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PREFACE

The research reported herein was conducted at the Arnold Engi-
neering Development Center (AEDC), Air Force Systems Command
(AFSC), Arnold Air Force Station, Tennessee. The results presented
were obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel and
Associates, Inc.), contract operator of AEDC, AFSC, Arnold Air Force
Station, Tennessee. Tests were conducted under Project No. VM22686.
The manuscript (ARO Control No. ARO-VKF-TR-74-10) was submitted
for publication on January 16, 1974,
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1.0 INTRODUCTION

In the high Reynolds number range of conventional wind tunnels,
contoured nozzles are commonly used in order to obtain uniform test
conditions. One nozzle can operate over a wide range of pressures
and temperatures for a given Mach number. However, this is not the
case in the low Reynolds number regime, where the boundary-layer
displacement thickness may be comparable to the physical dimensions
of the nozzle. In this flow regime a contoured nozzle can produce a
uniform, shock-free flow at only one fixed condition. Attempts to ex-
tend the operating range by various means have met with little success
(see Ref. 1).

Most low-density wind tunnels in the past have utilized conical noz-
zles, with their resultant flow nonuniformities, to produce the test sec-
tion conditions. This has limited flow usefulness and model size. For
larger and/or slender models it is necessary to correct the experimen-
tal results from such nozzles for source flow effects and other flow
nonuniformities in order to obtain useful data.

In order to fully compare results from various labs for both con-
toured and conical nozzles, a cooperative data exchange agreement
(DEA) involving Deutsche Forschungs und Versuchsanstalt fur Luft-
Raumfahrt (DFVLR), the Air Force Flight Dynamics Laboratory
(AFFDL), and the Arnold Engineering Development Center (AEDC) was
formulated. Agreement was reached on the use of standard 10-deg
half-angle blunt and sharp cone models for comparison of results from
the various facilities.

The first phase of the AEDC investigation was the measurement of
heat transfer and static pressure on standard 10-deg sharp and blunt
cones in Tunnel M utilizing both contoured and conical nozzles. The
heat-transfer phase of this project was completed first and has been
reported by Boylan (Ref. 2).

2.0 APPARATUS
2.1 TUNNEL M

The von Karman Gas Dynamics Facility (VKF) Tunnel M, shown
photographically in Fig. la and schematically in Fig. 1b, is a continuous,
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arc-heated, low-density, hypersonic wind tunnel normally using nitrogen
as the test gas. Pumping is provided by three stages of air ejectors in
series which exhaust into the VKF main compressor system through the
AEDC-VKF Tunnel C test section. This arrangement permits simul-
taneous operation of these two tunnels, or either can be operated alone.
Tunnel M consists basically of the following major components, in
streamwise order:

1. Rotating-arc, d-c arc heater of AEDC-VKF design with
a power supply rated at 200 kw for continuous operation.
Gas is injected into the arc heater tangentially.

2, Cylindrical settling chamber of 3. 8-cm (1.5-in. ) diam-
eter and 7. 6-cm (3. 0-in.) length.

3. Both an axisymmetric, contoured, Mach 18 nozzle and
a 14-deg, haif-angle, conical nozzle were used in the
present study.

4, Stationary bulkhead of 2. 4-m (8-ft) diameter, which
supports the nozzle, probe drive, and model support
system. The bulkhead contains eight 30-cm (12-in.)-
diam ports.

5. Cylindrical 2. 4-m (8-ft)-diam test chamber which
moves downstream to allow access to the test sec-
tion, models, and probes.

6. Axisymmetric diffuser with convergent entrance, con-
stant area throat, and divergent outlet. Interchange-
able units are available for different test configurations.

7. Downstream heat exchanger.

8. First air ejector stage.

9. Isolation valve.
10. Second and third air ejector stages.
11. Connection of the AEDC-VKF Tunnel C test section.

The arc heater, settling chamber, and nozzle are backside water cooled.

22 NOZZLE FLOW CONDITIONS

Nozzle test section conditions are determined by a measurement of
test section pitot pressure, pg, stilling chamber total pressure, py, and
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the total nozzle mass flow rate, m. By knowing the nozzle throat area,
A*, and the discharge coefficient, which are determined by independent
measurement, together with p, and h, the stagnation temperature, Ty
can be calculated. The basic assumption of the flow calibration is that
thermodynamic equilibrium exists in the stilling chamber and the vibra-
tional mode of the nitrogen becomes frozen at the nozzle sonic point.
The gas is assumed to behave as a perfect gas downstream of the nozzle
throat. Previous measurements using calorimeters, electron beam
techniques, and mass flux probes have confirmed the validity of this
flow calibration procedure for Tunnel M. The method of determining
To is given in Ref. 3.

The measured test section pitot pressure under rarefied conditions
is not equal to the stagnation pressure downstream of a normal shock as
is usually assumed, but must be corrected for both probe and orifice
effects. The correction scheme used to obtain the true pitot pressure
is given in Appendix A.

Both the Mach 18 contoured nozzle and the 14-deg, half-angle coni-
cal nozzle were utilized for the present test. The conical nozzle was
operated at two different flow conditions with the model tested at the
nozzle exit and at a point 12 in., downstream of the exit. Since an axial
gradient existed in the conical nozzle, this produced four distinct test
conditions in that nozzle. This, together with the contoured nozzle con-
ditions, gave a total of five test conditions.

Figure 2 shows the ratio. py/py. as a function of axial distance
from the nozzle exit, x, for the two nozzles. The pitot pressure, p,
has been corrected by the method given in Appendix A. Table 1 gives
the nominal test conditions for the five flow conditions. Also given is
the approximate usable test section diameter. For a given test condi-
tion the flow parameters varied slightly from run to run. In order to
account for this variation, an impact probe was mounted on the probe
drive unit so that it could be moved into the test section near the model
nose any time it was desirable to check flow conditions. All other
quantities were measured simultaneously with model pressures.

2.3 MODEL

The model tested was a 10-deg, half-angle cone with interchange-
able noses. Two different noses were tested. One was a blunt nose
with a radius, R, of 0.9 cm (0, 354 in.) and the other a sharp nose,

10
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Condition of o,

Sym Nozzle Py atm T K
o] Contoured 19.0 2906.0
a Conical-=I 15.3 2517.0
a Conical-II 10.7 3711.0
2.0
O —y O
1.5
4
p'
-9 »x 104
Po
1.0 |-
0.5 -
0 | [ ]
0 5.0 10.0 15.0

Figure 2. Pitot pressure ratio for contoured and conical
nozzles.

R, ® 0. 00025 cm (0. 001 in.). The model was one of the same models
used for the heat-transfer phase of this project (see Ref. 2). The heat-
transfer gages were removed and replaced by static pressure tubes for
the present test. Because of restricted internal space, it was not pos-
sible to install pressure tubes at all locations.

