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By John R. Jack and Barry Moskowitz

SUMMARY

Pressure distributions and forces have been obtained for a series
of four bodles of revolution with nose-fineness ratios varying from 4
to 10. This experimental investigation was conducted in the NACA lewis
1- by 1l-foot supersonic wind tunnel at & Mach number of 3.12 for a
Reynolds number range of 2XL0° to 14X10° (based on model length) and
for an angle-of-attack range from zero to 9°.

Pressure distributions on a representative model for the small
angles of attack were adequately predicted by a hybrid theory which
1s composed of & first-order crossflow solution plus & second-order
axial-flow solution. At the larger angles of attack, the agreement
wes fair except in the region where the effects of crossflow separ-
ation predominated, for which case the agreement was poor. A large
change in the base pressure coefficient of the representetive model
occurred between the Reynolds numbers of Zx]_o6 and 8x106, ng further
change took place as the Reynolds number increased to 14X10

The total %rag coeffl ients for small angles of attack at Reynolds
nunbers of 8x10- and léxlo were gproximately equal and slightly higher
than the drag coefficient for 2X10 A comparigon of the experimentally
determined 1ift and moment coefficients with the hybrid theory plus the
viscous crossflow force showed good agreement at all Reynolds numbers
and angles of attack investigated. The force coefficients decreased with
an increase in nose-fineness ratio. The forebody lift~drag ratio in-
creased with both angle of attack and nose~fineness ratio in the range

investigated.
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TNTRODUCTION

As part of a systematic program to ascertain the effects of Reynolds
number on aercdynsmic characteristice, to extend the basic information
on the aerodynaemics of bodies of revolution, and to assess the validity
of several theories for predicting pressures and forces scting on bodies,
tests are being conducted in the NACA Lewis 1- by l-foot supersonic wind
tunnel on a geries of bodles of revolution. The first three parts of
this series of investigations are reported in references 1 to 3. Ref-~
erence 1 reported. the complete aerodynamic chsracteristics of a near-
parabolic nose body, while reference 2 reported the load distributions
of a series of five bodies having conilcal or slightly blunted noses and
cylindrical afterbodies. The boundary-layer development and the forces
acting on a typical cone-cylinder body of revolution were reported in
reference 3. The subject of the present report 1s the aerodynamic
characteristics of a series of four bodies having near-parsbolic noses
and cylindrical afterbodies at a Mach number of 3.12 for Reynolds num-
bers from 2><106 to 14x1o (based on model length) end angles of attack
from zero to 9°. The over-all fineness ratio of the four bodies was
12, while the nose-fineness ratio varied from 4 to 10.

Pressure djistributions were obtained for all models at a Reynolds
number of 14x108 and at Reynolds numbers of 2x106 end 8x105 for a
representative model. Forces were obtained for all models over the
Reynolds number range. The experimentally determined pressure dis-
trivutions for the representative model were compared with a second-
order theory for zero angle of attack and a hybrid theory for angle
of attack. The forces were compared with the preceding theories plus
a viscous crossflow theory at angle of attack.

SYMBOLS

The following symbols are used in this_report:

AF frontal area -

Cp drag coefficient, D/quF

Cy, 11f% coefficlent, L/qA,

CM pitching-moment coefflcient about base of model, M/qOAFI

CP Pressure coefficlent,-gifo . . _
D drag force. _ : o : -

3036
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d body dlameter
L 1ift force
1 length of model

1 length of model nose
n
M pitching moment
P static pressure
q0 free-stream dynamic pressure, l/ZpOUbZ
R maximum body radius
Re Reynolds number, pOUOZ/h
Ub free~stream velocity

X,r,6 cylindrical coordinates

a angle of attack, deg

T ratio of specific heats, 1.40
it kinematic viscosity

o free-stream density
Subscripts:

b base

a due to angle of attack

0] free-stream conditions

APPARATUS AND PROCEDURE
Wind Tunnel
The investigation was conducted in the NACA Lewis 1- by 1-foot

supersonic wind tunnel, which is a nonreturn, continuous-flow, variable-
pressure tunnel operating at a Mach number of 3.12. Inlet pressures may
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be varied from 6 to 52 pounds per square inch absolute at a stagnation
temperature of approximstely 60° F. The specific humidity of the air
supplied to the tunnel was maintained at approximetely 2¢10™° of a
pound of water per pound of dry air, which minimized the effects of
condensation. The free-stream Reynolds number has a range of approxi-
mately 1X106 to 8x106 per foot.

