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ABSTRACT

Laminar, transitional, and turbulent heat-transfer rates measured on
a blunt (RN = 2.5 in, ) 9-deg half-angle cone ina M_ =5 air {low at various
angles of attack are presented. Measurements were made at nominal free-
stream Reynolds numbers of 48,5, 19, {1, and 4. 6 (10)6 per foot at nominal
angles of attack o = 0°, 5°, 10°, 15°, 20°, and 27°, The wall-to-stagnation
temperature ratio varied between 0. 20 and 0,29, Detailed circumferential
(A¢ ~30°) and axial (S/RN <€ 5,25) distributions of both the heat transfer rate
and surface pressure were obtained over the entire model at each test condi-
tion and angle of attack. Natural transition occurred on the hemispherical
cap near the stagnation region at the Rew = 48,5 and 19(10)6 test conditions.
Heat transfer rates computed along inviscid surface streamlines using various
heat transfer formulations are compared to the data, The Vaglio-Laurin type
turbulent heat transfer formulations are shown to be in good agreement with
the data at all test conditions, while those formulations which use reference
rather than edge conditions to define the local rate substantially overpredict
the turbulent heat transfer rate over the entire surface. The applicability of
the angle-of-attack heat transfer correlation, which had been previously pro-
posed by the author, is demonstrated for the present test results for both the

laminar and turbulent flow conditions,
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NOMENCLATURE

defined by Eq.' (5a)

specific heat

total enthalpy

recovery enthalpy

heat transfer coefficient = qw/(Tr - Tw), static enthalpy

léngth element which characterizes the spreading of the streamlines

length element along a streamline as measured from the most
forward point on the surface

Mach number

mondimensionalized pressure, p/po
Prandtl number (a value of 0,716 was used exclusively)
static pressure

heat transfer per unit area per unit time
cold wall heat transfer rate

Reynolds number per foot

nose radius

surface coordinate

temperature

velocity

angle of attack

wall thickness

defined by Eq. (5a)
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M coefficient of viscosity

v kinematic viscosity, u/p

P density

¢ circumferential angle measured from leeward ray
Subscripts

e boundary layer edge conditions

m model material

o laminar stagnation point condition

se boundary layer edge stagnation conditions

w wall

) freestream conditions

1, 3, 4 reference conditions used in Eqs. (2), (3) and (4), relpectively.

which are defined using Eqs. (5b)
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I, ' INTRODUCTION

v,

Verification of the accuracy of any proposed numerical method of
calculating the heat transfer rate to the surface of a hypersonic reentry
vehicle invariably depends upon its subsequent agreement with experimental
data. This becomes even more pertinent when three dimensional transitional
and turbulent flows are considered. At present, there is a need for angle-of-
attack heat transfer data wherein the flow undergoes a natural transition from
the laminar to the turbulent state on the blunt portion of the nosetip at a loca-
tion close to the stagnation region, It is especially desirable to achieve the
fully turbulent state near the sonic point so that measurements of the peak
heating can be obtained. In this regard, detailed measurements over the
entire region encompassing the first few nose radii are needed. Also, since
most reentry conditions are characterized by low wall-to-stagnation tempera-
ture ratios, the test conditions should also adequately simulate this parame-
ter. The simulation of these conditions will then provide a good experimental
data base which can then be used to determine the accuracy of the various
proposed numerical methods, The need for an accurate determination of
which numerical scheme best approximates the actual situation and the re-
sulting impact on the important probtlems of thermal protection and shape
change resulting from surface ablation is obvious,

Previous investigations have not adequately simulated all of these con-
ditions, In Ref. { an extensive investigation of the fully turbulent heat transfer
rate on the conical surface of a blunt cone at various angles of attack was
presented, Unfortunately, in that study the spherical cap had to be roughened
in order to sustain the turbulent flow and prevent the flow from relaminarizing.
Thus, the heat transfer rates on the hemisphere could not be obtained, Ref-
erence 2 includes a study of the leeward plane heat transfer distribution at

angle of attack,

.



This report presents the results of a test program wherein the previously
outlined conditions were simulated., Heat transfer and static pressure distri-
butions measured on the surface of a blunt cone at various angles of attack
are presented at four different freestream conditions, The results of some
numerical calculations of the turbulent heat transfer rate, utilizing various
(five) methods proposed in the literature, are compared to the data. The
applicability of an angle-of-attack heat transfer correlation, ; which had been
previously proposed by the author, is also investigated for both the laminar

and turbulent flow cases,
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II, EXPERIMENTAL FACILITY AND TEST CONDITIONS

The test program was conducted in the U, S, Naval Ordnance Laboratory
Hypersonic Tunnel 8 Facility. A complete description of this open-jet, blow-
down facility and its performance capabilities is contained in Refs, 4 and 5,
The present measurements were made in an air environment at a freestream
Mach number of 5 and at nominal freestream Reynolds numbers of 48,5, 19,

1{ and 4, 6(10)6 per foot. The model was cooled with liquid nitrogen and the
resulting wall-to-stagnation temperature ratio obtained using this procedure
varied between 0,20 < Tw/To € 0.29, The nominal angles of attack considered
included « = 0°, 5°, 10°, 15°, 20°, and 27.5°. A tabulation of the test con-
ditions is included in Appendix A,
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I1I, MODEL CONFIGURATION AND INSTRUMENTATION

The configuration utilized was a spherically capped (RN £2,51in,)9-
degree half-angle cone, Two models were fabricated for use in this test
program, A thick wall (6 = 0, 187 in, ) model was constructed of brass and
used during the pressure measurement phase of the program, The heat
transfer model consisted of a thin wall shell (§ = 0, 025 in., nominal) fabri-
cated of ARMCO 17-4PH stainless steel, After fabrication, the surface was
heat treated to condition H-1150 and polished to an 8 micron finish, Webs
were used for internal support and are shown in the sketch of the heat transfer
model (Fig. 1). As can be seen from this figure, the webs were positioned
so that they would not interfere with or influence the measurements. Both
the surface pressure (95 gages) and heat transfer (73 gages) were measured
at each freestream condition previously described, at approximately eleven
axial stations (S/RN = 0.15, 0,30, 0,45, 0,60, 0.75, 0.90, 1.05, 1,30, 1,50,
2.0, 3,5, 5.25), along seven circumferential rays (¢ = 0°, 40°, 70°, 90°,
120°, 150° and 180°). The locations of both types of instrumentation are
shown in Fig. 1.

The heat transfer measurements were made utilizing 0.005 in.
diameter chromel-alumel thermocouples, whose responses were automatically
recorded by the NOL high speed data acquisition system. 6 The resulting data
were then reduced using the calorimeter technique described in Refs, 7 and 8
and corrected for initial transient conduction errors using the method of
Ref. 9. A description of the data reduction technique is included in Appendix
B. * Possible sources of error were examined and are also discussed in this
Appendix. The heat transfer coefiicient, h, was directly determined from
the thermocouple output and subsequently corrected for initial transient con-
duction errors., The data presented herein is in terms of the cold wall heat

transfer rate, " defined as Q. - hT-e'

*The specific test procedures used in this experimental program and the data
reduction technique are also described in Ref. 10,

Preceding page blank
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The pressure measuiements were made utilising surface pressure
taps connected to strain-gage pressure tnuducon" housed in two sealed
water-cooled containers mounted in the test cell,

The accuracy of the heat transfer measurements is estimated to be
within #10% for most of the measurements, and approximately ¢15% near the
regions of somewhat discontinuous slope in heat transfer distribution (i.e.,
transition region and sphere-cone junction) and near the stagnation region at
the higher angles of attack, The accuracy of the pressure measurements {e
approximately 45%,
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IV, EXPERIMENTAL RESULTS

Only representative data plots which depict the pertinent resulte
determined in this study are included in this report. Tabulations of the data
obtained at each of the test conditions are included in Appendix A, An over-
view of the data is presented in this section, Comparisons with various
numerical calculations are presented and discussed in Section V,

Figure 2 shows the windward and leeward pressure distributions on the
conical surface for the angles of attack considered in this test program, In-
cluded in this figure are the numerical results obtained using the angle-of-
attack inviscid flow field computer code described in Ref, 12, Good agree-
ment between the numerical calculations and the measured distributions is
noted (except in regions where viscous-inviscid interactions should be
important) for all angles of attack at which the calculations could be made.

