously quoted method, we find
o Nu* \ _ o—Nu9+120‘ o p* xetd
Nux Nu p17 p ¥ .J

T e ne———

Now, inspection of the flow data for the reports investigated
here, shows that,

v gese” ) [

Conscquently,

oM *\,_, /oM

p * Nu
Nu

’ . ¥* E 3 g
Finally, the errors in Re® and Pr~ due to errors in measured

sinasasssssssswaxniss L £7)

R P P D NN « I (8)

wall temperature can be shown to have no significant effect on the

correlations,

Table of probable errors (iAfter Ref. 22),

Quentity Error
P 20°R
W
T shield 20°R
P, 0.013 p,
T 1°Rr
0, L ft/sec
0 pn
dTW/&T . 1" R/sec
T 0.03 =
Pi/ poo, Ti/T 0y Ui/Uoo 0
g S 0002
Note R = 05K
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Appendix II

Estimation of the effect of longitudinal conduction

on Nusselt number.

In the absence of circumferential heat flow and radiation
the heat balance equation for a typical surface element may be

written

g =(porw), 3 - ks {;- ay. or, BQTW} veeeees II (1)

pm——" O
3T y ds 33 357

where q convective heat transfer rate per unit area

per unit times.

body perimeter in planes normal to the axis.

<
{]

Defining a local Nusselt number by,

= Jy - RN II 2
Nuy q, s/k1 (1r TW ) ( )

equation II (1) may be written as
Nug = (Nu)CXP - kS &

ks (T, - TW)

Q S

where (1 is the term in curly brackets in equation II (1) and (Nu)exp
is the experimentally determined Nusselt number neglecting conduction

and radiation effects, i.e.,

(W) oo = (pov) e s A5 (Y

If the Nusselt number is based on enthalpy in place of

temperature, equation II (3) becomes

Nuy = (Nu) - ks tsC_0

exp
k 3 — .I
2 r w)

asniese EL 18)

and Eé is such that

G (p ~T )= &, ~1) R s ()
Consequently, depending upon the sign of Q in equation II (5)

the experimentally determined Nusselt number can either over -

or underestimate the true Nusselt number, if conduction is ignored.
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Appendix IIT

Summary of the cquations used in the Nusselt number -

Reynolds number corrclations.

Te Hemisphercs and nose capse.

For laminar flow over hemispheres an equation relating the local

Stanton and Reynolds number is given in Ref. 25 in the form,

-0.6

Wl

Re
S

7

S, = 0.763 Pr

: 0z 1)

0.6

Replacing Pr— by P£_ and introducing intermediate

enthalpy conditions to account for compressibility cffects, this equation

becomes

* * 2/3 o e
Bp Ay = 0763 Rcs*

=

Noting that the Stanton and Nusselt numbers arc relatcd by

* %* * *
N = S P Re IIT (2)

the Nusselt number for hemispheres in compressible flow is found to be

[

),

I (3)

= ' *
¥ * 3. 0.763 Ro
us T S

For turbulcnt flow over hemispheres, the equation given in Ref,26,

in terms of local flow conditions is

: B - |
S, = 0,042 B_ /3 Ro_ 1/5 IIT (4)

Following the samc procedure as for laminar flow, the Nusselt
number based on intecrmediatc enthalpy conditions for turbulcnt flow over

hemispheres is found from III (4) to be

N e T 13 _ o.00. Ro_ 4/5 T (5)

To corrcct for the initial run of laminar flow the Nusselt and
Reynolds numbers arc bascd on the distance 8y measured from the transition

point (Fig. 1) so that equation III (5) becomes

g *a¥=13 o g *45 e (6)
Il_t i G_t

s
++ This has been done merely to preserve the paramcter Pr 1/3 throughout

the correlations,
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2. TFlat Plate

For laminar flow the Nusselt and Reynclds numbers, based on

intermediate enthalpy conditions are related by

* p *-1/3 32 5 ¥ E
Nus . = 0,332 R Iz (7)
and for turbulent flow they arc related by
* s ; %*
N P 1/3 = 0,0296 Rg 4/5 IIT (8)

u T

with Nu and Re based on either s or Sy respectively.

3e Cone Skirts

Tor cone skirts the flat plate equations are used, replacing

the constants by

ot

¥3ix 0;332 for laminar flow
and 1,15 x 0,0296 for turbulent flow.

