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ABSTRACT

Ii

The drag coefficient of a sphere was established

experimentally over a range of Reynolds nurbers with

Mach number as a parameter.

The conditions of Reynolds and Mach number were

related to a falling one meter "ROBIN" reconnaisance

sphere used for determining upper air density,

An error analysis was performed on the data to

determine the reliability.
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a T speed of sound

CD - drag coefficient of the sphere

d - diameter of the sphere

D - drag of the sphere

D a drag of the 0.003" diameter suspension wires

L - Perpendicular distance from the wire
suspension point to the point of attachment
to the sphere

M - V/a - Mach number

n - number of experimental points

F - static pressure

P T " total pressure

AP -PT - P - differen'Lal pressure measured
in wind tunnel
2

q - kfV - dynamic pressure

Q R - gas constant

Re W - Reynolds number
SMil2 M projected area of the sphere

T - absolute temperature (OF)

V - air velocity

Sw - weight of sphere

w - suspended weight used to determine the wre
drag correction

x = displacement of the sphere due to aerodynamic
drag on the system

X ' - displacement of the small weight w used to
determine the wire erag correction

= air density

- air viscosity
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I. INTRODUCTION

In order to determine reliably the air density from the

descent velocity of a sphere, the drag coefficient of the

sphere in regard to the related Mach and Reynolds numbers

must be known with a high degree o.1 accuracy. Drag data,

which encompasses the descent of a DOBIN sphere from 260,000

ft altitude, was obtained at the University of Minnesota

by means of wind tunnel experiments.

The required Reynolds and Mach number range was

established from exploratory desceic tests, and is shown

in Fig 1 (Atmospheric data was taken from Ref 1). Para-

meters which can be varied in a wind tunnel are velocity,

static pressure, and model size. In general, the velocity

is fixed by the required Mach Dumber of the descent, while

the related Reynolds number can be obtained by varying

static pressure and/or model size. Since variation in model

size is neither desirable nor easily ar'tained, as will be pointed

out later, it was decided to vary the static pressure over a suffi-

cient range in order to obtain the desired Reynolds numbers.

In this manner a considerable number of experiments were

made; the summary results are shown in Fig 19.

The experiments were carried out by grý'duate and under-

graduate students of the University of M•tinesota. Messrs.

Richard Strom and Joseph Bushard contribuued significantly

in the performance of the experiments and reduction of data.

Wr. LawrenceW. Rust, Research Fellow, was instrumental in the

chapter of error analysis.
I
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1I. EXPERIMENTAL EQUIPMENT AND TECHNIQUE [
I

A. Wind Tunnel

The drag studies were conducted in the University

of Minnesota continuous flow, variable density, subsonic

wind tunnel shown schematically in Fig 2.

A centrifugal compressor capable of producing con-

tinuous flow at near critical pressure ratios is used to create

test section speeds in the subsonic and transonic range, up

to approximately M = 0.93. The velocity in the test section

is regulated by means of a control valve located on the

outlet side of the compressor.

Velocity surging initially arose in tunnel operations

at very low Mach numbers ( M--0.1) because the volumetric

flow rate was less than the minimum rated flow of the

compressor. To overcome this difficulty, a by-pass was

installed to increase the mass flow through the compressor

and yet allow the small mass flow required through the

test section. This procedure allowed wind tunnel operations

at Mach numbers as low as 0.05.

As shown in Fig 2, the wind tunnel incorporates

several methods to provide uniform test section flow with

minimum turbulence, including a large stilling chamber,

long diffuser, and a honeycomb section. In addition, the

test section has a return flow channel as shown in Fig 3.

Figures 4 and 5 present the dynamic pressure variation of the

flow downstream of the '4K\ inch and 8 inch nozzles, respectively (Fig 6),

It is seen that there is less than a two per cent variation

of dynamic pressure in the core of flow.

-3-
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The wind tunnel is :auied with a rotarv nistnn

; •With this pump, tunnel static pressure of less than 1 mm Hg

are obtained in a few minutes. The duration of test runs

at the low pressures was limited by the tunnel leak rate of

approximately 1.0 mm Hg/min.

For moisture control an air dryer is used which

consists of a 9ft3 bed of Sova Bead dessicant which has a

drying capacity of 7040 ft 3 of 60% relative humidity air

(Fig 7).

The dessicant can be regenerated by an automatically

controlled forced hot air unit.

B. Models

The spheres tested were made from nylon, aluminum,

and steel. In order to avoid flow blockage and other

C interference effects the projected area of the model sphere

was in all cases held to less than four per cent of the nozzle

area. On the other hand the models could not be made too

small since, in gealeral, the drag of the support system

cannot be measured as accurately as the drag of the entire

system. There~bre, the spheres were made large enough that

the drag of the support amounted to approximately 10 per

cent of the total drag.

With these restraints on model size, it was decided

tc test spheres ranging from 0.750 in. to 1.500 in. Model

tolerances were + 0.001 in. on diameter and + 0.001 in. on

sphericity. Model spheres of 0.75 in. and 1.50 in. are shown

in Fig 8 while Fig 9 shows a model suspended in the test

section.

-10-



ROBIN MODELS

PROJECTED AREA PROJECTED AREA

( 12.27 x lo-3 f t 2  3.068xl0 3 .t2

-.75-

1.5" SPHERE .75" SPHERE

FIG 8. TYPICAL? ROBIN SPHERE MODELS

< C

FIG 9. VIEW OF TEST SECTION SHOWING
EXPERIMENTAL SET-UP

11



C. Instrumentation

The determination of drag coefficient, Mach and

Raynolds numbers required measurement of total drag, support

system drag, dynamic pressure, static pressure, and

temperature, all of-which, possibly with the exception of

the temperature, had to be measured as accurately as

possible.

1) Drag Measurements

The drag of the sphere with the suspension wire

was determined by the pendulum method as illustrated in

Fig 10. The model was freely suspended from two 0.0031 in.

diameter wires which were attached to the support systems in

the upper part of the test section. Because of this

suspension, the sphere was displaced by the aerodynamic force.

However, it became apparent that the model must be held

in the same position in the flow throughout the tests in order

to avoid deviations 4aused by the slight velocity variation

in the downstream direction. This was accomplished by

changing the origin of the model support wires and their

length with two variable speed reversing motors as seen in

Fig 10. The exact model position was maintained through the

use of a cathetometer mounted outside the test section window.

After oscillations of the model had damped out, the

model support system was moved in order to restore the

model to its original position and this displacement was measured

directly by an Ames dial gage micrometer. The displacements

were used to calculate the aerodynamic drag. The sensitivity

1
S~-12-
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of the system was varied by changing the weights of the

( spheres used.

A similar method shown in Fig 11 was used to determine

the wire drag (model support drag). Again the wire was

suspended from a movable support. However, rather than

being attached to a sphere, the wire was attached to a

small weight enclosed in a hollow sphere filled with a

damping fluid. This rigidly mounted hollow sphere merely

served to recreate the same flow field as present during

the total drag measurements. The enclosed damping fluid

reduced wire vibration. The wire and hollow sphere were

electrically charged so that contact between the two was

detectable. The movement of the support system necessary

to eliminate this contact was measured as in the total drag

( tests.

The sphere drag could now be determined from th3

condition of the moment equilibrium (see Fig 12). With

respect to point 0, equilibrium requires:

D(L..+ r) + =w (Lw) W(6 -t ci). (1)

About the point P one gets

W . = D'r, (2)

Combining Eqns I and 2,

DL-L + DL -Lx).
S~-14-
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TOTAL DRAG I
MEASUREMENT 0
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MEASUREMENT L

I
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WDW

wO

FIG 12. DIAGRAM FOR DEVELOPMENT OF SPHERE

DRAG EXPRESSION
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The measurement of wire drag provides

/ /

D Lv .zW . (4)

Therefore

L (5)SD- L L "

One observes that only the horizontal displacement of the

model support is needed to determine the sphere drag.

2) Dynamic Pressure Measurement

The extremely low dynamic pressures of these tests were

measured with a pitot-static probe placed near the edge of

the core flow just downstream from the nozzle in combination

with a Statham differential diaphragm transducer gage using

a galvanometer readout system shown schematically in Fig 13.

Ordinary liquid manometers were not suitable due to their low

sensitivity and the relatively high vaporization pressure of

most manometer fluids. The Statham gage provided sufficient

accuracy, and was found to have very little calibration

drift. Calibration curves for the gage at different bridge

sensitivities are shown in Fig 14. As can be seen the curves

are linear throughout the entire range.

As mentioned earlier, measurements were made of the

-17-
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dynamic pressure variations across the core flow as presented

in Figs 4 and 5. In addition, simultaneous measurements of

the dynamic pressures at the probe position and at the stagna-

tion point of the model were made. A small variation was

found, and a correction factor was established for each

Mach number condition to be used in the calculations. It

was found that the correction factor is not constant with

pressure at the higher Mach numbers thus a variable correction

factor was applied to the calculation of dynamic pressure.

3) Static Pressure Measurement

To cover the full range of static pressures necessary in

the tests, two static pressure gages were used. For static

pressures above 20 mm Hg, an ordinary differential mercury

manometer was used. The evacuated side provided a zero

pressure reference level, with the scale adjusted according

to changes in atmospheric p-essure. Static pressures below

20 mm Hg were measured with a more sensitive Dubrovin gage

(Fig 15).

The static pressure probe was located at the top of the test

section. No measurable variation in static pressure was found

between this position and the static pressure measured in

free stream flow.

4) Temperature Measurement.

The static temperature of the flow was measured

with a radiation shielded theimocouple located in the test

section, with direct readout obtained using a Brown

Recorder (Fig 16).

-2!-
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FIG 15. DUBROVIN GAGE AND MERCURY
MANOMETER USED FOR STATIC

TEMPERATURE MEASUREMEN

C

FIG 16. BROWN RECORDER USED FOR

TEMPERATURE MEASUREMENT
22



I I
(._ At the low operating densities involved there, is only little

frictional heating in the flow resulting in a small tempera-

ture variation from room temperature throughout the

wind tunnel, thus eliminating the need for an obstructing

probe in the core flow. Furthermore, temperature is not

one of the critical measurements, entering only in the

calculation of Reynolds numbers.

D. Experimental Procedure

The test procedure necessary to obtain the required

data was to keep the Mach number constant during a test

sequence while varying the Reynolds number through the

required range. With the tunnel evacuated to the lowest

required static pressure, the compressor control valve was

- adjusted to give the desired Mach number. When steady state

conditions were reached, readings of model deflection,

dynamic pressure, static pressure, and temperature were I
taken simultaneously by two observers. For each data

point, this procedure was repeated up to 15 times in order

to obtain very reliable average values.

Air was then bled into the system until the next

higher static pressure (Reynolds number) was obtained.

Since the Mach number varies slightly with static pressure,

a slight readjustment of the control valve was necessary.

When steady static conditions were reached, readings were

taken. This process was repeated over the entire static

pressure range. A sample run sheet is shown in Fig 17.

-23-



ROBIN SPHERE 4ý NOZZLE DATE: DEC. 15, 1961

M:.750 -4STEEL SPHERE
( WT.: 28.073 9m. L :1398 cm.

P p LrP SENS. X T(0") ,- REMARKS
mm H9g .m dfl. (inches)

Xo = i .913
2.20 96.5 6 1.525 84

2.80 95.7 4 1.J4 3 9  84

3.30 95.2 2 1i340 84 ,,i

3.90 97.0 0 1.232 85
4.40 64.5 O-B i.164 85

5.00 72.5 O-B I.069 84

Xo = 1.913

FIG 17. SAMPLE RUN SHEET

-24-.