Included in Fig, 3a-d are the corresponding plots of the heat transfer
distributions on the conical surface for the four different freestream condi-
tions at which tests were conducted. At the three higher freestream Reynolds
number conditions, the flow undergoes transition and achieves the fully turbu-
lent state on the hemisphere, However, at the Roo z 4, 6(!0)6 condition, the
flow is laminar, becoming transitional/turbulent on the conical surface as the
angle of attack is increased. It should be noted that, except in regions where
the flow is transitional, the distributions of both the heat transfer and the
pressure are similar, Also, as the angle of attack is increased, it is seen
that the heat transfer on the leeward side decreases at a faster rate than it
increases on the windward ray. It should be pointed out that the flow is
tnmltlonal along the windward ray for o = 20,25° and 27.5° at the Rc z
11 lO) freestream condition,

6'l‘hll becomes apparent when the distributions along the entire windward and
neighboring rays at each angle of attack are plotted and compared.

Procoding pags bissk
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Figure 4a shows the nondimensional cold wall heat transfer (chlch )
distribution on the hemispherical cap plotted with respect to the nondimen-
sional streamline coordinate £/ RN. (All values of Uw wo appou;n. in the
paper are calculated values obtained using the Fay and R!ddoll relationship. )
Here the data for each of the angles of attack considered at the Re,, = 48, 5(10)6
condition have been superimposed on one figure. This type of plot is conve-
nient, since the angle-of-attack distributions on the hemisphere should be
self-similar in this coordinate system. Indeed, within the stated experimental
error, this is the case. At this freestream condition, the flow becomes
transitional at approximately station t/ RN = 0.2 and achieves the fully turbu-
lent state at approximately #/ R = 0, 4; thus, the peak heating point has been
measured. The T l'l‘ ratio vulod between 0, 24 to 0. 27 for these tests and,
to a smnall dogrn. lomo of the broadening of the transition rqlon I can be
attributed to this variation. Similar plots for individual teets at Re, values
of l9(10)6 and ll(lO)" are shown in Figs. 4b and 4c. In these figures, each
of the individual circumferential data points has been indicated, and the tran-
sition from the laminar to the turbulent state is clearly shown. It is also
interesting to note (Figs. 3, 4) that the peak heating point is still on the hemi-
sphere for angles of attack up to three times the cone half-angle.

The location of transition point at each of these freestream conditions
[Re_ - 48.5, 19, and 11(10)%) was determined by plotting the heat transfer
distributions on a log-log scale and determining the intersection of two
straight lines drawn through the laminar and transitional data. i The tran-
sition points were also determined by matching the distributions with a
numerically calcvlated heat transfer distribution of the type discussed in the
next section. Each of these methods is subject to error, but is accurate
enough to allow for a relatively accurate determination of the transition point.
This, in part, results from the fact that the transition zone at hypersonic
conditions is narrow; thus, the number of data points located in the sone for
this particular instrumentation layout is not large. Algo, it was found that,
at the higher angles of attack, the transition point on the two most windward
rays was usually further away from the stagnation region than on the other rays.

-15-



4P 00
Bagnsy
- " 4

M, =8 Re, :llﬂ'

q' ~ 36.3 w
o.usr,n.n.n

= B}

0 .2 04 06 O8 LO L2 L4 L6 1O
1/
Fig. 4a
Figs. 4. Heat Transfer Distribution on the Hemispherical Cap

4

-16.



a= 20,28°
M, = 5 Re, = 19,3 (10)°
""o = 22.3 Byt -

Ty/To = 0.26

_-_:: NUMERICAL RESULT I

.2 04 06 08 1,0 1.2 1.4 1.6 1.8 20

Wy

Fig. 4b

-17-



a=5
My = 5; Reg ~ 11.6(10)°

Yo, = 16.7 B/t - sec

Ty/To = 0.2

NUMERICAL
RESULT

-18-




Since the flow on the hemisphere is self-similar with respect to the stream-
line coordinate, this should not be the case when transition occurs on the
hemisphere. This result is probably associated with the injection of the
model into the test section and with the fact that the windward ray is the last
to enter the test core. The second method is subject to the validity and accu-
racy of the heat transfer formulations used to determine the numerical
distribution, : . -

The results obtained for a few runs at thAe Re, = 48.5 and 19(10)6 condi-
tions are shown in Fig, 5. The results obtained by the two methods discussed
previously are indicated by the designations Method 1 and 2, respectively,
Included in this figure are various transition data obtained on smooth blunt
nosetips, which were originally compiled in Ref, 16. Here, the value of Rl.e®
at the transition point has been plotted against the corresponding edge Mach
number. Each of the test conditions is indicated in the legend of the figure,
and the variation in the Tw/To ratio should be noted. The present variables
(Re@'r and M__)certainly cannot adequately represent the variation of the tran-
gition location with all the pertinent flow variables which affect the transition
process, but it is evident from this figure that natural transition was achieved
at these two test conditions. Similar results obtained for the Re = ll(10)6
condition indicate that the boundary layer was prematurely tripped by some
surface roughness which probably resulted from particle impacts. This
occurred even though the model was hand polished between runs.

When the he;at transfer ratio along any ray (or rather for any specific
point on the surface) was plotted on a semilog scale as a function of angle of
attack, the variation was found to be approximated very well by a straight
line. This was the case as long as the flow was fully turbulent and not sepa-
rated. Examples of this are shown in Figs. 6a-c for specific locations on
the windward and leeward rays at each of the freestream conditions. This
behavior was also observed in Ref. | and simplifies interpolations of the data
to any inclusive angle of attack. As was found in Ref. 1, the yaw plane
(¢ = 90°) heat transfer rate on the conical surface is a very weak function of
angle of attack, An example of this can be seen in Fig. 7, v{here the variation

-19 -
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of the circumfereatial turbuleat heat transfer distribution with angle of attack,
at station lll" = 5,25, io shown for the Re = 48. S(IO)‘ frecstream ceaditioa.

The variation of the circumferential heat transfor distribution for
various axial surface locations, measured with respect to the model ceater-
line, is shown in Fig. 8. This type of planar section is intereeting siace it
shows the circumfereatial variation in the geometric plane. In general, once
the flow has become fully turbuleat, the circumferential variation can be
described by a cosine type variation. However, the distributions in the tran-
sitional regime become varied indeed, since at angle of attack the windward
transition point moves rearward, with respect to a coordinate system cen-
tered at the @ = 0° stagnation point, while the lecward transition point moves
forward. The subsequent effect of this type of heating distribution on noseti)
ablation and the resulting shape change can be visualized.

=25
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V. COMPARISON WITH NUMERICAL RESULTS

Heat transfer rates computed along inviecid surface streamlines traced
over the surface of the blunt cone at each angle of attack were compared to
the data. The Fay and Riddell rouuon“ was used to calculate the stagna-
tion heat flux, and Vaglio-Laurin's laminar nhuou‘ was used to obtain
the laminar heat transfer distribution. Four separate formulations were
used to calculate the fully turbulent heat transfer rate, while the method of
Ref, 18 was applied to the angle-of-attack case and used to determine the
dietribution in the transitional regime. The four methods are those proposed
by Vaglio-Laurin, 19 McCuen, et al..zo Wall:or.u and DeJarnette and Tai. 2
These formulations are given below, in their respective order.

-1/5
q, * AH,, - H,) p U b} 3/5:/ ns/4 dl} )

-1/5
q, = A(H_ - "w’s/4 Plve(hZ”l)”‘{/opiU “l“ [“z‘“ -H )]514 "‘;

2)
qw i A[(Hl' - !.lw)‘]SI4 pOU (“ehl,‘l4 :[ peuep:,4

X [(Hr - H_ )hye
(3)
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1.03 144510 35
o = A, - B ol Py p1/4,8/8 1720, -3/

-1/8
y { [‘ p$/4y /4,304 “} @
where A = 0.0296 p-ZIS
.2 (u,lu.)” s (pslp.)‘/ s (Sa)
and
hy ~0.36h +0.19 H +0.45H

1/3 1/3
h3 = (0.5 - 0,22 Pr )he+ 0.22 Pr H.e# 0.5 Hw

1/3 y =1 2
hy =0.5 he+°'5Hw+ 0.22 Pr 3 Mc he (5b)

Equations (5b) definc the reference enthalpy which is uscd together with the
pressure to define the reference conditions Pyr By P3o By and v used in
Eqs. (2) through (4).