In addition to basing the Nusselt and Reynolds numbers on the
distances samd Sy (for turbulent flow), they may also be based on the
distance measured from the virtual apex of the cone skirts, sg. (See

Fig. 1.)
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Relations betwecen the compressible and incompressible

Nusselt numbers for laminar and turbulcent flow.

For a flat-plate, in either laminar or turbulent flow the local
Nusselt number and local Reynolds mumber are related in incompressible flow

by an equation of the form,

W, ~ Pr /3 (me )" v (1)
o 1 i
with n = 4/5 for turbulont flow and % for laminar flow.

Following the roference temperature correction technique due to
Eckert (Ref. 20), we first find an 'intermediate' Nusselt number, given
by a relation of the form,

N ¥~ pe ¥ 13 (g *ym I (2)

*
Where the flow properties are evaluated at a temperature T

*
corresponding to the enthalpy i given by

%

1 =41 + 05 (4 =-41) + 0.2 (1 _-1) v (3)
1 w 1 r 1

*
The Nusselt number in compressible flow is related to Nu by,

() | = M i (k*)%i) v (4)

Hence, combining equations IV (1), (2) and (4), the ratio of

compressible to incompressible Nusselt numbers is fcound gs,

Nu/Nu, = (Pr*/?r3)1/3 (Re"/Rg )™ (k*/%;) e T (5)

finally, meking use of the following simplifications,

*
Prx Pr g o~ TOT k. p0e723
then equation IV (5) becomes,
e -a
NuC/Nui = (T°)0, ) v (6)

where a = 0,13 for laminar flow
a

= 0;64 for turbulent flow.
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Now, if for hemispheres in laminar flow, the experimental values of
*
NuS correlated perfectly with the equation:-

5
2

Nus* = 0,763Pr * 13 Ros* . v (7)

then, providing Nui is determined from the incompressible form of

the above cquation, the cxperimental results plotted in the form
. *

(Hus/Nui) (T /T1) 013 s s/R should lie about the line 1.0,

Similarly, if for homispheres in turbulcnt flow, the flat plate

* % - 1/3
Pr VS.

S
» *
RoS 3 then the parameter (Nus/Nui) (T /T1) 0,64 should collapse the

experimental data about the line unity, when plotted against S/R.

equation best corrclates the results in terms of Nu

This is providing, of course, that Nui is based on the flat plate

cquations—

Na, = 0.0206 B3 g 45 v (8)
8 i o7 S

For conical skirts one may expect, for large values of S/R and
slight degrees of nose-blunting (i.c. R/Pb<:<1), that the heat transfer
conditions will approach thosc for a pointed cone. In the correclations
of the paramecter (NuS/Nui) ('I‘*/T1)a VS s/R for cone skirts, the values
of Nui were determined from flat plate cquations. Conscquently, in
regions wherc the flow approaches pointed cone conditions the parameter

* o
(NuS/Nui) (T /T1)“_would take a value different from unity. Intuitively

this paramcter, for, cone skirts, should be in the rangcs
1,0 ¢ (Nus/Nui) (T*/T1) Osl3 < dé for laminar flow

and 176 < (NuS/Nui) (T*/T1) 0,64 ¢ 1.15 for turbulent flow.
Finally we notc that, by using the intermediatec cnthalpy correction

* P
technique, the function (T /T1)d should account for both Mach number

and wall temperature cffects.
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APPENDIX V

Derivation OF Reynolds ,jnglogy Factor from

peagured values of §tanton number

1) Laminar Flow

Reynolds Analogy Factor, S, is rclated to the Stanton number

and skin friction coefficient By the equation

S = Sp/(Ce/2) v (1)

Noting that Cps for compressible flow, can be expressed in the

form:—

6pfz = (P*/py) o (Be")"E v (2)

Reynolds Analogy Factor becomes

S = Bp / {kp* /P1 ) ¢ (Res* )d% } v (3)

where Sp is the experimentally determined Stanton number and ¢ takes

the values tabulated at the end of this Appendix.

2) Turbulent Flow

Assuming the Prandtl-Schlichting formula for the compressible
skin frietion coefficient in turbulent flow, (Ref 37), equation V (1)
gives Reynolds Analogy’Factor in the form

S = S /{(p*/m ) o (logy, Res* )_2'45}_v (4)

where c takes the values tabulated helow.

