SUPERSCNIC WIND TUNWEL

TESTS OF TWO ROCKET PROPELLET PROVECTILE MODELS

Thesis by
Mike PFosagier
and

John Small

In Parbial Fulfiliment of the Regquirements for the Professicnal

Degree in Aercormubleal Ingineering
Californie Institute of Technology

Pasadeng, Califorunis

=} G4T =



Aceknowledgements

The authors wish to express their thanks to Allen Puckett,
who was the originator end supervisor of the project.

They would also like to express their thanks to the staff of
the GALCIT supersonic wind tunnel, and especially to Richard Sehemberg,
whose assistance and encouragement were invaluabls to +the completion of

the project,



Section

I

II

111

Iv

VI

VII

Table of Contents

Title
Summery
Description of Apparatus
Stetic Calibration of Balances
Model Testing Procedure
Determinetion of the Tare Forces
Determinat ion of Maximum Model Sizr

Test Results and Analysis

Pages

24
28

32



Lo Summery

Two models of rocsket propelled projectiles have been tested in
the Galeit 23 inch supersonic wind tunwel at a Mech Number of 3.06,
end engles of attack from 0° %o 10°, Variations of 1ift, drag, pitoching
mam@nt, and positien'of center of pressurs with angle of attack have
been obteined for each model.

& strain gage halance systém,which wes designed to measure the
forees ecting on the models, was fouhd to.he entirely satisfactory for
this purp08$;

The results were found to agree very closely with the small

perturbation theory Lor supersonic flow.
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11, Descripbtion of Apparabus

The tests were conduched in the GALCIT supsrsonic wind ﬁunnels
which hes a test secticn 2% inches sguare, Photegraphs‘af the test
section end nozzle blocks with model in place are shown in figure 2«1,
& complste deseription of the wind t%nﬁ@l’may be found in the Final
Report = Galeit Supersonic Wind Tunnel Projectile Tests Contract
W-101 ORD-1312 (741) , |

Forces on the model support strut are ﬁeasured through the
balence linkage shown in figure 2=3 by a set of strain gages atbtached
to the horizontel balence members, The strain gege deflecti0n$'&re
recorded by a Drown potentiometer,

Figure 2=2 showsg the Panél bosrd of the Brown pobentiometer.

in order‘ﬁo debermine ths numericel reletionships bebtween the
readings of the Brown potentiometer and the aserodynsmic forces
transmitted to the model support strut by the model, e set of stabic
calibration deviéas was designed,

The dreg calibrator,; shown in Tigures 24 and 2-5, was designed
to minimize frietion by trensferring the forces through e set of knife
edges and seabts to the support strut,

The 1lift calibretor, shown in figures 2-6 and 2=7, caﬁsists of
e Lif't pan essembly acting through 2 pivot point on either of two
stinger atbachmants., The short stingsr a%%aehmsmt mey bs adjusted so
85 to spply the losd at a point dirsehly over the &Kié of the vertiecal -
member of the s baianc@@ Thus no load is transmi%ted to the Iy balance,
The other atbachment applieé the losa gt a’much~longer distance from

the trunnion sxis im order to obbain a sizesble losd on the L; balanes,
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a8 can be sesn from a study of the balance linkazs system

(Figure 2-3), the forces measured by the balance, corresponding to

the forces Fp, Fr, and Fy, will be:
breg = D= SNy = Sy N, (3.1)
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where Np, Ny, Nil’ and Np

” are readings of the

&
Hp, reprzssnts the reading of the pobemblometer in which the seals hss

&
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beon megnllied electrically fow times over the Ny

The constents 5 51‘ )\ )\ s &and A depend on the rabios of the
lengths of the wverlious Dhalance links, the constants ia the slectrical
system, and the strain geges, The valuss ol these consbanis were
determinsd by =& direcht statis calibretion,

The drag colibration wes performed; as shown in figure 2«5, by
translerring & known vertical foree into the drag dirsstion through a
aet of frieckionless knile edges.