III. RESULTS

A. Method of Calculation

A sample calculation sheet is shown in Fig 18. The

methods of calculation used to obtain the drag

coefficient, CD, Mach number, and Reynolds number are

given in the following paragraphs.

The drag coefficient is defined in the usual manner

as

C = -
Dq (6)

where D = model drag

q = dynamic pressure

S = model projected area.

The ddiag of the sphere was given in Equation 5 in terms of

miasured quantities. In subsonic and transonic flow the

dynamic pressure is

Pr - p
4 4---t-.....3

where PT " P -P= measured differential pressure, and the

denominator represents the, Mach factor. In this study, the

NACA 1i35 tables were used to find q/P from the pressure
T

ratio P/PT.

4 The Mach number was read from the NACA 1135 tables

"F-2 -



_D.D Q _Q PTD

i -QS PT TD

It
2 3 4 5 6 7 8 9 10 Q

RJN P SENS P P P P P/P M QPT- (PSF)
NO (mm (PSF) (mm (PSF) (P SI) T NACA

2xa Hg) REPORT 7 x
eilv.ý 2 x 5 x 4 + 6/7 1135 1

Slope 2. 783 6

Z. 448
6 96.5 6 2.817 2.20 6.123 8.940 .6849 .7557 .2738

3.035
6 95.7 4 3.474 2.80 7.792 11.27 .6910 .7463 .2694

3.58"1
6 95.2 2 4.117 -130 9.184 13.30 .6905 .7471 .2697

"4. 25S
6 97.0 0 4.891 3.90 10.85 15.75 .6894 .7488 .2705

4.81E
6 64.5 0-B 5.532 4.40 12.25 17.78 .6888 .7497 .2710

5.42C
6 72.5 0-B 6.218 5.00 13.92 20.13 .6912 ,7460 .26S2

STATHAM GAGE CALIBRATION SLOPES
Sensit'vity Slope (10"2 psf/mmhg)

0-B 8. 577
0-R 3.390

0 5.043
2 4.325
4 3.630
6 2.920
8 Z.190
1o 1.476

(FIG I

(FIG 18) FIG 18

-26-
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w X W X
L L

11 12 13 14 15 16 17 18
Q QS 1 i UX ,A X 1, W/L WX 19

(PSF) (1,, lbs) (IN) (IN) (IN) (IN) -3 W X(1I0 lb) ( 10 -l3b)

7 x 13-- in 15?03
10 14 17 Wire

Drag

.483
2.448 7.510 1.913 1.525 0.388 5.504 11.244 4. 163 .56

_.562
3.035 9.311 1.913 1,439 0.474 5.504 11.244 5.370

.642
3.987 11.01 1.913 1.340 0.573 5.504 11.244 6.443

.732
4.259 13.07 1.913 1.232 0.681 5.504 11.244 7.660

.805
4.818 14.78 1.913 1.164 0.749 5.504 11.244 8.422

* 869
5.420 16.63 1.913 1.069 0.844 %.56-, 1'.244 9.490

CONVERSION FACTORS

I in = 2.34 cm

I mmHg = 2.783 psf

I in Hg = 70.66 psf
-3

1 gm= 2. 2046 x 10 lb

*from ,A= 2.27 T 3/02 -8 b-sec
T + 198.6 ft2

(FIG 18)

SAMPLE CALCULATION SHEET

-26-a(Continued) (FIG 18)



MPK DTKFd R
Re' - K d

19 20 21 22 23 24 25 26 27 28W, IX" D,_ C T T ,L_ .P MPK Re
-b) 0- ( l b) D x

(!%b-31b) (OF) (°R) 108 103

17 Wire 18 20/12 460 kx
Drag 19 +23 * 6 9 26 27/25

.,43 3.880 .5167 84 544 904.3 4.627 8.259 913
.56
.562 4.868 .5228 84 5,44 904.3 5.817 10.38 1148

.642 5.801 .5271 84 544 904.3 6.861 12.25 1354

.7 Z 6.926 .5300 85 545 906.7 8.127 14.51 1600

.805 7.617 .5153 85 545 906.7 .9.180 16.38 1807

.869 8.521 .5124 84 544 904.3 10.38 18.53 2049

CONSTANTS

ý = 1.4

R = 1716 ft 2/sec OR

6/R= 0.02856

d = 0.75 in = 0. 0625 ft

d 2-3 z
=- =3.068 x 10 ft

4

W 28.073 gm u 0.06189 lb
S• -3

s k = R(d) = 1. 785 x 10

(FIG 18)

-26-b (Completed)
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for each value of P/P, obtained above.

(The Reynolds number is e (8)

where d- model diameter

V- velocity

P- density

q- viscosity.

Inserting the perfect gas law,

P
¶R-T 1 (9)

and the Mach number relationship,

V =M. (10)

the Reynolds number is then given as

di
R e= " (]])

With

a.VA T (12)

the Reynolds number is

j r= • .(13)

-27-



In this equation, the factor cA/ - is a constant, P has
been measured, -v I is a function of temperature which

was tabulated for the required range, and M can be

calculated as above.

B. Discussion of Results

Figure 19 presents the drag coefficient of the sphere

as a function of Reynolds number with Mach number as a

parameter. A larger size of the same plot with an extension

to connecting data is contained in Appendix A of this report

as Fig A-1. It can be seen that all curves have a common

trend. There is only a small variation of CD with

Reynolds number while the effect of Mach number becomes

increasingly important as the Mach number itself increases.

For the Reynolds number range presented in this

( report, only data in the incompressible flow regime was

found in literature. For example, the drag coefficients related

to velocities of M • 0.39,which were established in this

study, can be compared with those of Ref 7. Both sets of

data seem to agree perfectly with each other. No source

was found that would give comparable data for higher Mach

numbers in this Reynolds number range. Reference 6 shows drag

coefficients of spheres in the same Mach number range but

for higher Reynolds numbers. This data is shown in Fig A-1,

Appendix A and seems to be in agreement with those

obtained in this study.

A possible effect of importance, which may influence
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the higher Mach number range is that of rarified gas

phenomena. The transition point from continuum to slip

flow is usually given at M/-R-e = 0.01, and from Fig 19,

it can be seen that many of the drag coefficients are

located between the characteristic, numbers of 0.01 -•

M/I4/O/ •50.032. The slip flow effect will certainly

become more noticeable when the region of interest of the

ROBIN sphere should be extended into higher speed 6nd

lower density regions.

30
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IV. ERROR ANALYSIS*

( A. Analytical Method

The results of physical measurements incorporate errors

which may be broadly classified as Random and Instrument

errors.

Random errors arise from the faulty reading of instru-

ments. These are also referred to as "round off" errors

since it is assumed to be impossible to read this instrument

to an accuracy greater than one-half of the minimum

division of its scale, and the operator usually rounds off

the instrument reading to one-half of the smallest

division (e.g., if the smallest division is one millimeter,

the operator can read the instrument to only one-half of

a millimeter accurately).

S ( The instrument errors are inherent in the instrument,

and are usually established by the manufacturer.

The purpose of this analysis will be to obtain an upper

estimate of the possible errors characteristic for established

drag coefficient of a sphere as shown in Fig 19.

The derivation of the error equations is presented in

Appendix B.

In this section, the results are only repeated for a

discussion of the important terms.

* Mr. Lawrence W. Rust, Research Fellow, University;f
Minnesota, was instrumental in the establishment of this
chapter.
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From Appendix B, the error equations for the drag

coefficient, and the Reynolds and Mach number are

( respectively:

6W 5AX 2cJ 6 LP AJ=÷AX'w', W'ShX'

[-Sci wC- - W z' XL 4~X w +wL)(

MAX

F_ c_ J- •w + + [2 ST
LCz ie.w 7+18,6 -- F~-Z2W •w x

The error in W and W' is less than 0.05%. Therefore,

these terms have been neglected in the following efforts.

In order to find the total drag coefficient error one

must also consider the error in CD induced by Mach and

Reynolds number error. For this analysis we use:

Zcl

and

JCD _ (f,'., )(•o)(#

ri ~-32-



where is the slope of the C. versus M curve,

_j A.6is the slope of the CD versus Re curve,

is the maximum possible error in C due to
ID

Mach number error,

and ' is the maximum possible error in C due to
DReynolds number error.

Combining the errors in these three parameters we find that the'

maximum total error in drag coefficient is:

r- c.4 1 -D IV C_ v

Since the drag coefficient does not vary sharply with

Reynolds number, errors in Reynolds number are negligible

in the determination of total drag coefficient error (see

Table II). Whereas, above M = 0.55, the Mach number error

(Table II) does become important due to the increasing effect

of compressibility on the drag coefficient.

1. The random errors

The various random errors of the measurements are

presented in Table I. These errors were taken as one-half

-b3--



F 0

4444

Nr r4 :2

0f) 4 0 0

~ r4
+1*1 1-1 -r 4

01

tr3 .4 00 04 60 0

+1 1 4 +1 + 1 <.1.)

(n Nl U) (1) Q~ r .$I)

Q) U) M) . U) 0) . wa 0)zI

r-40 040 41 3Td

( ca ~ u cLi
U0 *4 rj 14 0 0 0$J~

.r4 ~ c 2 j 04 43- *r N N$00 0

Cu ~) 4.- 44u q ) 00.04

).~4444 41)0 04:3 0

W. U0 En 0 (nLf u l to( W+

'-40

o 04

0

C1 N N c

4J 0o

u Cu Cu Cu 10)

44 r4 CD *r4 *r4 1
4J 44N 41 p A $

V. ~0 ~0d) Cu 4-4 0-4
0) d )4 a)4141 t~o -AE- 4

N > NOQ) -0) 41
Na) 0 a) s 09 r

44-4 N4 4-40 441 Q- )

En 441. 4-4 441 C *r4 0oO
.r4 $4*r

-.34-



) r4 04

'0 E 0)(u 0 C.44 0) $4 C) 4)

a) r.4 p Q-4CU r-; 44 -r4W 0Ii4-4 .0
r-4W 4 I -0> X 1 *r4l *-,4

O05 .a *,14.i0) to ul
0 r4 > )440 )4) u 41) w) m 54

0 u0)0M) a) W 0) ca) C; * 0p 4i4 oco) Cln 41 () l 0 r-0 4 (D W"4 r45.P
0 ;J H --4 cO co 0 004-400 r. -4 0
0)4-4U(0 4 D 00) Q'0 0) ) 4j -r4Ci) c C$. 0 -
C: 4- 0 9$ 3 0 P 05. 0)54 0 d 4 5.49

-rI4 : = (9 o U. 4 ~ -4$.1 .~0) r, 0
r-4 0 41 ri: - 005.4 0) ca .14
1 0) be m04 -- w 023ýt0 &2 s $4 4-i

0 , 4 0 r4~ > 0) 5.4 ~0 Cd
-uri 4 '40.5. CL - .0 025. 04 0

0 .J41 (D p C 0r-400. Q)2O0) *d ddt
p0 w -H) C0 d4j (n M C04 0) C 0) 0-

0 +1:2 4 44~0 $-i0 $44. 0U. 1 0 H( WW V
., 5410) t Nuc 0 )/ mlp0"E. 9 10 :j
4 0+L0. 40u 445i :3 ; N(D-0 b 4.)1) 1d to

)*O W0-3 $4 4J V4. u- I
cU0) u 10) 4-j 20$- co5. 0 C))-41"4 C)CJ0) u 40 rA r 0)45. 0JA.X W D C*,-4 -rO

44Xr- )- 0cfl(A41 o0 000~ : a)-r )C - 44-J 0 -4 Q) r,4j 0 cuH Colo Co ;-s
C) a) b0 0 0 OJOJ -H 0 )CO00 0)0Q) 5.4 :3

