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j FOREWORD

These Proceedings, published in four volumes, comprise the 45 papers presented at the
Tenth Navy Symposium on Aeroballistics held at the Sheraton Motor Inn, Fredericksburg, Virginia,
15, 16 and 17 July 1975.

Ii This symposium was the tenth in a series begun in 1950 under the sponsorship of the
then Bureau of Ordnance Committee on Aeroballistics, and currently conducted by the Naval

Aeroballistics Advisory Committee as sponsoring committee for the Naval Air Systems Command
and the Naval Ordnance Systems Command. The continuing purpose of the symposiums has been
to disseminate the results of aeroballistics research and to bring the research findings of industry,
the universities, and government laboratories to bear upon the Navy's aeroballistic research and

L development programs.

Over 160 research scientists representing 56 organizations attended this tenth symposium.
T Session I covered the subjects of missile stability and performance; Session 11 was concerned with

missile stability and performarce/launch dynamics; Session II dealt with heat transfer; Session IV
covered inlets and diffusers/gas dynamics; and Session V presented aero-elasticity and structures.

The papers in these Proceedings have been reproduced in facsimile. They appear in the
order of presentation except that all classified papers have been taken out of sequence and
grouped together as Volume 4, a confidential volume. Volumes I through 3 are unclassified. This

! is Volume 1.

fir Requests for or comments on individual papers should be addressed to the respective

F. L authors. _

THOMAS A. CLARE
General Chairman

7J I Symposium Committee
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GREETINGS

1 The Navy Aeroballistics Advisory Comnttee (NAAC) provides valuable assistance to the -

Naval Air and Naval Sea Systems Commands. It is extremely active in promoting the exchange of
technical information among Naval activities, Navy contractors, and other government agencies. t
also provides effective guidance by recommending aeroballistics research investigations and
identifying the new aeroballistic facilities necessary for future weapons development. We hope that -'

this Symposium, as in the past, will provide for a stimulating exchange of information and will be
f value to all participants. Best wishes for a successful Symposium.

I3i

A. B. Mcaulley R. W. King
Captain, USN Rear Admiral, USN

+I Assistant Commander Deputy Commander
for Research & Technology for Research & TechnologyNaval Air Systems Command Naval Sea Systems Command
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WELCOME

On behalf of the alg& Laboratory of the Naval Surface Weapons Center, we arc pleased
to welcome you to the Tenth U. S. Navy Symposium on Aeroballistics.

Thic Navy Aeroballisties Advtsory Committee, established jointly by the Plaval Air Systems
Command and the Naval Sea .ly.tcnis Command, has prepared an excellent program covering
diversc technical disciplines in tLv' field of icroballistics. It is noted that the S;mposium brings
together speakers aad guests wita ~~idcomipetence in aeroballistics from the Navy, Air Force,
Army, otlwr governnient ag'.-cie-;, woveai,%s, and fromn industry. It is our hope that we can
provide a pleasant atmo~phcrc for ,ou JaLringti .'posiun).

C. J. Rorie
C'aptain, USN
Commander

Naval Surface Weapons Center

xv



10th Nav Symposium on Aeroballistics j {

Vol. 1 _71

U S. NAVY SYMPOSIUMS ON AEROBALLISTICS

FIRST SYMPOSIUM - NOVEMBER 1950
AtHosted by ... . . . . . . . . . . . . . .. Defense Research Laboratory

Held at ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . .. University of Texa's
Austin, Texas A

Il SECOND SYMPOSIUM - MAY 1952
Hosted by ......................................... Naval Weapons Center
Held at .......... ......................................... Huntington Hotel

Pasadena, California

THIRD SYMPOSIUM - OCTOBER 1954
Hosted by ...................................... Applied Physics Laboratory

The Johns Hopkins University
Held at ........................................ Applied Physics Laboratoiy

The Johns Hopkins University
:E TT Silver Spring (Howard County Location), Md.