Substitution of Eq. (5a) into Eq. (3) demonstratcs that Eqs. (2) and (3)
are of exactly the same form, except that the definitions of their respective
reference conditions (Eqs. 5b) arc slightly diffcrent. Similarly, a com-
parison of Eqs. (1) and (4) will show that Eq. (4) is only slightly diffcrent
than Eq. (1).

The major difference between the two groupl# (Eqs. 1 and 4 and
Eqs. 2 and 3) is the use of edge and/or reference conditions to define the

Eqnation (4) is very weakly dependent on reference conditions and is very
similar to Eq.({) in functional form. Also, the subsequent heat transfer rates
calculated for these test conditions agree within a few percent with those
obtained using Eq.(1). Thus, they have been grouped for convenience.
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local heat transfer rate. In general, the heat transfer level predicted by
these two groups is different, with the disagreement increasing as the

T, /T, ratio decreases. In this regard, the data obtained from this test
program are especially suited to determine which is the better approximation
at moderately cold wall conditions,

The streamline patterns were determined using the experimental
pressure distributions and were computed from the most forward point on
the model to the most rearward station, The streamlines on the hemisphere
were traced along great circles emanating from the most forward point on
the model, while the streamlines on the conical surface were traced using
the technique described in Refs, 1, 23, and 24, The effect of streamline
spreading was included in all of these calculations., Perfect gas properties
were used and entropy swallowing was neglected. This latter approximation
is a good assumption over most of the range of conditions examined herein,
except at the higher angles of attack on the leeward side. ! It must be
emphasized that the identical freestream conditions, surface pressure dis-
tributions, edge conditions, viscosity relation (Sutherland model) and Prandtl
number (Pr = 0.716) were used in Eqs. (1)-(5) in evaluating the heat transfer
at a specific test condition. Thus, any variation in the subsequent heat
transfer rate for a given test is only due to the model itself. Each relation
. Hw = Hue) to yield the
corresponding cold wall heat transfer rate so that the numerical results

(Eqs. 1-4) was appropriately modified (H

could be directly compared to the data,

Figures 4a-c show the results of some of these comparisons., In
general, the results obtained using Eqs. (2)-(4) are shown downstreara of the
point where the fully turbulent rate has been achieved, However, fo: the
Vaglio-Laurin formulation (Eq. 1), the theory of Ref, 18 has baen applied to
describe the transition from the laminar to the turbulent state, Here it is
noticed that the Vaglio-Laurin distribution agrees, within the experimental
error, with the data for each of the freestream conditions tested. In all
cases, Eq. (4) yiclded essentially (always a few percent higher) the same
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distribution as Eq. (1) and therefore was not included where it would degrade
the clarity of the respective figure. For each test condition, Eqs. (2) and
(3) overpredict the heat transfer rate over the entire hemisphere. Equa-
ticus (2) and (3) yleld essentially the same results for these test conditions,
except for the effect of the different reference enthalpy formulation near

the peak heating point; thus, only one numerically determined curve is
shown in most figures. The distribution in the transitional regime is
adequately predicted by the theory of Ref. 18, although more comprehensive
statements cannot be made without a more detailed determination of the heat
transfer distribution in this region.

Figure 9 shows the heat transfer rate distribution for the zero angle~
of-attack case at the Re, = 19(10)6 test condition. It should be pointed out
that for this particular case the neglection of entropy swallowing effects is
a very good approximation, since only the first five nose radii are being
considered. Included in this figure is a numerical :'emlt"l obtained using
the finite difference turbulent boundary layer program described in Ref, 25,
The identical pressure distribution and edge conditions were used in this
calculation. This boundary layer program uses an eddy viscosity model
which accounts for pressure gradient effects. The resulting distribution on
the hemisphere falls between the other results, and overpredicts the level
on the conical surface. Equation (1) shows good agreement with the data,
while Eqs. (2) and (3) substantially overpredict the data over the entire
surface. This trend was found to hold for all the measured distributions at
each angle of attack. Examples of this trend along the conical surface are
shown in Figs. 10a-b, where the longitudinal distributions along various
rays are shown for two angles of attack, a = 15° and a = 20,25° Here it is
noticed that the distributions computed using Eq. (1) show good agreement
with the data, while the corresponding rates obtained using Eqs. (2) and (3)
do not. Only the ¢ = 180° and 90° solutions obtained using Eqs. (2) and (3)

*Thil result was graciously supplied by N, Jaffe of The Aerospace Corp.
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Fig. 9. Comparison Between the Experimental and Calculated
Heat Transfer Distributions at ¢ = 10%; = 18, 3(10)
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have been presented in these figures in order to clarify the presentation,
Further comparisons between the experimental data and the numerical
results obtained using Eq, (1) are shown in Figs, 3a-c for the windward and
leeward rays at various angles of attack for each freestream test condition,
In general, the agreement is good.

The comparison between the numerical and experimental circum-
ferential heat transfer distributions on the hemisphere using Eq. (1) and the
transitional theory of Ref. 18 is shown in Fig, 8, The agreement in both
magnitude and distribution is good, even in the transitional regime. The
calculated circumferential distributions at station S/RN = 5,25 were com-
pared with the data for each of the angles of attack, and the results are
shown in Fig. 7. The agreement between the numerical results and the
measured distributions is good for all the angles of attack, except on the
leeward side at the higher angles of attack. In this region, entropy swallow-
ing should become important! ; thus, agreement in this region would not be
expected. Also, at the higher angles of attack, separation has occurred on
portions of the leeward side, so that the approach used herein is invalid in
those regions, An indication of the location of the separation region can be
obtained from the circumferential pressure plots included in Figs. 1la-e.
In these figures, the circumferential surface pressure distributions calcu-
lated using the inviscid computer code described in Ref, 12 are compared
to the corresponding measured distributions. Good agreement is noted,
except in regions where viscous-inviscid interactions are important.,

The pressure distribution on the hemispherical sections is shown in
Fig., 12. Here the pressure data measured at a = 20, 9° has been plotted
with respect to the streamline coordinate I and is seen to collapse to the
proper self-similar curve. The numerical result obtained using the inviscid
computer code described in Ref, 12 is included in this figure along with the
distribution calculated using the modified Newtonian theory,
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Vl. HEAT TRANSFER CORRELATIONS

A convenient and simple correlation of the local nondimensional
laminar and turbulent heat transfer rate (qw /qw ) with the corresponding
local surface pressure ratio (p/p o’ for blunt cones at angle of attack was
described by the author in Ref, 3. The correlation was demonstrated using
two sets of experimental data, one for the laminar and one for the turbulent
case. In order to further substantiatc some of the conclusions presented
therein, the present mcasurecments were analyzed in the same manner,

The laminar correlation prescnted in Ref, 3 was demonstrated using
a set of laminar heat transfer mcasurcments, 26 \hich were obtained over
a blunt (RN = 0,5 in,) 25-deg half-angle cone in a M = 8 air flow at free-
strcam Reynolds numbers of 4.0 and 0, 89(10) per foot for an angle-of-
attack rangec of 0 s a/bc s 2.4. The tulrbulcnt corrclation was demonstrated
using a sct of turbulent mcasurcments obtained over a blunt (RN 22,5 in,)
9-decg half-angle conc ina Mg = 10, 6 nitrogen flow at a {rcestream Reynolds
number of 12(!0) per foot for an anglc-of-attack range of 0 s a/6 s 2,2,
The resulting corrclations for both the laminar and turbulent cases are in
terms of sets of power laws (onc at cach strcamwise surface location as
mcasured from the most forward point on the body for a given condition) of
the form q = A.';;B. An individual power law, in a given sct, correlates
the circumferential laminar or turbulent hcat transfer variation at a specific
station for a spectrum of angles of attack. For a given flow condition
(completely laminar or turbulent), the cxponents of the power laws at cach
station are the same. Howcever, the corresponding exponents for the laminar
and turbulent flow cascs arc diffcrent, being 0, 74 and 0, 96, respectively.
The exponents werce also shown to he very weak functions of the gas proper-
ties Y and w, where p « T, Furthcrmore, it was shown that the coefficient,
A.. could be accuratcly predicted at each station using the corresponding
zero angle-of -attack distribution when it was calculated including the cffects
of entropy swallowing,