0 C) 0 )0 w )0 b4( 4C 04-A WE3 w 0
5.4 0)" 00)0$1E 49 0 =:

0o cd 0) Q)a)b 4 C .4 r)5 .I c$4 341 p0)CWý$40~ .00 p 3w )4
ý4- CU4) -) :.31 $-0 i-A > 4)ir 04J $4 ~4J-A *I0) 2

.0d *cCI coW cu w I= .r40 0c I r4 Cd

a) 4-j (a 9:0 Cd 4-) 5.45. W Cd P0) 1! Cd oQr-i ri
ri *dl0 *t-4 C00)w040 p a 20,4 4-i. 0 :r3 C 000 w P
M $~.4 -rl4 Cd . 4I2 4-4.0 4) 4-)0( 0)o 00 0
:3 40jJ U*40) :3 CU M 0) - i41( t , 2.I o5. *0 40
0 )Q)>$4C $4J~4 El CU 4W~) r. -A 0 3~ wO 00 pC%

C 44 V) L40)4 C .C4 U04 AQCUT -AH-a) +1+1-< +1
( H o 0

5.4 p . % -
Cl) 5.1 r4 5j0)v1 -

(A p 4 04 0) 0)r-4.
:3 0l 0 : 4.i4.3
(a5 W- en4 0).fn 'w 040 co 10 $4

r4a) p -Is*r2 54 55.0 0)cu 0)0
CU w- uJ 01 0)04

li4-j 4.10 0 w 04 d 04

0)a d4 . Z .4

14-0

Y-4 C) 40 .0I
co cu 0) PC Q) Co,-441i ri a *r4C (a 0
41) 41 ;4 a) -42 .0) 00b 44 w0)00r-4) a) > 0) *rq E--l44Jc)

m. > P$4 1 g 0 O
44 p a 4-4 Q -4 a)

Nl t4CU 4 bo 4-54 0) *od" 010 )
-A410 a *t4 ) "4I C woo

-35-



I
Lhe smallest divisiol, of the scale.

2. Instrument errors

The instrument errors are presented and described

in the following Table II.

3. Results

The preceding analysis leads to the maximun, possible

error in drag coefficient, and Mach and Reynolds number due

to the random and instrument errors. These errors have

been calculated and are shown in Table III. It can be

seen that the maximum possible error of the drag coefficients

presented in Fig. 17 and 18 ranges from + 1.16 to + 5.48.

The lowest error occurs fDr a high Reynolds and low Mach

number, while the highesL error is connected with a low

Reynolds and high Aach number.

In the process of error calculation it became evident

that the errors in the establishment cf the sphere deflection

and the recording of the dynamic ank static prassure contributed

the largest part to the total error,

In the development of the error equations for CD M,

and Re, oll negative signs were changed to positive signs

to obtain a maximum possible error. I•i doing this a certain

amount of naLural cancellation between th. vz3ious sources

uf er:or- war. )mitted. Furthermore, i.j all cases, a considerable

number of tests were conducted at each condition of I a.ad

Re, and the errors, in the results of tiie measurements are

decreased due to Lhe aver -.6in, p,:ocess -ad the random



M Re I6CD I Re ISCDI 1 5M I SCI 16CDI I
ReCD I e CD IReI D ,IMIOD IIý

(t 0/c) (t o ) (t 0/0) (to/o) (±o/o) (to/*)
0.1 ,3 3. 2.07 1. '32 0 _ .92 _ - 2.97 _

__ , I1 __ _ .,qi 1.1. n n, 5,, ) 1.94
7, V,21 _1.]34 _ ._ , _ 0 0,-!5 0 1.i. 4.

16y2 1.22 1. 10 0 0.5 0~ n 1.2p2_1,__ 11 ._ 01t 0 0.4 0 1.16

o.2, 1,724 2.12 1.4f 0 -)-f 7 0 2.12
--7 2, 1..^', 1.77 0 0.75 0 1.89

2,405 2.11 1.0- 0 0.Ia 0 2.11.1
l__1._7__ -1 "41 .0 n.71 0 1.73

74_,_2- 1.•. .1I 0 0.$2 0 1.,8.,11 i.44.3oo 3o[4
",931 .4 1.13 0 0.-,3 0 1.44

0._,__ 1,1L)4 1. 9 2.105 0 1.55 0.16 1.86
1_Y,4 i 1.76(8 1.9 i,39 o i
1,((.0 1.52 1. 7i 0 1.14 0.12 1.64
_, I -, 1.37 1 - 56 0 o0.6 . o 1-47
2,476 1.24 1.42 0 O.F3 0.09 1.j
2 f_0 7 1.4r I.. 4F 0 o,89 n,09 i.5r63,1__ 0 1, 7 1.48 0 o.8o o.o8 1.-6

0.E0 1,000 1i.4 6,90 0.05 2.60 _2. 4 4.0m
__ I ,141 1.49 2.5 0oo.3 2.25 2.03 3.55

1,2,5 1,3'', 2.60 0,02 2,00 3. 1.19
1,453 1.2 .3 0,01 1,78 1.6o 2.87
S1,591 21.0 0o 1.80 1.62. . 6
1,759 1.4- 2.22 0 .62 1.45
1,_90T4 1i,16 2.10 1 .o0 .1.735!

22,031 1.30 2.01 0 1.41 1.7 2.-r7
0. 90 7F89 1.70 .1.,14 OE 0[ý4•t • 70 5-48S

953 1.48 3.53 0.05 2.93 3.06 4.59
_ 1,086 .i.4 3.16 0.05 12, 4.07
S 1,244 1.24 2.81 0.03 2.21 2.30 3.57

0 I, .2 2,29 0.02 2.19 2.29 3.8 9
1._2__ 1.12.5 0.02 1Lq5_ 22.4 '4.4:.
i,__ 41.32 2..[ 0.02 1 78 1.88 5.22
1,826 1. 24 2.24 Of.02 1.64 1.71 2.Q7

TABLE IH. MAXIMUM POSSIBLE ERRORS iN DRAG
COEFFICIENT, REYNOLDS NUMBER AND
MACH NUMBER AND THE 1OTAL MAX-
IMUM POSSIBLE ERROR IN CD
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i'..t~u:' of the zeadings. The ý,nIy.;ij, however, considers

merely one meauLueknenL with mnximum deviations.

(ne other factor tending to confirm that actual errors

zare sm51ller than the calculated maximum errors is the fact

that ali of the r'esultant curves do become quite dissimilar,

pac Licularly at the low values cf Re, where the largest

e••rors could occur.

From the above discussion, it appears that the errors

predicted by this analysis are ,enerous and one would

expect the actual maximum errors of the presented dcag

coefficients to e small~r than the predicted values (Table

III).

As illustzation to Table III, Figure i'-l shows the

trends of the maximum possible error based on analytical

considerations as well as from statistical analysis. The

latter method shall be discussed in the next chapter.

•3-) -



b. Statistical Methods

In order to arrive at an error from an examination of the

quality of the data by statistical means, a standard deviation

defined by a-.•XCL&%_ was evaluated for all experimental
T-

pointb tested. This distribution in the form of is

presented in Figure -2. It can be seen that only in six cases

-- is greater than 4%.

Three of these points are insignificant since they kar'e

at low Mach numbers where there is sufficient data to

determine a reliable drag coefficient. The other points

are at M - 0.90 and low Reynolds numbers, where accuracy is

inhibited by variations induced by transonic phenomena and

the measurement of low pressures. Measurements in this

region are always difficult.

The statistical deviations as shown in Figure B-2 are

correlated to the drag coefficients which are suggested in'

Figure 19. The result is shown in Figures B-3 through B-7.1

The statistical approach shows, as does the analytical

one, a decreasing error with increasing Reynolds numbers and

minimum error in the region of M - 0.48. An average standard

deviation for each Mach number is shown to be, in general,

lower than the maximum error predicted by the analytical

method,as a comparison with Table III and Figure 33-2 will

show.

In view of the preceding discussion, it appears that the

statistical results do indicate the actual error better than

the analytical error analysis. The -tnalytical treatment merely

indicates the possible upper limit of errors included in the

drag coefficients shown in i5ii:s U) i. t A-i.
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APPENDIX A

I DRAG COEFFICIENT OF A SPHERE AT VARIOUS MACH

NUMBERS VERSUS REYNOLDS NUMBER

See fold-out graph in pocket of back cover.

(1

(
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APPE1DIX B

Derivation of Error Equations.

1. Error included in the Drag Coefficient CD

In order to obtain the error expression the drag

coefficient has to be presented in terms of the measured

-variables. Figure 19 shows the test arrangement and forces

acting. From moment equilibrium about the wire

suspension point "0"' one obtains,

D D(L+ r) -t D. ýL•)-W(LX÷ + )• 1

While the same condition about the point P located at

the sphere provides

W '& =D-r (2)

Substituting this into Equation 1, we obtain:

D-- L DV<jW AK . (3

The wire drag was determined by using a similar test

arrangement with the following modifications. A small weight

was attached to the support wire, but this weight was

enclosed !.n a hollow sphere of the same dimension of the sphere

-42-



under investigation. The hollow sphere was supported

( by a sting to the floor of the test section. Under

these circumstances the wire drag gives the following

relation (see Figure 1):

D L W'z xX' . 4D w=WL (4)

Combining Equations 3 and 4 gives the sphere drag

wtx W, (X)

L L

where _VV 4ý' is the wire drag correction term.
L

From Equation 5 the drag coefficient of the sphere

follows:
AOP4

T N= AX (6)

in terms of all the measured variables subject to

quantitative errors.

To evaluate the error in CD the assumption is made

that the error in the measured i.uantity of the differential

pressure LP is not magnified in making the compressibility

corrections in order to .et the dynamic pressure q.
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Replacing q by ZL P one can write:

X CL , AP) W', . (7)

The small change in C due to changes in the independentD

variables follows from (Ref 8):

+Tcanlo be interpre as the eo in CO,., '; L " - W •ý A

This equation can also be interpreted as the error in C

D
due to small errors in the measured variables.

The fractional error in CD is i CC) where CDCo '

is taken from Equation 6. For simplification one can

neglect the wire drag correction term in CD , which is

small compared to the remainder of the expression. Hence

dividing Equation 8 by CD'-- 4WA"X and performing the

necessary differentiation one gets:

.. -•_ &L.P + 2-d (9)
CD W L~P

-SL zA6 6W, W, SL)(
L /-ýX W WAX
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The maximum error occurs where all the individual errors

have the same sign, therefore

C--•- --- ÷ sx S--P+

-j w + (3.0)z X

L &K W W •X

2) Errors in Reynolds Number

The Reynolds number is given by:

/ 5?e Vd (11)

V is given by:

VZ 2(12)

Usinr the perfect gas law, one may write:

-45-



Sutherland's formula for air viscosity is:

T-t 19 8.6.-sec.
,({=22.27 T* (14)• 0 ÷.

Substituting Equations 12 and 13 into 11 gives:

Re =/ -~ (15)V RT~c •

Using the same differentiation fcomula as before,

or'ý obtains:

Re 2LP - W

Introducing the relationship shown in Equation 14,

provides:

SA4 T F2  T,fTý-- 2 -";9, T - " (17)

Substituting Equation 17 into 16 yields the

maximum possible error

FfRFS- P S-_A-+ q1±+[2  T 4(18)
L~ 7 MAXp [ T-r +198.6

L1



3) Errors in Mach Numbers U

The Mach number is given by:

- V (19)

where a , speed of sound - RT (20)

Substituting Equations 20 and 12 into Equation 19

gives:

:q (21)

Differentiation leads to the maximum error:

FxMI_
+--J . E•& (22)

L IiAX.2 ]PAp
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I

A solution is presented which predicts the lift and

inluced drag aeting on a rotating sphere immersed in a uniform.,

rectilinear flow. The theory negleots the viscous effect and

is thus primarily applicable for small Reynolds ntunber condi-

tions.