FOURTH SYMPOSIUM - NOVEMBER 1957
Hosted by ........................................ Naval Weapons Laboratory
Held at ................................. Department of Commerce Auditorium9 b- W ashington, D. C.

FIFTH SYMPOSIUM - OCTOBER 1961Hosted by ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. . .. Naval Ordnance Laboratory

Held at ........................................ Naval Ordnance Laboratory
White Oak, Md.

SIXTH SYMPOSIUM - OCTOBER-NOVEMBER 1963
Hosted by ....... .................................... Naval Ship Research a d-, Development Center =

: Held at ................................. National War College

Fort McNair, Washington D. C.

I! .= SEVENTH SYMPOSIUM - JUNE 1966
Hosted by ................. ............... ...... Naval Missile Center

17;7 |Held at ............................................ Naval Missile Center
LPoint Mugu, Calif.

EIGHTH SYMPOSIUM - MAY 1969
Fl Hosted by ......................................... Naval Weapons Center

Held at ......................................... NWC Corona Laboratories
Corona, Calif.

xvi A

115__ __ _ ___.... i
-

X - - - - - - - - - - - -



10th Navy Symposium on Aeroballistics i

Vol. 1
NINTH SYMPOSIUM - MAY 1972
Hosted by ...................................... Applied Plhysics Laboratory

The Johns Hopkins University
Held at ..... ................................... Applied Physics Liboratory

The Johns I lopkins University
Silver Spiing (floward County Location), Md.

TENIH SYMPOSIUM- JULY 1975 I
Hosted by ..................................... Naval Surface Weapons Center

fahlgren Laboratory
Dah1gren, Virginia

Held at ..... ............................. Sheraton Fredericksburg Motor Inn
Fredericksburg, Va.

il
N

LI

xviiI

A--



. . ..........

10th Navy Symposium on Aeroballistics

Vol. 1
NAVAL AEROBALLISTICS ADVISORY COMMITTEE

MEMBERS AND ALTERNATE MEMBERS FOR 1975

Members Alternate

S. de los Santos, Chairman (NSRDC) ............................. S. Gottlieb
h L. Schindel (NAVSURFWPNCEN/WOL) ............................ K. Enkenhaus
t L. L. Cronvich (APL/JHU) ... ............................. E. T. Marley

R. D. Cuddy (NAVSURFWPNCEN/DL) ....... ................... F. G. Moore
" J. W. Rom (NMC) ..................................... M. R. Marson

R. W. Van Aken (NWC) .................................. R. E. Meeker
W. A. Langan (NADC) .................................... V. C. DaileyiiIASSOCIATES

W. C. Volz, Executive Secretary (NAVAIRSYSCOM)
H. Andrews (NAVAIRSYSCOM)
L. Pasiuk (NAVSEASYSCOM)
C. Wheeler (NAVSEASYSCOM)

NAAC PANELS AND PANEL CHAIRMAN
SFOR 1975

Aeroelasticity and Structures ............................. E. L. Jeter (NWC)
Air Inlets and Diffusers .............................. R. L. Rumpf (APL/JHIU)
Gas Dynamics ...................................... G. Pick (NSRDC)
Heat Transfer ................................. W. C. Lyons (NSWC/WOL)
Missile Stability and Performance ....................... T. A. Clare (NSWC/DL)
Launch Dynamics .................................... G. Cooper (NNIC)

PAST NAAC CHAIRMEN

Feb 1949-Nov 1949 ......................... CDR i. M. Mott-Sinith (BuOrd)
Dec 1949-Oct 1950 ............................. CDR L. G. Pooler (BuOrd)
Oct 1950-Feb 1953 .............................. CDR L. G. Pooler (NOL)
Mar 1953-Jul 1953 .......................... A. 1. Moskovits (Acting) (Bu0rd)