3) Values of the constant, c

FLLT PLiTE SHIRP CONE | HEMISPHERE |
Laminar Flow 0.332 v 3 x 0.332 .5 (0.332) /y
Turbulent Flow 0.144 1.15 x 0.144 : (0.144) /[y

wherc § is the pressure gradient parameter derived in
Appendix Vi
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For hemisphercs with laminar flow both the 'flat-plate' and

'hemisphere! values of c¢ were used in the Reynolds Analogy Factor calculations.

For hemispheres with turbulent flow the 'flat-plate' values of
¢ were used and for the cone skirts, in all cascs the 'sharp cone' values

of ¢ were used for determining Reynolds Analogy Factor.
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Appendix VI

The Effect of Pressure Gradients on Skin Friction Cocfficients

for Laminar and Turbulent Flow on Blunted Concs.

The skin friction coefficient for turbulent flow.

It is shown in Ref. 34, that by using a modified form of
the Stewartson — Illingworth transformation introduced by Spence
in Ref. 35, the momentum equation for axially symmetric turbulent

flow may be expressed in the forms-—

@  + 6{3 au o+ 1 Q}=c(1+m)(g)a.(5)_p

as ﬁ& das T ds _
v (1)

where

= . e m

) = 6 (U,0/y)

e = 0 (9F

= =i 8

U, = U, (2) /2

5] = momentum thickness

. (TW/T1) Be + (Tr/T1) =1
Hi = shape parameter for incomprewsible flow
A = T1/To
¥*

E = T/’I‘O

CyMycty B = constants

(The other symbols are as defined for the main report).

For the isothermal wall case, in which we are interested,

Spence showed that k and 1 take the values

kK = 1=-2/2 + 1/(y=1)
1 = 1 VI (2)

Equation VI (1) may be integrated to give

o = _O%irm)_ {Sf(s)° ds - (3)
where f(s) = (M1)B., (;)6 (E)—ﬁ (r)m+1

and F o= oaw (f=l) BfE

Now, it is also shown in Ref., 35 that the local skin friction

cocfficient may bc found from the relation
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Ei = (.6
> ® VI (4)
—a, B =
where @ = (2) " (g) o VI (5)

Finally, combining cquations VI (3), (4) and (5), the local

skin friction cocfficient is found to be
fg . {Z(s)-} [b£(s) ds VI (6)
2 = | f(s —_—

where <
z (s) = (&:)_1/13+1 _ﬁ_* m/m+1 5 1+m\-;1/m+1 vi (7)
< P1U1> 51““5

The skin friction coefficient for laminar flow.

A completely analogous method to that outlined above for finding
the turbulent skin friction coefficiont may be applicd to the laminar
flow casees In order to do this it is only neccssary to adjust the
values of the constantsa , B 5 B , m and ¢ and to makc a simple
postulation discussed beclow. It should be not:d that By, a and PB
depend upon the valuc of m (sce Ref,35) and that ¢ and m are the
constants in the cquation relating the friction coefficicnt on a

flat-plate to thc momentum thickness Reynolds number, i.e.

Co = o (Re6 R

2

VI (8)

For the turbulent flow annlysis, Spence showed, by assuming
a quadratic temperature - veclocity relationship, which is not
rcstricted tc unit Prandtl number, that the compressible and

incompressiblce shapc parameters arc related by

H o= (T,/1) B + (T./1,) -1 VI (9)

Now, for laminar flow with unit Prandtl number, it can be
shown (e.g. Ref. 36) that the temperature - velocity relationship

across the boundary laycer is a quadfatic of the form

T

N (TO—TW)<%>— (TO—T1)<Q_2> VI (10)
1 i
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his becomes identical with the relation assumed for turbulent
boundary layers which leads to equation VI (9) if TO is replaced

by Tr‘

Thus, if we make this modification to equaticn VI (10)
without attempting a rigorous justification, thc analysis for
the laminar boundary layer is formally identical with that
outlined for the turbulent boundary layer. Hcnce, equation VI
(6) gives the skin friction coefficient for either laminar or

turbulent flow deponding upon the values sclected for the constants.

Derivation of the precssure gradiont paramcter, ¥ , relating skin

friction coefficicnts on ah axially symmetric body to those on a flat

plate.