The coefficients of lift and induced drag depend on

the dimensionless parameter W R/U where Lo represents the

angular velocity of the sphere, R signifies its radius, and

U the free stream velocity.
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I rl-cYT n OF SMIDA70r

V= Velocity on surface of sphere due to potential flow

= Velocity on surface of sphere due to rotation
of sphere

U = Free stream velocity

S= Angular velocity

V = 7 + = Resultant velocity

S= Angle between axis of rotation and x-.axis

L = Lift

Di = Induced drag

P = Surface pressure

R = Radius of sphere

CL = Coefficient of lift

CD1 = Coefficient of induced drag

L = Lift per unit span

w = Downwash velocity due to trailing vortex sheet

D= Induced drag per unit span

V
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I I
(7, I. INTRODUCTION

The effects on the motion of a sphere due to rotation

may become significant in many practical problems. For exam-

ple, in the ROBIN Project, Which attempts to determine the

air density at high altitudes through measurements of a

sphere's m.ion, a knowledge of the lift and induced drag of

the sphere due to rotation is necessary to accurately inter-

pret the experimental results. Similarly, this effect could

conceivably influence the results of experiments, where

attempts are made to determine the wind at various altitudes

through the use of an inflated, rising sphere.

(2I
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[Ii. DETERMINATION OF THE LIFT DISTRIBUTION

SON A ROTATING SPHERE

A. Coordinate System

The coordinate system used for this analysis is pre-

sented in Fig 1. The free stream rectilinear flow is assumed

to be in the negative y direction. Three separate coordinate

systems are seen in Fig 1. The x'-y'-z' system is obtained

by rotation of the x-y-z system about the y-axis through an

angle • . The x"-y"-z" system Is obtained by rotation of the

x-y-z system about the z-axis through the angle O . e repre-
/

sents the angle between the y-axis and a ray from the origin

to a point of interest on the sphere. To determine/p , we

pass a plane, perpendicular to x", through the point of

interest (P) on the sphere. The x"-axis represents the axis

of rotation of the sphere.

B. Analysis of the Velocity Distribution

The fluid velocity at the surface of the sphere is

composed of two components:

1) Velocity due to the potential flow

2) Velocity due to the rotation of the sphere

The surface velocity due to the potential flow is

given by (Ref 1, p 67):

2(1)

i 2
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The rotational component is given by:

- (2)v co•.r I

where:

= angular velocity of sphere about x" axis

r =-distance from x" axis to the point in question.

The vector sum of the two components is:

V \/G V13(3)

We will shortly have need of the square of the total

velocity. This is given by:

((4

whereVe usn

f From Eqn (4) we lee that we must determine the

qun Ity l4 . To do this, we first expr~ss lead /
in terms ofe•, ?, k; the unit vectors in the x, y, and z

directions, respectively.

Let us first consider i . From Pig (, we see that

it may be expressed in terms of the x"-y"-z" coordinate

C"
4
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system as:

1,4: -sinp J + COS13 k

A
or, since k, we have:

A A
0

1/3 = -sifn/3 j + cosp'k ; (5)

also, from geometry, we see that:

A
J =-sin cX I + coso •

Using this relation, we find:

A 4

13p sin aO sinln ,Co asine. (6)

We next consider e From Fig 1 we note that:

Ie -Sin e) j cose k

or, since 6- =:

A A

e -- sin Eej + Cos e k • (7)

Again, from Fig 1, we note that k' may be expressed

as: A Ak =sin$ i + Cos k

Substituting this relation into (7), we obtain:

S8:cose sini- sine p. +cosecos4) , • (8)

Taking the dot product of (6) and (8) yields:

1 .14 sinoc sinp cosesin+ cosOcsinpslnel+cosPcosecosO.(9)

ic5

-------
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i'iius, Eqn (4) becomes:

- 2 v2: +b v 2 V ,vp [sinocsinpfcose sin+

+ Cosa sIn/psise +cos~cosecosl]. (10)

Since V is the velocity on the surface of the sphere,

it depends on only two space variables. We shall eliminate 3

from Eqn (10) through the use of geometric properties.

We note that the vertical distance AP can be written

as:

AP r si/n,, PC cos (n)

We also see that:

PC = R sinG (12)

where R radius of sphere.

C Substituting Eqn (12) into (11) yields:

r sinp = R sin G cos ¢. (13)

We next observe that the distance AD can be written as:

AD 111 sin cX + r cos/3 Cosxa =Rcose

or

r cOS/9cosc a+rsinc a R cose • (14)

Finally, we note that:

OE =OD + DE

But:

OD =AC=R sinGsin

and:

DE : rcos/sino;

6



[ tiherefore:

OE Rsin e sincP rcos/9sinex (15)

But, we also have from Fig 1:
OE7 = ri COSc •

Thus:

Rsine sin + r cos/psin nc r, coscx (16)

Equations (13), (114), and (16) present three relations

between the variables r, rle,4 E /13 (Note: oC is not a

variable but remains fixed for any given problem). Thus,

any three of these variables can be written in terms of the

remaining two. We choose to solve these equations for/3 in

terms of e and (f.
;, C ( Re-writing Eqns (14) and (16), we obtain:

R cos 0 - r cosg cos cc

and sin oC• i and

r R sinesin4$ + rcos/3sinq
cos oC

This yields:

R cose - r cospcosa =tan oC(Rsnesin$ O rcos/psino) c

S• or:

R[cose -tana sine sin P] r[tan a cos/sslna+c• os1CcoscX].( 1 7 )

"ki 7



Dividing Eqn (17) bY (13) we obtain:

case - tancl snsin_ tang _cosi sinc• coscosa,

__sineG cosW0 sinp3

which may be solved for tang3 to give:

ta n/ = r-925~_C•L_ _ . (1181E
cosa[cose -tancc sinesin (]

Since I

sin/ (1 + cot/3 )-)12

cosp (1+ tan2/3 )-1/2

we obtain:

sln• =[1 co°Sx (cose -tanxc sinO sine 2 -1/2

(tn cos( sn2e (19)

o =1 cos2cx:(cosetanasinesGni)2)] (20)

Let us now turn to each term in Eqn (10). ForVe2

we obtain:

V 2 sin2e (21)

Let us next examine V/• Solving Eqn (13) for r,

we find:

£8I



r- Rsincos0
sinp (22)

Thus, we find:

V = R sine cos W (23)sinm/

and

V2W22 sin 29COS!

L Vr:wR (24)

Substituting Eqns (21), (23), and (24) into Eqn (10)
we findt

29 ~ 2 1R2Sin2e COý24
V U2si 2e +W i

v 4 sin 2I+s sin2 
I

• • .\ + 3 U sing0 wR.incosI$,np - inoc sinpcosO siný

+ cosr: SJY)J3 cos/3 cosgcos

Utilizing relations (,i8) through (20), this equation

( beconjes:

9F•

L 
-



L 1 O __ .2 1

L Cos-ysirru [
+ 3UwRsinE) cosO I sin~c cosGsih1t Cosa in cot/3 cosG o

4 . 2 ilG 22jlGO csc(Cos 9 - tcino: sing s in)j

+3UwoRsin 2Ocosý [sin0Ccos~sin0 .cos0(sinGe
COcX oCOCO5secossG - tan~c sing sin~~

cosO sine C

w~hich may be :,ixnplifled to:

42~U 2sin2G.+ 3UwoRcosoc sin~coso +

+O9R2 [o.,24) sinF9 + cos~oc cos2G +sinea sin2esin20 -

-2cosc~ sina cose sing sinoj

( or, finally:

V2 =j~i ( 3Rcscsncs

+O2R2[l -sin20sin2G+Sin 2oC(sin 2e~sin20 - coýG) -(5)

-2sirnxc os c~ si nG cosO in 0

Thus, we have expressed V 2as a function of ' he two variables

E) and I$

C. Determination of Lift Force

The net foveco aoting on a small area dA of' the

sphere (negleeting the viscous forces) is given by:

b'



U r - r I-U (26)

where:

P = pressure

n = outwaod normal unit vector

dA = increment of' area.

The components of dF in the x, y, and z directions

are then given by:

d Fx =d ' = -P dA n-i
A ~A A

dFy : dl•.J =-PdAflj (27)
AA

dF, : drk = -PdAfk

The unit normal vector can be expressed in terms of

the x t -y'-z' system as

hl cosE j + sine k
tA AA A A

But " j and k' = ,in ¢ I + coso k.

Therefore:

A A A A
n sinEesin i tcosej) sin ecoss'k • (28)

Thus we find:

dFx -PdAsinEsin(

dFy= - PdAcos (29)

d Fz-= PdAsin e coso
9

In terms of E and • , we may write dA as:

dA =(R sin e d (q')(Rde) :R 2sineded)

/ 11
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dFx= - PR 2sire sine dedO

dFy= - PR2 sine cose dedo (30)

dFz- - pRsin2 ecos~ded ,

In general, rea', !'low is viscid and not irrotational,

and strictly speaking Bernoulli's equation is not applicable.

If we restrict the analysis to small Reynolds number condi-

tions, the flow will be almost irrotational and consequently,

we may use Bernoulli's equation as an approximation. There-

fore, one may write:

p pv2  PU, (31)

or:

-P --p + 1-(V 2 -U2 )

And thus Eqn (30) becomes:
dF [:jP(V2 -u) PU2 ]R_2S sin dgdo .

dFyz [-p(V"- U2)- P..]R 2sine cose ded9id (32)

dFz,= [4-P(V2- U2 )- P..]R 2sin 2e cos(dOd4)

To obtain the total force acting on the sphere in

each direction, we must integrate Eqn (32). Examination of

Fig 1 gives the limits of integration as:

o S<e<_'f

0_< 1221r

(• 12



2i(2

Fo.f f [fjp(v 2 -u 2 ) - Poe] R2.sinG cosGd~do (33)

24r( 4f1
Fz f I.P(V2 ý U2) - P.,]R2sin2ecosd•dOe .

4.0o 0.0

Since

fsin•dO =fsinecosedG = f2ow d = 0,

0 0 0
all integrations with constant multiplying factors become

zero and thus:

x: ¢foe °PV2R2s n29s~n~ ded•

0 00 9 80(34)

*0 0.0

2'fr Ir
F f f IPVR2 si 2 s~~4

F~f f .1p2 ~i~csdd

40SO 0120

1
c }i 13

I



If one substitutes relation (25) for V2 into these -
t t4quationrs, all intogr.,!s vanish except one in the Fp equation.

Equation (34) then becomes:

Fx Fy = 0 (35)

Fz f2jOR23wRUcos csinrecos24ýdedý
1-o eso 21l ir'

.P R ~ j sj•n Cos2od edcp
o. (36)

_-PR3wUcos•c COS2 dod inf3edG
"i- ego

These integrals may be evaluated to give:Sai. oif
coso d sinn3ede - 4,r

eso 3
and thus:

SFz : =2fr R/3WR U COS Of

We designate F z as the lift due to rotation and write:

L = 2 P RR3 U COs (x (37)

Making use of the conventional definition of lift coefficient:

CL +-pU
2 S pU2 R2  

(38)
2 2

14
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[ ,(e, S proJ t J)ud area -iR 2

we obtain:

21rp R3OU cos oc
CL=- p U2 f R2

2

or

CL 4 WR COS (C (39)

I

S4 15



IIT. INDUCED DRAG
(

A. Introduction

The classical theory of lift (Kutta-Joukowski theory)

states that lift cannot occur unless circulation exists about

the body. Thus, since wc have found that lift does exist

when the sphere rotates, the rotating sphere has a vortex

distribution around it. Since a vortex filament cannot end

in i free fluid, the vortex filaments forming the circulation

are shed and carried downstream by the free st.ream. Thus, we

have what is referred eo as a vortex sheet extending to

infinity behind the rotating sphere. This infinite number of

infinitesimal vortex filaments is depicted graphically in

Fig 2.