The body of the model was cooled by means of water-cooling tubes
soldered to the inside surface of the model. The interchangeable noses
were uncooled except by means of radiation and conduction to the water-
cooled portion of the model. A schematic of the model is shown in Fig.
3. The model contained five pressure sensing orifices, one of which is
located 180 deg away from the others, so as to check model alignment
and flow angularity. The pressure orifice diameter was 0. 322 cm
(0. 127 in.). The schedule of orifice location for both model configura-
tions is given in Table 2,

11
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Table 1. Nominal Flow Conditions
a. Customary Units

Nozzle Contoured Conical-Condition 1 Conical-Condition II
Reil';i'iarlt::nl’fint Nozzle Exit | Nozzle Exit lz-ln.Egit:tslde Nozzle Exit lZ-ln.E;)i:tslde
Po. atm 19, 00 15.28 15, 31 10,72 10, 76
Ty °K 2900 2517 2552 3711 3703
h,. Btu/1bm 1505 1284 1304 1966 1961
M, 18. 01 18,91 20, 29 18. 14 19, 32
Re,, in,"! 1272 1100 877 486 407
Po. uHg 6. 38 3.66 2. 26 3.43 2,23
T,. °K 46.07 36. 23 31. 96 58.18 51,28
U,. ft/sec 8180 1613 7674 9258 9256
Py, lbm/ft3 3.88x10°%(2,84x10"8| 1.08x10°6 [1.65x10"8| 1,22 x 1076
A, In. 0. 021 0. 026 0. 035 0.056 0.072
Qe 1bf/ft2 4,03 2,55 1.81 2,20 1.62
Rey, in,"! 46. 70 35.43 24.65 18.61 13.76
S 15. 07 15, 82 . 16,08 15.18 16.18
P! Po 1.847x10°4 ] 1,454 x107% 1,028 x 10"4. | 1.787x10°¢ | 1,313 x 1074
e | on | u oo | o ;

b. Sl Units
Po. atm 16. 00 15.28 15, 31 10.72 10. 76
To °K 2906 2517 2552 37 3703
ho, J/gm 3500 2087 3033 4573 4561
M, 18.01 18. 81 20, 29 18. 14 18, 32
Re,, cm”! 501 433 345 101 160
Pes N/m? 0. 881 0. 488 0. 301 0. 487 0. 207
Te. °K 46. 07 36. 323 31,06 58.18 81.28
U,. m/sec 2403 2320 2339 2822 2821
Pus kg/m? 6.22x10°8|4.85 x 104 | 3.17x10°¢ |2.64x10"%| 1,95 x 10°%
A, cm 0.053 0. 066 0. 088 0.142 0.183
Q. N/m? 193 122 88.7 108 7.8
Rey, cm™} 18.4 13.9 8. 70 7.33 5,42
Se 18, 07 18, 82 18.08 18,18 16,18
Po/P, 1.847x 1074|1454 x1074 | 1,028 x 10"¢ |1,787x10"4 | 1. 313 x 10°4
Ef:;ff:;“:m 25,4 27,9 25, 4 17.8 12.7

12
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28.8 cm (11.34 in.)
24.5 em (9.63 1n.)

10.2 cm
—[(4.0 in.)

Pressure
Orifice No. 1

Nodel
Support

lg = 0.9 ecm (0.354 in.)
Blunt Nose

Sharp Nose ¥o. 3
{180 deg from Others)

Figure 3. Model schematic.

Table 2. Pressure Orifice Schedule
a. Sharp Nose Model

Orifice x’ s Iy

8.37 cm (3.30 in.)
12. 82 cm (5. 05 in.)
12. 86 cm (5.06 in.)
21. 09 cm (8. 30 in.)
28.63 cm (11, 27 in,)

1.44 cm (0,56 in,)
2.21 cm (0. 87 in.)
2.21 cm (0. 87 in.)
3.64 cm (1.43 in.)
4.95 cm (1. 95 in.)

1 8.25 cm (3. 25 in.)
2 12. 62 cm (4. 97 in.)
3 12. 66 cm (4. 98 in.)
4 20.77 cm (8. 18 in.)
5 28.20 cm (11,10 in.)

bh. Blunt Nose Model

D b W N e

3.91 cm (1. 54 in.)
8.29 cm (3. 26 in.)
8.33 cm (3.28 in,)
16.43 cm (6. 47 in.)
23.86 cm (9. 39 in.)

4,47 cm (1. 76 in,)
8.91 cm (3.51 in.)
8.95 cm (3.52 in,)
17.18 cm (6.77 in.)
24,73 cm (9.74 in.)

13

1.44 cm (0.56 in.)
2. 21 cm (0. 87 in.)
2.21 cm (0. 87 in.)
3.64 cm (1.43 in.)
4.95 cm (1.95 in.)
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24 TUNNEL INSTRUMENTATION AND DATA ACQUISITION SYSTEM

In addition to instrumentation necessary to monitor the arc heater
and stilling chamber conditions, the following instrumentation was used
in the present test:

1. A low pressure level (3 to 30 torr full scale) pressure
transducer system located within the tunnel test
chamber.

2. A thermocouple system using Chromel®- Alume®
thermocouples for surface temperature measure-
ments,
i
Pressure probe position and model angle of attack is varied by re-
motely controlled drive mechanisms and monitored by linear potentiom-
eters.

Data were recorded on the AEDC-VKF Beckman 210 high-speed,
analog-to-digital data acquisition system, which scanned all channels
in about one second and recorded the data on paper tape. These raw
data were then put into the AEDC-VKF CDC 1604B computer for data
reduction.

3.0 RESULTS AND DISCUSSION

3.1 PROCEDURE

Both the sharp and blunt models were tested in the contoured and
the conical nozzles. Angle of attack, o, was varied in the range -10
deg S &« $ 10 deg with data being recorded at several values of . An
impact pressure probe, which was located at the model nose axial sta-
tion, was moved in close to the model before each run in order to de-
termine nozzle flow conditions. A run consisted of measuring the pres-
sure distributions on the model at a fixed angle of attack and flow con-
dition.

Because of an asymmetry in the model mounting system, it was not
possible to obtain & = -10 deg for all flow conditions. This was caused
by excessive flow blockage and resultant flow breakdown. Also, at
times, for unknown reasons, the nozzle ambient or test chamber pres-
sure would increase slightly, causing the nozzle shock to impinge on

14
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the model and therefore prevent the obtaining of the downstream model
pressures.

While the angle of attack could be determined accurately, it was
not practical to obtain predetermined, repeatable values. Therefore,
values of @ were obtained at approximately equal increments over the
range where flow blockage did not occur.

It has long been recognized that whenever a temperature gradient
exists along a pressure tube under rarefied flow conditions, a pressure
difference will exist at the ends of the tube. This is the well-known
thermal transpiration effect. For the present test, the model and
therefore the pressure sensing orifice as well as the pressure meas-
uring device were maintained at close to room temperature by means
of water cooling, thereby eliminating the effect of thermal transpira-
tion. However, it is not as widely recognized that thermal nonequilib-
rium at the sensing orifice can give rise to significant error, This will
be discussed in the next section.

3.2 ORIFICE CORRECTION

It was first shown by Potter, Kinslow, and Boylan (Ref. 4) that
under rarefied, nonequilibrium conditions the pressure sensed by an
orifice in a surface may not indicate the true pressure existing at the
surface. In a more recent paper by Kinslow and Potter (Ref. 5), a
method is given for correcting pressures measured by an orifice when
heat flux and shear stress are present at a surface. In order to correct
the pressure data for the orifice effect, it is necessary to know the heat
flux, shear stress, and thermal accommodation coefficient.

At the time of this writing, the paper presented by Kinslow and
Potter (Ref. 5) had not been published. Therefore, it was decided to
include the basic material in this paper as Appendix B in the present
report.

The heat flux can be obtained from the heat-transfer phase of this
study which was performed by Boylan (Ref. 2). Because the pressure
test and the heat-transfer test were not run under exactly the same
flow conditions and angle of attack and in order to eliminate the experi-
mental scatter of the heat-transfer data, an empirical equation which
best fits the data was obtained for both the sharp and blunt cones. The
result obtained is

15
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q = (';a=o[l+5.015 sin a cos ¢ + 7.601 (sin a cos¢)2] (1)

where § is the heat-transfer rate and ¢ is the roll angle, and for a
sharp cone

4q-0 = —0.538p U _h V¥ ycosf sinf (2)

where p, is free-stream density, U, is free-stream velocity, and h, is
stagnation enthalpy, with V% based upon a reference temperature T* =
To(1/2 - cos 6/3) + Tw/2, (w is wall condition), and for a blunt cone

4.0 = 0636 p, U (h ~h) \/IRn7x’ V¥ sin @ (3)

where Ry is model nose radius, x° is model coordinate parallel to axis,
and 6 is the local body angle, with T* = T,/6 + Ty,/2. It should be em-
phasized that these results are based upon the Tunnel M heat-transfer
data and therefore may not be valid outside this range.