1, Sep 1953-Jul 1955 .............................. E. A. Bonney (APL/JIIU)
Aug 1955-Aug 1957 ............................... H. H. Kurzweg (NOL)
Sep 1957-Jul 1959 ................................ W. R. Haseltine (NWC)

t Aug 1959-Jul 1961 ............................. R. A. Nieniann (NSWC/DL)
Jul 1961-Jan 1963 ................................. R. L. Wilson (NOL)
Jan 1963-Jan 1965 ............................ S. T. de los Santos (NSRDC)
Jan 1965-Jan 1967 ................................ R. H. Peterson (NMC)

L Jan 1967-Jan 1969 .............................. W. A. Kemper (NSWC/DL)
Jan 1969-Jan 1971 .............................. L. L. Cronvich (APL/JIIU)
Jan 1971-Jan 1973 .. ............................... W. R. Haseltine(NWC)

Jan 1973-Jan 1975 ...................... R. E. Wilson (NAVSURFWPNCEN/WOL)

xviii



10th Navy Symposium on Asroballistics ________________

AknChiranPAPER SELECTION COMMITITEE NASRPNNWO

r . T.n A.e ChirmC~an o...... ...... ...... ....and..Mrs. MtiL pkn ad is VigNWC

L.Sc ind of. . . . .. . . . . .. . . . . . NASR FND o h diitaieadsceail ass stce.CENWO

-Mr .T ak (AL, M.W. C. Volz .. . . . . . . . . .. . . . . . . ..NAVAIRSYSCOM) r L ai
L.VESYCM fo heradiean sssuccrgadn .. .rrangements... .. .. .. .. . Nan eia CMer

reatn t te Symposium.eih ay ypoim nAcoallsti

Mr. . A. Van; AknC-iman of the Sypuar selii comitte nd thes comiee
members IVSR; CF/D for their adfotsnnisptratietvo and sessetonial assistance.

IMr. Amos T Clary: PulcAffairs Drco at the hl ge LAaboRatoy. Mr. . Pik

I lA, ASC for their avc n assistance inarin arrangements for thenca Symposium

Sympig osium. mosum
And,.W finaly the auhranpenr of thethil papers weeto omte.aditu wcommitheeLI S~~mpobesu oul nifots be psiber eethirn eacelleint litray atind rllrs tto ftc lge

in .th Aied o aerba ulics Afis Drco.tth aige aoaorM.C 1ibikDiretorof ecuityfortheSympsiui, nd rs.Jud Kinanan, hertonFreeriksbrg oto
Infrterassac naragmnsfrteSm oim

Seso himn pnn paesad lo1rd getfrtercnrbtos t h

xix



10th Navy Symposium on Aeroballistics
Vol. 1

SYMPOSIUM ATTENDEE LIST

ANDERSON, C. W., JR. BEY KY, R. C.
Atlantic Research Corp. ivaval Surface Weapons Center
Gainesville, VA 22065 Dahlgren Laboiatory
(703) 754-4111 - Ext. 279 Code DK.70

Dahigren, VA 22448'
ATHA, L. C. (703) 663-8835

Ballistic Missile Defenses
Advanced Technology Center BENSIMON, M.
P. 0. Box 1500 NASA-Goddard Space Flight Center
Huntsville, AL 35807 Code 742
(205) 895-3431 Greenbelt, MD 20771

(301) 982.4865
*BAILIE, J. A.

Lockheed Missiles & Space Co. BERGSTEN, B.
D81.12, B154 Wright-Patterson AFE, OH 45433
Box 504 (513) 225-2449
Sunnyrale, C4 94088
(408) 742-9226 BOLICK, R. G.

Naval Surface Weapons Center
BARNARD, H. R. Dahlgren LaboratoryTexas Instruments Code DG.40

P. 0. Box 6015 Dahigren, VA 22448
MIS 96 (703) 663-76464. Dallas, TX 75222
(214) 238-3582 BOURGEOIS, B. M.

Naval Surface Weapons Center
BAUER, R. L. Dahlgren Laboratory

[t Raytheon Co. Code DN-10
Missile Systems lDivision Dah!gren, VA 22448
Hartwell Road (703) 663-8565
Bedford, MA 01730
(617) 274-7100- Ext. 2849 BRAZZEL, C. E.