The object of this section is to determine analyti-

cally the induced angle of attack de to this vortex sheet

so that we may eventually calculate the induced drag and

drag coefficient in a manner similar to the classical finite

wing theory.

As can be seen from Fig 3. the vortex sheet induces

a 1,'.wnward velocity which in turn ohanges the direction of

the relative velo,.-ty of tne air near the sphere. Since the

resultant force acts perpendicular to this new resultant

veloc.lty, we, so to speak, tilt the resultant force vector

b.iclcwrdu, through an angle Cc, aitd consequently obtain a

,oomponent of force in the free stream direction (which repre-

sent:, the induced drag)

16
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A. THREE-DIMENSIONAL VIEW

Cz

B. REAR VIEW

FIJI 2. DISTRIBUTION OF VORTEX FILAMENTS
BEHIND A ROTATING SPHERE.
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dDi

'i Cdx

Y U

wl

FIG 3. 'THE INDUCED ANGLE OF ATTACK
FOR A ROTATING SPHERE.
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[ -(From the geometry of Fig 3. we see that

tano(x, = -dDi ,(40)
L'dX

and tan OCi= W (41)

and thus:

dDi = LA- Ld X (42)

where:

w = local downward velocity

U = free stream velocity

dDi = Induced drag for the segment of the sphere

from x to x + dx

L' = lift per unit span ,

One therefore recognizes that a knowledge of the

induced velocity is sufficient to determine the induced drag

and it becomes necessary to determine the induced downwash

velocity.

B. Induced Flow Field For I Simple Vortex Filament

Consider a vortex filament as shown in Fig 4. The

velocity induced at point P by the section of the filament

denoted by dS is given by Biot-Savarts' law (Ref 2) as:

4

ii

d = r co s._ dS : = 1 r~d s
d -4ff' r2 4--# -r3 0 (43)

L 1



13 P
rL

VORTEX FILAMENT
ds

I

FIG 4. GEOMETRIC REPRESENTATION OF

A SINGLE VORTEX FILAMENT OF
STRENGTH r PER UNIT LENGTH.
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The induced velocity, for the given fluid rotational

direction, is directed into the paper. This equation can be

generalized for the case where we are concerned with a

vortex sheet made up of infinitely many of the above described

filaments. We shall now derive an expression giving the

induced velocity at any point P (coordinates - x. Yoyz) as

shown in Fig 5. The induced velocity 9t P due to the entire

filament S-S' (where S --- co) is given by Biot-Savarts law

by integrating dy from 0 to - m . From Fig 5 we r:ee that

rj =

Also we find:

r =(X-x0 2t(Y y0) +4

Substitution of these relations into Eqn (43) and letting

I = dy, we obtain: f

dv= r_ jX-Xo .'zf ' d y (44)
411 [(XXo)2+(y~yo) 2+ ]3/2

To determine the entire contribution at P due to the

filament S-S', we integrate over y and obtain:

V(xyx.Z) 2 ] 3(45)V(Xoyo, f :L--f [(X-Xo)+(Y-Yof÷ z]a (5

CC

21
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A. THREE -DIMENSIONAL VIEW OF A VORTEX SHEET

tZ/

d I,

"P(xoyoZo)

x
S(x,yO) Xo R

B. REAR VIEW OF A VORTEX SHEET AND A POINT P

FIG 5. GEOMETRIC REPRESENTATION OF
A VORTEX FILAMENT AND AN

C ARBITRARY POINT P.
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is constant along its length, we may re-write Eqn (45) as:

V(oýý6ZO) = L - 0bZ (0- dY

J[(X-Xo)2 +(y-yo + z2] 312

This standard integral can be round in tablegi and we obtain:

0

"YO

V~xy,,, _ _____(-x°__"z_ y-y,,
V 41" [(X-Xo) 2 ÷ 4] i(X-XoF(y-y,,=+zO

or:

v(xoyoz0) [1- (XoaY°2Z ] 4!
41'f(x-xo)2- z2 -,rx,2Z

We are only interested in the downward velocity

W. From Rig 5-B, we find that this is connected with V by

the relationz

w= VcosE • (47)

"23
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Al-o, from Fig 5-B, we rfind:

COS xo-x (48)

Combining relations (46) through (48) we find:

W. (x,) [i 1O (49)
j ~ Xý -2 Y(- .)2. +a j0

To obtain the total effect at P due to all of the

filaments, we must now incegrate relation (49) over x.

Therefore, we obtain:

-=4 z- YO. d• (50)
( w -2][ \

We have chosen the limits as shown since we consider

the vortex sheet to originate along a diameter 2R of a sphere.

If one knows the circulation distribution r(x), Eqn (50)

can be integrated to give the total downwash at P(XoYozo).

C. Determination o' the Circulation Distribution

From the Kutta-Joukowski theorem, the circulation

and lift per unit span are related by

r , (51)
pU

wiere: L' = lift per unit span.

24



Thu,,., it is seen that a knowledge of the lift distri-

butlon gives the circulationL distribution.

To obtain the lift per unit span distribution, we

refer to Fig 6. We shall use this coordinate system and trans-.

form all variables into x and Y . The force acting on the

increment of projected area perpendicular to r is given by:

dL = - Psin ' rdS'dx. (52)

The lift per unit span is then given by:

dL die-1:dL" = -Psin6' rdV,
dx -JXx'

or:
2fT

f• = PsinS rdlY. (53)
raO

Applying Bernoulli's Equation, we find:
I

L' =J I '

When integrating over Z , r remains constant.

Thus we obtain:

21rpr - V 2sin 6 d 1T. (54)

C- 25
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FIG 6. COORDINATE SYSTEM USED IN

DETERMINING LIFT DISTRIBUTION.
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;;e now must transi .-i;(n (25) into a functioi of

& and x. Referring to Figs I and 6, we obtain the following

relations:

RR
sin$ e: cose--7 (55)

sin •' z CCY (56)
-f _____ cos (55)R-x•

r =a X (57)

. We wish to write e and • in terms of J' and x.

Eliminating y and z between Eqns (55) and (56) yields:

sin e = p2-(F >'(I)cOs 2 "
R

c os e cs

R (58)

sin (0) =- FR2-(R2-X2)cos2 tcos () : %RF- 'x2"s'in

COO

R2-(R2-x,) cos2 t

27
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Subs:tituting relations (58) into (25), we find:C
2 '9U +(6)2~i~is~~

V=u 2[SAP?5 )O2cos2] +3(A)RU COS2 VIRJ

2wR{ i)+ sin20 021x)2( 1 +o~ Ci] $1 (59)

2sin a cos otj(ItcS)23S

Substituting relation (59) into (54) gives:

24Y

ex 2ju[Si +k co2 ] 33wRUcosaV1-1(2I 'sin6•sinidU+,
ta0

jJ ~R ) +1(* sin~o: [(A)2(i +cos25)-1] -2sincxo cc~.fcosjlsin~dd5

All integrals become zero except the one containing

3wRU cosof V1- (2R sin$ and thus:

2or

1!= .PVRI7--j.3O Ucst 1_ý2M N
S [,.il,}R

01••w

28



Ti u:' , utj'*l.J I I)iii'; r'eI'nt..lon (51), we i11d :

<
S=2• W f'Rco RX1 (61)

and

- =-3 ff W x COS cx (62)
dx

Substitution of TEqn (62) into (FO) yields:

fR" [•(X, -X0?2 -, y2
4 ~R

,,V(XocXzo) -I-[.. •o• 2 F.×) - (63)

-R

(In the original formulation, d r was positive.

Thierefore, for a positive element dx, we want to obtain a

positive d' . Thus, we must introduce a negative sign in

the relation for 9-r to make df positive when dx isd)(

po. Itive. This explains the negative sign preceding the

int;cXral 1 in Ecjn (63).

To inte£•,ate this equation, we let:

S=X-Xo

(611)
dx d

lirits, or- t booe:

-- o• Rx,, R ,

29



and we obtain:

R-Xo

-R-Xo

Thus we obtain:

W(Xo0 yz• -=3W cosx (t+I 2+ i14),4

R -x.

-1 F

where 11 =j 12+ Z2

30

-R-XoRx 
--i,

f-x0 2 d

"R-Xo

The followilng standard integrals can be found in int~egral

tables :

:"-zotan-

f2÷z2' :

f 0

I in +0



f r d iIn[ -%2 i+tt-2 y.~

] 7 ~f2+y2)(:2a)} 2y*J{fYOJ

Thus., we obtain:

C-*Coso~ Ic x t+p2

[I + T(Seeg o next -1

*4*



4 1 2Z 41 R A

-.. I1+Výý

-y0n~f0, 2 y02 + Z2 +f yo)--~i (66)

Using the identity:

tan~ x-tan-' = tanl(L)y

we ob-tain:

w~~~xoy0 ~~ ~ Z )=-. '~ cs ~~a 1 ~ y22 + Z

1 (67)

R-xO

z 0~rZ) - Y In(+ 4f--+Y. 2 +z .2

After substitutin.g thle iirrit_- of' integration, we find:

(S.%ýe next paze)
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v-(XOyQz 0) -3WCO ccs R zan-1 I 0(2 0

4xj It zVW;59 y+Y _z -_2_x 0R +yo( R-Xo)

tar-O zo(R +X.)N tJFH2 +X _Y02 ý+A2X>LRI]+ -x In +20 'Y6
R31j/jy0 2+z9 + 2xoR 1 ý4(R ýo)2  2 F" X+Y + ý2 yoI

WR24X Z 0~xRY +R~zý-2x.Rj R x 0 +R' (8

We will be mainly interested in the downwa~h distri-

bution along the lifting line (i.e., along a diameter in the

x direction). Along this lifting line (yo = 0, z0  0)

we have:

R24.X2-2 Rxolw(x0 O,O,.) z:-3-. cos cc[2R.+ A9 In 44 2 IR2x X2I x

or, rewriting this in terms of x instead of xwe obtain:

W~xo~) =3-cos FR 4 x IlR x2 X2 R1
w(XOCO) .x L In~X4.x I (69)

33



o-1, in Ud11hn ;ionleuo form: --- I

W(xO,O,) -+ 3 +L1Il1 -2(RI_\=-2 2. j li I In2ll/ (69a)
LoR cos c 4 L 2rRJ 1+,A)2 +2 AI~)Jj 6

This downwash is presented in Fig 7 as a function of x/R.