Models

Sketches of the models investigated, with pertinent dimensions, are
presented in figure 1. The defining equation for the nose of each body is

/
R* Ezﬁ ‘ (zx_n)z]s 4 &

Although equation (l) predicts an Infinite slope at the tip of the bodiles,
for all practicel purposes the models, when machined, had pointed noses.
The nose~fineness ratios of the bodies are 4, 6, 8, and 10, and the over-
all fineness ratio 1s 12. Pressure-distribution models were machined
from steel, while force models were made from aluminum. All models were
polished to & l6-microinch finish. FEach model was sting supported from
the rear (fig. 2).

Measurements

Axial pressure distributlions for the bodies of revolution were
determined from two rows of static-pressure orifices placed 90° apart.
Meridional pressure distributions were obtained for selected axial
gtations through orifices placed 22.5° apart. To keep the amount of
instrumentation to a minimum, the models were lnstrumented in one
quadrant only and then tested at both positive and negative angles of
attack so that pressure distributions would be complete with respect
to the meridian angle. Basge pressures were determined from four static-
pressure orifices, placed 30° apart and loceted in one quadrant. .

Forces were measured by a three-component sgtrain-gage balance,
which was attdched %o a sting-strut combination. A static calibration
of the bpalance showed an interaction between the normasl and axial
forces; therefore, corrections for thig interaction were made in the
reduction of the force data. The maximum experimental errors in the
force coefficients are believed to be as follows for the lowest and
highest Reynolds nunbers, respectively:

3036
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Force Maximum error at
coefficient | Reynolds number

2x10° | 14x10°
Cp 40.0L | +0.002
Cy, *.02 +.002
Cyt £.002|  *.001

Reduction of Date and Methods of Computation

The free-stream static pressure used in reducing the experimental
data to coefficient form is that cbtained from the side wall of the
tunnel opposite the model vertex. This pressure was in close agreement
wlith the static pressure measured on the center line of the tunnel at
the same axlial station. Incremental pressure coefficients due to angle
of attack were obtained by subtracting the measured values at zero angle
of attack from those measured at angle of attack.

The second-order theory of reference 4 as applied in reference 5
was used to obtein theoretical pressure distributions. Although the
theory, as developed in reference 4, is strictly appliceble for sharp-
nosed bodies of revolution at Mach numbers less than that for which the
Mach cone surface coincides with the model tip surface, 1t has been
applied in the present case by replacing the blunt tip given by equation
{1) with a short conical section. The conical section was chosen such
that the cone half angle was less than 94 percent of the Mach angle in
order to utilize the tables presented in reference 5. The conical sec-
tion was approximately 2 percent of the body length.

For angle of attack, theoretical pressure distributions were cal-
culated by using the hybrid theory suggested in reference 4 and were
applied in the same menner as that given in reference 3. The hybrid
theory consists of the second-order axial-flow solutlon of reference
4 combined with a first-order crossflow solution of reference 6. The
theoretical forces, for angle of attack, were computed by using the
integrated hybrid-theory pressure distributions plus the viscous cross-
force theory of reference 7.

RESULTS AND DISCUSSION

The experimental results consist of pressure distributions and
forces for the models presented in figure 1 and for angles of attack
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from zero to 9°. The pressure-distribution results are discussed for
all models at zero angle of attack; however, because the effects of
angle of attack do not vary significantly with the models, these
effec%s are discussed only for model 2, which has a nogse-fineness ratio
of 6. '

Pressure Digtributions. - At zero angle of attack, the experimental
veriation of the pressure coegficient with axiasl station for all models
at & Reynolds number of 14X10° 1s presented in figure 3. As expected,
the level of the nose pressure distributions increased with decreasing
nose-fineness ratio; comsequently, the wave drag will have the same
trend.