The 1ift and moment calibrations were performed, az shown ia figmr@
=7, by suspending welghts [rom the ealibreting etbachment on the modﬂl
support strut, The distance LA (sve Figure 2-3) from the poinb of
epplication of the Lift forces Lo the trunnion sris of the balsnce is

The calibration curves deviated somewhat from o straight line, and
thelr slopes were determined so as to give Lthe minimum percentage srrop
over the complebe rangs of each component, This was dons hy the mebhod

of lesst Squaress



Let y; represent the reading corresponding to a particular

applied load, =x;. Then if K is the slope,
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Rewriting equations (3.2) ena (3.3) in terms of inecrements of the

K

1ift loaa, AL, moment , A Mo, and potentiometer readings , ANy , and
ANLZg gives

AL

it

)\| AbNL, -+ )\2_ ANLz

(3.5)
AM,=4aN, =LAl (3.6)
From equation (3.6),
=L xl = 2 AL , (3.7)
ANLZ. 5( NL2

where the slope (Z—',%[ }s determined from the sbtatic calibration by the
L

method outlined above for a particuler messured value of the distance
iﬁ//ﬂ

It can be seen from figure 2-3 that for the special value of /"/

such that the point of epplication of the loaa lies directly above the



exis of the vertical member of the Ip balance, the entire 1ift fores
is eccounted for by the L, strain gage, so +haté§NL}5 2 U,

This point is determined experimentally by chenging the point of
application of the load wnbil Ay, =0,

Hence, from equations (3.5) and (3,7)

Ao (L), far)

2 = =

(A NL‘)Q d N“l Z

A

. (3.8)

If the distance £ be changed to some other valus, say j:& ;é Z‘))

then from equations (3.5) and (3,7)

(A L)B = )\L,(ANL,)B + )‘Lz _f_;é. (a L)B

or

o= (1- ’\Lz’?’)x (aL)s

) p)
and finally from equation (3,8)

o L
L‘ = ( ) (dN . {599‘\3

B

After debterminetion of the ealibration constant, a check of thass
velues was made by agein applying static loads. The velues of the
appliad loads indicated by the Pobtentiometer and the calibration consbants

were compersd with the known values of the applisd weights snd arbitrary

}.ength zﬁZaeo



10

The results of the static calibration sre tabulated in table 3.1,
The results of a typical drag static check run are plotted in

figure 3-l, showing per cent error as a function of per cent of

meximum loads. This shows the maximum error to be within 1% of the

load throughout the load range,

De = ,003834 x Nﬁé (1B)

jw}
et
[

201861 x Np, (1B)

L = .,010858 x NLl‘F.OIBOOZ x NLZ (1B)

&
58

12422 x NLz (IN-1B)

Table 3.1

Results of Static Calibration






IV, Wodel Testing Procedure

1. Determinstion of the balsnce benk pressure
The balence system is located %n an airtight metal tank. The
tenk is open to the tunnel through the smell opening in the windshield
through which the model support strut also geese' For walues of the
balance t&ﬁk‘p?@SSﬁ?%g Prgs less than {Pbt)crit sir flows from the
test section inte the windshield opening (Minflow"), whereas for values
of Pre greater than (pbﬁ)c?it there is a flow of air from the windshield
into the test section ("outflow™), The pressure inside the bslence tank
may be reduced below (pb%}cri@ by means of en euxiliary vacuum pump.
Py mEY be raised above (Pb%jcrit by allowing & conbrollable amount
of air to Tlow from the stmosphere into the balence tank.
For drag messurements the best results are obiained with ﬁhe
Yinflow" conditiom, This produces drag tare forces small compared
to the drag of the model and independent of small veristions in Pre
However, the smellest 1ift and moment tare forces afe cbtained
when there is e small smount of air flow out of the windshield.
Hence, 1t is ssen that for gimplicity of operation, separate

runs should bes mede for drag and for 1ift end moment measurements,

2. Routine Tesbting Procedurs

a) The model to be tested is serewed to the support strut. The
distance, t, frsﬁ the model base to the trunnicn exis is debermined
by messuring the distence from the model bass to 2 known scribe mark

on the strub.