Shear stress data have not been obtained in Tunnel M. However,
Vidal and Bartz (Ref. 6) have made surface measurements, which in-
clude skin friction, on flat plates and wedges under low-density hyper-
sonic flow conditions. It appears from their investigation that a modi-
fied form of Reynolds analogy is valid under rarefied flow conditions.
An empirical expression which fits the data within the limits of the rela-
tive flow inclination angle covered in the present test is

Cp =25t cos?+5 8 Pr2/3 (4)

where CF is the skin-friction coefficient 7/q,, St is the Stanton number,
and B is the angle between the local surface normal and the undis-
turbed free-stream flow vector. As stated above, this expression

is based upon data from flat plates and wedges. However, for lack of
more direct results, it is assumed in this report that Eq. (4) is also
valid for an axially symmetric body.

Substituting for Cg and St into Eq. (4), the expression for the skin
friction, 7, becomes

q Uml:'rz/3 cos?+d B
(h - h,)

16
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The role of the thermal accommodation coefficient, @e, on the ori-
fice effect was first investigated by Kinslow and Arney (Ref. 7). The
value of ae obtained in that work from experimental measurements was
0. 79 for nitrogen reflected from engineering surfaces. In the present
work, it is assumed that this value is applicable.

Using these expressions for 4, 7, and ae, the orifice correction
was made on the measured pressure, pj, to obtain the true surface
pressure, pw. The correction varied over the range of approximately
25 to 100 percent of the measured pressure; i.e., the indicated pres-
sure was as low as one-half the true surface pressure.

3.3 PRESSURE CORRECTION FOR SOURCE FLOW EFFECTS

The analysis of source flow effects on bodies at angle of attack which
follows closely parallels a previous AEDC work by Dr. W. S. Norman
(unpublished)., However, the result obtained here is slightly different
from his except for the case of a cone with the pitch axis at its apex.

The approach to obtain the source flow correction is briefly as fol-
lows. The pressure coefficient distribution on the axisymmetric body
in a divergent conical flow field is obtained by the modified Newtonian
formula based on some reference condition in the flow field. The pres-
sure coefficient distribution is similarly obtained for the same body in
a uniform flow field with properties identical to those at the reference
point in the source flow. By assuming that the ratio of pressure coef-
ficients for source flow and parallel flow is the same for Newtonian and
non-Newtonian, the Newtonian result can be used to correct the real
flow situation.

The nomenclature used in this section is shown in Fig. 4. The
pitch axis of the model is located a distance L from the apparent source
of the flow. This apparent source is not necessarily the apex of the
geometric conical nozzle since under rarefied flow conditions the bound-
ary layer is a nonlinear function of distance. For convenience both
flow and body coordinate systems are introduced.

There are two basic source flow effects. One is the change in local
flow properties caused by the expanding flow. This effect is manifest
primarily in the decrease of local dynamic pressure in the flow direc-
tion. The other effect is the variation in the local flow inclination angle.
Both of these effects are more pronounced for slender bodies.

17
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Apparent Origin
of Source Plow

Figure 4. Body coordinate system.

The modified Newtonian expression for the local pressure coeffici-
ent is '
2
Cp = Cpo cos“ 8 (6)
where B is the angle between the local surface normal and free-stream
velocity vector. The pressure coefficient at a stagnation point is Cpo’
From vector analysis cos 8 is given by

cos B =1 - /|7 (7)

From Fig. 4, the vectors n and r are given by

B=-sinfi) + cosfsin6j, - cosdcosfk, (8)
? = (Leosa = & + xN} + rysing ], + (Lsina - ry cos Ok, (9)

Substituting Eqs. (8) and (9) into Eq. (7) and squaring yields

f— (sin 0 cos @ + sin a cos O cos &) + (€ - x*V/L] sin 6 + (rp/L) cos 612

2
cos’ B =
1 + (rb/L)2 - 2[(21- x’}/L] cosa -~ 2(rb/L) sina cos ¢ + [(21 -x’)/L]

, (10)

where ry, is local body radius, x” is the model coordinate parallel to
axis, and £1 is distance from model tip to center of rotation. Let the
pressure coefficient defined by using the reference quantities by de-
noted by a prime. Thus

C", = (p-pmt)/qr (11)

18
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or in terms of the local pressure coefficient
Poo
croC =, ZifPe (12)
P P 9 9% \Peo

For isentropic source flow with constant ratio of specific heats, v, the
following are obtained: :

;3 - (L /020 + 2/ty - DMA /1 4 2ty - M2y (13)

and

Peo /4y = 2/yM? (14)

where L, is the distance irom apparent origin of source flow to refer-
ence point. Since the term containing the static pressure in Eq. (12)

is small, a first-order estimate of the pressure ratio is adequate. As-
suming constant flow velocity, expanding the isentropic relation into a
series containing only first-order terms the pressure ratio becomes,
for rp << L and small a,

;“—- = 14+ 2[(L -L/L) + [(€;-x)/L) cosa + (r,/L) sin @ cos @) (15)

where p, is free-stream static pressure. Substituting Egs. (6), (13),
(14), and (15) into Eq. (12) yields

L 1+ 2/{ty - DM3) fL-L /z -x’ r
, 2 ry r 4 T ; 1 b .
CP= Cpocos B(—l‘—_)\/1+2/[(y+lmi +_IE(LL|- )+\ L )cosa +L—r sina cos ¢
; (16)
Using Egs. (9) and (10), Eq. §16) becomes, for large Mach number,

[ )

T

- £~ x’ i
L\ ~(sin 0 cos a + sin a cos 8" cos ¢) +(ll:. )sin0 +—5 cos 6
C‘; = Cpo

| 5N - -

p—
' rb2 1= x\ LY :ll—l'q
1+—L - 2. T ‘cosa-2isinacos¢+ T

2 (17)

For the case of parallel uniform flow (L, + L #+ ») Eq. (17) reduces to
the following

Cp = Cp [sin @ cos a + sin a cos @ cos ¢]2 (18)
= o
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Cp is the pressure coefficient in an equivalent parallel flow condition.

Equation (17) is plotted in Figs. 5 and 6 for a 10-deg, half-angle
sharp cone with CP',/C o given as a function of angle of attack, a, for
various positions, x°, on the body. The result for the pitch axis at the
apex is given in Fig. 5, while Fig. 6 gives the results for the same
body with the pitch axis located at a point where £;/L = 0.2. Equation
(18) appears on Fig. 5 as the curve x” /Ly = 0. The ratio of Eq. (17)
to Eq. (18) is shown in Figs. 7 and 8 for the same 10-deg cone as given
previously. Note that in Fig. 7 the ratio of the pressure coefficient for
the source flow Newtonian and the uniform flow Newtonian is almost in-
dependent of angle of attack for the pitch axis at the model apex, where-
as from Fig. 8 the same ratio is a strong function of a. In other words,
with the pitch axis downstream of the apex the effect of the local flow
angularity is magnified for the Newtonian pressure coefficient.

02 r

%'0 # =10deg

.
230, ¢ =0deg

P PPPPPP
£ RS\
LR
>,
[ ]
2

\

e
B

~ i

0.004 |;
0.003

0. 002

’ I
0.001 I D (N (R F W TR N SN N N SN S
2 4

Figure 5. Plot of Eq. (17) for 2;/L = 0.
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Figure 6. Plot of Eq. (17) for 2,/L = 0.2.