Procoding page biaak
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Thus, knowing the surface pressure distributions at various angles :
of attack of interest, together with the zero angle-of -attack heat transfer

distribution, the longitudinal and circumferential heat transfer distributions .
over the entire conical surface at each angle of attack could be generated
in a simple fashion, This evaluation would include three-dimensional as .

well as entropy swallowing effects. The inclusion of these phenomema in
any numerical prediction of even a single angle -of-attack heat transfer
case is very complicated and costly. Thus, the utility of this type of
correlation is immediately obvious and its verification at other conditions
is desirable, especially the verification of the apparent lndependence3 of
the power law exponent to variations in Re,, M, and cone geometry.
Since both laminar and turbulent distributions were obtained at the present
test conditions, the applicability of both the laminar and turbulent corre-
lations can be determined. Also, since the present test conditions and
geometry are different from those corresponding to the initial test results
used to establish and demonstrate the correlation, the independence of the
exponent, with respect to the aforementioned parameters, can be verified,

A, TURBULENT CASE

The present experimental results were plotted in a manner identical
to Ref, 3 to determine if the correlation did indeed apply at the present
test conditions, The results are shown in Fig, 13 for the Re, = 48, 5(10)6
test condition at stations S/RN =2, 3.5, and 5.25. For this particular
freestream condition the flow was fully turbulent on the conical surface at
each angle of attack. Here it is seen that the present data can also be
correlated by a set of power laws, each having the same slope (0, 96)
determined in Ref. 3. The coefficients, A'. of each of these curves can
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also be predicted by the a = 0° distribution. ¥ Thus, .this type of correlation
has been shown to be applicable for another set of turbulent heat transfer
data,

B. LAMINAR CASE

The laminar data obtained at the Re = 4. 6(10)6 condition are shown
at stations S/RN =2, 3.5, and 5.25 in Figs. 14a-b. The flow is laminar at
stations S/RN = 2 and 3.5 for all angles of attack (except for the windward
ray at @ = 5°), and the corresponding data are seen to be correlated by a
power law having the same exponent (0, 74) determined in Ref, 3, Also,
the corresponding power law coefficients, A_, were found to be predicted
fairly accurately by the zero angle-of -attack distribution.! Again, it is
pertinent to remember the geometric differences between the two models
used in these respective experimental investigations as well as the different
freestream conditions and the angle -of-attack range investigated. Thus,
the present test results offer further experimental evidence that the expo-
nent is independent of Re,, M

]
As the angle of attack was increased, the flow became transitional

» and the conc geometry,

near the rear of the model, and at station S/RN = 5,25 the flow at some
circumferential locations became transitional or fully turbulent, The initial
transition occurred on the leeward side for the two higher angle-of-attack
tests., Therefore, the corresponding turbulent correlation curve has been
included at this station as well as at station S/RN = 3,5, In Fig, 14b, the

*For stations S/Ry = 3.5 and 5,25, the coefficients were determined within
3%, whereas at S/Ry =2, the difference was approximately 12%. The
axial distributions indicate that the data at S/Ry, = 2 are consistently low,
This is probably due to the larger conduction error encountered at this
station because of its location near a point of discontinuous slope in the
heat transfer distribution. Thus, the larger relative disagrecment at this
station is probably a result of the larger conduction errors present here,

The coefficients were predicted within 9, 5, and 1. 3% at stations S/RN =2,
3.5, and 5,25, respectively, The comments made in the previous footnote
also apply to this case.
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Figs. 14. Correlation of the Laminar Heat Transfer Data at
Stations SIRN =2, 3.5, and 5.25
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circumferential points corresponding to an individual angle of attack have
been connected by a dashed line in order to exemplify the circumferential
variation of the state of the flow at this station, that is, the variation from
the laminar through the transitional to the fully turbulent state. At a = 15°
the local state of the flow is seen to progress from the turbulent /transitional
condition on the leeward side to the laminar state on the most windward ray,
The same type of behavior is apparent for a = 26, 3%, except that for this
case the windward side is in a transitional state. At a = 5° the windward
ray is fully turbulent, This behavior mly have resulted from a local tripping
of the boundary layer by some local disturbance, For the zero angle-of-
attack case, the flow was laminar over the entire.nurface.

It should be noted that the fully turbulent data, as well as the laminar
cata, are correlated by power laws of the type described in Ref. 3, each
having the same exponents as determined in Ref, 3, Thus, the laminar
correlation has been verified at this freestream condition, and additional
information regarding the turbulent correlation has been obtained as well
as an example of the progression from one to the other, via the transitional
data,
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Vi, SUMMARY AND CONCLUSIONS

The results of this investigation can be summarized as follows:

i, Smooth wall turbulent heat transfer measurements at low
T /'I‘ ratios were ob?ined at two freestream conditions
[Re 248, 5 and 19(10)0) over a range of angles of attack.
Natural transition was obtained near the stagnation region
at both of these test conditions, Premature transition
occurred at the Re, = 11(10)° test condltlon.6 The flow was
laminar over the model at the Re, = 4. 6(10)° condition,
with transition occurring on the conical surface as the angle
of attack was increased,

2. Measurements of the peak turbulent heating w 6“ obtained
on the hemispherical cap at the Reg, = 48, 5(10)° test con-
dition. Detailed mcasurements of the heat transfer rate
were obtained over the entire noset;p at each test
condition,

3. Numerical calculations performed using the Vaglio-Laurin
turbulent heat transfer relation are in good agreement with
the data, Other turbulent heat transfer formulations which
were examined did not agree with the data as well as the
results obtained using the Vaglio-Laurin relation. Each of
these other relations uses refercence rather than edge con-
ditions to define the local heat transfer rate. Specifically,
the McCuen, et al., and Walker relations substantially over-
predict the peak heating for these test conditions and, in
general, overpredict the rates on the conical surface as
well. The formulation of DeJarnectte and Tai yields results
for these test conditions which are, in general, a few percent
higher than the respective rates calculated using the Vaglio-
Laurin relation,

4, Both the turbulent and laminar heat transfer correlations
for blunt cones at angle of attack which were previously
demonstrated in Ref. 2 werc shown to correlate the
present data as well. The corresponding power law expo-
nents were found to he the same as those obtained in Ref. 3,
providing additional experimental evidence that the
exponents are inderendent of Rey,, My, and the cone
geometry, The progression from the laminar to the turbulent
correlation cuives was demonstrated via the tranritional data,

5, Numerical calculations of the surface pressure agree with the
measured distributions except in regions where viscous-inviscid
interactions become important,

Preceding page.blank
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APPENDIX A

TEST CONDITIONS AND DATA TABULATIONS
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Table A-2, Heat Transfer Data - Set 1

_————————
2
qQ__ (Btu/ft"-sec)

SI.N ] (d.') Run No, Y
29 7 8 9 10

0.0 0 37.120 $5.860 98.740

0.15 0 35.300 47.601 79.469 93.696 97.600

90 35.300 37.790 70.000 85.000 97.600
180 35.300 34.800 40.000 69.501 92.844

0.30 0 70.200 87.300 89,154 98.200
40 75.960 87.385 87.562 90.000
70 61.500 79.700 82.361 91.42%
90
120 37.757 47.800 64.003 80.816
150 33.560 31.930 73.600
180 32.760 31.800 35.433 69.450
0.45 0 76.600 8€.099 93.85% 91,073 89.828

90 78.600 79.700 91.700 89.054 96.917
180 85.400 67.500 49.235 30.500 32.200

0.60 0 92.957 89,674 88.861 83.520 80.100
40 95.610 95.200 84.410 87.401
70 89.842 91.759 87.2°1 92.622
90 86.338 93,200 88.921 91.600
120 83.807 90.900 84.524 88. 184
150 84.330 86.924
180 86.531 84.300 82.700 64.343 41.469
0.75 0 77.851 76.400 65.052 58.000

90 75.100 78,050 84.500 77.225 77.616
180 74.700 79.000 82.700 71.934 66.170

0.90 0 71.600 65.300 62.400 49.699 41.678
40 67.600 61.600 45.000

70 68,700 71.150 72.000 65.600 63.000

90 68.300 70.900 72.800 68. 981 68.894

120 75.262 71.600

150 79.982 84.286 84.945 82.304

180 68,300 75.600 82.600 77.859 76.474

]
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Table A-2. Hsat Transfer Data - Set 1 (Continued)