We now wish to calculate the entire induced drag due to this

downwash distribution. Equatiun (42) presented the induced

drag of a segment of the sphere of length dx as

dDi = Ldx. (4e)U

Utilizing Eqn (60) for L' and ( 6 9a) for w, we obtain:

(

Letting x/R = I and rc3ognizing that dDi/d(x/R) is the

induced drag distribution for the dimensionless distance ,

we obtain:

2
D15= 9)2R4p~,.cS20c41f2][+2%n(-12d (70)2 ,+ •lf2 +2f"

dD
where: Di = d(/R)= induced drag for dimensionless

unit span.
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I
It is obvious that Di is an even function of • since:

Tu Di'(- ) 9 Di- R• and therfor [2- f• Inaee

2Rcsc [(-) 1 -?2(- f)

D~-9f2 4j) CO'rr r.. [1-~ [2~ + 1In (1t 2 f

2 ýj 2 -2 1

Sgiven by:

Di "_D(f)df

Since D, () is an even function, this can be written as:
± I I

Di = 2 Di(()df (71)

'0

We also recognize that

j 2 *2f2 l -(1*f) 2

and therefore:

Di 8 2R4p cos2c1 - {2+f In()

36
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( ~~~or: ~~~*(2

Substitutinig Eqn (72) into (71) yields:

D,=9 fj2 R~ O C( ý)2fI f(3
4f I0

It only remains to evaluate the integral in relation

(73) to obtain tho total induced drag. Denoting this integral

by I, we may write:

= fo 2)[2t f

2 (1 -. 2)d (1-2) -d f
0 0

=.2 -ell* fo(f - -•'n~ )d F_ i3)n(1. >d
3o ({-•i( ;d ( f)

If we let I 4 in the first integral and +

in the second integral, we obtain:

2

I1 -4c 33 12+2,j)In7?d~j 4 _3 +4Iq
I 1
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J(?ý3ý'+71)l~dn+f(7l33?ý+27t)Inlqdýl
01

=A + Jc713-37f2t21)nýCdTh
0 

(k

Fromn standari i~ntegr'al t:ab2.o we find:

f2 lnld 7Z3(ThI n

Using, the relations, vie f ind:

2
3~L 4 161 3L 39J 2 4)

+4FM ý4 Inl 727)3In7 + I3~L 3 4- 'k

p4r F7 InInY+ 7 2 in7=0
7.OLL



hThve•i'efove, we have:

4 _

or:

[2 + (75)
0+

Therefore, Eqn (73) becomes:

4 2 (76)
I4 j

With the definition of Di we obtain
CDi = j, 2tp r R2

2'rriR pcos Cx
! •= P2'lIR (77)

(~ - w(Rcosa 2

However, from Eqn (39), we have:

wRcoscx CL
U 4

Therefore, we find:

CDI: •CL2  (78)

It is interesting to compare this relation with that for a

.:o,,ventional airfoil which is:

Di : R e (79)
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AhoRe: as:pect ratio of airfcil.

( e = efficlenry factor.

Using this form for Eqn (78) we have

IrAR e 32/
9 W
32 (o)

The aspect ratio for the sphere may bc expre- ed ":

2R 2
b2 (2R)...

mnd therefore:

32

Thius, the span efficiency factoT, for the sphere is

0.89. This factor is extremely close- to the efficiency

Ia tor of a tapered wing which has a tip chord equal to

zero. From Ref 3, Fig r:4 an6 Eqr. 5:16, we find for th!:

•-S.. e C= .9 .

4CV



IV. SUMMARY AND DISCUSSION

The study shows that the lift and induced drag acting

on a rotating sphere, for relatively small angular velocities

(w) are given by:

L =C p4U2 f(R'

DiCD½P U 2 p r R2

whore:

CL -: 4 (wRcosa)9 C

CDo -2- L

The direction of the lift force is given by the

direction in which a right hand thread would move if the

free stream velocity vector were rotated into the angular

velocity vector M . This is illustrated in Fig 8.

In particular, we see that when the axis of rotation

coincides with the free stream velocity (OC= f or t = -f),

the lift and induced drag become zero.

We recall that the lift and induced drag distribution

are giver, by:

L' I irw R' 2Up cos (X1-v %2]

2 LIRI]4
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To irtd the maximum of L' and Dt, we diffellrenlate

with I'e"po,'t to X/H, sot the resulto equ:a1 to zero, and find

thvit L' :vnd I attain a maximum at x/R = 0. Thus, we may

wi's to:

ii = -a r R2Up cos ccCmax 2

D/, nax= 49- rr2 RR4p C0os2(

,an,, ,n.c quimlt ly we liiay wr'ite

Lmax

D-i 2] [21-

iD max 2

R

These raeations are presented in Fig 9.
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Aer'.R ACT

This investigation iS concerned with drag changes

-assoviated with tlh, deformation ol an orJginally opherical

I balloon descending in the atmospho,.e. Under thl .-!sumrtion

that the or'iginal sphere deformed ir.to a sphoi.Adal s-Iapr of

tl,- same surface area, wind tunnel drag,± measurements were

rnad, on two spherolds and compared with the drag of a true

sphere over a range of Mach and Reynolds numbers. The results

show an apprecJable change in drag coefficient due to a rela-

te~vely small deviation from a spherical shape. Furthermore,

in the region under investig;ation the spheroid drag changes

with Mach &nd Reynolds numbers in about the sime manner as

thp drog of the sphere,

If

I|
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( I. INTRODUCTION

In order to determine by means of a descending

spherical balloon the air densities at high altitudes, the

drag coofficients for a sphere under the related Mach and

Reynolds numbers have been determined in Ref 1. A summary

of the results of these studies are presented in Fig 1.

If the balloon deviates from the spherical fiorm,

its drag coefficients may differ considerably from those

determined for the perfect sphere. If this deviation is not

properly considered, it leads to faulty information concern-

ing the atmospheric density derived in these experiments.

In order to determine the magnitude of this possible discre-

pancy, thu drag, coefficients of two spheroids have been

measured and compared with those of a pe;zfect sphere under

the same aerodynamic conditions.

In reference to this investigation, the authors

wish to express their appreciation to Mr. Richard Strom,

Mr. Robert Noreen, and Mr. Keith Goar who have contributed

greatly to its success.

1



Ei TT. TE3T ARRANGEMENT AND PROCEDURE

(

As a basis for this investigation, it was assumed

that the deformed balloon takes on the shape of a spheroid

which has the same surface area as the original sphere.

Three models, an oblate spheroid, a prolqte spheroid,

and a related true sphere, were tested at Mach numbers of 0.39,

0.685, and 0.90 throughout the range of Reynolds numbers

corresponding to the ROBIN sphere tests, illustrated in

Fig 1.

The oblate spheroid has a length over diameter (L/d)

ratio of 0.9 while the prolate spheroid is characterized by

an L/d = 1.11. Both models and their orientation to the flow

are shown in Fig 2. The surface area of the three models is

2( S = 1.767 in . For the spheroids the axis of revolution
was orientated parallel to the flow direction so that the

spheroid models would have their circular cross section

normal to~the flow direction. Figure 3 (a & b) shows how

models were mounted in the wind tunnel.

In the ROBIN sphere studies (Ref 1) the drag was

derived from tnu deflection of a simple pendulum under the

effect of the aerodynamic force. But in the case of spheroids,

where the model axes must be oriented to the flow, the

following balance system was used.

The model was sting mounted and supported by a

balance strut. This strut transmits the drag force to a

':antilever upon which strain gages were attached (Fig 4)

(2
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FIG 2b. SCHEMATIC DIAGRAM OF
SPHEROID MODELS
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( and fed to a recording oscillograph.

To account for the drag and interference of the

model support, a spherical model used in the previous experi-

ments was placed on the balance, and the drag of the entire

system was measurci. The alfference between this drag,

including the effect of the sting and the strut, and the

drag of the sphere alone, obtained from Ref 1, is the inter-

ference drag and the drag of the support.

As validation for this method of drag determination,

the foilouing experiment was made. The sphere was placed in

the flow at its proper location, but not connected to the

balanoe. Then the balance system was moved to its proper

position, but the sting did not touch the model. Under

these conditions the drag of the balance system was measured,

The :. m of the known drag of the sphere (Ref 1) and

the drag of the balance system measured as described above

amounts to a total drag practically identical to the one

which was measured in total by the balance with the rigidly

connected sphere (Figs 3 and 4). Therefore, this check can

be considered as proof of the validity of the results pre-

sented in the following chapter.



IIT. RESULTS

'Die results of the experiments indicate an apprecl-

able difference between the drag of a sphere and that of the

pai.ticular spheroids under study.

In Fig 5 the ratio of the drag coefficients of the

spheroids to the dreg coufficlent of , sphere Is :ohown as a

func-tion of Rrynolds numbrc for the three Mao.h numbers used.

Both coefficients are based on surface area. From the re-

sults the following general conclusions can be drawn:

1) The oblate .phe-x•d has approximately 20% more

drag than the sphere. This -ar. be understood in view of the

faact that uidc-r s.,ailar arc.iynr.r:.i' 'onditions th:- oblate

spheroid rresetirz a larger front•.•l area to the flow than oJoes

.-sphe-e with tLht samet otal surface area.

2) The prolate zphcruid has approximately 8% less

"drag than the sphere. Again this may be consideced to be

pr Lrrily a consequence of a difference in frontal a.-ea.

3) In general, th.- drag '-oeffJicient. of the spher-

oiis vary with the Na'-.. andi F, eynolds numbers in approximately

the saýe r..anner as the drag coeff'!.ient of Vi.e sphere. There-

f~r., one may state that for small deviations, the drag of the

zpleroidl related to that of the z I- almost independent

,-,f >-ynlois. Z land..h nurtber. Ror ra.,re .. urate -:r:n deration,

;u• r.ay use the vwrti u•r ",-•u: ..... " in Fi,:2 5 6n-I "

ro .
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TV. SOMMARY

The drag -of -two spheroids having small deviations

from d spherical shape was -meisured with a sensitive strain

gage balance at three subsonic Mach numbers over the Reynolds

number range between Re 900 to Re = 7000. The- d-ag

coefficient subsequently obtained was compared- with that of-

a sphere measured at the same aerodynamic conditions. The

results showed that the drag coefficient changes significantly

with the deformsnton. The Mach and Reynolds number effezts

upon the spheroids in the range under investigation seem to

be the same as upon the sphere.

-IS
4
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z m1. SCOPE

1.1 scope. This specification-covers one type of Balloon,
Radar Target, Mateorologieil- ML-568/AM (alternate design) suitable
C-r elaction from a rocket nose cone at heights above 200,000 feet
meau sea level. The balloon is inflated after ejection. While
in descent, it is tracked by radar to determine wind velocity and
air density.

2. APPLICABLE DOCUMENTS

2.1 'rhe following documents form a part of this specificition
to the extc, specified herein. Unless- otherwisa indicated, the
issue in effect on the date of invitation for bk-: .hAll apply.

SPECIFICATION

Military

MIL-T-9107 Test Reports, Praparation of
lIL-F-I4072 Finishes for Ground Signal Equipment
MIL-D-70327 Drawings, Engineering and Associated

Lists( HMIL-STD. 105C Sampling Procedures and Tables for
Inspection by Attributes

Other

A^TM AM882-56T Ters-for Ten-pWA Properties of Thin
plantin Sheets

DRAWINGS

G. T. Schjeldahl Company

D 1001501 B ARCAS ROBIN packing
C 1001513 8 1 Meter Diameter Sphere Assembly
C 1000009 Sphere Gore Calculations
A 1000291 Butt Joint
B 1001549 Adhesive Ring
B 1001514 North Polar Cap
B 1001515 A South Polar Cap

1B 001516-B Tape Ring
B 1001511 A Seal
B 1001510 P Tab South Polar Cap
C 1001375 A Cylindrical Inflation Capsule Assembly
B 1001374 A Cep Inflation Capsule
"B 1001377 B Rear Inflation Capsule
B 1001378 A Forward Inflation Capsule
B 1001379 B Stopper Inflation Capsule
B 1001376 C Pillow Inflation Capsule
B 1001500 A Pillow
A 1001502 A Poly Wrap



• (Copies of d.cuments required by contratct.ý, in conneitioz- with
specific procurement functions should be otrained from the proaurina
activity or as directed by the contracting oý'ficer.)