In order to separate the effect of flow angularity and free-stream
flow gradient, the results presented in Figs. 7 and 8 are normalized to
the ratio at x” = 0 and shown in Fig. 9. The results for various model
parameters fall within the indicated band. The analytical results of
Egs. (17) and (18) can be simplified for the special case of @ = 0 for a
sharp cone with the reference point at the apex. The result is:

CP/CP

-2
, ~n2
—_— =N+ 2 +(x—) cos'ze] (19)
(CP/CP=) o0 [ L, L.

The results presented in Fig. 9 show that the Newtonian pressure
coefficient in source flow needs to be increased by as much as a factor
of over 300 percent to obtain the parallel flow value for the condition
considered,
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Also shown in Fig. 9 is the result of a method-of-characteristics
calculation for the surface pressure coefficient on a 10-deg cone in
source flow with a Mach number at the model apex of 20.

The effect of angle of attack can be better seen if the results pre-
sented in Figs. 5 and 6 are normalized to the value at zero angle of at-
tack., The result of this is shown in Fig. 10. Notice that this ratio is

1.2

— g = 0 deg T° 0
11 ¢+ ¢ =10 deg
10 | X Ay.m0
0.9 -
0.05
0.8 -
o]
Cp_ 07 | 0.10 ISR S S —
06 I 0.15
05 | :—Pﬁzl-m——_—:—-
0.5 e — — ———————»
04 —
03
0'2 [ 1 | 1 1 | ] { [
-6 -4 -2 0 2 4 6 8 10
a, deg
Figure 7. Ratio of uniform and source flow pressure coefficient
for £,/L = 0.
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primarily a function of £1/Ly and @, while the variation with x" /Ly is
of secondary importance. However, the dependence upon £1/L is less
than the order of 20 percent for the conditions considered for g = 0 deg
and is negligible for # = 90 deg. In other words, the influence of source
flow on the effect of angle of attack is considerably less than the effect
of axial flow gradient as shown in Fig. 9,

As stated earlier, the Newtonian source results summarized in

Figs. 9 and 10 will be used as a basis for the correction of experimental
results which are presented later.

L2 e g < 90 deg
—’-Dmg
L1}
£)iL=0.2
g =10 deg XA =0
LOF -08L S ——— e
0.9}
0.8}
0.7}
)
Cp. 06}
0.5}
0.4}
0.3}
0.2}
0.1 ] ] 1 ] 1 1 ] ] 1
-6 4 -2 0 2 6 8 10
a, deg

Figure 8. Ratio of uniform and source flow pressure coefficient
for 2,/L = 0.2.

23



AEDC-TR-74-30

0.7
-4
‘l
on' /-T" Spread of Results for
Sal o 0.6 - =8 deg < a £ 10 deg
° |va 0g 1/L g 0.2
e <90 deg < ¢ < 90 deg
0.8 |- 0 = 10 deg

Result for Sharp Cone with G = 0
and Refereuce Point at Apex:

0.4 r. CDNP_ x* x’ 3
%), .., ) I:1 Ty '(E)
0.3 r

1 1 1 e
0.3

Figure 9. Normalized axial source flow effect.

3.4 EXPERIMENTAL RESULTS
3.4.1 Sharp Cone

Figures 11 through 18 present the results of the tests on the sharp
cone with Cp as a function of @. The pressure coefficient is based upon
the corrected surface pressure, as discussed in Section 3. 2, and local
flow conditions at the model nose. Because of curtailment in tunnel test
time, it was not possible to complete the proposed test matrix, e.g.,
tests downstream of the nozzle exit for the conical nozzle was limited
to the sharp cone for § = 90 deg and 270 deg only.

The experimental results presented in Figs., 11 through 18 are a
function of Reynolds number, based upon distance along the cone, and
they contain the effects of source flow. In an attempt to minimize the
effect of Reynolds number, the data are normalized with respect to the
zero-angle-of-attack value. These results are shown in Fig. 19 for the
contoured nozzle and in Fig., 20 for the two-flow conditions in the coni-
cal nozzle. Notice that individual data points are not shown; only a band
is given to represent the limits of the measurements.
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Figure 10. Variation of Newtonian pressure coefficient ratio
with angle of attack.

From Table 1 the unit Reynolds numbers at the exit of the conical
nozzle for Conditions I and II are 1100 in.”1 and 486 in."1, respectively.
It is to be expected, as can be seen from Fig. 20, that the variation in
pressure coefficient with angle of attack is less at the lower Reynolds
numbers. This effect was not unexpected since at the lower Reynolds
number the boundary layer is thicker and a given change in angle of at-
tack changes the effective body angle a smaller proportion. Of course
the pressure coefficient is increased at the lower Reynolds number con-
dition, but this effect is eliminated in the ratio shown in Fig. 20.

The results of the Newtonian pressure coefficient for parallel and

source flow as given in Fig. 10 can be compared directly with the ex-
perimental results as presented in Figs. 10 and 20. Notice that the
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Figure 11. Sharp cone experimental pressure coefficient in the
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Figure 12. Sharp cone experimental pressure coefficient in the

contoured nozzle for ¢ = 90 deg, 270 deg.
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Figure 14. Sharp cone experimental pressure coefficient for

Condition | in the conical nozzle for x = 0 and
¢ = 90 deg, 270 deg.
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Figure 15. Sharp cone experimental pressure coefficients for
Condition { in the conical nozzle for x = 12 in. and
¢ = 90 deg, 270 deg.
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Figure 17. Sharp cone experimental pressure coefficient for
Condition Il in the conical nozzle for x = 0 and
¢ = 90 deg, 270 deg.
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Figure 18. Sharp cone experimental pressure coefficient for

Condition 11 in the conical nozzle for x = 12 in. and
¢ = 90 deg, 270 deg.
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variation of the pressure coefficient ratio for the Newtonian is consider-
ably greater than for the data. This result is in line with the argument
just given for the variation with Reynolds number since the Newtonian

is the limit for no boundary layer at high Mach number. In fact, the
Newtonian value approaches zero at @ = -10 deg for the parallel flow
case and at o > -10 deg for the source flow condition. The effect of the
boundary layer is more pronounced at lower (more negative) angles of
attack since for this configuration the pressure is less and therefore
the boundary layer is thicker than at the larger angle of attack.

Returning now to the determination of the effect of source flow on
the experimental data, compare the results from the contoured nozzle
(Fig. 19) and the results from Condition I in the conical nozzle (Fi%.
20). The Reynolds numbers for these two conditions are 1272 in.”*! and
1100 in."1, respectively. Based upon Reynolds number, the results for
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Figure 19. Experimental variation of pressure coefficient ratio with
angte of attack for the sharp cone in the contoured nozzle.
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the source flow condition should be lower at positive angle of attack than
the parallel flow conditions. However, based upon the Newtonian source
flow analysis (Fig. 10), the results for the source flow should be slightly
above parallel flow values. Looking now at the experimental results, it
can be seen that the parallel flow results are slightly above the source
flow result for Condition I. This fact indicates that the effect of Reyn-
olds number overshadows the source flow effect. It can be concluded
that since the Reynolds number is only slightly different, the effect of
source flow is a negligible influence on the variation of pressure coef-
ficient with angle of attack under the present flow conditions.