AMSMI-RDK
BECKER, M. Bldg. 5400

Naval Surface Weapons Center Redstone Arsenal, ALA 35809 A
Dahlgren Laboratory (205) 876-7276Code DK-21

Dahlgren, VA 22448 BRIGGS, M. M.
(703) 663-8107 'McDonnell Douglas Astronautks Co.

Dept. A3.203, MIS 11-2BELL, R.W. 5301 Boisa Ave.
Naval Postgraduate School Huntington Beach, CA 92647
Dept. of Aeronautics (714) 896-3352
Monterey, CA 93940

Lf-T~iX
El

01*



1 10th Navy Symposium on Aeroballistics
Vol. 1

SYMPOSIUM ATTENDEE LIST 1
BROOKS, W. B. CAYWOOD, W. C.

McDonnell Douglas Astronautics Co. Johns h1opkins University
P. 0. Box 516 Applied Physics Laborator.;
Dept E241, Bldg. 10614, MIS 39 8621 Georgia Avenue
St. Louis, MfO 63166 Silver Spring, MD 20910
(314) 232-7479 (202) 953-7100 - Ext. 7408

BROWNE, P. E. CHALK, J. BI.
LTV Aerospace Corp. Naval Intelligence Support~ Center 1
Vought Systents Division 4301 Suit land Road
Unit 2.53364 Washington, D. C. 20390
P.O. Box 5907
Dallas, TX 75222 CHAPMAN. G. T.
(214) 266.3237 NASA -Antes Research Cener

Moffet Field, CA 94035
BRUCE, C. F.

MIT-Lincoln Laboratory CLARE, T. A.
Rm. D-382 Naval Surface Weapons Cenrer
P. 0. 'Jox 73 Dahlgren Laboratory

Lexigton, MAt 02173 Code DK-26
(617) 862-5500 - Ext. 7872 Dahigren, VA 22448

BRUNSVOLD, R. S.73 6382
Naval Surface Weapons Center COOPER, G. F.
White Oak Laboratory Pacific At issile Test Ci.'ntr
Silver Springs, MD 20910 Code 1241
(202) 394-2080 Poin,. Vugu, CA 93042

I BURNS, G. P.
Naval Surface Weapons Center CORLETT, W. A.I
Dahlpren Laboratory NASA-Langley Research Center
Code DK-22 Mail Stop 406
Dahlgren, VA 22448 Hampos, V'A 23665
(703) 663.8368 (804) 827-3181

CARTER, S. K. CRESCI, R. J.
Naval Weapons Center Polytechnic Institute of N. Y.
Code 4063 Route 110
China Lake, CA 93555 Farmuingdlale, NY 1173-5

(714) 939.2627 (516) 694-5500-iCAVALLERI, R. CRON 'ICH, L. L.
Atlantic Research Corp,. Johns h1opkins University
5390 Cherokee A venue Applied Phy~sics Laboratory
Alexandria, VA 22314 8621 Georgia A venue
(703) 354-3400 - Ext. 288 Slvaer Spring, AID 20910

(202) 953.7 100 - Ext. 7475

xxi



[ 10th Navy Symposium on Aeroballistics

Vol. 1

SYMPOSIUM ATTENDEE LISTMI
CURRY, W. H. DILLENIUS, M. F.f Sandia Laboratories Nielsen Engineering & Research, Inc.

Division 5625 510 Clyde Avenue
Albuquerque, NM 87115 Mountain View, CA 94043 A
(505) 264-8500 (415) 968-9457

dw DAHLKE, C. W. DRAGOWITZ, C. J.
U. S. Am,y Missile Command Grumman Aerospace Corp.
AMSMI-RDK Dept. 393, Plant 35
Redstone Arsenal, AL 35809 Bethpage, NY 11714
(205) 876.7753 (516) 575-3671 A

DAILEY, V. C. DUN BAR, L.
- Naval Air Development Center Science Applications, Inc.

