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MACH NUMBERS OF 1.98 AND 4.95%

By Morton Cooper, Ivan E. Beckwith, Jim J. Jones,
and James J. Gallagher

SUMMARY

Beat-transfer rates and pressure fluctuations at Mach numbers of 1.98
and 4.95 have been measured at the stagnation point of a concave hemi-

sphere for a Reynolds number range from 2 X lO6 to 11 x lO6 based on free-
stream conditions and model diameter. These data, together with schlleren
studies made at a Mach number of 1.98, show that for angles of attack less
than approximately 2°C either of two flow conditions could occur at both
Mach numbers. The flow was observed to alternate in a random menner from
steady flow to unsteady flow. The heat-transfer coefficients measured

for the unsteady flow were approximately 6 to 7 times the coefficients

for the steedy flow. The ratic of the coefficients for the steady flow
to the theoretical values et the stagnation voint of a convex hemisphere
varied from 0.2 to 0.5. At angles of attack of sbout 2° or more the
heat-transfer rates were at the low level.

INTRODUCTION

The study of reentry shapes and methods for reducing heat transfer
to such shapes has been the subject of intensive research. Recently,
considerable interest has been stimulated in a concave hemispherical
nose shape because of extremely low heating rates observed during
exploratory tests (ref. 1). Values of stagnation-point heat-transfer
rates about one-~third those of the convex hemisphere were quoted for
Mach numbers of about 3 and values as low as one-tenth for Mach numbers
near 8. Additional tests at a Mach number of 2 (ref. 2) indicated values
of L5 percent of those of the hemisvhere. Lower stagnation-point
heating rates on concave shapes than on convex shapes should be antici-
pated because of the smaller sitagnation-point velocity gradient on the
concave shepe as indicated in reference 3 and measured in reference L.

*Pitle, Unclessified. %
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Subsequent to the investigations reported in reference 1 and 2,
some unpublished data obtained by the Lengley Pilotless Aircraft Research
Division on rocket-propelled models indicated values of only one-eighth
to one-twentieth of those on the hemisphere in the Mach number range
from 3 to 7. Although in all cases (refs. 1 and 2 and the unpublished
data) the stagnation-point heat transfer was less than that on the hemi-
sphere, the apparently large differences in these data could not be
explained. In an sttempt to understand the phenomena causing these
differences, an investigation was undertaken in the Gas Dynamics Branch
of the Langley Laboratory to study further the concave hemisphere shape.
The invesiigation was conducied at Mach numbers of 1.98 and 4.95 and
Reynolds numbers, based on diameter and free-stream conditions, varying

from 2 x 106 to 11 x 106. The purpose of the present paper 1ls to pre-

sent some results of this investigation. While these results are con-

sidered preliminary, they are presented at this time because of the

. occurrence of an important phenomenon not previously observed in ref-

erences 1 and 2 and the unpublished data. Although heat-transfer coef-
ficlents considerably lowexr than those cbtalined on a convex hemisphere
have been measured at the stagnation point, values several times those
of the hemisphere have also been obtained. The low values are assocl-
ated with steady flow while the high values are associated with unsteady
asynmetrical flow. Subsequent to the completion of these tests, both
types of flow, together with the assoclated high and low heating rates,
have also been observed in the Langley Unitary Plan wind tumnel. Hence,
until the flow instability can be better understood or controlled, it
should be assumed that the high heat rate 1s possible in practical
applications.

SYMBOLS
q heat-transfer rate per unit ares
To stagnation temperature
Ty wall temperature
h stagnation-point heat-transfer coefficient, g
o~ Ty

hg theoretical stagnation-point heat-transfer coefficient for

a convex hemisphere
Rg Reynolds number based on free-stream conditions and model

dilameter

e
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M free-stream Mach number
a angle of attack, deg
Po stegnation pressure, 1lb/sq in. abs

APPARATUS AND METHOD

Model

The heat~transfer model, which is shown in figure 1, was constructed
from 17-4 PH stainless steel. The model was l% inches in diameter and

had a nominal skin thickness of 0.028 inch. In order to expedite these
exploratory tests, only two iron-constantan thermocouples were installed
on the inner surface of the model. One was located on the axis of sym-
metry and the other was located approximstely as shown in figure 1.