In order to ascertain the source flow effect on the model axial pres-
sure distribution, the data will be examined in more detail for the case of
of @ = 0. Extensive theoretical (Refs. 8 through 11) and experimental
(Refs. 12 through 19) studies have been previously made of sharp cones

10
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T ¢+ 1 11
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-12 -10 -8 4 -4 2 0 2 4 4 . B 10 12

Figure 20. Experimental variation'of pressure coefficient ratio with angle of
attack for the sharp cone in the conical nozzle.
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at zero angle of attack. In order to make comparison of the present
data for @ = 0, the data as a function of a are interpolated to obtain
these values. For sharp cones, surface pressure is usually presented
as a ratio to the inviscid, high Reynolds number pressure, pjny. The
ratio of pjny to P, has been calculated by Sims (Ref. 20) for Mach num-
bers up to 20. Additional calculations for M > 20 were performed by
Sims for Vas and reported in Ref. 18. These values of pj,,/p are
shown in Fig. 21 as a function of Mach number for a 10 deg half-angle
sharp cone.

40.0
30.0 |
Pinv
Peo
200
Refs. 18 and 20
1.0 ’-
u 1 | ]
15 20 5 30
Mo

Figure 21. Calculated inviscid pressure on 10-deg sharp cone.
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The ratio of the experimental surface pressure, corrected for the
orifice effect, to the inviscid surface pressure is shown in Fig, 22,
Also shown are previous experimental results, which were obtained
under conditions where test section flow gradients were negligible.
Notice that the present results for the contoured nozzle agree fairly
well with previous data, whereas the conical nozzle results are low at
the small value of similarity parameter ¥/sin? 6 and seem to have a
greater slope. Based upon the results for the Newtonian source flow
as presented in Fig. 9, it can be seen that the behavior of the data
taken under source flow conditions is qualitatively the same.

2.0

L5

L0 R

0.8 Previous Measurements
Db (Refs. 12-17)
w'Pinv
0.6 |
Sym  Nozzle Condition x, in.
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0.4 F O Conical | 0 a 0 deg
v Conical | 12 TwTp= 0.1
O  Conical SN 0
A Conical I 12
0.2 1 [ 1 1 | 1
2.0 4.0 6.0 8.0 100 15.0 20.0

visine

Figure 22. Sharp cone surface pressure measurements under uniform
and source flow conditions.
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As stated earlier, it is assumed that the results for the ratio of the
surface pressure coefficient for source and uniform flow are the same
for both the Newtonian calculation and the actual test condition. Apply-
ing this result for @ = 0 as given by Eq. (19), the experimental results
can be corrected to uniform flow conditions. Figure 23 gives the results
of this correction, where py_ is the wall pressure corrected for source
flow effects. It can be seen that the present results for parallel and
source flow are in agreement when corrected in this manner. Also
shown is the result of previous measurements, as shown on Fig. 23.
Included too is the result of several theories based upon the assump-
tions of both strong and weak interaction through the shock wave.

Sym Nozzle  Condition x, in.
o  Contoured
¢  Conical | 0
<  Conical | 12
40 o Conical I 0
& Conleal ] 12 Mirels and Ellinwood

Weak Interaction Theory
m—we Strong Interaction Theory

Yasuhara (Ref. 9) " Free-Molecule

1.0 * . R
Newtonian __ \ Stewarson {Ref. 8)
Solomon (Ref. 11)

Tw"o x01 Previous Measurements (Refs. 12-17)
0. 6 [ ] | 1 ] 1 |
3.0 40 6.0 8.0 100 15.0 2.0
visin2g

Eigure 23. Sharp cone pressure distribution corrected for source
flow effects.
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A cursory inspection of Fig. 23 reveals that the present corrected
results are above previous results at the larger values of ¥/sin 6 (low
Reynolds number) and appear to be heading above the free-molecule
limit. Several statements can be made concerning these observations.
In regard to the disagreement between the present and previous results,
it should be pointed out that the present data were corrected, as de-
scribed in Appendix B, taking into account the effect of shear stress and
the accommodation of the gas to the cone surface. However, the pre-
vious data have been corrected for the orifice effect by the method re-
ported in Ref. 4 which is valid only for complete accommodation of the
gas to the surface and for zero shear stress. Under the present condi-
tions the effect of the accommodation coefficient is significant. For
example, as stated earlier, the correction used (ag = 0. 79) was as much
as 100 percent of the measured pressure, whereas for ae = 1. 0 the cor-
rection would be only about 60 percent.” The effect of shear stress un-
der the present condition is less than the effect of @e and of opposite
sign; i.e., the pressure correction is decreased by as much as 18 to
20 percent.

Applying these rough estimates to the previous res'ults, it can be
shown that at the higher values of ¥/sin? 8 the band shown on Fig. 23
could be raised by as much as 40 percent, which would then be in agree-
ment with the present results. If the present data were corrected for
complete accommodation and zero shear stress, then better agreement
with previous results could also be achieved. However, this would rep-
resent inaccurate and incomplete corrections. Therefore, the proper
procedure would be to correct previous data, taking into account the
gas-surface interactions and the shear stress at the model surface.
Exact parameters are unknown to the present author and therefore it
was not possible to make these corrections to previous results in the
present work. In order to illustrate the magnitude of the orifice cor-
rection for the present data, Fig. 24 is presented to give the ratio of
the uncorrected pressure, pj, to the inviscid pressure.

Attention now turns to the free-module limits as shown on Fig. 23.
The free-molecule pressure is the pressure that would exist at the sur-
face of a cone whose characteristic dimension, e.g., length, is small
compared to the gas mean free path. It is generally assumed, or at
least implied, that the surface pressure on a sharp cone under all flow
conditions should approach the free-molecule limit as one approaches
the tip. This is not necessarily the case. Joss and Bogdonoff (Ref. 21)
and Videl, et al. (Ref. 22) have shown that even for a sharp flat plate
the free stream is disturbed upstream of the leading edge. There is
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Pinv

Figure 24. Present data uncorrected for orifice or source flow effects.

even a greater disturbance for the case of a cone since molecules re-
flected from the cone surface and directed upstream can collide with
free-stream molecules and thereby change the free-stream density and

velocity approaching the cone. The free-molecule limit is approached
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at the cone tip only for an infinitely slender cone or needle.

A maximum in the surface pressure has been observed downstream
of the leading edge for the case of the cooled flat plate {e.g., Becker,
Ref. 23) and the hot wall sharp cone (e.g., Vas, et al., Ref. 14).
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effect has not been observed for the cooled sharp cone, but it may occur
closer to the tip. This would cause the data, as shown in Fig. 23, to
decrease at larger values of ¥/sin? 8.

3.4.2 Blunt Cone

Figures 25 through 29 present the results of the tests on the blunt
cone with Cp given as a function of a. The pressure coefficient is based
upon the corrected surface pressure and the conditions at the virtual
apex of the conical section of the model. This reference point is the
same point relative to the model base as used for the sharp cone. That
is, the model was not moved; only the nose section was changed to ob-
tain the blunt cone configuration.

As was done for the sharp cone, the results of the pressure coef-
ficient on the blunt cone are normalized to the value at zero angle of at-
tack with the results shown as bands in Fig. 30. Comparing Fig. 30
with Figs. 19 and 20 reveals that the results for both the sharp and the
blunt cones are very similar. It can, therefore, be concluded that for
the blunt cone, as was the case for the sharp cone, the effect of source
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Figure 25. Blunt cone experimental pressure coefficient in the
contoured nozzle for ¢ = 0, 180 deg.