Warminister, PA 18974 101 Continental Bldg.
(215) 672-9000-Ext. 2316 Suite 310

El Segundo, CA 90245
DANIEL, D. C. (213) 640-0480

AFTL/DLDL
Eglin AFB, FL 32542 DUP. DONALDSON, C.

II Aeronautical Research Association
DANIELS, P. of Princeton, Inc.

Naval Surface Weapons Center 50 Washington Rd.
i., Dahlgren Laboratory P. 0. Box 2229

Code DK.21 Princeton, NJ 08540
Dahlgren, VA 22448 (609) 452-2950

L. (703) 663-8107 E
EAVES.. R. H., JR.

DE LOS SANTOS, S. ARO, Inc.
Naval Ship Research & Deveiopment Center VKF-Tunnel F Bldg.
Carderock Laboratory Arnold Air Force Station, TN 37389
Aviation & Surface Effects Dept (1606) (615) 455-2611 - Ext. 650
Bethesda, MD 20084
(202) 227-1463 ENKENHUS, K.

Naval Surface Weapons Center
1 DENYSYK, B. White Oak Laboratory

Naval Surface Weapons Center Flight Measurement Div.
Dahlgren Laboratory Bldg. 430-109
Code DK-55 Silver Spring, MD 20910

°eDahlgren, VA 22448 (202) 394-1939
|1 (703) 663-8615

FARLEY, H. C.
F DEVAN, L. Naval Surface Weapons Center

Naval Surface Weapons Center Dahlgren Laboratory
Dahigren Laboratory Code DG-44
Code DK-21 Iahlgren, VA 22448
Dahlgren, VA 22448 (703) 663-7481
(703) 663-8107

JI xxii

T "A

i __



°- i
10th Navy Symposium on Aeroballistics I
Vol. 1

SYMPOSIUM ATTENDEE LIST I
FELDHUHN, R. H. GIRAGOSIAN, P. A. 1

Naval Surface Weapons Center Wright-Patterson AFB, 011 45433 1
White Oak Laboratory
Aerodynamics & Structural Branch GNAGY, J. R.
WA-21 Pacific Missile Test Center
Silver Spring, AID 20910 Code 1241
(202) 394-1675, 2890 Point Mugu, CA 93042

FDEJE.(805) 982.89,11 
!

FIDLER, J. E. 
}

Martin Marietta Aerospace GORECLAD, A. J.
Orlando Division Naval Surface Weapons Center
P. 0. Box 5837, MP-88 White Oak LaboratorY
Orlando, FL 32805 Silver Spring, AID 20910
(305) 352-2204 (202) 394-1651

FISHER, P. D. GOTTLIEB, S. M.
Atlantic Research Corp. Naval Ship Research & Development Center
P. 0. Box 38 Bethesda, AID 20084
Gainesville, VA 22065

i (703) 754"4111 - Ext. 258 GRACEY, C.
ENaval Surface Weapons Center

FORTUNTOE.Dah1,,ren LaboratoryNaval Surface Weapons Center Code DK-21
;0 White Oak Laboratory Dah!,rNn, VA 22448

Code 312 (703) 653.810? 3
-! Silver Spring, MD 20910

(202) 394 2070 GRAFF, G. Y.
Nap! Surface Weapons Center

FRIERSON, J. L. Dahlgren Laboratory
Naval Surface Weapons Center Code DG-44
Dahigren Laboratory Dahlgren, VA 22448
Code DG-44 (703) 663-7481
Dahlgren, VA 22448 1
(703) 663.7481 GUIOU, CAPT M.

Arnold Air Fcrce Station I
GARNER, J. P. AEDC/DYR _

Naval Surface Weapons Center Arnoid AlS, 7 V 37389
Dahigren Laboratory (615) 455-2611 - Ext. 7834 1
Code DK-21 i
Dahlgren, VA 22448 GURKIN. L. W., III
(703) 663.8107 NASA - Wallops Island Flight Cntr.