(The thermocouple located on the axis of symmetry will be designated
herein as the stagnation-point thermocouple.) The measured skin thick-
nesses at the thermocouple locations were 0.025 inch for the axis of
symmetry and 0.031 inch for the off-axis location. Only stagnation-
point heat-transfer data will be presented.

A pressure model was tested to determine the pressure fluctuations
a2t the stagnation point. The exterior shape and dimensions of this model
were the seme as those of the heat-transfer model (fig. 1). The pressure
instrurentation consisted of a quartz piezoeleciric pressure transducer.
The diameter of the sensitive element was about 1/4 inch.

Tunnels

Two blowdown tunnels in the Langley Geas Dynamics Leboratory were
used. for the tests. Both tunnels utilized dry air stored at
5,000 1b/sq in. in & common 20,000-cubic-foot storage system. The
tests at M = 1.98 were conducted in an open 9- by 9-inch test section
in the flow produced by a two-dimensional nozzle. The stagnation pres-
sures varied from 90 to 170 lb/sq in. abs and the stagnation temperatures
ranged up to 150° F. The initial model wall temperature ranged from ,
50° to TOC F.

The tests at M = 4.95 were conducted in a closed, axizlly sym-
metric test sectlon, 2 inches in dismeter. The stagnation pressure
ranged from 500 to 2,500 1lb/sq in. abs, and the stagnation temperature
was approximately 400° F. The initial model wall temperature was

agbout 75° F.
.. ——
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Installation

For both Mzch numbers, the model, which was sting supported (as
shown in fig. 2), was inserted by means of air-actuated cylinders into
the airstream after steady-flow conditions were obtained. For the test
at M = 1.98 +the model was rotated into the siream about an axis paral-
lel to the tunnel center line (fig. 2(a)). For the test at M = 4.95
the model was pushed into the tunnel in & horizontal plane {fig. 2(b)).
(The model shown ir figure 2(b) is not the one tested in the present
investigation.) In order to accomplish this, & side door on the tunnel
was iowered and then the model was inserted. The model~support-system
was mounted to a door which closed the tunnel as the model became cen-
tered (fig. 2(b)). For both Mach numbers the time required to bring
the model into test position was a2 small fraction of a second.

Data Reduction

The heat-transfer data were evaluated by the transient calorimeter
technique whereby the heat entering the model skin is eguated to the
heat stored. Because of the exploratory nature of the tests whereby
trends ard magnicudes were being studied, a simple one-dimensilonal heat
balance asswning infinite skin conductivity in the direction normel to
the wall was used, with lateral conduction neglected. The resulting
heat-transifer coefficients, therefore, will be too low for two reasons.
The geometry correction due to the concave hemispherical shape would
increase the measured hest transfer by about 3 percent. An approximate
analysis based on the one-dimensional unsteady heat-conduction equation
for a wal’ of finite thicimess (ref. 5) shows that an error of the order
of 10 percent occurs at the highest coefficients since the thermocouples
wvere located on the inner surface of the skin. It is not possible to
evaluate reliably the lateral conduction correction without more detailed
temperature-distribution data, but estimates based on the two thermo-
couples indicate that this effect would not be significant, at least
for the earliest times.

RESULTS AND DISCUSSION

Heat-Transfer Records

Inasmuch as the heat-transfer records obtalned during this investi-
gation were quite unusual, and in many cases differed markedly for 4if-
ferent runs, a representative series of the temperature-time records is
presented in figures 3 to 5. In these figures rmultichannel-galvanometer

records are presented for M = 1.98 and « =0 (fig. 3), for M= 4.95
and o = 0 (fig. 4), and for angles of attack at both Mach numbers

ol
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(fig. 5). Tempersture and time scales have been indicated on all
records. The unlabeled temperature time history is that of the thermo-
couple located off the axis. It is to be noted that a separate base
line exists for each galvanometer channel. TFor the tests at M = 1.98,
the stagnation temperature was recorded directly with the other thermo-
couples. For the tests at M = b.95, however, the stagnation tempera-
ture was recorded on a self-balancing potentiometer. For some of the
M = k.95 records, a static pressure on the tunnel wall, near the model,
is shown to verify that the tunnel has "started" and uniform flow has
been established. The first rise in the static-pressure record

(fig. 4(a)) occurs when the tunnel is opened to aimosphere so that the
model can be inserted into the tunnel. The drov occurs when The tunnel
is closed as the model 1ls inserted. Although flow in the tunnel is
reestablished almost immediately, the relatively slow response time of
the orifice installatlon accounts for the slow drop in pressure to the
tunnel -empty value.

