
UNICLASSIFIED

L3177 _
_ J7 I-'

Reproduced

Armed Services Technical Information Agency
ARLINGTON HALL STATION; ARLINGTON 12 VIRGINIA

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR
OTHER DATA ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION
WITH A DEFINITELY RELATED GOVERNMENT PROCUREMENT OPERATION,
THE U. S. GOVERNMENT THEREBY INCURS NO RESPONSIBILITY, NOR ANY
CBLIGATION WHATSOEVER; AND THE FACT THAT THE GOVERNMENT MAY
RAV3 7O)tMULATED, FURNISHED, OR IN ANYWAY SUPPLIED THE SAID

.ANVUG'), SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
',.A1lON OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER

S CTHER PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR
".8 -S)N TO MANUFACTURE, USE OR SELL ANY PATENTED INVENTIONL AT MAY IN ANY WAY BE RELATED THERETO.

.UN11 CLASSIFIED



' MEMORANDUM REPORT NO. 1258
April 1960

z FREE FLIGHT RANGE TESTS

OF

O - A 10-CALIBER CONE CYLINDER

Eugene D. Boyer ASTIA

101960
riflJUN 1 0*19

Department of the Army Project No. 5B03-03-001
Ordnance Management Structure Code No. 5010.11.814

BALLISTIC RESEARCH LABORATORIES

ABERDEEN PROVING GROUND, MARYLAND



BALLISTIC RESEARCH LABORATORIES

MOPRNDlJ REPORT NO. 1258

APRIL 1960

FREE FLIGHT RANGE TESTS OF A
1O-CALIBER CONE CYLINDER

Eugene D. Boyer

Department of the Army Project No. 5BO3-O3-001
Ordnance Management Structure Code No. 5010.11.814

(Ordnance Research and Development Project No. TB3-O108)

ABERDEEN PROVING GROUND, MARYLAND



BALLISTIC RESEARCH LABOhATORIES

MEMRANDUM REPORT 110. 1258

EDBoyer/cnw
Aberdeen Proving Ground, Md.
April 1960

FREE FLIGHT RANGE TESTS OF A
lO-CALIBER CONE CYLINDER

ABSTRACT

The. aerodynamic properties of a ten-caliber cone cylinder are
presented and analyzed. The Magnus data are definitely non-linear.
It is shown that at subsonic Mach number the non-linear Magnas moment
should cause a limit motion. Finally the data are combined with
results of a finned mode. progra to yield the properties of the fins.
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SYMBOLS

Ix  Axial moment of i.,:tia (gm - ii$)

17 Transverse moment of inertia (g - in
2

)

cm Center of mass (inches from base)

Cpn  Center of pressure of the normal force (calibers from
base)

d Diameter (in)

KID, 20 Size of yaw arms at mid range (rad)

CD Drag Coefficient

CD62 Yaw drag coeffcient (rd-
2
)

CN1p Magnus force coefficient

+ 0 Damping force coefficient

CMq + CM4 Damping moment coefficient

C N Normal force coefficient

C Overturning moment coec'icient

C M Magnus moment coefficient

in mass (em)

M Mach number

CTwist of rifling in calibers

Number of yaw observations

NT Number of time of observations



Gyroscopic stability 
factor 2A

2 
d2

p d
5 
B CM ia

SL Size of swerve arm (in)

mean squarcd yaw (deg 2 2 2 02 2 2

6o Effective squtad yaw, KIO + Y20 -V , -K
" 0  

(red
2

)

Cs  
Error in swerve fit 

(in7

Cy Error in yaw fit (rad)
y

01,' 2 Turning rates of yaw arms (deg/ft)

, 2 Yaw damping rates (ft-1

P Relative air density

S Reference area

Reference length

Indicates derivatives with respect to time.

VIndicates quantities in non-rotating coordinate system

L,M,U Aerodynic mements about missile-fixed xyz axes, respectively

XYZ Components of aerodynamic fore along the mizsile-tixed
x, Y, z axes.

p,q,r Components of the angular velosity of the missile in
space along the x, y, z axes.

V Magnitude of missile's velocity

aAngle of attack (rad)

Angle of sideslip (red)

Csine of angle between missile's axis &i trajectory



a

bP. Defined by Eq.()

a V.



11MTODUCTION

Over a period of years systematic investigatioas to determine

the aerodynamic properties o a simple finned projectile have been

carried out in the free flight ranges 1, 2, 3, 4, 5 . The model

conaisted of a ten-caliber long cone-cylinder body and four wedge-

section fins at the base of the body. The rectangular planform fins

extended one caliber out fram the surface of the body and had a chord

of one caliber.