3. REQUIREMENTS

3.1 Parts. - Balloon, Radar Target, Meteorologicel ML-568/AM
(alternate design) shall consist if the following par.Z

Item Bee
No. _Quantity Description Requirement

1 1 each Balloon (3.3.1)
2 2 each Inflation Capsule (3.3.3)

3.2 Materials

3.2.1 Fungus-proof matnrials. - Materials that are nutriento for
fungi shall not be used where it is practical to avoid them. Whert
used and not hermetically sealed, they shall be treated with a fungi-
cidal agent acceptable to the procuring activi . However, if they
will be used in a hermetically sealed enclosurt fungicidal trvatment
will not be necessary.

3.2.2 Metals. - Metals shall be of the corrosion-resistant type,C or suitably treated to resist corrosion due to fuels, salt spray, or
atmospheric conditions likely to be met in storage or normal service.

3.2.2.1 Dissimilar Metals. - Unless suitably protected against
electrolytic corrosion, dissimilar metals shall not be used in intimate
contact with each other. Dissimilar metals are defitned in M)IL-F-1402.

3.3 Design and cont-uction

3.3.1 Balloon

3.3.1.1 Material. - The balloon shall be fabricated of E. 1.
duPont de Nemours Company Type A Mylar, or equal. This material Dhall
in auldition be metalized (aluminum vacuum deposited) on one side to a
maximum resistivf"' of 5 ohms per square.

3.3.1 2 Shape. - 'loon shall be a one meter (plus or minus
0.5 cm) diameter sphere at ,perpressures bh-,.een 2 and 10 millibars.

3.3 1.3 -es. - The balloon shall coInI.•O of 20 identical gores.
The gores shaij ue cut such that the balloon conforms to the shape
specified in 3.3.1.2 (G.Lawin• •,umber C 1'%9).

3.3.1.4 Seams - Tht seams shall be constructed per draing
number A 10000291. 'ea shall t-continuous ,.it.!: no visible air
enclosures, neithpr drawn nor puckered. Tensile strength of the
"seams shall be at least equal to the tensile strength of the gore
"material over the operational temperature range.



-R81• I -S ;ý -Ateordanee wi* h drawinA -number- -C-1001513 -B.-----

k•.3.1.2 Inf latInn capsule

3.3.2.1 Capsule. - The inflation capsule parts athall be
coastructed in accordance with drawing numbers C B10013 7B A,

B 1001377 B, and B 1001378 A.

3.3,2.2 Pillow, - A pillow shall be provided in accordance with
drawing number B 1001376 C.

3.3..2.3 Rubber hole stopper, - A stopper s hall be provided in
accordance with drawirg number B 1001379 B.

3.3.2.4 Isopentane. - The inflation ,media provided shall be iso- .',

pentane of 99 molecular percent minimum purity.

3.3.2,.5 Assembly of inflation capsule. - The inflation capsule
shall be filled and assembled in accordance with drawing number C 1001375 A.

3.3.3 System Assembly, - The inflation capsule (drawing number
C 1001375 2.) is inserted in Welloon assembly (drawing number C 1001513 B)
through slit in gore seal near polar cap. Slit is then resealed
with tape specified for gore seal (drawing number A 1000291),

33.33.1 :System Weight. - The assembly (Balloon, Radar Target,
iNeteorological YL-568/AM (Alternate Design) shall weigh not more than

C 100 grams.

3.. Packing in nose cone, - The finished balloon shall be
packed in the nose section (3.5) In accordance with drawing number
D -1001501 P.

3.5 Government-Furnished property. - When the contract or
purchase order so provides, the Government -will furnish the following
to the contrActor for use in packing the Bafloon• Radai Target,
M eteorological -ML-568/AM (Alternate Design).

SItem

No' Quaentity Description
1 H Nose -Section, Rocket EX4-MOD 0.

3.6 Workmanship. - The balloon, including all parts and
accessories, shall be fabricated and finished in a thoroughly workman-
like manner. Particular attention shall be given to assure the quality
of seals, accuracy of dimensions, and weight.

-4I. QUALITY ASSURANCE PROVISIONS

.4.1 Unless otherwise specified herein, the supplier is responsible
for the performance of all inspection requirements prior to submission for
Government inspection and acceptance. Except as otherwise srecified, the
supplier may utilize his own facilities or any commercial laboratory

o



[ acceptabie to fieCrvw - t 1-fa -A'trna~oan ~
tetts shall be kept completeand availablejto the Government as speci-

17 fied in the contract or ordLit.

S-4.2 Classification of tests. - Tests shall be classified as
preproduction (-first article) tests and production tests.

4.,2.1 Preproduction Tests.. - To be considered as at' optional
-requirement. Will not be included in standard :procurements unless
specifically requested by the :procuring agency..

"4.2.1.1 Seal Test. - Seals to be -inspected for compliance with
3.3.1.4 Representative seals to be tested in accordance _with ASTH Test
Standard D882-56T to -demonstrate contractor's ability to -produce seals
with strength equal to parent material. The number of samples and envir-
onmental conditions of testing to be specified by the procuring agency.

4.2.2 Production Tests. - No Balloon, Radar Target, Meteorological
ML-568/Am (Alternate Design) shall be accepted until all appropriate
test requirements have -been satisfied.

4.2.2.1 Test Tacilities. - The tests shall be -performed .att-he
contractor's plant or a commercial testing •laboratory approved by
the procuring agency.

4.2.2.2 Production sampling plan shall be established per
MIL-STD-105 as specified -by procuring agency.

"4.2.2.3 Balloon

�-4,2.2,.3,1 -Material: - All balloon :materials shill conform to
3.3.11.1.

S..2..2.3.2 -Seals. -- Shall be Inspected per Item 3.3.1.4.

4.2.2.3.3.3 End caps -- Shall be i-nspected to ýconfor-mance
with Item 3.3.1.5.

"4.2.2.4 Balloon. - Every balloon procured under -this mil-itary
specification shall be subjected ito the following tests .and -results there-
of submitted witb the co•pleted assembly .per Item 3.2.

4.2.2-4..l Ballonn Is inflated .and diameter measured through
three approxlmately-mutually perpendicular axes -per Item 3.3..I..2.

4.2.2.4.2 Pressure Test. - 1alloon shall be -inflated to 10
millibars of superpressure. After 30 -minutes, -inspect-ion shall
ascertain that no more than 0.5 mb of pressure loss has occured.

4.2.5.4.3 During pressure test, assembly will be visually

inspected to insure compliance with Item 3.6.

S*



•C T- -n1tion -C!pule

C requirements called out on pertinent drawings.

4.2.2.5.2 All capsules shall be completely assembled per
drawing number C 1001375 A without isopentane. Place each capsule
in a vacuum chamber and reduce pressure to 300 millibars. Those
capsules from which the cover has been elected at greater pressures
are rejected. Chamber pressure is further reduced to 50 millibars.
Those capsules which have not opened before reaching this pressure
ar's also rejected.

4.2.2.5.3 Al. capsules accepted pe) 4.2.2.6.2 are
reassembled per drawing number C 1001375 A. Th . ided tiuPs
shall be weighed to the nearest thousandth of a gram. The
capsule shall then be stored at a temperature of not more than
-400 C for a period of not less than two hours. Remove capsule
from low temperature environment and store at room temperature
for not less than one hour. Then expose capsule to a temperature
of not less than +500 C for not less than two hours. Thereafter
store capsule for not less than 24 hours at room temperature. The
maximum allowable weight loss at the end of tbhs period shall be
0.005 gram.

4,2.2.6 System Assembly. - Shall be inspected for conformance
with Item 3.3.3.

5.2.2.6.1 Each system assembly shall be weighed per Item 3.3.3.1
and the weight recorded on data sheet included with each assembly
per Item 5.2.

4.2.2.7 Nosecone packing. - Inspection shall assure that packing
conformi to drawing number D 1001501 B.

5. PREPARATION FOR DELIVERY

5.1 Preservation, packaging, packing and marking. - Preservation,
packaging, packing and marking for delivery shall be as specified
by the procuring activity.

5.2 Data sheet. - A data sheet shall be packed in each nose

section shipping container. The data sheet shall have at least
t the following information:

a. Contract number
b. Serial number of balloonSec. Weight of balloon (grams)
d. Date of packing (3.4)

5.2.1 Data sheet shall be duplication of Exhibit "A" attached.

I
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6. NOTES

6.1 Intended use. - The Balloon, Radar Target, Meteorological
%-568/AM (Alternate Design) is intended for use in obtaining wind and
.sity data above those altitudes which can be reached by buoyant

balloons.

6.2 Ordering data. - Drocurement documents should specify the
following:

a. Title, number, and data of this specification
b. Desirability to perform preproduction tests (4.2.1)
c. Government-furniehed property (3.5)
d. Levels of preservation, packaging, packing and

marking for delivery
e. Availability of inspection records (4.1)

NOTICE: When Government drawings, specifications, or other data
are used for any purpose other than in connection with a definitely
related Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoever;
and the fact that the Government may have formulated, furnished, or
in any way supplied the said drawings, specification, or other
data is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person o• corporation,
or conveying any rights or permission to manufact e, use, or sell

( any patented invention that may in any way be relaked thereto.

Preparing Activity

Air Force -ARDC

RL



MIL-B-2737 3(USAF)
SSUC•ESTED nEVT-qTn.N TA 24 Vphruarv 1961

MILITARY SPECIFICATION

BALLOON, RADAR TARGET, METEOROLOGICAL ML-568/AM

1. SCOPE

1.1 Scope. - This specification covers one type of Balloon,
Radar Target, b.oteorological ML-568/AM suitable for ejection from
a rocket nose cone at heights above 200,000 feet mean sea level.
The balloon is inflated after ejection. While in descent, it is
tracked by radar to determine wind velocity and air density.

2. APPLICABLE DOCUMENTS

2.1 The following documents form a part of this specification
to the extent specified herein. Unless otherwise indicated, the
issue in effect on the date of invitation for bids shall apply.

SPECIFICATION

Military

Q MIL-T-9107 Test Reports, Preparation of
MIL-F-14072 Finishes for Ground Signal Equipment
MIL-D-70327 Drawings, Engineering and Associated Lists
MIL-STD-105C Sampling Procedures and Tables for Inspection

by Attributes

Other

ASTM D882-56T Tests for Tensile Properties of Thin Plastic
Sheets

DRAWINGS

G. T. Schjeldahl Company

D 1001501 B ARCAS ROBIN Packing
C 1001532 B Balloon Reflector Assembly
B 1001547 A Reflector Sub Assembly
B 1001545 B Si- Point Reflector
A 1001548 B Corner Reflection Spring
B 1001533 Reinforcement Patch
B 1001546 Hold Tab
C 1001530 E 1 Meter Diameter Sphere Assembly
C 1000009 Sphere Gore Calculations
A 1000291 Butt Joint

r B 1001549 Adhesive R'ng
B 1001779 A North Polar Cap
B 1001780 A South Polar Cap

II



B 1001516 B Tape Ring( B 1001511 A Seal
B 1001510 B Tab South Polar Cap
C 1001375 A Cylindrical Inflation Capsule Assembly
B 1001374 A Cap Inflation Capsule
B 1001377 B Rear Inflation Capsule
B 1001378 A Forward Inflation Capsule
B 1001379 B Stopper Inflation Capsule
B 1001376 C Pillow Inflation Capsule
B 1001500 A Pillow
A 1001502 A Poly Wrap
A 1001503 A Cover Sheet
A 1001504 A Balloon Ejection Sheet

(Copies of documents required by contractors in connection with
specific procurement functions should be obtained from the
producing activity or as directed by the contracting officer.)