The function z (s) defined in equation VII (7) may be

written in thce form

z (s) = A (P*/P1) (;U1s/p*)—m/m+1 (i} m/m+1

where A = {C (1+m)}1/m+1 / (m+1) VI (12)

We note that with m =-£ and ¢ = 0,0128 (turbulent flow)
A takes the valuc 04,0296 =nd that with m = 4 and ¢ = 0.2205
(laminar flow) A tekes the value 0,332, Thusgz (s) may be
written in terms of the compressible skin friction coefficient

for a flat platc as follows,

( l>—m/m+‘l

VIo(13)
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If the value of z (s) found in equation V1 (13) is substituted into
equation VI (6), the relationship between the skin friction coefficients

on an axielly symmetric #ody and a flat plate is found to be,

—m/m + 1

- (Ef;)fp { > l =) / Bl o } — 04)

The term in curly brackets in the above equation can now be

identified as a combined pressure gradient and body shape paramecter. For
brevity this is given the symbol ¥ and is referred to simply as the

pressure gradient paramcter. Consequently we have:-

—m/m + 1

v - {_S__l,.(-s_y_/sf(s).ds} VI (15)

The values of the constants 4 , B , m, and B are as follows:-

Laminar Flow

Turbulent Flow

§ a : 3-85

' g | 0.3

i m 1

i .18 I8

; . s 1 To ¥ 3

3.269
0.825 :
0.25

1.875 Tw/To+2.25

A computer programme was written to evaluate v for hemispheres

and hemispherically blunted cones. In all cases thc modified Newtonian

pressure distribution was assumed in the computaticn of § . A4Also, it

was necessary to take a mean value of Tw/To in the calculations since

the theory assumes isothermal wall conditions.
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APPENDIX VII

Eétimation of Walil Tempgratures

Providing that the skin can be rcgarded as thermally thin, Hill
showed in Ref. (32) that the wall temperature at the instant tp is

related to that at the previous instant -1, by the equation

<Tw>m = b Top+ <h’I‘r - B, * 6T, /& >m_1 ~Tm = Ty VII (1)

(2/8) 8, + b,

where G =pg Cg 7T

4
and r = radiation rate = & o T

The variation of specific heat, c, with temperaturec was included

in the cal®$ulations.

The heat-transfer coefficients for laminar and turbulent flow
were determined, respectively, from the following semi-empirical relations

(Refs 33),

= L
h = 0.0368 (Reg) /5 (T4 /TW)O 45 (81 w CP_,)
17
(turbulent flow) VII (2)
s
h = 0.413 (Reg) = (T4 /TW)O‘15 (‘31“1013)
1

(laminar flow) _ vi (3)

where a Prandtl number of O.7 has been assumed.

A computer programme was written to solve the above set of

equations with the iterations recpeated until

{<TW>m i (Tw>m—1} e *O.1%
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REF |[SYMBOL|MODEL| TEST O¢ R/ Ry Mo Reg X 10”8
I ® H-C | F.F 75 [0'333 | 4°'5-6:85 [0-747 -3:02
2 A H-C | FF 14:5 {0740 | 2'32 - 314 | 0'307-10"9
3 7 H F E . (R¥e) 3:95 -10'2 |0'0O11-0-057
4 a H-C | FF 12'5 |0235 | 2:97 - 3:28 1'15 -4-06
5 o) H W T - -0 1'97 015 - 1:31
6 + H F. F - 10 2:15 -2:96 | O'110 - 436
7 X H W. T - -0 6-8 0-:0008 -0'120
8 ) H W. T - -0 4.95 0:293-2-32
9 a H W. T ~ (e} 2.0l 0.057 -4.54
10 o} H-C| WT 15 0:1254 8-08 0:011-0:'069
I A H-C| WT 10 |0-250| 2'47-453 | 0'162-297
12 fo) H W.T — -0 3-21 0'015-0-126
13 7 H W T - 1'0 78 o-om—o-oz?
|14 og H W T - 'O 1.9-4.87 |0-006-0'390
15 & H w.—T. — 'O | 1'62 ~3:04 |0-016-4-08
16 o H W. T - I-O 2.0-4-15 0079 -2:33
17 a H-C| FF 7-5 0-138| 1'33 -7.08 | 1'52 -44.6
I8 x4 H-C | WT 475 | 0-80 312 0:012-0'184
NOTATION H-C HEMISPHERE -~ CONE F.F FREE FLIGHT 'TEST
H HEMISPHERE W.T. WIND TUNNEL TEST
FIG. 2 TABLE SUMMARISING TEST DATA AND MODEL GEOMETRY
INCLUDING SYMBOLS USED IN THE CORRELATIONS.
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