1 Puckett, A, E., end Schamberg, R., Finel Report « GALCIT Supsrsonic

Wird Tunnel Frojectile Tests, Contract W-10l ORD=1312 (741), Page 22,
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b) The model support strut is aligned to zerc sugle of atieck,
after which the wind tunnel windows are clossd.

¢} The Browm potentiometer is set at zero for the foree components
te be measured,

d) - The wind tunnel compressor is started,

e) For drag rums, the euxiliery vacuum pump is started, and the
belence tenk pressure adjusted for the thimmm’“inflow” condition by
means of & throttling valve,

For 1ift runs, the balance tenk pressure is adjusted for the
optimum "outflow" condition by means of an air bleed valve,

£) e steady supersonic flow conditions have been established,
e Schlieren photogrsph of the flow sbout the model is taksn.

g) The velue of the Brown reading is recorded.

h) Simultenecusly with g)s the fellowing pr@ssures are recorded:

1) Baremetrie pressure on stendard meroury menometer.

2) Wind,tgnnal supply’gage pressure, p,, measured on &
Bourdon gage.

3) Pressure difference (pb% - me) between balance tank

and model base measured on tetra - bromo - ethane U tube menometer

on drag runs and on METCury ﬁuitipie manometer on b@th 1ift and

érag runs,
4} Presgurs difference (pé = pmb} between & stendard pressure
at the test sechion wall (pg) end the‘b&sevcf the model, pmb,
measured on bebra = bromo= ethéng and mercury mencmeters,
1) The angle of attack is chengsad withoul ét@p§ing the airflow,

snd steps g) end h) are repeated for each sngle of attack.
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Seghlieren photographs are taken at points of interest,

Cuds
o

&, Dabs Reduetion
The aerodynamic foree data are presented in terms of dimensionless
coefficients., The drag, 1ift, snd moment coeflicients gensrally used

in serodynemics are defined by eguations (4.1), (4.2), and (4.3),

respe ctively.
— D \
CD - P “zH (éell
z ;
CL= k£ 2)
T PuwnA (e.2
2
M

e {4.3)
Cm LurAd ;

4

whers d is the basic diametber. or celibsr of the projectile, and A
2

e ., -t

is the sres of the model base,Z AL

. 2z . . .
The product f_’_ W, whers p is the sir demsity and u the

2
relative veloclity, may be written as (__& Pgs where 5«3 is the

dynemic presgsure in the test sechbion,and Pg ig the wind tunnel supply
pressure, Z/t//% J is & function of the test section Mach number,

M,%; » o0ly s namelys

/—L‘/'
a’,

2 2 - 2 4.4
ﬁ:iyf;%:;,/z(mam‘r) ’( )
Po R Ao 2 £ :
where p, is the best section free streem stetic pressure and J = 1,400,

The reduction of dreag, 1ift, moment, and base pressure dats will

now be discussed individually.



a) Drag data reduchtion.
?r@m equation (393}9 it follows that the drag force measured
by the balanﬁe’is given by:
(4.5)

D, = 0.01561 x N,  (+8)

or

Di. = 0003834 % Np, (r8)

4b 4

As cen be seen from figure 4=1 this walue must be corrected for the
sowcalled "Pisten effect", A D, due to the difference betwsen the .

model base pressure, By and the balance teank pressure, Pyge

Thet is,
2. AY
AD =7 dST(Pb‘t—Phb (4.6)
7 | ?
where ¢ 5, is the sbinger dismetbter.

The true drag of the model itsell is given by:

D:(Db+AD)—DT= D'-Dr | (4.7)

where DT is the tare drag on the model support stricture not aceounted
for in the piston effeck. 1t is convenient to reduce this equaticn to

soafficient form

Cp=C, -C

(4.8)
br >
where CD? is caleulated from
[)n
/
C. = (4.9}
D
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and the tare coefficient CDT is e known function of the Mach Mumber,
M, the indicated angle of attack, <, , and the model diameter, d.