3. REQUIREMENTS

3.1 Parts. - Balloon, Radar Target, Meteorological ML-568/AM
shall consist of the following parts:

Item See
No. Quantity Description Requirement

1 1 each Balloon (3.3.1)
2 1 each Corner Reflector (3.3.2)
3 1 each Inflation Capsule (3.3.3)

3.2 Materials

3.2.1 Fungus-proof materials. - Materials that are nutrients
for fungi shall not be used where it is practical to avoid them.
Where used and not hermetically sealed, they shall be treated with
a fungicidal agent acceptable to the procuring activity. However,
if they will be used in a hermetically sealed enclosure, fungicidal
treatment will not be necessary.

3.2.2 Metals. - Metals shall be of the corrosion-resistant type,
or suitably treated to resist corrosion due to fuels, salt spray, or
"atmospheric conditions likely to be met in storage or normal service.

3.2.2.1 Dissimilar metals. - Unless suitably protected against
electrolytic corrosion, dissimilar metals shall not be used in intimate
contact with each other. Dissimilar metals are defined in MIL-F-14072.

3.3 Design and construction

3.3.1 Balloon

3.3.1.1 Material - The balloon shall be fabricated of E. I.z duPont de Nemours Com any Type A Mylar, or equal.

3.3.1.2 Shppe. - the balloon shall be a one meter (plus or



minus 0.5 cm) diameter sphere at superpressures between 2 and 10 millibars.

Sr(It is acknowledged that some local deformation occurs at corner reflector

attachment points under IG conditions at lower superpressures.)

3.3.1.3 Gores. - The balloon shall consist of 20 identical gores.
The gores shall be cut such that the balloon conforms to the shape
specified in 3.3.1.2. (Drawing number C 1000009).

3.3.1.4 Seams. - The seams shall be constructed per drawing
number A 1000291. Seals shall be continuous with no visible air
enclosures, neither drawn nor puckered. Tensile strength of the
seams shall be at least equal to the tensile strength of the gore
material over the operational temperature range.

3.3.1.5 End caps. - The balloon shall be terminated at both
poles in end caps. Fabrication and installation of the end caps
shall be in accordance with drawing number C 1001530 E.

3.3.1.6 Spring attachment. - Shall be made according to drawing

number C 1001532 B

3.3.2 Corner Reflector

3.3.2.1 Material. - The corner reflector shall be fabricated
of 0.00025-inch thick type C Mylar, aluminized both sides, maximum
resistivity 1.0 ohm per square per side.

3.3.2.2 Fabrication. - Tht corner reflector shall be fabricatedQ in accordance with drawing number B 1001547 A.

3.3.2.3 Suspension springs shall be in accordance with drawing
number A 1001548 B.

3.3.2.4 Spring Attachment. - The springs (3.3.2.3, shall be
attached to the reflector in accordance with drawing number B 1001547 A.

3.3.2.5 Reflector-balloon assembly. - The corner reflector
(3.3.2) shall be attached to the inside surface of the balloon
(3.3.1) in accordance with drawing number C 1001532 B.

3.3.3 Inflation capsule

3.3.3.1 Capsule. - The inflation capsule parts shall be constructed
in accordance with drawing numbers B 1001374 A, B 1001377 B, and
B 1001378 A.

3.3.3.2 Pillow. - A pillow shall be provided in accordance with
drawing number B 1001376 C.

3.3.3.3 Rubber hole stopper. - A stopper shall be provided in
accordance with drawing number B 1001379 B.

V.



3.3.3.4 Isopentane. - The inflation media provided shall be [
isopentane of 99 moleculaL perUCent 43iAl.&fuiLU Purity.

3.3.3.5 Assembly of inflation capsule. - The inflation capsule

shall be filled and assembled in accordance with drawing number C 1001375 A.

3.3.4 System Assembly. - The inflation capsule (drawing number

C 1001375 A) is inserted in balloon assembly (drawing number C 1001532 B)

through slit in gore seal near polar cap. Slit is then resealed

with tape specified for gore seal(drawing number A 1000291).

3.3.4.1 System Weight. - The assembly (Balloon, Radar Target,

Meteoro'ogical ML-568/AM) shall weigh not more than 125 grams.

3.4 Packing in nosq cone. - The finished balloon shalL be

packed in the nose section (3.5) in accordance with drawing number
D 1001501 B.

3.5 Government-furnished property. - When the contract or

purchase order so provides, the Government will furnish the
following to the contractor for use in packing the Balloon, Radar
Target, Meteorological ML-568/AM:

Item

No. Quantit Description

1 1 each Nose Section, Rocket EX4 MOD 0

(_ 3.6 Workmanship. - The balloon, including all parts and

accessories, shall be fabricated and furnished in a thoroughly workman-
like manner. Particular attention shall be given to assure the quality
of seals, accuracy of dimensions, and weight.

44. QUALITY ASSURANCE PROVISIONS

4.1 Unless otherwise specified herein, the supplier is

responsible for the performance of all inspection requirements prior to
submission for Government inspection and acceptance. Except as
otherwise specified, the supplier may utilize his own facilities
or any commercial laboratory acceptable to the Government. Inspection

records of the examinations and tests shall be kept complete and
available to the Government as specified in the contract or order.

4.2 Classification of tests. - Tests shall be classified as
preproduction (first article) tests and production tests.

4.2.1 Preproduction Tests. - To be considered aa an optional
requirement. Will not be included in standard procurements unless
specifically requested by the procuring agency.

4.2.1.1 Seal Test. - Seals to be inspected for compliance with

3.3.1.4. Representative seals to be tested irl accordance with ASTM
Test Standard D 882-56T to demonstrate contractor's ability to produce
seals with strength equal to parent material between +130OF and -700 F.

C; The number of samples and environmental conditions of testing to be
specified by the procuring agency.

IiI - ml
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"4.2.2 Production Tests. - No Balloon, Radar Target, Meteorological
ML-568/AM shall be accepted until all appropriate test requirements
have been satisfied.

4.2.2.1 Test Facilties. - The tests shall be performed at the
contractor's plant or a commercial testing laboratory approved by the
procuring agency.

4.2.2.2 Production sampling plan shall be established per
MIL-STD-105 as specified by procuring agency.

4.2.2.3 Balloon

4.2.2.3.1 Material. - All balloon materials will be certified
per 3.3.1.1

4.2.2.3.2 Seals. - Shall be inspected per Item 3.3.1.4

4.2.2.3.3 End caps. - Shall be inspected to conformance with
( Item 3.3.1.5

4.2.2.4 Corner Reflector

4.2.2.4.1 Material. - All corner reflector film shall be
as required by Item 3.3.2.1.

4.2.2.4.2 Fabrication. - Corner reflector pattern shall be
inspected for conformance with drawing number B 1001545 B. Panels
cut using pattern must conform to the tolerances shown on this
drawing.

4.2.2.4.3 Suspension springs. - Shall be inspected for conformance
to drawing number A 1001548 B. Spring attachment to the corner
reflector assembly shall conform with drawing number B 1001547 A.

4.2.2.4.4 Corner Reflector assembly will be mounted in a
test fixture and visually inspected to assure quality of workmanship.
Supported panels shall be inspected to insure that minimum sagging
or wrinkling is found in separate panels and panel junctions.

4.2.2.5 Balloon and Corner Reflector Assembly. - Every balloon

procured under this specification shall be subjected to the
following cests and results thereof submitted with the completed
assembly per Item 5.2.

___



4.2.2.5.1 Balloon is inflated and diameter measured through three
approximately mutually perpendicular axes per Item 3.3.1.2.

4.2.2.5.2 Pressure Test. - Balloon shall be inflated to 10 milli-
bars of superpressure. After 30 minutes, inspection shall ascertain
that less than 0.5 mb pressure loss has occurred.

4.2.2.5.3 During pressure test, assembly will be visually
inspected to insure that the corner reflector is properly installed.

4.2.2.6 Inflation Capsule

4.2.2.6.1 Materials. - All materials conform with requirements call
out on pertinent drawings.

4.2.2.6.2 All capsules shall be completely assembled per
drawing number C 1001375 A without isopentane. Place each capulse
in a vacuum chamber and reduce pressure W 300 millibars. Those
capsules from which the cover has been ejected at greater pressures
are wjected. Chamber pressure is further reduced to 50 millibars.
Those capsules which have not opened before reaching this pressure
are also rejected.

4.2.2.6.3 All capsules accepted per Item 4.2.2.6.2 are
reassembled per drawing number C 1001375 A. The filled capsule
shall be weighed to the nearest thousandth of a gram. The
capsule shall then be stored at a temperature of P-t more than
-40* C for a period of not less than two hours. love capsule
from low temperature environment and store at room temperature
for not less than one hour. Then expose capsule to a temperature
of not less than +50*C for not less than two hours. Thereafter
store capsule for not less than 24 hours at room temperature. The
maximum allowable weight loss at the end of this period shall be
0.005 grams.

4.2.2.7 System Assembly. - Shall be inspected for conformance
with Item 3.3.4.

4.2.2.7.1 Each system assembly shall be weighed per Item 3.3.4.1
and the weight recorded on data sheet included with each assembly per
Item 5.2.

4.2.2.8 Nosecone packing. - Inspection shall assure that packing

conforms to drawing number D 1001501 B.

5. PREPARATION FOR DELIVERY

5.1 Preservation, packaging, packing and marking. - Preservation,
packaging, packing and marking for delivery shall be as specified
by the procuring activity.

-
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5.2 Data Sheet. - A data sheet shall be packed in each nosesection shipping containee. The data sheet shall have at least

the following information:

a. Contract number
b. Serial number of balloon
e. Weight of balloon (grams)
d. Date of packing (3.4)

5.2.1 Data sheet shall be duplication of Exhibit "A" attached.

6. NOTES

6.1 Intended Use. - The Balloon, Radar Target, Meteorological
ML-568/AM is intended for use in obtaining wind and density data
above those altitudes which can be reached by buoyant balloons.

6.2 Ordering data. - Procurement documents should specify
the following:

a. Title, number, and date of this specification
b. Desirability to perform preproduction tests (4.2.1).
c. Governmeut-furnished property (3.5)
d. Levels of preservation, packaging, packing and

marking for delivery.
e. Availability of inspection records (4.1).

NOTICE: Whe:n Government drawings, specifications, or other data
are used for any purpose other than in connection with a definitely
related Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoever;
an,4 the fact that the Government may have formulated, furnished, or
in any way supplied the said drawings, specifications, or other
data is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation,
or conveying any rights or permission to manufacture, use, or sell
any patented invention that may in any way be related thereto.

Preparing Activity

Air Force - ARDC

.I
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ROBIN BALLOON SYSTEM
Contract No. Nosecone No.

Shipped To
Date Shipped
Waybill No.

1. Fabrication

A. Sphere (Balloon No. )
1. Date Fabricated by

2. Diameter Calibration

a. Measured at 10 nb superpressure

b, X Y Z

1. INC ) .00 IC ) .0o IM( ) .O0
2. JM( ) .00 _M( ) .00 By
3. IM( ) .00 IN( ) 100

B. Corner Reflector Fabricated By

1. Fabrication Checked

a. Corner seals complete Checked By

b. Panels smooth

Q 2. Springs attached on center of seal

C. Balloon Corner Assembly Date By Checked By

D. Pressure Test

I. Inflate to 10 mb superpressure and hold for 30 minutes.
Pressure reading at end cf test period mb (Not less than 9,5 tpb)

2. Final Assembly Check (Concurrent with pressure test)
a. Proper corner alignment By
b. Gore seals checked
c. End cap seals checked
d. Spring alignment checked

II. Nosecone Packing

A. Capsule Model-Unit No.

1. Empty capsule weight grams
2. Capsule filled with cc of liquid on (Date) By._
3. Capsule weight on date filled grams
4. Capsule weight on date packed grams

B. Packing
1. Date Packed
2. Balloon Assembly (with capsule) weight By

Quality Control Verification:

Comment z:

GT'GTS Form 51.105 Rev.
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