The two temperature-time records shown in figure 3 for M = 1.98
are for essentlially the same stagnation conditions. The higher heating
rate (fig. 3(g)) is approximately six times the lower rate (fig. 3(b)).
This surprising result whereby either of two considerably different
heat-transfer rates may occur is due to the existence of two basically
different flow petterns as will become more evident subsequently. (The
rapid rise in temperature occurring for the first 0.2 second, fig. 3(b),
of the initial heating period for this particuler test is extraneous
and is associzted with the entrance of the model into the airstreem.)

It is of interest to note thet the high heat-transfer rate drops sharply
(rig. 3(a)) after about 3.8 seconds. There is insufficient precision
at this point, however, to evaluate the hest-transfer coefficient.

The temperature-time records for M = %4.95 (fig. &) show similar
and even more irregular occurrences. For example, at a stagnation pres-
sure of 1,020 1lb/sa in. abs (fig. 4(b)), the heating rate oscillates
similtanecusly for both thermocouples from high to low values as the
flow pattern chenges. Similar oscilletions were also obtained in a more
or less random pattern during other tests at both Mach numbers. TIn
another test (fig. 4(2)) at approximately the same stegnstion conditions
as those of figure 4(b) only the high rate was observed. In the records
obtained at stagnation pressures of 2,535 end 1,515 lb/sq in. abs
(figs. 4(c) and 4(d)), the high heating rates were observed initially.
However, after about 0.3 second there was a nearly discontinuocus change
in the temperature~time slope for 2,535 Ib/sq in. abs. The heat~transfer
coefficient just after the change in slope is about one-sixth the value
during the first portion of the record. These changes in heat-transfer
rates are again associated with changes in the flow patitern. + should
be noted that the cooling indicated afiter peak temperature (fig. 4(b))
was caused by retracting the model from the tunnel.
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In the vresent tests at angle of attack (fig. 5) the records were
smootn and 1n all cases exhibited low heat-transfer rates. It should
be noted, however, that on one occasion in the Langley Uniltary Plan wind

tunnel the high heating rate was reasured at an angle of atteck of 7%9

et M= 2.5.

Heat-Transfer Data

Heat-transfer data for two oscillating-flow-condition tests at
M = k.95 and essentially the same stagnation conditions are presented
in figure 6. In this flgure and in figure T the heat-transfer coeffi-
cient has been referenced to the theoretical value at the stagnation
point of a convex hemisphere (ref. 6), assuming s Newtonian velocity
gradient for the hemisphere. The oscillation of the flow from high to
low rate is aperiodic.

In figure 7 all tke stagnation-point heat-transfer data have been
summarized. All the symbols except the squares denote separate tests.
Square symbols indicate that both high end low values occurred during
a given test. One average high value and one average low value are
presented for the oscillating-flow test shown in figure 6. Clearly for
both Mach numbers the data subdivide into two heating levels. In gen-
eral, the low level varies from 20 to 50 percent of the hemisphere and
the high level is about 6 or 7 times the low value. For these data
there is roughly a 50-percent increase in both the high and the low
heating rates as the Reynolds number is increased. Laminar boundary-
layer theory would predict h/hg; independent of Reynolds number. The

off-axis thermocouple indicated hegt-transfer values approximately
equal to or somevhet less than those indicated by the stagnation-point
shermocouple. The stagnation-point value quoted in reference 2 and
shown in figure 7 is consistent with the low heating rates observed in
the present tests. There is, however, no explanation for the difference
between these resuvlts and those from the unpublished rocket test (M =3
to M= 7), wnich were approximately one-fourth the low rates shown for
M= L.95 at corresponding Reynolds numbers.

t angles of attack of spproximately 2° or greater the low heat
rate always occurred in the present tests.