Figure 4 shows the varlation of the axial pressure distribution
of model 2 at zero angle of attack for the three Reynolds numbers in-
vestigated. Compared with the experimentel data of figure 4 is the
rressure distribution obtained from the second-order theory of ref-
erence 4. The agreement between the second-order theory and experiment
is good, with the best agreement at Reynolds numbers of 8x10% and
14x105. An integration of the pressure distributions of figure 4
reveals that the effect of Reynolds number on the wave drag is very
small.

The incremental axial pressure distributions due to angle of
attack for three Reynolds numbers are presented in figures 5 and 6 for
the bottom (meridian angle of 0°) and top (meridian angle of 180°),
respectively, of the representative model. In general, an increase
in Reynolds number from 2X106 to 8x106 causes an increase in the in-
cremental pressure-distribution level. Angle-of-attack data for
models 1, 3, and 4 are given in tables I, II, and IIT, respectively,
for & Reynolds number of 14x106. - :

Increments in pressure coefficient due to angle of attack for
model 2 are compered in figures 5 and 6 with the hybrid theory of
reference 4. Agreement between experiment and theory is quite good
at an angle of attack of 3°; however, at angle of attack of 9°, the
agreement is poor In several regions on the body. At the tip of the
model for a meridian angle of zero, the poor agreement is due to an
inadequacy in the hybrid theory at high angles of attack. For the
conical tip used in the calculation, the pressure coefficient obtained
from hybrid theory is about 20 percent higher than that obtailned from
cone theory (ref. 8). On the cylindrical portion of the model, the
disagreement for a meridian angle 6 of 180° (fig. 6) is due to

1p detetiled analysis of the aserodynamic characteristics of model 2
including the boundary-layer development, friction drags, and transi-
tion studies has been reported previously in reference 1. For com-
pleteness, this model was retested with the present series.

QANERTrIPrTRT
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crossflow seperation; while for a meridian angle of zero (fig. 5), the
difference between theory and experiment in the region x = 11 to 17
inches appears to be due to a small local tunnel disturbance. It is
not known, however, why this dlscrepancy is much more pronounced at
an engle of attack of 9° thaen at an angle of attack of 3°. It is
possible that an interaction of the disturbance with the separated
crossflow is involved. At asn angle of attack of 3°, the crossflow
separetes near the top of the body (9 = 1800), while at an angle of
attack of 99, crossflow separation hes moved to 6 = 90°. A local
Increase in effeetive cross sectlon due to Increased crossflow
separation could influence pressures at the bottom of the body in the
observed menner.

Plotted in figure 7 1s the experimentsl varistion of the ineremental
pressure coefficlent due to angle of attack with meridional angle for
three axial stations, the first of which is on the nose of the model
while the other two are on the cylindrical afterbody. Agreement between
experiment and theory is good at an angle of attack of 39, and again
the agreement at an angle of 9° is poor for the reasons mentioned in
the discussion of figures 5 and 6. The effect of crossflow separation
is readily shown in figure 7. At the forward stations, the agreement
between theory and experiment 1s good on the leeward slde of the body;
while, for the exial stations located on the cylinder, large disagreement
between theory and experiment is noted in the same region because the
crossflow has separated. The separation occurred at 6 = 110° for the
l4-inch station and at 6 = 50° for the 20.5-inch station.

The effect of Reynolds number upon the base pressure of model 2 is
presented in figure 8(a). A large change in the base pressure occurred
between the Reynolds numbers of leo6 and 8x10-, with no further change
ag the Reynolds number incgeased to léxlOG. As the Reynolds number in-
creased from 2xlO to 8x10°, the transition point moved from the base of
the model to & point approximetely 12 inches upstream of the model base
(ref. 1). Figure 8(b) illustrates that the base pressure is relatively
insensitive to nose-fineness ratio for a Reynolds number of 14Xx10% and
for the angle-of-attack renge investigated. Almost all the base pressure

coefficients are within 42 percent of a median curve drawn through the
experimental data.

Forces. - The variastion of total-drag coefficient with angle of
attack for all models is given in figure 9 for nominal Reynolds numbers
of leos, 8x106, and 14X18 At angles of attack of zero and 3°, the
drag coefficients at 8X10~ and 14x10° are approximately equal and slightly
hlgher than the dreag coefficient for 2x108 This Reynolds number effect
at the lower angles of attack is attributed to an increase in friction
dreg and base drag due to a forward movement of transition with increas-
ing Reynolds number, since as noted previously the pressure drag is
essentially invariant with an Increasing Reynolds npumber.