41



AEDC-TR-74-30

0.4
Sym
0.3 = l4
. (@) x° = 1,54 in., ¢ = 90 deg
a x’ = 3.26 in., ¢ = 90 deg
| x’ = 3.28 in., ¢ = 270 deg
Fay x’ = 6.47 in., ¢ = 90 deg
] Q x’ = 9.39 in., ¢ = 90 deg
0.2 |
0.1 |
0.09 -
0.08 [
0.07 | _—el v
),
0.06 |-
0,05 |-
_n —x
P'*= ooV L4
0.04 5
0.03 |-
0.02 |-
0.01 I L L —
0 2 4 6 8 10
a, deg

Figure 26. Blunt cone experimental pressure coefficient in the
contoured nozzle for ¢ = 90 deg, 270 deg.
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Figure 27. Blunt cone experimental pressure coefficient for
Condition 1 in the conical nozzle for x = 0 and
¢ = 90 deg, 270 deg.
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Figure 28. Blunt cone experimental pressure coefficient for
Condition Il in the conical nozzle for x = 0 and
¢ = 0, 180 deg.
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Figure 29. Bilunt cone experimental pressure coefficient for
Condition Il in the conical nozzle for x = Q and
¢ = 90 deg, 270 deg.
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Figure 30. Experimental variation of pressure coefficient ratio
with angle of attack for the blunt cone.

flow on the variation of surface pressure with angle of attack is negli-
gible when compared to the variation caused by other parameters such
as Reynolds number.

As was true for the sharp cone, almost all previous experimental
and theoretical studies of blunted cones have been made for the case of
zero angle of attack. One of the best known theories for the pressure
distribution on blunted cones under continuous flow conditions is that of
Cheng (Ref. 24). Although his theory is not applicable to lower Reyn-
olds number conditions, the correlation parameters suggested by him
are widely used.

The present results for ¢ = 0, obtained by interpolating the data as
shown in Figs. 25 through 29, are presented in Fig. 31 as a function of
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Cheng's bluntness parameters. Notice that further back on the model
(larger s), there is a greater discrepancy between the data from the
contoured and the conical nozzles. As was done for the sharp cone, the
surface pressure coefficient was next corrected according to Fig. 9.

It was possible to use the same corrections as for the sharp cone since
the virtual apex of the cone was used as the reference point and the New-
tonian correction depends upon the model only through the local surface
orientation which is the same on the conical portion of both models.

0.0
- sm
™ ©  Conloured Nozzle
™ s Conical Nozzle, Conditlon )
o o  Conlcal Nozzle, Condition )|

- D
e
“ % a
«;9 Lof Y
>~ - © o o
S8 - -
F D
5 a
107} [ SRR [ N R L a1y
102 1wl 10 100
s 5in? 8
R, V€K

Figure 31. Experimental blunt cone results for a = 0 as
a function of Cheng's parameters.

The corrected data are shown in Fig. 32 together with the theory of
Cheng and previous experimental data (Refs. 14, 16, 18, and 25 through
28). The scatter of the present data at the higher abscissa values has
been reduced by using the Newtonian correction. Notice that none of the
experimental results follow the gyrations predicted by Cheng and that
the pressure is greater for the lower Reynolds number data. At lower
Reynolds number the bluntness is less of an effect because of the thicker
boundary layer.
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Figure 32. Biunt cone pressure distribution corrected for
source flow effects.

In an attempt to better correlate the present results and those of

Vas (Ref. 18), the data are plotted as shown in Fig. 33. The ordinate
is the same as Cheng's, but the abscissa is a combination of the free-
stream Reynolds number based on distance along the surface from the
stagnation point and the parameter 8, €, and K from Cheng's other vari-
able. Notice that the scatter has been reduced significantly for both the
present data and those of Vas., Comparison of the data of Vas with the
present data, which were obtained on a blunter cone, reveals that there
is still a bluntness effect, although less than predicted by Cheng.

The comments made earlier is regard to the orifice correction on
the sharp cone also would apply to the blunt cone results; i.e., the ori-
fice correction made for the previous measurements does not include
the effect of skin friction and nonunity accommodations of the gas to the
model surface. ~-

In the transitional regime between high and low Reynolds numbers,

it appears that for blunt cones there are no correlation parameters
which will reduce the experimental results to a single curve.
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Figure 33. Comparison of present results with those of Vas.

4.0 SUMMARY AND CONCLUDING REMARKS

The results of the present study show that under rarefied flow con-
ditions the pressure distribution on both blunt and sharp 10-deg cones
obtained under nonuniform source flow conditions can be brought into
agreement with uniform flow results by a correction based upon New-
tonian flow. The results of the sharp cone, when corrected for the
source flow and orifice effects, approach the inviscid pressure at
large distances from the nose. Near the nose, boundary-layer and
other rarefied flow effects cause the measured pressure to increase
above the inviscid value, and the data seem to be heading above the
free-molecule limit as the cone apex is approached. Possible disagree-
ment between the present data and previous results is probably due to
an incomplete orifice correction by earlier investigators.

The results for the blunt cone appear to be in quantitative agree-
ment with previous investigations. However, because of the combined
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effects of low Reynolds number, Mach number, and cone bluntness, it
was not possible to completely correlate the present data with previous
results.

The source flow correction was significant for both the sharp and
blunt cones, amounting to as much as 80 percent of the uncorrected
value. The orifice correction was even larger under some conditions,
amounting to as much as 100 percent of the measured pressure.

It can be concluded that pressure data taken under rarefied source
flow conditions can be corrected, based upon the Newtonian approxima-
tion to yield useful results. However, care must be exercised when the
relative angle between the flow and the surface is small, since low-
density effects are greatly magnified because of the boundary layer.

When comparisons are made between pressure data of various in-
vestigators, it is important that the appropriate orifice corrections be
made before conclusions are reached.
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APPENDIX A
CORRECTION OF PITOT PRESSURE
FOR ORIFICE AND PROBE EFFECTS

Under rarefied flow conditions impact pressure probes may not in-
dicate the ideal impact pressure because of viscous and transitional
flow phenomena. The viscous effects are attributable to the thickening
of the boundary layer and shock and their eventual merging. At lower
Reynolds numbers the shock becomes more diffuse and the flow departs
further from equilibrium as free-molecular conditions are approached.
In the present report, all free-molecular conditions are based on equa-
tions from Ref. A-1, The specific effects considered are the external
or probe effect which was reported by Potter and Bailey (Ref. A-2),
and the orifice effect discussed first by Potter, Kinslow, and Boylan
(Ref. A-3) for a nonequilibrium state attributable to a flux of energy at
a surface. The ideal impact pressure is needed in order to determine
conditions in the free stream, so that the measured values must be cor-
rected for the probe and orifice effects.

Various papers have been written on the probe effect. They show
that as one proceeds toward more rarefied flow, first a small decrease
in the measured impact pressure below the ideal conditions and then an
increase in pressures at near-free-molecule conditions are encountered.

The interpretation of impact probe measurements is further com-
plicated by the orifice effect. This effect is manifested by an inequality
between the pressure sensed by an orifice and the pressure existing at
the surface containing the orifice in the presence of a flux of energy or
momentum. The orifice effect was reported in Ref. A-3 for the case of
the energy flux to a surface.

The method used to correct pitot probe measurements for the probe
and the orifice effect to obtain the true impact pressure follows.