2
q.. (Btu/ft" -sec)
S/Ry ¢ (deg) _—Ty.
29 7 8 9 10
1.05 0 85,600 1,547 44.400 35,589 27.600
40 $1.200 44.800 30.580
70 54.300 $1.700 47.325 43.773
90 $6.300 $6.900 58.600 84,541 $2.979
120 58.500 62.800 66,850 67.100
150 56.700 65,000 $9.000
180 62.000 70.600 71.600 75.400
1.30 0 42.100 36.464 27.200 21,7117 17.255
40 33,600 28,160
70 34.300 32.400 30.100 26.819
90 41,700 3s8.700 45.100 38.500 38.46%
120 42.580 49.300 50,137 $7.170
150 44,100 $3.000
180 40,500 45,600 54.200 59.514 64.824
1.50 0 24,080 18.542 13.070 8.740 6.730
40 18,800 14.980 12.341 8.88)
70 22,100 19.700 16.197 14.425
90 26,000 24,700 24.000 23,132 21.809
120 27,.5%0 28.100 32.851 35,411
150 28,900 38.000 49,700
180 25.950 29.400 35.700 41.450 $2.900
2.00 0 18.030 12. 245 8.297 6.022
40 12.700
70 20,650 15,732 14,635 13,273
90
120 24.640 27.500 30.427 34,947
150 26.300 30.350 43.400
180 25,500 29,933 38.800 46.020 §7.739
3.50 0 18.130 15.397 11,042 7.872 5.540
40 17.264 13.001 9.350 6.376
70 19,230 15.750 13.275 11.380
90 19.600 18.800 17.600 17.209
120 24.003 26.500 29.500 35.792
150 25.300 28.300 40.201 52.332
180 21,650 25.180 32.300 40.700 54.400

j———— s >=wr=——ae—euae————
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Tuble A-2. Heat Transfer Data - Set | (Concluded)

2
Q.. (Btu/ft"-sec)
8/ .N ¢ (deg) j._-iun No.
29 7 8 9 10
5.25 0 17.300 13.300 9.158 6.990 5,789
40 14.770 10.472 6.699% 3.834
70 16,230 13,900 11.070 9.070
90 18,430 17.170 16.524 16,021
120 20.050 24,000 27.250 35,200
180 21,710 31,580 35.200
180 20,087 22.900 34.000 42.900 $7.500
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Table A-4. Heat Transfer Data - Set 2

(Btu/ft2. sec)

qc
A
SIRN ¢ (deg) Run No.

20 19 21 12 22 23
0.0 0 20.7 21.400 19,080 33.370 22.000 34,200
0.15% 0 22,779 20,460 18,665 43,727 26.700 38.200

90 23.516 21,306 19.360 38,900 18.450 26.700
180 23.483  22.333 18.800 34,100 19,032 20.147

0.30 0 19.542 18.014 16.451 43,226 36,092 39.400
40 16.960 16.200 37.500 31.600 22,197
70 18.831 18.410 15,918 39.832 19.031 19.911
90
120 18,350 18.630 16.218 28,000 15.923 16.520
150 17.420 16.190 21.610 16.030 16,450
180 19.628 19.755 17.185 20,200 17.353 17.300

0.45 0 21,484 25.097 27.428 43.270 43.646 37.600
90 19.793 20.000 18.211 42,807 27.577 29.400
180 19.459 17.721 15.300 20.200 19.160 17,830

0.60 0 35,964 41,367 39,042 139.280 33.564 30.900

40 37.500 48,200 43.890 41,764 47.345 40.230
70 34.700 42.400 36.738 44.126 43.621 47.000
90 39.116  39.300 29.900 43,328 42.811 43.800
120 33.900 25.943 19,167 40,134 19,506 16.260

180 26.400 18.936 15.300 26.500 17.282 18,194

0.75 0 41,400 37,300 33,700 31,200 25.700 20,221
90 41,608 42,600 39.300 37.642 36.500 33.500
180 41.700 25,500 14.700 33,500 15.286 15.877

0.90 0 39.800 29.900 25.800 23.857 18,972 13.970
40 30.350 26.650 25,010 20.000 16.040
70 41.964 33.700 32.159 32,000 27.908 24,047
90 41.200 31.114 38.365 34,000 30.940 35,013

150 34.900 37.750 36.500 25.390 16,100
180 34,600 38,866 26.711 41,163 16,819 15.404

-57.

i



Table A-4. Heat Transfer Data - Set 2 (Continued)

qc' (Btu/ttzouc)

SIR.N ¢ (deg) Run No.
20 19 21 12 22 23
1.05 0 31,600 23.240 19.900 16.800 13,943 9,340
40 22,600 20.326 18.400 14.830 11.330
70 31,698 25.042 24.400 21.000 18.297
90 26,378 30.500 28.200 25.218 25,300
120 27,700 30.912 30.800 30.053 40.345
150 31.300 31,000 31.000 21,300

180 31,700 34,700 33,733 36.500 32,000 13.959

1.30 0 18,447 17.202 11.900 11.046 8.341 5.810
40 18.900 17.490 14.096 11.315 9.845 7.560
70 21.447 18.365 14.579 15.790 14,500 12.056
90 18.515 20,860 18.900 19,700 18.360 18,837
120 19.029 21,713 23,100 24.600 26.490 27,560
150 19.280 23,850 23.800 25.600 35,300 26.500
180 20.576 23,800 28,212 28.700 37.476 19.000

1.50 0 12.060 9,355 6.730 5,028 2.920 0.069
40 12.500 9.850 8.230 5.658 4.607 2,990
70 11.680 10,438 9.190 8,335 7.588 6,224
90 12.470 12,265 11,800 11,551 14.736 10,743
120 12,264 13.068 14.561 15.198 19.300 19,573

150 28.000
180 11,442 15,493 18.350 24.000 28.907 37.800
2.00 0 11.908 8.863 6.430 4.343 3,370 1,634
40 9.430 7.705 13.000 9.280 7,080
70 11.159 9.224 6.852 7.494 6.010 4.476
90
120 11,298 12,300 13.819 15.402 16.598 19.644
150 11,500 14.300 15,970 19.950 25,000
180 11.950 15.321 18,515 22,825 27.559 36.812
3.50 0 9.954 7.080 5.880 3,680 3,139 2,250

40 10.300 8,090 6.340 4,760 3,283 1,734
70 10.900 9.648 6.293 6,760 4,711 3,980

90 9.650 9.118 7.610 8,731 7,762 17.310
120 10.000 11,475 12,209 14,620 16.915 19,072
150 9.561 12,304 14.479 19,556 23.120 29.877
180 9.550 12,151 14,561 22.400 24.162 31,790

 —— —
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Table A-4. Heat Transfer Data - Set 2 (Concluded)

—_——---
qm(Btu/ftz-uc)

S/Ry ¢ (deg) Run No.
20 19 21 12 22 23

5.25 0 8.270 6.079 4,030 3,890 2,836 3,168
40 8.760 6.690 4,361 5,230 2,020 0,715
70 8.807 7.434 6,086 7.180 4.144 3,490
90 8.300 8.332 7.330 7.717 7.54¢ 7.259
120 8,760 10.284 10.208 12,676 15.652 20.195
150 8.704 11,817 14,566 21,550 25.490 33,486
180 7.967 11,340 14,700 23,820 33.300 41.100

- — = _— - —— ]
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Table A-6, Heat Transfer Data - Set 3
et
q (Btu/ttz - sec)
LW,