SO
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Experimentally determined 1ift coefficients for all four models
are presented in figure 10. Compeared with the data for the representa-
tive model is the hybrid theory of reference 4 plus the viscous crossflow
force theory of reference 7. The agreement between theory and experiment
18 good for the angle-of-attack and Reynolde number range investigated.
The 11ft coefficient is little affected by the variation in Reynolds
number.

Pitching-moment coefficients sbout the bases of the models and
centers of pressures are glven in figures 11 and 12, respectively. As
in the case of thHe 1ift coefficient, the pitching moment and center of
pressure are not greatly influenced by & varying Reynolds number. A
comparison of theory and experiment again shows good agreement and &
prediction of the proper trends.

To summerize the effect of nose-fineness ratio, all the force
paremeters investigated, including the forebody lift-drag ratio, have
been Elotted against nose-fineness ratio for a Reynolds number of
14x10 (fig. 15) The force parameters decreased wlith increasing nose-~
fineness ratio except for the lift~drag ratio of the forebody (body _
forward .of the base), which increased. At the higher angles of attack,
the forebody lift-drag ratio appears to have reached a maximum at a
nose-fineness ratio of 10.

SUMMARY OF RESULTS

The aerodynamic characteristics of four bodies of revolution having
nearly parabolic noses with fineness ratios verying from 4 to 10 have
been investigated in the NACA Lewls 1- by l-foot variable Reynolds
number tunnel at a Mach number of 3.12. An enalysis of the results
has led to the following conclusions:

1. The base pressure asnd the zero angle-of-attack pressure-
distribution level decressed with ean increase in the Reynolds number
from 2x106 to 8x106; however, the incremental pressure distribution
due to angle of atteck and the total-drag coefficient for zero and 3°
angles of attack increased in this range Eeynolds number effects
were noted for an increase from 8x10° to 14x10°.

2. The level of the nose pressure distributions increased with
decreasing nose-finenesg ratio. However, the base pressures for a
Reynolds number of 14x108 were 1little affected by a change in nose-
fineness ratio for the angle-of-attack range investigated. TIn
general, the respective force coefficlents decreased with an increase
In nose-fineness ratio. The forebody lift-drag ratio increassed with
both nose-fineness ratio and angle of attack.
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3. The second-order theory of Van Dyke adeguately predicted the

zero angle-of-attack pressure distribution for the representative
model. A combination of the second-order axisl-flow solution with the
first-order crossflow solution predicted the incremental pressure dis-
tributions due to angle of attack well, except on the tip of the model
(meridian sngle of zero) and in the regions of separated crossflow.
The measured force coefficilents were estimated closely by integrating
the pressure distributions obtained from the hybrid theory and adding

9¢0¢

to this force the viscous crossflow force.

Lewis Fllight Propulsion Laboratory

Ccu-2

Natlonel Advisory Committee for Aeronautics
Cleveland, Ohioc, November 10, 1953

REFERENCES

Jack, John R., and Burgess, Warren C.: Aerodynamics of Slender
Bodies at Mach Number of 3.12 and Reynolds Number fronm leo
to 15x10°. I - Body of Revolution with Near-Parsbolic Forebody
and Cylindriecal Afterbody. NACA RM E51HL3, 1951.

Jack, John R., and Gould, Lewrence I.: Aerodynamics of Slender
Bodies ag Mach Number of 3.12 and Reynolds Number from 2x108 -
to 15x10°. - Aerodynemic Load Distributions of Series of
Five Bodies Eaving Conical Noses and Cylindrical Afterbodies.
NACA RM E52C10, 1952.

Jeck, John R.: Aerodynamics of Slender Bodies at Mach Number of
3.12 and Reynolds Number from 2x10° to 15x106. IIT - Boundary
Layer and Force Measurements on Slender Cone-Cylinder Body of
Revolution. NACA RM ES3B03, 1953.

Van Dyke, Milton D.: TFirst- and Second-Order Theory of Supersonic
Flow Past Bodies of Revolution. Jour. Aero. Sci., vol. 18, no. 3,
Mar. 1951, pp. 161-178.