Schlieren Photographs and Stagnation Point
Pressure Measurements

In order to obtain a better understanding of the vhenomena associ-
ated wilth the high and low heating rates, & series of schlieren

e liliiiskiy



NACA RM L58D252 A 7

S

photographs 2nd stagnation-point pressure measurements were made. The
schlieren pictures were obtained at M = 1.98 and the pressure measure-
ments were made at M = 1.98 and M = L4.95.

Typicel schlieren photographs are presented in figure 8. Photo-
graphs taken with and without flow in the empty tunnel are shown for
reference purposes. Figures 8(c) and 8(d) illustrate one flow configura-
tion, while figures 8(e) and 8(f) illustrate the other flow configuration.
(A photographic highlight in figures 8(e) and 8(f) obscures the leading
edge of the model.) With the ald of additional schlieren pictures such
as these, coupled with the thermocouple records and the plezoelectric

measurements of pressure, it is possible to classlfy the types of flow
es follows:

(2) Steady flow and low heat transfer
(b) Unsteady flow and high heat transfer

Steady flow.- Steady flow end low heat transfer are characterized
by a shock wave which 1is symmetric at zero angle of attack and relatively
close to the body as shown in figures 8(c) and 8(d). Motion pictures
taken at 2,000 frames per second indicated thet the bow shock was steady.
For this condition, the piezocelectric pressure transducer indicated only
a slight pressure oscillation as illustrated for M = k.95 i1in figure 9.
The pressure corresponded to the stagnstion pressure behind a normal
shock. This steady flow was observed during all the present tests for
engles of attack greater than ebout 2° and intermititently for angles of
attack less than sbout 2°.

Unsteady flow.- For angles of attack of the order of 2° or less,
an alternate flow characterized by an asymmetric bow shock and high heat-
transfer rete was also observed. As can be seen in Tigures 8(e) and 8(f),
the shock is considerably farther ahead of the body than for the symmetri-
cal low-heat-transfer case. The air inside the concave nose appears to
spill alternately around different sides of the body. At 2,000 frames
per second the asymmetric shock for M = 1.98 is primarily steady with
superposed bursts of unsteadiness. For this Mach number there was no
discernible chenge in frequency of pressure fluctuation as the flow
shifted from steady to unsteady. At M = 4.95, however, the stagnation-
point pressure (fig. 9) showed a high-frequency fluctuation of the order
of 2,000 cycles per second. (Inasmuch as the natural frequency of the
recording system was only sbout 1,000 cycles per second, the amplitudes
of the fluctuations, which might inelude some mechanical effects, were
attenuated.) These high-frequency pressure fluctuations are consistent
with unpublished schlieren observations at M = 4.5 in the Langley
Unitary Plan wind tunnel. In those tests, the shock fluctuated vio-
lently and almost continuously for the unsteady flow. There seems to
be a Mach number effect whereby the unsteadiness occurs more readily and
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becomes more violent at high Mach numbers. The mean of the pressure
fluctuations (fig. 9) corresponds to a pressure about 15 percent greater
then the stagnation pressure behkind a normal shock. The increase in
pressure i1s probsbly due to the asymmetrical shock, inasmuch as a simi-
lar increase was noted at M = 1.98. During the pressure tests the flow
was observed to oscillate between the two conditions sometimes in less
than 0.1 second and other times requiring many seconds.

Although the high reat rate and unsteady flow are shown for only
one Reynolds number st M = 1.98 (figs. 7, 8(e), and 8(f)) vwhen schiie-
rer. and heat-transfer records were obtalned simultaneously, the unsteady
flow was observed over the complete Reynolds number range during schlile-
ren studies alone.

Aithough the unsteady flow was never okserved for angles of sttack
greater than approximately 2° during the present tests, the high heating

. o .
rate was reasured during one test at M = 2.5 and o = 7% in the

Langley Unitaxy Plen wird tunnel. During one other test in the Langley
Unitsry Plan wind turnel at M = 4.5 and o = 15°, the unsteady shock

was observed in the schlieren pictures.