The method of determining CDT is described in secbion V,

It is usually convenient to reduce the drag to the so-called
"fore-dreg". This is the dreg which the projectile would experience if
the pressure at the base of the model were equal to free stream static
pressure. The "fore drag" is useful becsuse it is defined by defirnite
conditions of flow, and, since the pressure at the base of the projectile
in free flight will not necessarily be equal to thet in the wind tunnel
tests, the drag can be calculated for any base pressure,

The fore drag is given in coefficient form by

.

Pt ~ FS %]
=C°+(w)

In these tests, p, was taken as the static pressure in test
section, Pye
b) Lift date reduction
The 1ift foree messured by the balance is given from

equation (3.2)
[, =0010858xN,+ 0018002 *N_. (4 10)

Similar to the case of drag, the true lift force aschbing on the

model is given by

L= (Ly+al)-L = L' -L

T {4,11)

where AL represents the "piston effect™ and Ly the remeinder of the

tare 1ift force acting on the model support structure. The piston
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effect corrsction for the 1ift foree is

AL‘—‘*_ZZ_ (}{Ji. (Pbt “Pbrb)L X At 046‘ . (4:.1,2)

The 1ift tere foree, L, also contains a “piston effect™ force,

T$
ALp, and it was found in the case of these particuler tests that the
piston effect of the tare forces wes equal to the piston effect of the

models, or
ALy =AL . (4.13)

So equation (4,11) then becomes, in coefficient form

CL=C-Cp. (2.14)

where CLT doss not include piston effect, Thg method of determining
CLp is described in Section V,
¢) Pitching lloment Data Reduction
The pitching moment about the trunnion exis as measured by

the moment belance is

Mo, = 012422 * Ni, . (2.15)

The true pitching moment about the trunnion axis as exerted by the lift

force of the model is again given by
i
From figure 4=1 the piston effect correction is given by

AMO =AL"5 =~__67:/_ Céjj_ (/Dbt “/%,,b) X 4t o, X 5) (4,17)

L

whers S is the disbance from trunnion axis to the center of rotation,
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But from equaticn (4313), and (4,17),

AMoz 5XAL-T =AMOT

giving, in coefficient form

CMO = CMob —_ ,CMT (4.18)

where P4°b
C:r1ob - (jtg) P A d
Fo

and CMT is as given in Section V,

d). Determinetion of Center of Fressure
The distance ,é7 from the center of pressure on the model

to the balence trunnion exis is debtermined from

__é_ Cp, (4.18)

—
— °

A C,.

The location of the center of pressure ahead of the model base

L

_i_ = £ - ﬁ_ , (4.20)
wheve t is the distence from the model base to the trunnion axis.
Since of, £ 10°%, no appreciable error has been introduced by the
assumption Cod o = 1,

The pitching moment coefficient referred to the base of the model,
CMB, is then readily determined from

Ch, = fé_ c, . (4.21)



Sinee @ 1is determined from equation (4.20) as the difference
&
of two numbers of the same megnitude, any scatber in C_ or (. will

L M@

be magnified greatéye Therefore,; the fai:x ed curves of G and CV
veréus e, were used when determining ,1? from equetion (4, 19}.

Since for aﬁ = 00 both CM and CL approsch zero, the wvalues of ;ﬁ?
calaulated from equation (4.19) for ol smeller than 2° are very in-

accurate, Hence, for small angles of atbtack it is preferablé to ecaleulate Jf
P g ¥

R|

from equation (4,22)

;_Z__ = %Cﬂc /( J(CL.) g (2.22)
7 |

‘Bguation (4,22) is exactly true only for C; = 0, i.8.,0 = 0
¥ I s » s

8ince it iz assumed that

C, x & _4)=
(L (L) -0

e) ingle of Attack Correction
The model support strut deflects elastically as a cantilever
beam subjectsd to the 1ift load ecting on the model, The true angle of

attack, o€ , will then be given by

i o +/3 , “(4..23)