As a part of the overall program it was decided to test the body

alone in order to permit evaluation of aerodynamic effects of the fin
assembly

5
. In order to test ths body alone it was necessary to spin-

stabilize** the model. A ten-caliber long projectile is close to the

limit for stabilization by spin and considerable technical difficulties

were encountered as a result of the high spin required. Tests at Mach

numbers in excess of 1.5 were not possible.

The behavior of the body as a spin-stabilized projectile produced

some interesting results in its own right and these are discussed in

the first section of the results. she second section gives the net

aerodynamic properties of the cruciform tin assembly by utilizisig the

previously determined data for the total configuration and subtracting

from those data the new data for the body alone. In order to supply a

reference frame the results are compared with linearized theory at the

higher Yach numbers. A determination of the drag effects based an esti-

mates of the body drag has been made prcviously. The use of the current

data does not markedly change the results which are represented here for

completeness.

* Currently there are ample wind tunnel data
6
,
7 

on long bodies of revo-
lution to perit the determination of fin effects by stripping the body
effects from finned range model data. This program was fired in lg92
when there were little tunnel data. The data on Magnus and damping
moments seems to be sufflciently interesting to warrant publication
at this tire.

** Spin sometimes produces noticeable changes in the aerodynamic
coeffticents, but the effects are probably negligible for the present
purpose

9



FIRING PROGRAM

Twelve 20-mm diamter models, six each of two center-of-mass

positions were constructed to be fired at Mach 1.7 fros a one-in-

ten twist tube. Initial launchinge resulted in structural failure.

Hardness checks indicated that the strength of the aluminum used

in the models was much below the design limits and that there was

little chance of pursuing the original program with the remaining

models. As a result the program's purpose was broadened to include

subsonic data and seven successful models were launched at M * 0.8.

Subzequtnt models were manufactured of more adequate aluminum and,

although there was still difficulty in launching at H - 1.'[, twelve

models were fired successfully in the Aerodynamics Range
9 

between

M - 1.1 and 1.5. The physical properties of the models are given in

Figure I and a photograph of the models in Figures 2A and 2B. The

aerodynamic data
1 0 

obtained from the range firings are given in

Table I and the reduction and motion parameters in Table II.
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Aerodlviinc I'xo)ertic and Stabilitv of the Body

This lxorze y inS nodel i difficult to otcbilize recopically,

but by carcrie conidoratlon of the inertial desizn it can be stabilized.

P-viouo infor.tion 1 had al0c indicated that even a nine-caliber IonS

mdel is difficult to .tabilisz dynamically.

T4c 4 odynamic forces and moments are defined by the following

expressions:

Drn -

-7 - [(Na

S + ±z= C4§-~- f+ i2_ fCJ

Where .+ I (an4les measured In non-spinning coordinates).

2~d

The aerodynamic properties are given In FiUres 3 through 13.

IOT: The above definitions of the aerodynamic coefficients differ

in two ways from those defined il4 Reference 5: (1) The signs of Ci1's

have been reversed so that C will have its usual property of being

positive; (2) the (1/2) factors which appeared in Reference 5 with the

coefficients involving anular velocities have been omitted. A con-

version table is given:

1.



this report Ref. 1, 5, 11

CNa 
-CHa

CNq + CMa -(12) (C q + C, &

c (1/2) CNC "a CM.

CN +M (1/2) C +CN

cMq CMq + CM

In general the individual accuracy of the aerodynamic properties

of a given model are on the order of:

Coefficient. Probable Error

CMa a%C q q C &&0

However in determining properties from combinations of the data and in

correlating linear determined coefficients of non-linear properties the
scatter can exceed the individual accuracy.

DraC i Force CPlfficient

The drag force coefficient, CD' was obtained by fitting a cubic

equation to the time-distance data for each round. These data were

12%



then reduced to zero yaw by the relationship CD - CDo 
+ 
CDb

2 
5
2 ,

For M - 0.8, CD 5.88 (radimns)'
2
. The scarcity of data at any

one Mach number, in the supersonic region, prevented an accurate de-

tselination of D 2 . At supersonic velocities, CD was estimated

to be 11.2. The scro-yaw drag curve is given in Figure 3. A shadow-

Graph of the spin stabilized model at M - 1.51 is given in Figure 4a

and a shadowgraph of the finned model at M - 1.53 is given In Figure

4b.