PROBE EFFECT

A study of impact probes under conditions similar to those in
Tunnel M was reported by Daun, et al. (Ref. A-4). An empirical fit
to the Daun data and to data from Tunnel M resulted in the following
equations for flat-faced probes:

91.4 9
Pw Gulpim o2 Polpe) (A-1)
T 9la —
Po — + 1.5 Rez" \/[)2/[)°° + Reg,' (p2/p_)
(Pw/po) fm p P
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in which pyw is the pressure at the face of the probe, obtained from the
indicated pressure by applying the orifice correction, and pg3 is the
ideal impact pressure,

The free-molecule limit of py/pg for large Mach numbers is

»oy
(Pw) (yz )7—1 r-1 7 Tw 1 (A-2)
.\ T y 1+ |2 2 o

In order to evaluate these equations an iteration scheme was nec-
essary since M,, T, Rez r, and pal p, require the knowledge of pg.
The numerical solution is discussed below,

ORIFICE EFFECT

This effect, attributable to the nonequilibrium state of the gas at
the solid boundary, when a flux of energy is present, causes the pres-
sure sensed by an orifice to deviate from the force per unit area on the
surface. The amount of deviation is expressed in terms of a dimension-
less pressure parameter, p, defined by

P = (Pi - Pifm)/é’w - Pifm) (A-3)

p; is the pressure inside the orifice cavity,

where

Pifm is the true wall pressure in the absence of the orifice

Py is the true wall pressure in the absence of the orifice.

In Refs. A-3 and A-5, p was shown to be a function of the Knudsen num-
ber based on the orifice diameter, d, the wall temperature, Ty, and
pj. However, recent measurements of the orifice effect in Tunnel M
and data from Cornell Aeronautical Laboratory (Ref. A-6) show that the
results of the correlation parameter used in Refs. A-3 and A-5 are in-
adequate for higher enthalpy flows. The method of correcting for the
orifice effect in this test is based upon a paper presented at the Seventh
International Symposium on Rarefied Gas Dynamics at Pisa, Italy,

June 30, 1970 (Ref. A-7). The basic material in that paper is given in
Appendix B.
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The relation between p and a Knudsen number, Rn, based upon
orifice diameter, py, and a reference temperature, T,, that was used
is
1.36Z - 0.3622 (A-4)

P
in which

Z = (200K2y wl/4, 1) 1/4

where w is the gas molecular weight. Pitm and T,. are both functions

of K, the dimensionless heat-transfer rate parameter, and ag, the ther-
mal accommodation coefficient. Definitions of Pimf/pw and TI./TW are

given by
2-a, 8m<2(1-ae)
\/2_7.; K+ ——2— + 4
Pifm B %e Qe (A_s)
Pw 2 - mk2
and :
T 2-a
-T—:v. =1 4 2m<2( - °) _ a% \/2n{2nx2(1-ae) + ai] (A-86)
e
where
qly =1
& (A-T)

Py + IWRT,

An iteration scheme is required to solve for py. The thermal accom-
modation coefficient, @y, was presumed to be 0. 79 for Ng.

Based on limited heat-transfer data from Tunnel M for flat-faced
bodies, the following equation was used to calculate the stagnation point
heat transfer:

1=r /5
i Y (A-8)
—— + 1
IF R
where §fp, iS the free-molecule heat-transfer rate and qFR is from the
continuum Fay-Riddell equation (Ref. A-9). This expression gives the

correct free-molecule heat-transfer rate and approaches the Fay-Riddell
theory for higher Reynolds numbers.

’
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The equations used for s, and qpR for higher Mach numbers are

. mr=Y m2 Yy  _ y+1 Tw Oy _

and based upon Ref. A-9, the heat-transfer rate to a flat-faced probe of
radius r is

0.1
Fw “opo 1 P ho-hw
4fp = O 54‘/§€w ,To) RT, J.';m \/ 1-3 —)((Pr’°'6
{A-10)

based upon the results of Ref. A-9. Heat-transfer rate is negative for
"eold wall" conditions.

If free- stream properties are known, then Egs. (A-1) through (A-10)
can be solved to permit the correction of data for the orifice and probe
effects. However, since free-stream conditions are known only after
applying the correction, an iteration scheme was used. The numerical
method for correcting the pitot data is described briefly below.

ITERATION PROCEDURE

An iteration procedure was used to obtain the ideal impact pres-
sure, D4, from the indicated pressure, p;. An initial approximation
was made equating pg to p;. Using the reservoir stagnation pressure,
flow properties, such as Re2 r p2/Pys Mg, Tos Pws» and U, were ob-
tained using isentropic flow equatlons along with the value of pg. The
stagnation point heat transfer was obtained using Eqs. (A-8), (A-9),
and (A-10). The py was assumed equal to pj, thereby permitting the
solution of K from Eq. (A-7). Equations (A-3) through (A-6) were solved
for p yielding py which was substituted in Eq. (A-7) giving a new K,
Equations (A-3) through (A-6) were repeatedly solved until py, did not
change from one iteration to the next. Using the obtained value of py,
in Eqs. (A-1) and (A-2), pg was obtained and used to repeat the above
procedures until the value of pg was constant for successive iterations.
The final value of pg is the ideal impact pressure which can be used to
obtain the corrected free-stream properties.
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APPENDIX B
REEVALUATION OF PARAMETERS RELATIVE TO
THE ORIFICE EFFECT

Max Kinslow and J, Leith Potter

Note: The material contained in this Appendix was presented at the
Seventh International Symposium on Rarefied Gas Dynamics which met
in 1970 at Pisa, Italy. J. Leith Potter was a co-author of this work.,
Since at the present (September 1973) the proceedings of this ¢onference
have not been published, it was decided to include the basic material of
that presentation as part of this report so as to make it available to the
reader.

INTRODUCTION

At the Fourth International Symposium on Rarefied Gas Dynamics,
the present authors and a colleague first discussed the problem of esti-
mating corrections to pressures measured within cavities in surfaces
when a condition of energy exchange such as aerodynamic shear and/or
heat transfer exists at the surface. (Ref, B-1). It was shown theoreti-
cally and confirmed experimentally that finite energy transfer of this
type causes pressures, pj, measured within cavities to be different, in
general, from the desired force per unit area, p,, on the surface at the
cavity orifice, This phenomenon was analyzed on the basis that the aero-
dynamic shear could be neglected so long as the shear stress is not com-
parable to the local pressure. An expression for the pressure in the
cavity was derived for the case where orifice diameter, d, is much less
than a local mean-free path, A. Experimental data were presented for
the transitional flow regime, and the combined theory and experiment
enabled the construction of a semiempirical method for correcting mea-
sured pressures to account for the "orifice effect' when finite heat-
transfer rates existed,

In 1967, Kinslow and Arney (Ref. B-2) extended the experimental
investigation by collecting and analyzing a large number of new, direct
measurements of orifice effect, They also discussed and gave data on
the role of thermal accommodation coefficient in this problem. This
reference, along with a later paper, also contains much useful informa-
tion on thermo-molecular pressure effects in tubes (Ref, B-3).
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When applied to the data on effect of varying orifice diameter in
rarefied flows available prior to 1968, this earlier method seemed
quite satisfactory. In the earlier analysis the authors had chosen to
use wall temperature, T, as a characteristic temperature in calcu-
lating and correlating orifice effect. However, in the light of some
recent experiments, it was concluded that gas temperatures external
to the orifice should have a more prominent role in correlating the
data. At this time, the authors present a reevaluation of the orifice
effect phenomenon starting on the basis of the first paper (Ref. B-1)
but now including consideration of shear stress and using a corre-
lating parameter for the transitional flow regime which is based on
gas temperatures adjacent to the orifice. The free-molecular case
is reviewed first to define terms and to establish the limiting
(maximum) "orifice'" correction. This is followed by presentation of
the results of correlating transitional flow data and the steps involved
in application of the correction are outlined.

ANALYSIS

A two-sided Maxwellian velocity distribution is utilized where a
minus superscript denotes incoming molecules with negative components
of velocity normal to the solid surface and a plus superscript applies to
outgoing molecules with positive normal components of velocity.