Wallops Island, VA 23337
GILLERLAIN, J. D. (804) .411 - Ext. 2566, 2200 I

Naval Surface Weapons Center
White Oak Laboratory
Silver Spring, MD 20910
(202) 394-2086

-i xxiii

%.



L1 10th-Navy-Symposium -on-Aeroballistics
Vol. 1

II SYMPOSIUM AITENDEE LISTK

HALDEMAN, C. W. IfAESSMAN, F. W.

*Massachuset ts Inst. of Techinology Rockwell International£ 560Memoial riveMissile Systems Division
Cambridge, MA 02139 4300 East Fifth Avenue
(617) 253-2602 Columbus, OMl 43216 -

M 1 (614) 239.2667

Naval Weapons Center HOLESKI, D. E.
Code 45 76 Pacific Missile Test -Range
China Lake, CA 93555Coe13

Point Mugu, CA 93042
(714) 3973~(805) 982-8403

HARRIS,T.B
General Elecric Company HUANG, S. L.

I ~~~Valley Forge Space Techn. Center NvlArDvlpetCne
Rm. U-3217Coe33

k King of Prussia, PA 19406 Warminister, PA 18974
(215) 962-1340 (215) 672-9000 - Ext. 2041

HARTLEY, RM.HUMPHREYS, D. E.
Naval Ship Research & Development Center Naval Coastal Systems Laboratory

ITCode 166 Code 710.2
Bethesda, MD 20084 Panama City, FL 32401

(904) 234-4213

A HASTINGS, S. M.
~~1E L ~ Nawd Surface Weapons Center IGLS

White Oak Laboratoy Pacific Misie Test Center
Silvr SpingMD 2910Point Mugu, CA 93042

(202) 394-1669 (805) 982-8941-

HAYE, C.INGRAM, C. W.
NASA - Langley Research CeriterSytmRearhLbnc

MallStop49 ~28000 Indian Ripple Rd.

Hampton, V.4 23665 DyoO 54
(0)827-3181 (513) 426-8961

HERRON, R. D. JENKINS, B. Z.

ARO, Inc. U. S. Army MWis Command
PWT4TAMSMI-RKD

Arnold Air Force Station, TN 37389 Redstone Arsenal, AL 35809

(615) 4S5-2611I - Ext. 7150O, 7433 (205) 87A-7278

EE

II xxiv

n Tl
2A F ~~- ~



10th Nay $ oyMnAium e Aroballistics AE L

Vol. I
l ~ ~SYMPOSIUM ATTENDEE LIST,

JOHNSON, G. G. KRENS, F. J.
LTV Aerospace Corp. Naval Surface Weapons Center
Unit 2-53363 Dahlgren Laboratory
P. 0. Box 5907 Code DG.40
Dallas, TX 75222 Dahigren, VA 22448
(214) 266-7494 (703) 663-7646

KALIVRETENOS, C. A. KUSTER, F. A.
Naval Surface Weapons Center Advanced Missile Projera Office
White Oak Laboratory Naval Air Development Center
Silver Spring, MD 20910 Code 30P4
(202) 3944267 Warminister, PA 18974

(215) 674-9000 - Ext. 2574
KATZ, W. M.

Naval Surface Weapons Center KUTSCHINSKI, C. R.
Dahlgren Laboratory, lughes Aircraft Co.
DK.21 8433 Fallbrook Avenue
Dahigren, VA 22448 Bldg. 265/X35
(703) 663.8107 Canoga Park, CA 91304

(213) 883-2400 - Ext. 3618
Grumman Aerospace Corp. KYRISS, C. L.