Overtu'ning Moment and Normal Force

The ovrturning moment coefficient, CMCI, is obtained from the

frequencies of the fitted epicyclic yawing motion of the model. The

values given in the table and Figure 5 are computed for each model's

individual center of mass position.

The normal force coefficient, CN , is given in Figure 6. The

plotted points were obtained from the swerving motion and the curve is

determined from the pitching and yawing motion of the two different center

of mass models. The center cf pressure is given in Figure 7.

Spin Deceleration, Magus and Damping Properties

The spin deceleration moment coefficient, C2 , given in Figure 8

was determined directly from the roll measurements of pins in th,. base

of the models. The Magnus force, CNI, is also given In Figure 8. The

points %ere determined from the swerving motion and the dashed curve from

the center of mass method. The damping force coefficient, CN +C

(at the centroid) is -22 subsonically and .45 supersonically.

The non-linear force and moment theory of Reference 12 was em-

ployed in the treatment of the Magnus and damping moment data. In this

13



refecrence, C. 11. Murphy shows that if there is a quadratic dependence of

CM ea n yaw, the epicyclic notion is affiected in such a way that the

usual linear formulas are replaced by the following cvmbinations us'

coefficients:

Assuming C M".aa +b hU6

where 6p -g/

then (CM " C Me ) range ; C q+C - bp IYA 0( 1
q1 2 Mqi~

,01 22 (1)02

(C )rnge ;aa i bpa 0 ,2 (2)

Range values of CM Pand CMN + CM11 were fitted to these equations and

values of CM + CM., ua5 0 end b. were obtained. The value of b. was
q a 5

computed Prom equation (2). Subzonically, bp, was determined to be +

250 (PIE;. 9). The data from the supersonic models Indicated a Mach

number dependence of a50a and the following expression was used to perform

a least squares fit on the data.

C Mp range -aM, b %2 , QM (3)

bm was f'ound to be + 3l40 at M 1.3 w,,! c. was 0.16. The Magnus

moment coefficient at zero yaw is plotted in Figare 10. Values of

1parc given Per the Individual. rounds in Table 11 and Figure 8.

The linear value of C, namely a505 i. a quite large negative

ber at subsonic Mach number. According to the usual linear stability

theory this Magnus mor.ent will cause an andumping of pitching and yawing

l14



motion. In order to evaluate the influence of the nonlinearity in the

Magnus moment an amplitude plane
13 

was constructed for Mach number

equal to 0.8 (Figure 11). According to the analysis the motion should

approach a limit epicyclic motion with amplitude about 5O
. 

This type

of limit motion has been observed in other spinning shell.l1

While in theory Equation (i) can be treated to determine bpa in

a manner similar to that employed in Equation (2) in practice it

frequently occurs that the relative size of the terms prevents a de-

termination of b pa In this case it is preferable tn eliminate bp,

between Equations (1) and (2) and solve for 
0
Mq + C M61 ' This was done

and the results given in Figure 10. The data indicate a strong trend

toward positive values of C. + CM& in the transonic region.

Properties of the Cruciform Tail Assembly

The cruciform tail assembly consisted of four fins with wedge air-

foil sections of 8 percent thickness. The fins had a square planform

with a chord equal to the missile body diameter and the base of the fins

were flush with the missile base. (See Figure 2B)

The range of validity of any computation of the aerodynamic effects

of the tail section would be rather short since the test data extend to

only M - 1.5. Since no specific t ot of a theory was envisioned only

reference level computations were made.. These utilized two-dimensional

theory and tip effects but ignored any form of interference, since any

reasonable allowance for these effects would have Involved extensive

computations which seemed unwarranted.
15

The fin effeols were determined by subtracting the data for the body-

alone tests from the data for the complett )nfiguration. In this process

the mutual interference effects between the fins and body are retained and

ascribed to the fins. These data furnish the net performance of the four

fins situated at the base of the body. Applications of these results to

even similar fins at a different body location or on a fundamentally

15



different body should only be made with caution. The fin properties are

given as a function of Mach number in Figures 12 and 13. A reference

area of Xd
2
/4, and a reference length, d, are used to datermine the

coefficients.

DRAG

The drag force coefficient is fairly constant at velocities greater

than M - 1.25 and increases rapidly as the Mach number decreases toward

sonic speeds. The fin assembly yields about 40% of the total drag of

the missile subsonically asd about 30% supersonically. It should be

noted that previous data3 show the drag contributions to be very

sensitive to fin position on the body.