General Remarks

These tests have clearly established that two flow configurations
can occur on a conceve hemispherical nose, and that the heating rates
may be either higher or lower than the heating rates for the convex hemi-
sphere. Before any further recommendations are msde regarding the practi-
cal use of this configuration, it will be necessary to better understand
or control the flow. On the basis of some exploratory tests 1{ sppears
possible to assure the low-heat-transfer conditions by changing the rela-
tive proportions or modifying the contour of the internal concave regions.

CONCLUDING REMARKS

Heat-transfer rates and pressure fluctuastions at Mach numbers of 1.98
and 4.95 have been measured =i the stagnation point of a concave hemi-

A
sphere for a Reymolds number range from 2 x 10° to 11 x 106 based on free-
stresm conditions and model dlemeter. These datza and schlieren vhoto-
graphs obtained during the szme tests show that for angles of attack less
than approximately 20 either of two flow conditions could cccur. The flow
was generally observed to alternate in s random msnner fror steady flow

to unsteady flow.
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For the unsteady flow, the pressure at the stagnation point fluc-
tuated at a fregquency of the order of 2,000 cycles per second at a Mach
number of 4.95 and the mean of the pressure fluctuations corresponded —
to a pressure about 15 percent greater than the stagnation pressure
behind a normal shock for both Mach numbers. No significant fluctuations
were onserved for the steady flow.

For the steady flow, the bow shock wave was symmetrical at zero
angle of atteck and relatively close to the body. For the unsteady flow
the shock wave was asymmretrical and much ferther shead of the body.

The hest-transfer coefficients measured for the unsteady configura-
tion were approximately 6 to 7 times the coefficients for the steady flow.
The steady-flow coefficients varied from 20 percent to 50 percent of the
values at the stegnation point of a convex hemisphere.

At angles of attack of sbout 2° or more, only low heat-transfer
retes were obtazined during these tests.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Lengley Field, Va., April 11, 1958.
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(b) Cross-section view of model. All dimensions in inches.

Figure 1l.- Concave nose shape.
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(p) M = k.95, -

Figure 2.~ Photographs of installations.
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(a) High heat-transfer rate; py = 93 lo/sq in. abs; T, = 146° F.
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(b) Low heat-transfer rate; p = 92 1b/sq in. abs; T, = 1540 .,

Figure 3.- Typical thermocouple records showing high and low heat-
trensfer rates at M = 1.98, « =~ 0°, and Rg =3 X 106.
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(a) High heat-transfer rate; p, = 1,025 lb/sq in. abs; Ty = 4050 F;
Ry = b.& x 106,
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(b) Oscillating heat-transfer rate; p, = 1,020 1b/sq in. abs;
7o = 403° F; Ry = b.h x 106,

Figure 4.- Typical records showing the high, lcw, and oscillating heat
rates at M = 4.95 and o = 0°
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(c) High heat-transfer rate changing to low rate;

P, = 2,535 1b/sq in. sbs; T_ = 402° F; Ry = 11 x 105,
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(4) High heat-transfer rate; p, = 1,515 1b/sq in. abs; T, = 398° F;
Rd. = 6.6 X lOo.

Figure 4.~ Concluded.
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(b) M =1.98; a ~2% py = 92 1b/sq in. abs; T, = 154° F;
Rg = 3.1 x 10°.

Figure 5.- Thermocouple records showing low heat-transfer rates at angle
of atteck.
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Figure 6.- Heat-transfer coefficient as function of time for oscillating
flow. M = Lb.95; Ty =~ 400° F; Rg =~ 4.k x 106. (Two runs shown.)
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(a) No flow. (v) Flow.

(e) Unsteady flow; o = 0°. (f) Unsteady flow; a = 0O°.
1-58-1629
Figure 8.- Schlieren photographs illustrating the flow configurations.

M=1.98 Rg=~3x 10°.
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Figure 9.- Pressure fluctuations at stagnation point. p, = 1,025 lb/sq in. abs; T, = 4518° F;
o = Oo; M= ’-I-.95.
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to the library.
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