Van Dyke, Milton D.: Practical Calculation of Second- Order Super-
sonic Flow Past Nonlifting Bodies of Revolution. NACA TN 2744, 1952.

Tgien, Hsue-Shen: Supersonic Flow Over an Inclined Body of Revolution.
Jour. Aero. Seil., vol. 5, no. 12, Oct. 1838, pp. 480-483.

Allen, H. Julian: Estimetion of the Forces and Moments Acting on
Inclined Bodies of Revolution of High Fineness Ratios. NACA
RM A9T26, 1949.

Anon.: Tables of Supersonic Flow Around Cones of Large Yaw. Tech.
Rep. No. 5, Dept. Elec. Eng., M.I.T., 1949.



TARLE T, - FRESSURE COEFFICTENTS FOR MODEL 1 FOR 'TWO ANGLES OF ATPACK AND
RETROLDS NUMEER OF 14310°

(a) Axial variation of pressure coefficient.

0t

Angls of attack, o = 5° Angle of sttack, a = 9°
- Axiel |Meridian angle, Axinl |Meridian angle,
etation, 8, station, 8,
x, deg X, deg
in. 0 [ 180 iz. o [ 10
1 | e 0.074 1| - 0.022
2 0.10¢| .033 2 0.196 | -.005
3 064 | 010 5 .152 | -.018
4 041 | -.004 4 .120 | -.024
5 .021| -.015 5 .087 | -.030
5.5 016 | -.019 5.5 .075 | -.03%
8 .004 | -.020 B .064 | -.035
8.5 -.002 | -.023 8.5 .053 | -.058
7 ~.007 | ~.026 7 L0438 [-.035
7.5 | -.008|-.023 7.5 .040 | -.034
8 -.007 | -.020 8 038 | -.050
8.5 |-.008]-.007 8.5 .039 |-.026
9 -.004 | -.,014 9 .038 |-.022
1 -.00% | -.011, n .035 | -.C18
13 -.006 | -,008 15 03¢ | -.014
15 ~.007 | -,008 15 .032 [-.017
17 -.008 | -.co2 17 .0%2 |-.020
19 -.005 | -.007 19 .026 | -.031
20.6 | ~.006 | -.008 20.5 .023 |-.031
(b) Circumfarentisl varlztlion of pressurs cosfficismb.
Angle of atteck, o = 3° Angle of mttack, a = 9°
Axial Meridian engle, Axim) Maridian angle,
gtation, e, station, g,
Xy deg X, deg
In. feg25| a5 |s7.5| 90 [112.5] 135 [157.5) In, [lg25] 45 | 67.5] 90 |112.5] 135 [157.5

2 0.108/0.102 j0.087(0.072 |0.054|0.045| 0.058 2 0.185{0.148 |0.088 {0.047|0.012|0.010 |-0.006
i 042 .038) .051| .021| .009| .002| .QOL 4 114 .083: .038(~.005|-.034|-.036) -.027
T -.007|~-.018 |-.010|-.085(-.088| -.028| -.028 - 7 .036{ ~.022 |-.012 |- .053|=.055|~.075 | -.042
1 -.003] -.008]-.014(-.018|-.018-.014] -.012 n 027} .000|-.0561~.072(-. -.(48| -.050
15 -.007| -.008 |-.011|-.011|-.010|-.0L0] -.010 15 025! ~.00L [-.041 -.062|-.038|-.044 | -.084
20.5 | -.004]-.010)-.014{-.016]-.015]|-.011] -.010 20.5 -018) =.014 |-.002 |=.044 |=.034 |- .034 ] -.039
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{a) Axiel veriation of preasure coefficient.