{1

where

ﬂ= (%)Lx L ‘. ‘(4.24‘)
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The valus of (;ZZ)L is given in figure 4=2 as a funetion of the
center of pressure position, “"a“. The curve of AB versus "a" was
1aw AL
determined by a direct stetic calibration of the angular deflection of
the cantilever end of the model support strut,

£) Caleuletion of Reynold's Number,

The Reynold®s Number, R, is defined as,

R = L« c (4.25)
e

where,ﬁ/ and fj are the viscosity end density of the test section air,
respectively, and ¢ is the relative velocity between model and air stream,
For projectile model tests the characteristic length, C, is defined as

the overall length of the model, The product‘52?i is @ function of Mach
Number, I, and supply pressure, P,, only, so thet equation (£4.25) may

bs written as
5 .
R =362x/10xRxCxF(M). (4.26)

vhere F)o is expressed in etmospheres, C in inches, and the function

£(M) is given in figure 4=3, T, = 100° T,

la Puckett, A, E., and Schamberg, R.; Final Report - GALCIT Supersonic

Wind Tunnel Projectile Tests Conbract W-101  ORD=1312 (741) , page 31,
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Ve Determination of the Tare Forces

At supersonic speeds the convergent wake of @ sphere closely
rasembles that of gylindricel projectiles, From the symmetry of the
sphere, its lift must be zero and its drag constent for all angles of
attack, Therefore, if a sphere of diameter di be tested by means of the
routine testing procedure dsseribed in Section IV the resulting values
of 1lift and moment mey be assumed to be equal to the tare forces, Lo
end Mom, respectively, acting on the model support strut for a dismeter
d = dy. & Schliersen phobtograph of the flow about the sphere is shown
in figure 7=10. The variation of Dj with angle of atback is also given
by this test, although the absolute value of Dy cannot be determined from
sphere tests,

The absclute velus of Dy is usually determined from tests in which
the eylindrical model is ettached rigidly to the test section wall by
means of a support having the cross section of & thin, double-wedpe,
supersonic airfoil, The end of the model support strut is free inside
an oversized hole drilled into the bass of the model, and the standard
technique £o6r drag measurements (Section IV) is used. The value of D'
from this test is then Dy for K, = 0 and for the appropriste model
diemster. The results of :the sphere drag tests are then used to evaluate
Dp for all other values of xj.

It was found in the sphere tests for this report thet the values of
p compared very closely with values of Cp previously obbained, and so
the tare velues previcusly obtained were used for this report.

1t was found from the sphere tests that the tere force on the Iy
balance is inversely proportionel to the balance tenk pressure (see figure

5=1), end independent of the engle of attack eand the wind tunnel supply.



pressure, Ppe. +he tare force on the L, belance was found to be
independent of the balence teank pressure and pg, but was found to

vary with the angle of ettack as shown in figure 5=2,

25
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VI Determinsetion of Meximum Nodel Size

Iwo effects mey limit the size of model which can be tested:

1) 4 second throst may be formed dus to the decrease in ares
when the model is in the test section, and

2) The reflection from the tunnel wall of the hsad wave produced
by the nose of the model may strike the resr of the modél or its wake,
disturbing the model base pressure.

Tests2 in the 2=1/2 inch throat for Mach number 3,06 have been
made to determine the blocking effect as noted in'l), The results
of the tests show that at this Mach number a model dismeter up to
0,68 inches gives no blocking effect,

In the case of the reflected head wave interference, calculations
were made as to where the heea wave would strike with model diameters
of 0,3, 0.4, and 0,5 inches end Mach number 3,U6, This was done

using equation (6.1)

sin O(H = 1 (6,1)

2 MT
where Mp is the Mach number in the test section and X is the total
head weve angle,

Table 6,1 shows maximum model lengths as calculated from considere
ation of head wave reflection, using a Msch number of 3,06, and the

s 0 . . .
critical angle of attack of 107, which is maximum for these tests,

2, Ibid, p. 36
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Model Model Critical
Diameber | scale length
(inches) | length | M = 3.08
g = 100
0:3 4,80 3.9
0.4 5,08 3.8
0.5 7.28 3.6
TABLE 6.1