S/Ry ¢ (deg) TR
13 16 17 14 18 15
0.0 0 17.520 16.520 16.730 18.960 20.550 27,850
0.15% 0 17.900 16,484 16.859 21,521 30.950 34.809
90 17.593 16.026 15.380 17.667 21.415 31.100
180 17.224 16,500 15,780 15.900 17.440 29,800
0.30 0 15.351 15.652 17,704 26.357 29.600 30.100
40 14.054 14.700 15,740 24.300 21,842 22.878
70 15.797 14.802 16,200 20,250 25.900 30,762
90
120 14.317 13,680 14,116 14,624 15.709 24,061
150 13,740 13,990 14.150 13.620 19.420
180 15.918 15,350 14,750 14,568 13,900 18,272
0.45 d 22,076 28,100 29.337 28,759 28.400 26.100
90 21.050 19.888 25.032 27.100 32,300
180 20,850 14.823 14,750 14,681 14,200 15,245
0.60 0 27.400 27.200 26,189 26.776 24.202 19,500
40 29.600 29.600 30.500 30.900 28.000 25.700
70 27.209 26.438 26,994 28.208 27.514 28.339
90 26.650 27.100 25.837 27.955 28.800 28,962
120 26.780 26.800 24.800 26.184 24,819 28,877
150
180 28,244 25.200 15.630 15,000 13,950 14,331
0.75 0 25,200 24.100 21.317 21,733 16.900 13,410
90 25,574 24,700 24.594 25.395 24,250 23,900
180 25,000 24.500 21.906 19.709 13,520 12.690
0.90 0 23.382 20.100 17,830 16,550 12,280 9.606
40 22,800 19.640 18.530 18.280 14,220 12.500
70 23.728 21.400 21.600 21.394 1°,510 18.384
90 23.592 21.738 22.374 23.056 21.600 21,027
120
150 25,388 24.400 23.820 23.800 22,250 21,923
180 24.200 24,400 23.652 27.569 21.300 18,606

. —
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Table A-6., Heat Transfer Data - Set 3 (Continued)

2
S/Ry ¢ (deg) Uy (Btu/ft”-sec)

~ Run No,
13 16 17 14 18 15 |
1.05 0 18.440 15,540 12.564 11,300 7.421 6.349
40 15,260 15.400 12.430 10.000 7.800

70 18.610 16,330 16,721 15.825 14,180 12,416
90 18.803 19,500 18,276 19.350 17.470 16.839
120 18,829 19.000 19,538 20.865 20.400 20,972
150 19.700 20.600 19.320 21.100
180 18.800 19,600 20.645 22.410 24,300 22,850

1.30 0 13.879 10.353 8.900 7.396 4,684 3,956
40 12,350 10,520 9.426 8,000 6.210 4,430
70 12,680 11,550 11.165 10.289 7.430 8,000
90 14,105 12,640 13,180 13,284 13,050 11,067
120 14,268 13,400 14.800 16.804 16,150 11,957
150 13.420 17.300 18,130 17,280 20.000
180 14,437 15,800 17.560 18,611 20,000 21,459

1.50 0 7.920 6.050 4,330 2,585 0.931
40 7.930 6.219 4,810 4,376 2.400 1.385
70 7.833 7.040 6.200 6,041 4,540 3,776
90 7.970 7.400 8,179 7.850 6,930 6.665
120 7.950 8.290 10,272 11,440 12,900 13,800
150 12,000 17.750
180 7.888 9.820 12.224 15.300 16.200 21.053

2.00 0 7.550 5,500 4.240 2.884 2,003 0.236
40 8.479 6.394 6.470 7.684 8,116 8.717
70 7.310 6.110 5,920 5.297 4,270 3.886
90
120 7.771 7.850 9,233 10.698 11,800 12,428
150 8.000 9.200 12,000 13,250 16.130
180 8.356 9.652 12,846 15,800 17.130 21.055

3.50 0 6.463 4,619 3,700 2,948 1.760 1.200
40 7.083 4,927 4.180 3.440 1.897 1.186
70 6.560 5.998 5,430 4.800 3.758 2.920
90 6.114 5.900 5.994 6.109 5,600 5,197
120 6.327 6.925 8,485 9,600 10.817 12.304
150 6.110 9.945 12,400 15.300 19.409
180 6.350 7.570 10.149 13,250 16.900 21,031
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Table A-6. Heat Transfer Data - Set 3 (Concluded)
w
2
(Btu/ft"-sec)

q
CW,
SIRN ¢ (deg) Run No,
13 16 17 14 18 15
5,25 0 5.501 ‘3.785 3,160 2,610 1.818 2.030
40 5.640 3.842 3.557 2,608 1.616 0,270
70 5.640 4,570 4.247 3.397 2.621 2,037
90 5.476 5.044 5.407 5.600 5.040 5.347
120 5.776 6.279 8.030 8.814 9,931 12,045
150 5.710 7.169 10.512 13.441 17.729 22.010
180 5.369 6.954 10.841 14,539 18,600 23,100
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Table A-8. Heat Transfer Data - Set 4
p— — ___ — - ]}

oy (Btu/!tz - sec)

S/Ry # (deg) Run No.
24 25 2 o
0.0 0 10.862 11,262 10.696 9.720
0.15 0 11.000 10.485 9.310 8.994
90 11,325 10.600 . 9.560 8.912
180 10.899 10.870 10.128 9.716
0.30 0 8.300 8.080 6.460
40 7.650 8.290 5.815
70 9.400 9.356 8.327 7.710
120 9.400 9.110 9.260 8.200
150 9.190 8.908
180 9.810 9.640 9.872 9.194
0.45 0 9.420 8.210 7.160 5.683
90 8.932 7.910 7.323
180 8.820 9.232 9.484
0.60 0 8.000 7.320 5.550 4.240
40 8.000 7.530 5.670 5.250
70 7.923 7.916 6.860 5.978
120 8.080 7.890 8.222 7.650
180 - 8.000 8.160 - 8.942 9.901
0.75 0 6.685 5.871 4.390 3.480
90 6.732 6.360 5.661 5.340
180 6.472 6.555 7.840 8.567
0.90 0 5.620 4.821 3.617 ‘2.450
40 4.810 3.938 3.000
70 5.630 4.670 4,242 4.040
90 5.559 4.819 4.830 4.650
120 6.600
150 5.750 2.845 7.880
180 5.490 5.570 7.260 8.259

—_—_—————————————————————_
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Table A-8. Heat Transfer Data - Set 4 (Continued)

—_——
q (Btu/ltz - sec)

SIRN ¢ (deg) (4
R\l_n No.
24 25 26 27
1.05 0 4,380 3,500 2.415 1.616
40 3.590 2.025
70 4,081 3.660 3.237 2.420
90 4,320 3.900 4,240
120 4,367 4.026 4.727 5.005
150 4.410
180 4,320 4,539 5,650 6.950
1.30 0 3.030 2.457 1.810 1.010
40 2.790 2.360
70 2.735 2.424 2.436 1.602
90 2.798 2.680 2.740 2.585
120 2.779 3.010 3,782 4,170
150 4,035 4.811
180 3.100 3.221 4.698 5.575
1.50 0 1.055 0.604 0.940
40 1.520 1.260 0.763
70 1.493 1.342 1.013 0.709
90 1.419 1.420 1.382 1.372
120 1.539 1.628 2.010 2.580
150 1.707
180 1.470 1.930 2.871 4,215
2.00 0 1.180 0.854 0.402 0.197
40 2.640 2.335 2.060
70 1.162 0.885 0.760
90
120 1.175 1.220 1.612 2.380
150 1.425 2.215 2.840
180 1.182 2.030 2.652 3.960
3.50 0 1.018 0.837 0.404
40 1,018 0.925 0.587 0.301
70 1,085 1.140 2.780 0.622
90 1.058 1,010 1.005 1,090
120 1.085 1.260 1.610 2.385
150 t1.018 1.350 2.130 2.780
180 1.029 4.270 2.217 3.956
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Table A-8. Heat Transfer Data - Set 4 (Concluded)

(Btu/ttz - sec)

8/Ry # (dog)

Rua No.
24 25 26 27

5.2% 0 0.817 1.990 1.150 1.210

40 2.290 1.280

70 0.792 0.854 S.640 1.332

90 0.817 0.814 1.205 1,610

120 0.77% 0.975 1.410 2.590

150 0.784 4,280 2.010 4,680

180 0.817 4,070 2.366 4.850
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Table A-9. Pressure Data