Angle of attack, a = 3° Angls of attack, o = §°
Axial |Meridian sngle, Axial |Maridian sngie,
station, 9, station, 9,
b dng X, deg
in. 0 m in, [+) 180
2 0.085| 0.013 2 0.104 |-0.006
3 OLT 006 3 08¢ | -.012
4 oac| 004 4 081 | -.014
5 G531 | ~.002 8 .087 | -.016
B .026| -.002 8 080 | ~.017
7 .021| -.002 7 074 | -.018
8 L6 | -.004 8 .085 | -.018
] Ol2| ~.005 9 .062 | -.020
10 .008 | -.008 10 057 | -.022
11 004 | =.018 11 086 | -.023
12 000| -.01l4 12 05), | ~.027
12.5 -002| -.016 12.6 W49 | -,027
13 ~.006| -~.0L6 15 048 | ~.028
15.6 ~,007 | =.016 13,5 048 | -.050
14 -.008 | ~.016 14 044 | -,089
14,5 ~-.008 | -.016 14.5 bk | -.020
15 ~.00T| ~.016 15 042 | -.028
15.5 - -~.0ld 15.5 041 | ~.028
17 -,008 | ~.009 17 05L | ~.
18.75 | ~.c08 | ~.012 18.75 050 | ~.051
20,5 | -.009]-~.002 20.5 | .02 | -,020 |

{b) Circueferentisl variation of pressure coefficlent.

Angle of attack, o = 30 Angle of mtteck, a = 9°

Mxial Merldisn angle, Axial
station, a, station,

= éag z;

in. faas |46 [67.5 | 90 |112.5] 155 |157.5 in. {225

5 o0.0480.046[0.057]0.027 |0.014 00000 ..00E 5 0.107

7 «0z1| .018| .00| .002(-.004|-.005]-.008 7 .070
11 005 | = 004 [~==ev|-.010|-.014 [ -.014 | -. 002 1n .040
14 -.008|-.008}-,002]-.017}-.018]~.018} - 015 14 ,026
17 -.008|~.008|-.018|-.018]-.020{.006|~.021 17 018
20.5 |-.007l-.oml-.017l-.;00!-.0181-.004]- 0% 20.8 014

lrnmiismt ) LaresE WI VOVN
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TABLE ITT. - PRESSURE COEFFICIEWTS FOR MCDEL 4 FOR TWO ANGLES (F AFTACE AXD
REYNCLDS NUMEER OF 14105

(a) Axiel varistion of pressure cosfficient.

Anglo of stteck, a = 5° Angls of attack, o = 9°
Axial |Maridian angle, Arial | Meridiar mgle,
statlon, 8, station, a,
Xy deg 1) deg
in. 0 180 in. [} 180
2 0.052 | 0.007 2 ——--| -0.008
3 .058 | ,003 3 0.106 | -.015
i 036 | .003 4 02| -.014
5 .030| .ogL 5 .09 | ~.015
8 .025 | -.002 6 .087| -.017
7 .023| .001L 7 .080| -.018
8 .018 | -.002 8 073 -.017
9 .015 | -.001 9 068 | -.020
10 014 | -.004 10 085 ..oz
11 011 | -.007 n .059 | -.023
12 .007 | -.000 12 055 | -.028
13 .002 | =.011 13 050 | -.029
14 .000 | -.011 14 046 | -.029
15 -.002 | -.013 15 041 | -.028
16 -.005 | -.012 18 .036 | -.030
16.5 | -.009| -.0028 18.5 .029 | -.032
17 -.009 | -.011 17 025 | -.05L
17.5 | -.006| -.000 17.5 .027 | -.030
18.1 | ~.007 | -.011 181 .028 | -.03L
18.8 | -.007{ -.002 15.8 025 | -.035
19.5 | -.005] -. 18.5 .029 | -.033
20.5 | -.009] -.011 20.5 .026 | -.032

(b) Circumfarential vanmiation of pressure coefticient.

Angle of attack, o = 3° Angle of attack, a = 9°

Axlal Meridian angle, Axial Maridian angle,
station, 9, station)

x, deg X,

in. T2 5145 [er.5] %0 [112.5] 155 J157.5 in. 925 | 45

5 0.042[0.038| 0.030| 0.021 |0.012}0.004{0.006 3 0.089[06.083

8 .019| .014| .005|-.002|-.004}-.004]-.005 8 .085| .0356

s -005|-.005| .000|-.009]-.013]-.001{-.012 13 .042|-.027

7.5 |-.005|-.011|-.015| -.009|-.021] -.017] -.013 17.5 .022|-.006

20.5 |-.007{-.002(-.017] -.020|-.018-.015]| -.015] . 20.5 | .0n7]|-.013

2l
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Model
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Figure 1. - Schematic drawing of models. Maximum body dlameter, 4,
1.75 inches.
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