Roll Dumping

The roll damping parameters of the body, as might be expected, are so

much less than those of the fins (about 3 percent) that to within the

usual needs of accuracy they can be ignored. The use of any convenient

scales leaves the data of Reference 2 visibly unaltered.

Normal Force and Center of Pressure

The normal force coefficient variation supersonically is of the same

shape as predicted by theory however, the predicted value is about 40

percent low. The observed center of pressure agrees with the predicted

values.

Dampicg Moment

The predicted damping moment is 10 percent less than the observed

values.

EUGENE D. BOYER
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TABLE I

Aerodynamic Coefficients

Center of Mass at 3.252 Calibers from Base

RD C" CM C C 
+
C C C C

NVdg a " q exM1d 2p "j
3921 .811 4.4 .323 9.12 +2.72 -19.6 - .46 -.0316 -1.1
3920 .818 2.1 .297 9.37 +2.44 -17.9 -1.22 -. 0318 - .7
3919 .822 .7 .291 9.40 - - - -. 0323 -
3918 .868 2.8 .332 9.28 +2.65 -13.8 -1.20 -.0321 - .7
4623 1.151 2.1 .499 9.99 +2.72 - - -
4621 1.185 2.9 .513 10.27 +2.80 -32.0 - .51 -.0278 - .9
4636 1.331 2.1 - .64 +2.98 - .36 - -

4634 1.409 1.6 .447 10.oo +2.75 -27.8 - .05 -.0257 -

Center of Mass at 3.752 Calibers from Base

3923 .808 3.2 .308 7. 72 +2.62 -32.2 - .21 - -1.0
3924 .812 1.8 .292 8.11 +2.47 -36.4 - .82 - -
3922 .837 2.9 .314 7.89 +2.55 -22.3 - .61 -.0318 -1.0
4624 1.200 1.1 - 8.61 +2.67 -40.5 - .18 - - .9
4627 1.214 2.4 .497 9.02 +2.78 -39.3 - .38 -.0275 - .9
4625 1.259 1.2 - 9.00 - -44.5 - .36 - - .8
4632 1.299 1.7 .485 9.23 +2.90 -41.1 - .16 - -1.1
4638 1.356 1.6 .470 9.36 +2.80 -36.8 - .16 -.0280 -1.2
4637 1.363 1.0 .458 9.40 +2.62 -40.3
4628 1.452 1.3 .434 9.82 +2.78 -38.1 - .08 -.0255 -
4629 1.514 2.5 .433 9.63 +2.88 -46.9 - .61 -.C244 - .9

19



TALE II

Reduction and Motion Parmnoters

RD %103 XeJo3 K1 01, 1 N "T S 62.102

1~~~ 22 ~RAD) (RAD) (Dee/ft)(Defs/ft) (in) (AD)

3921 1.92 - .47 .o46 .060 13.22 1.61 21 7 .53 2.59 .763

3920 3.59 -2.26 .013 .033 13.19 1.67 26 9 .23 2.50 .129

3919 - - .011 .005 13.08 1.70 26 9 .o6 2.46 -

3918 3.31 -2.13 .022 .040 13.23 1.66 26 8 .36 2.52 .241

4623 - - .010 .035 2.8o 1.88 16 7 .22 2.24 .123

4621 3.02 - .81 .027 .040 12.72 1.97 21 9 .24 2.5 .316

4636 - - .022 .029 12.42 2.06 14 4 .17 1.87 .174

4334 1.63 .35 .024 .015 12.47 2.12 22 9 .08 2.02 .144

3923 2.38 - .01 .035 .042 16.90 1.54 16 6 .50 5.68 .417

3924 3.91 -1.33 .017 .026 16.82 1.41 20 6 .45 3.51 .122

3922 2.57 - ,81 .028 .042 16.93 1.36 24 9 .48 3.62 .3N5

4624 3.06 .o .027 .030 16.64 1.57 12 4 .25 3.17 .234

4627 3.43 - .48 .027 .029 16.74 1.74 22 8 .23 3.08 .229

4625 3.78 - .53 .016 .013 16.71 1.75 1 4 ,o9 3.o6 .o69

4632 3.09 .05 .o17 .o23 16.65 1.69 21 8 .19 2.98 .108

4638 2.74 .05 .o19 .oo 16,77 1.69 21 9 .15 3.01 .11M

4637 2.26 .74 .013 .ol 16.66 1.72 22 9 .08 2.95 .047

4628 2.35 .53 o01 .02o 16.35 1.83 17 7 .13 2.77 o061

4629 1.71 1.74 .o28 .oi 16.61 3.76 21 9 .23 2.89 .251

20
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