Critical Length Tabulations Due te Head Wave Reflsction

However, the length of test section in which smooth supersonic
flow at constant Mach number occurs was found to be the factor de-
termining model length in this case. The base of the model had to
be placed sufficiently upstream on the support strut to avoid inter-
ference between the wake and bhe windshield, and the nose of the
model could not be placed upstream of the test section. These
factors detormined a maximum model length of 3.25 inches, For the
0.3 inch diameter model used in these tests, thelength of the cylindri-
cal section had to be reduced 1,35 inches. It was thought that this
reduetion of model length would not affect the foress appresciably.

Models "A™ and "B" are shown in Figures 8-1 and 6-2, respectively.
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VII, Test Results and Analysis

Using the procedures outlined in earlier sections, two projectile
models were tested in the GALCIT supers¢uvic wind tunnel at Mach Number
3,06,

The aerodynamic coefficients have been plotted as & function of angle
of attack in figures 7=1 through 7-4. Schlieren photographs of both
models were taken throughout the range of engles of attack, They sare
presented in figures 7-5 through 7-17. Separation occured at an angle of
atteck of 3° or 4%, and increased with increasing angle of attack. The
weke 1s found to be convergent et all times, h

The theoretical calculations of the non-viscous flow of & compressible
fluid at supersonic speeds past & cons at zero esngle of attack was first
given by Taylor - Maccollse

4 modification of this theory was given by Ston.e4 for consg at small
angles of attack., Extensive numerical integrations for these theories were
carried out by Kopal and presented by StewartS. These celeculations give

. o o
for a cone with a semi-vertex angle of 7 .

L _ 1810

o

Co, = 0.0488

3 Taylor, G, I., and Maccoll, J, W,, "The Air Pressure on 2 Cone Mo#ing at

High Speeds", Proc. Ray. Soc., A, 139:278, 1933,

4 Stone, A, H,, "Aerodynsmics of a Slightly Yewing Cone®, WDRC No, A356
or OSRD No. 6388,
5 Stewart, H, J., "The Theoretical Lift snd Drag of Cones at Supsrsonic

Speeds™, ORDCIT Project Memorendum No, 4-14, November 18, 1946,



3&

where CDW & weve drag.

From the tests on the model with the conical nose, the following

values were obbalined

&3

AC, .
. o<
CD Z .10

F
where Cpp = wave drag 4+ skin friction.
So, for this modsl, the skin friction drag coefficient, CDQ:

1

would be equel to the experimental dreg coefficlient minus the theoretical

wave drag
s Cp = Cpp = Cpy = 0,061
4
now, Cp = wetted area X\Cf

g cross=gsctional aresa

where Cp is the coefficient of skin friction.

Solving this for Cp, it is found that

Cp = 00145,

This value appeers to be quite reasonable for this method of

determination,

9

It is to be noted that the slope of the lift curve, iiFL as
<

obtained from these tests, is not comstent, as predicted by the linear



theory. &t high angles of attack, part of this none-linearity of the

1ift curve is probebly dus to the separation off the uppsr surface

which was first noted at angles of atbtack between 3° and 4°, Howsver,

at very low angles of attack, no separation was noted, The non=-

linearity in this region may be explained by the small perturbation theory,

The smell perturbation theory for supersonic flow gives

adCr
= ='47C/(7\/“'L"‘";7>+572("7)0(+ .........

where A and B are constants and fy end fp are functions ef the Mach
number only,

For values of M near 1, and oK small, the second term becomes
negligible as compared to the first term, and the theory may be linear=
ized, However, fbr high valuss of Mach Number, the second term becomes
inereasingly important, It is considersd that the Mach Number at which

these tests were conducted is suffieciently high to show the elfsct of

the sscond order term,
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o = /0
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Figure
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o= /00
Figure 7-"/7
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