Diffuse reflection of molecules from the solid surface is assumed, and
the following velocity distribution functions are used:

- € -u)? 4+ §§+fi
= exp |-

" G2 T (B-1)
and
2t §3+§§+fi
f+ B e———— exp . ——————
(2nRT /2 2RT+ (B-2)
where
n = molecular number density R = gas constant
§ = molecular velocity = temperature -
x,y,2 = Cartesian coordinates
U, = average tangential velocity component of

incoming molecules
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It is assumed that the corresponding normal component of velocity is
zero at the surface. From Egs. B-1 and B-2, surface pressure and
shear stress are, respectively,
P, = mn~(RT=/2[1 4 (T*+/T)%] (B-3)

and

r = mn~U (RT~/2m)*% (B-4)
where m is the molecular mass.
The number of molecules incident per unit area and time, is

N= = n~(RT~/2m" (B-5)
Correspondingly, for outgoing molecules,

N+ = nHRT*/2m)*% (B-6)

For the orifice cavity in a surface as sketched below,

d << 2ylpys T)

T (wall
tgmperature)

the steady-state net flux of molecules passing through the entrance is
zero. The number flux leaving the orifice is, for free-molecular flow,

Nows = (p

ou

/mN2rR T ) (B-7)

ifm

Setting Ngoyt = N™ and solving for the pressure within the cavity, Pifm?®
under conditions of d << Aj, the result is

~RpT— BN
pifm = mn RT (TW/T ) (B_8)
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The incident-energy, assuming internal and translational energies in

equilibrium, is
. far-\4% [ U2 '
E. = mn~RT™ (RT ) LI 7+ 1
1 2n 9RT— 20y~ 1 (B-9)

where vy = ratio of specific heats of gas.

Noting that N~ = N+, the reemitted energy may be expressed as
g gy

[}
-\ 4
E, = mn~RT (2” ) R (B-10)

Now an energy accommodation coefficient is defined as

a, = (Ei-E)/(Ei-Ew) (B-11)
where
_ (RT")% y+1
Ew = mn~ RT \735 Ay~ 1 (B-12)

The heat-transfer rate, negative when from gas to surface, is

q=E ~E; = ~a(E;-E) (B-13)
The foregoing equations have been solved analytically, making it
possible to compute pify/Pw as a function of ag, 4, 7, Ty and the gas
properties when d << Aj. The analytical result is cumbersome, and

to save space it is not given. Figure B-1 presents the solution graphi-
cally; the parameters are defined as

¢ = (e/p Ma/DB Uy ~ Dy + 1% . (B-14)
k = 4y =1/[p by + IR T %] (B-15)

A simple empirical expression that fits Fig, B-1 essentially exactly is

2~a
2 (7 2. 1) (2m* K( S 4 )
(Pifm) 2 . (Pifm) a, L 1.0

2 2
Pw (1+¢9 (1+¢2 (B-16)

Pw
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CORRELATION OF EXPERIMENTAL DATA

The data for each particular gas in Refs. B-1 and B-2 were found
to correlate with a Knudsen number, K, = A(pj, Tp)/d, based on pres-

sure in the cavity, pj, a reference temperature, T,, and orifice diam-
eter, d, where, with To~ = T~ + UZ(y-1)/ (vR)

T, = (T, + TH/2 (B-17)
Unfortunately the analytic solution of Eq, (B-17) is even more awk-
ward than the result for pi.fm/ Py. Therefore a graphical and curve
fitting approach again is chosen for presentation, Within the limits
Pifm/Pw < 1 and T/ Ty, < 20, which encompass all the experimental
data known to us (Refs, B-1, B-2, B-4, and B-5) we find that the
reference temperature ratio may be represented empirically by

T/T. = (1 AL ¢2+§¢‘)(Pifm/9w)"’
riw Y (B-18)

With pijf, /Py, from Fig, B-1, Fig. B-2 gives the remaining parameters
in Eq. (B-18) as functions of ag and {.

Prior to this point the discussion has been based on free-molecule
flow, i.e., d << A;. To correlate the data of Refs. B-1 and B-2 and

facilitate the prediction of orifice effects in the transitional flow regime,
it is convenient to introduce the two additional parameters,

P = [p/py) = Pitm/ P/ 1= Pipm/PW) (B-19)
and, with w = gas molecular weight,
Z = (200 anyw'lm + /8 (B-20)

Then all the data from the bell jar experiments are satisfactorily repre-
sented by a single curve given by the empirical equation

7= 1362 ~ 0.36 22 (B-21)
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CONCLUDING REMARKS

To apply this method it is necessary to determine v, R, w, Ty,
Pi» 4, 7, d, and @e. Then an iterative procedure is followed wherein
a trial value of p, is estimated, leading to § (Eq. B-14) and (Eq.
B-15), Therea.fter Fig. B-1yields pjry,/ Py, Fig. B-2 gives § and 1,

and Eq. (B-18) is solved for Ty./Ty. NextKn = A(p;, Tp)/d is calcu-
lated and Eqs. (B-20 and B-21) are solved for Z and p, respectively,
From the latter and Eq. (B-19) an improved value of py, is obtained.

If this differs significantly from the trial value, the steps are repeated.
Perhaps it .should be pointed out that if the free-stream flow properties
were based on the measured pressure being corrected, one must return
to these flow conditions to begin the iteration again.

The assumption of values of ag obviously has to be accepted in
applying the present method to data which typically do not include any
measure of that parameter., For air, ae = 0.8 has been used; for
nitrogen, ae = 0.79; and for argon ae = 0.83. The values for nitrogen
and argon are identical to the thermal accomodation coefficients found
by Kinslow and Arney (Ref. B-2); the slightly greater value for air is
insignificant practically but follows from consideration of molecular
weights of air and nitrogen.

)
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Pinv

Lo

NOMENCLATURE

Nozzle throat area

Chapman- Rubesin coefficient, (uw/u)(T/Ty)

C based upon T*, (uw/u*) (T*/Ty)

Skin-friction coefficient, 7/q,

Pressure coefficient, (py - Pw)/ 9

Cp, based upon reference conditions (pyw - pr)/ ar
Enthalpy

Unit vector in body coordinate system (see Fig. 4)

Nose drag coefficient (0. 964 for spherically blunted cone)

Distance from apparent origin of source flow to center of
rotation of model (see Fig. 4)

Distance from apparent origin of source flow to reference
point (see Fig., 4)

Distance from model tip to center of rotation (see Fig. 4)
Mach number

Mass flow rate

Unit vector normal to local body

Prandtl number

Static pressure

Pressure indicated by means of a sensing orifice
Inviscid cone static pressure

Tunnel reservoir pressure

Free-stream pitot pressure

‘ Wall static pressure obtained from p; by applying the

orifice correction (see Appendix B)
Dynamic pressure pgUg2/2

Heat-transfer rate
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Model nese radius
Free-stream Reynolds number U_xp /1
Unit Reynolds number behind normal shock

Radius vector from apparent origin of source flow to
point on model surface

Local body radius (see Figs. 3 and 4)
Speed ratio
Stanton number, qf/p,Ug(hy - hy)

Distance along model surface from stagnation point
(see Fig. 3)

Temperature

Reference temperature

Stagnation temperature

Free-stream velocity

Similarity parameter M\IEE

MVC*/ Re

Distance from nozzle exit to reference point
Model coordinate parallel to axis (see Fig. 4)
Model angle of attack (see Fig. 4)

Energy accommodation coefficient

Angle between model surface normal and flow vector
Ratio of specific heats

(v+1/(y-1)

Local body angle

Mean free path

Viscosity

Density

Skin friction

Roll angle (zero on windward side at positive angle of
attack)
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SUBSCRIPTS

2 Condition downstream of normal shock
inv Inviscid cone condition

2 Local free-stream condition

o Stagnation condition

r Reference condition

w Wall condition

Free-stream condition

Source flow condition converted to equivalent parallel flow
at the reference condition
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