P/P,

S/Ry ¢ (deg) a (deg)
() 5 10 15,4 20.9 27.8
0.0 0 0.963 0.944 0.955 0.919 0.872 0.784
0.1% 0 0.992 0.950 0.899 0.835 0.771 0.672
90 0.997 0.986 0.937 0.903 0.852 0.784
180 0.983 0.997 1.007 :.008 0.989 0.899
0.30 0 0.929 0.861 0.686 0.743 0.665 0.531
40 0.915 0.870 0.787 0.724 0.652 0.563
70 0.896 0.862 0.834 0.789 0.731 0.664
90 0.999 0.907 0.871 0.829 0.784 0.749
120 0.907 0.923 0.921 0.928 0.903 0.851
150 0.938 0.971  0.977 0.969 0.966 0.958
180 €.925 0.974 0.992 0.985 0.983 0.994
0.45 0 0.792 0.711 0.602 0.548 0.475 0.384
40 0.780 0.713 0.648 0.568 0.497 0.440
70 0.770 0.726 0.698 0.655 0.609 0.522
90 0.807 0.799 0.751 0.724 0.679 0.647
120 0.797 0.82¢ 0.835 0.837 0.834 0.816
150 0.804 0.862 0.898 0.928 0.950 0.984
180 0.804 0.874 0.907 0.948 0.978 1.006
0. 60 0 0.679 0.595 0.500 0.435 0.358 0,273
40 0.656 0.623 0.538 0.475 0.406 0.321
70 0.676 0.6+ 0.598 0.560 0.504 0.430
90 0.683 0.674 0.645 0.634 0.598 0.545
120 0.685 0.721 0.724 0.751 0.75% 0.760
150 0.690 0.759 0.783 0.852 0.879 0.937
180 0.685 0.767 0.826 0.895 0.944 1,000
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Table A-9. Pressure Data (Continued)

P/P,

8/Ry ¢ (deg) « (dog)
0 S 10 15.4 20.9 3.9
0.7% 0 0.545 0.460 0.375 0.313 0.2%0 0.183

40 0.5¢¢ 0.473 0.399 0.349 0.29% 0.226
70 0.545 0.509 O0.461 0.412 0.374 0.336
90 0.547 0.539 0.517 0.510 0.483 0.434
120 0.576 0.615 0.618 0.63%5 0.644 0.676
150 0.542 0.613 0.675 0.729 0.781 0.861
180 0.536 0.620 0.701 0.782 0.8%1 0.949

0.90 0 0.396 0.326 0.283 0.208 0.159 0.109
40 0.400 0.341 0.152 0.236 0.195 0.145
70 0.405 0.376 0.337 0.316 0.285 0,243
90
120 0.40¢ 0.443 0.449 0.503 0.322 0.541
150 0.408 0.474 0.%46 0.611 0.668 0.742
180 0.407 0.487 0.%569 0.650 0.733 0.834

1.08 0 0.279 0.219 0.169 0.130 0.096 0.064
40 0.281 0.233 0.193 0.158 0.127 0.096
70 0.279 0.2%6 0.23%5 0.210 0.190 0.166
90 c

120 0.282 0.323 0.342 0.387 0.411 0.431

150 0.288 0.346 0.399 0.475 0.540 0.615

180 0.293 0.3%9 0.437 0.527 0.606 0.712
B e e e =)
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Table A-9. Pressure Data (Coatinued)

P/P,

S/Ry ¢ (deg) « (dog)

0 ] 10 15.4 20.9 7.8

1.18 0
40 0.216 0.175 0.142 0.114 0.091 0.068
70 0.241 0.190 0.172 0.157 0.143 0.123
90 0.163 0.133 0.232 0.1%3 0.150 0.1%0
120 0.213 0.240 0.265 0.29% 0.317 0.344
150 0.215 0.261 0.310 0.375 0.438 0.518
180 0.218 0.277 0.334 0.416 0.492 0.619

1.30 0 0.129 0.096 0.072 0.05% 0.035 0.021
40 0.131 0.103 0.084 0.064 0.05%1 0.036

70 0.13%5 0.12¢ 0.110 0.100 0.093 0.081

90 0.129 0..29 o0.128 0,825 0.12¢ 0.122

120 0.129 0.148 0.170 0.194 0.216 0.243

150 0.429 0.169 0.203 0.259 0.308 0.382

180 0.142 0.187 0.229 0.289 0.356 0.480

1.50 0 0.085 0.060 0.044 0.029 0.019 0.013
40 0.086 0.067 0.053 0.041 0.031 0.027

70 0.084 0.075 0.069 0.059 0.058 0.050

90 0.088 0.087 0.088 0.086 0.088 0.095

120 0.084 0.098 0.117 0.135 0.155 0.178

150 0.084 0.113 0.146 0.184 0.231 0.300

180 0.08f 0.117 0.158 0.205 0.262 0.381
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Table A-9. Pressure Data (Continued)

P/P,

8/Ry ¢ (deg) a (deg)
0 5 10 15.4 20,9 27.5%
1.7% 0 0.082 0.059 0.034 0.030 0.021 0,015
40 0.084 0.066 0.053 0.041 0.031 0,028
70 0.085 0.075 0.069 0.065 0.058 0.046
90 0.084 0.082 0.085 0.085 0.090 0,087
120 0.082 0.086 0.114 0.131 0.151 0,181
150 0.087 ©0.117 0.142 0.185 0.232 0.307
180 0.085 ©0.119 0.150 0.208 0.267 0.369
2.00 0 0.08f 0.058 0.043 0.029 0.021 0.016
40 0.079 0.062 0.051 0.040 0.029 0.019
70 0.081 0.073 0.067 0.067 0.055 0.045
90 0.080 0.080 0.083 ©0.081 0.088 0.086
120 0.081 0.094 0.109 0.127 0.148 0.175
150 0.084 0.111 0.135 0.179 0.225 0.307
180 0.080 0.106 0.149 0.198 0.260 0.356
3.50 0 0.067 0.051 0.040 0.032 0.029 0.023
40 0.068 0.052 0.043 0.031 0.020 0.011
70 0.069 0.059 0.053 0.042 0.035 - 0.031
90 0.067 ©0.070 0.065 0.066 0.063 0.065
120 0.066 0.077 0.092 0.110 0.135 0.174
150 0.07¢ 0.091 0.118 0.159 0.225 0.322
180 0.059 0.093 0.128 0.188 0.274 0.404
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Table A-9. Pressure Data (Concluded)

P/P

[ ]

8/Ry ¢ (deg) « (deg)
() s 10 1s.4 20.9 27.%
5,28 () 0.058 0.043 0.037 0.032 £.030 0.032

40 0.056 0,045 0,035 0.02¢ 0,013 0.014
70 0.059 0.051 0.045 0.03¢ 0.028 0,029

90 0.059 0.059 0.0%59 0.057 0.057 0.064
120 0.062 0.07¢ 0.085 0.108 0.138 0.176
150 0.117
180 0.057 0.083 0.123 0.204 0.296 0.411
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APPENDIX B

DATA REDUCTION TECHNIQUE

The thin-skinned calorimeter technique/concept was used to reduce
the transient temperature response of each thermocouple to a corresponding
local heat transfer rate. In this technique, each element of the thin-wall
model is assumed to act as a calorimeter and all heat transfer rates other
than the boundary layer surface heat transfer (q') are neglected. Therefore,
the heat balance for a specific calorimeter element can be written in the form

9 *PmCp 6%—{- (B-1)
m

where 6 is implicitly considered to be thin enough so that the specific element
can be assumed to be at a uniform temperature instantaneously.
Defining the heat transfer coefficient, h, as

q
hs T—'T_ (B-2)
r ‘w
this balance becomes
me [ .
Pr T
RETTT, B (B-3)

Various methods are available for transforming the aforementioned
transient temperature data, which were recorded at finite time intervals
during the specific tests, to a form that can be used in Eq. (B-3) to obtain
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the local heat transfer coefficient. The accuracy of fitting a polynomial to
the transient temperature data and then differentiating to obtain 8T/t was
investigated in Ref. 8. There it was compared to a different technique
developed in Ref. 7, termed the ''stepwise integration' technique, and found
to yleld less accurate results. Thus, the "stepwise integration' technique
was used to reduce the present data. The technique is briefly described in
the following section together with the possible sources of error encountered
in transforming the thermocouple response to a local heat transfer coefficient
using the techniques described herein,

Since p and §(x) are known, if cl’m is represented by a linear function
A + BT over the temperature range defined by a small time interval At,
Eq. (B-3) can be integrated to ylield

pmbcp
hs= A_t [(A + BT )ln[ ] -B(T‘ - Tz)l (B-4)

if, in addition, h is assumed to be constant over the same small time
interval. Under these assumptions, the resulting value of h is taken to

be representative of the heat transfer coefficient at the mean of the specific
interval, At.

Thus, Imowing the ch varfation, model material, and the transient
backface temperature response as measured by the individual thermocouples,
the local heat transfer coefficient can be obtained by using Eq. (B-4). How-
ever, the subsequent evaluation of the heat transfer coefficient in the afore-
maentioned manner is subject to orrtn'8 arising from

(a) cvalmlon of the physical properties of the material

[Pm and ch (T )]P

(b) variation of the wall thickness at each station, 5(x)

(c) radiation effects

(d) neglect of surface curvature

(e) nonuniform precooling
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(f) nonuniform heating of the model when it passes through
the f“ou:nol shear layer as it is being injected into test
sec

(g) thermocouple losses

(h) impressed conduction in the normal, longitudinal, and
circumferential directions

(1) assumptions inherent in the stepwise integration data
reduction technique.
Each source of error was examined, and its impact on the resulting reduced
heat transfer data is discussed below. Here the general results raported in
Ref. 8 were used to evaluate the order of the aforementioned errors.

(a) Physical Properties
The material density ls known, p_ = 490.75 1b/#>. The
variation of Cpm with temperature was obtained from
measurements made on the same type of material used to
fabricate the present model and are considered to be the
best available data. These data are discussed in Ref. 10,

(b)  Wall Thickness
The wall thickness, §, was measured at each thermocouple
location and used in the determination of the local heat
transfer coefficient.

(c) Radiation Effects
Considering the low temperature at which these tests were
conducted (T_~ 800°R, T, ~ 200-300°R), the estimated
error due to radiation effects is less than 1%.

(d) Surface Curvatyre

The error in neglecting the local curvature of the wall is
proportional to -GIRN + (6/!!.N)z . For this geometry the
error is approximately -1%.
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(e.f) Nonuniform Precooling and Shear Laver Heating

The correction of the data for errors due to initial
transient conduction effects was performed using

the Thomas-Fitssimmons’ (T-F) method described in
Appendix C. These initial transient conduction effects
occur due to the nonuniform precooling of the model

and the nonuniform heating of the model as it was injected
through the tunnel free shear layer into the test section.

At the start of each test, the tunnel was evacuated to 10
Torr in order to boil off any moisture present and avoid
the possibility of any condensation on the model surface.
Once this was accomplished, the pressure was raised
to 100 Torr and the model was cooled to a uniform
.tomporature of 105°R, Before the pressure was lowered
to 5 Torr in order to begin the tunnel starting sequence,
the cooling had to be terminated in order to avoid any
solidification of the liquid nitrogen as it expanded through
the cooling nozzles. Thus, during the period that the
tunnel pressure was being lowered to 5 Torr and the time
required to start the other equipment used to support the
flow once it was established, the model was nonuniformly
heated. An additional nonuniforn heating of the model
occurs once it leaves the cooling chamber and before it
is exposed to the test stream, since the model must be
passed through the free shear layer of the open jet tunnel
before it enters the test core.

(g) Thermocouple Losses
Small diameter (0.005 in.) chromel-alumel thermocouples
were used in order to reduce any associated conduction
losses. They were welded tangent to the surface, since
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(h)

tests conducted by Wl.llon8 showed that this reduced the
error significantly, as opposed to the error which would
occur if they were welded normal to the surface. The
T-F method was used to correct the data for transient
errors arising from the initial transient effects associated
with the presence of the thermocouple. The corresponding
steady state error is presently being measured for a
typical condition and will be reported in Ref. 10.
Con on Errors
(1) Normal Con on
Since the wall is of finite thickness, there is always
a gradient in the normal direction. Since the backface
temperature is actually measured, the data must be
corrected for errors resulting from the existsnce of
this temperature gradient, The correction for steady
state error associated with this effect was obtained
using a one-dimensional result derived in Ref. 30

of the form
h 2
a =g4+hy20 l
x 1+3+T5—+... (B-5)

where \ = hblkm and h‘ is the corrected heat transfer
coefficient.

The model wall thickness was chosen to be nominally
0.025 in., as compromise between structural integrity
and minimizing any associated conduction losses. The
specific magnitude of the correction as obtained using
Eq. (B-5) depends upon the level of the local heat
transfer. For the tests described in this report, the
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@)

@3)

maximum correction was on the order of 2 to 3%. The
correction for the initial transient conduction error
associated with the initial normal conduction through
the model skin as the model first senses the free-
stream flow was obtained using the T-F method.
Longitudinal Conduction :
The longitudinal gradients on the conical surface are
small even at the higher angles of attack. Thus, the
associated impressed conduction effects should be
very small, The corresponding gradients on the
spherical cap are large, but in most regions the large
size of the model results in reletively small conduction
errors for the test times (t <2 sec) used in the data
reduction. These errors were estimated, using a
techhique similar to that discussed in Ref, 8, to be on
the order of 1 to 2% for the test times encountered.
However, in regions where the heat transfer distribu-
tion is somewhat discontinuous (transition points,
sphere cone juncture), the conduction errors are
larger. None of these errors is accounted for in the
final data reduction, but they are estimated to be

less than 5% for the current test conditions.
Circumferential Conduction

At angle of attack, the circumferential gradients can
become quite large. However, since the model is
quite large, the errors are small for the specific
thermocouple layout and test times used in these
tests. They were estimated on the conical surface,
using a procedure similar to that described in Ref. 8,
to be less than 1% for the specific thermocouple

-78-



(i)

locations and test times used in the data reduction.
The gradients on the sphere are smaller, but the
surface area is also smaller. A similar estimate
in this region also yielded errors on the order of
1%, except near the stagnation region where the
error is much larger (v5-10% at the higher angles
of attack).

Stepwise Integration Technique

In order to determine the effect of the specific interval

At on the data reduction, tests were conducted with

recording intervals of 0.28 and 0.10 sec at the same

freestream conditions, A comparison of the two x:elultant

distributions showed very good agreement. All the data
contained in this report were reduced from transient tempera-

ture data recorded at time intervals of 0.28 sec.

The linear fit of C_ over the small temperature ranges
encountered in any time i.nter"'Va.l was also found to be a

good approximation.
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APPENDIX C

THOMAS-FIT ZSIMMONS CONDUCTION CORRECTION METHOD

Conduction within the thin wall of the model occurs whenever there
are local temperature gradients. The thin-skin calorimeter technique
ignores any of these effects and, thus, the data reduced using that tech-
nique must be corrected for any subsequent errors arising from this
assumption.

A method was developed by Thomas und Fitzsimmons in Ref. 9 which
corrects the subsequent data for the initial transient conduction errors
that decay rapidly in time. Individual thermocouple data are used directly
in this technique as opposed to other techniques which calculate VzT.
thereby needing other closely spaced thermocouples surrounding the one
of interest. This latter technique is sensitive to the accuracy of the
respective thermocouple readouts and is subject to large errors in the
calculated correction, unless these measurements are very accurate. It
also requires many more thermocoup'es for a single measurement.
However, it should be pointed out that ... s technique, if accurate, corrects
for steady state as well as transient errors, whereas the T-F method only
corrects the data for errors arising from initial transient conduction effects
which decay rapidly in time.

Estimates of the steady state errors, for the test times used in the
data reduction, indicate that these errors are not large and are much smaller
than the initial transient conduction errors which occur during the test.
Since only the initidl aerodynamic heat transfer is of interest, the T-F
method was used to correct the data. This choice was reinforced by the
fact that it was easier to apply and more straightforward than other approaches.
It is tailored to correct for initial errors arising from nonuniform precooling,
nonuniform heating while passing through the shear layer, initial transient
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normal conduction, and initial transient errors arising from the presence
of the thermocoupls.

Thomas and Fitzsimmons demonstrated that by curve fitting the
individual thermocouple data after the initial transient conduction was
minimal and before the impressed conduction effects became important, the
correct heat transfer coefficient could be obtained by a backward extrapola-
tion in time to the initial starting time. Actual choices of the specific time
interval over which the data should be fit is subject to a judgment regarding
the specific test data to which the method is being applied. In these tests,
for ease of computation, due to the volume of test data to be reduced, various
specific time intervals were chosen and a quadratic least-squares fit was
obtained over the intervals, using six to eight points. The specific interval
chosen for a given test and thermocouple was selected from the time history
plots of the heat transfer coefficient. It was also found to be necessary to
check each curve fit individually and to make refinements where necessary
in order to obtain adequate curve fits to the data.
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