Research Dept.- Plant 35 General Electric Co.
Bethpage, NY 11714 Room U.3217, VFSTC
(516) 575-2323 P. 0. Box 8555

Philadelphia, PA 19101
KEARNS, J. P. (215) 962-5725

Johns Hopkins University
Applied Physics Laboratory LA GRANGE, D. E.
8621 Georgia Avenue Naval Ammunition Depot .3
Silver Spring, MD 20910 Code 5041
(202) 953-7100-Ext. 646 Crane, IN 47522 1

(812) 854-1603
KEMPER, W. A.

P. 0. Box 129 LANDO, D. W. . A
Dillon, Colorado 80435 Naval Surface Weapons Center i

Dahlgren Laboratory
KING, RADM R. W. Code DK-55

Naval Sea Systems Command Dahlgren, VA 22448
SEA 03 (703) 663-8359
Washington, 1). C. 20362
(202) 692-8696 LARSEN, K. A.

Pacific Missile Test Center j
Code 1241
Point Mvgu, CA 93042
(805) 9828941

xxv



- 10th- Navy -Symnposium on Aeroballistics-

SYMPOSIUM ATITENDEE IrV.1]

LEE, K. W. MARLEY, E. T.
Naval Air Development Center Johns Hopkins University
A VTD-3014 Applied Physics Laboratory
Warmimster, PA 18974 11100 Johns Hopkins Road
(215) 672.9000 -Ext. 2344 or 2166 Laurel, MD 20810

(301) 953-7 100 -Ext. 7477
LEWIS, C. HI.

Virginia Polytechnic Insr & MAYER, W. E.
-i 1 ' I:Slate University Boeing Aerospce Corp.
A214 Randolph Hal Seattle. WA 98124

Bkxcks burg, VA 24061 (206) 655-3479
(703) 951-6126 - Ext. 6742 M1lW .L

LINDORM, C. A. Boeing Aerospace Corp.
Naval Surface Weapons Center P. 0. Box 3999
Dahigren Laboratory Seatitle. WA 98124
Code DN-30 (206) 773-1 525
Dafhlgren, VA 22448

(703) 66348731 MCCADE, E. F., JR.
Naw'J Ship Research D fevelopment Centerw

LUCERO, E. F. Code 166
Johns Hopkins University Bethesda, MVD 20084HE[ ppkd Pksic Laoratry 202)227167

~~ 11100 Johns Hopkins Road
Laurel, ND 20810 MARSHALL, J. R.
(301) 953-7100 - Ext. 7450 Naval Weapons Center

L Code 4063
LYNCH, J. P., III China Lake, CA 935.55

Naval Surface Weapons Center (714) 939.2820
L Da higren Laboratoy

Code DG-50 MCCAULLEY. CAPT H. B./USN
fDahlgren, VA 22448 Assistant Commander for Research

i.~ and TEchnology
MADDOX, A. R. AIR-03

Naval Weapons Center Naval Air Systems Command
Code 40604 Washington, D. C. 20361
China Lake, CA 93555 (202) 692-7439
(714) 939.2935

F MASON, L. A.
US MARKARIAN. C. F. Naval Surface Weapons Center

Naval Weapons Center Dahlgren LaboratoryI#
Aerothermodynmkis Branch Code DK-21
Code- 4061 Dahigren, VA 22448
China Lake, CA 93555 (703) 663.8107[ (714) 939-2824

xxvi



j_ ] 10th Navy Symposium on Aeroballistics I
Vol. 1

SYMPOSIUM ATTENDEE LIST

MASSEY, J. M. MORRISSETrE, R. C.
Naval Surface Weapons Center Naval Surface Weapons Center
Dahigren Laboratory Dahigren Laboratory
Code DK-63 Code DG-30
Dahlgren, VA 22448 Dahigren, VA 22448
(703) 663-8468 (703) 663-8411 2

MEEKER, R. E. MOORL, F. G.
Naval Weapons Center Naval Surface Weapons Center
Code 4063 Dahlgren Laboratory
China Lake, CA 93555 Code DG-40
(714) 939-2820 Dahlgren, VA 22448 1

(703) 663-7481 1
MATTHEWS, M. L.

Boeing Aerospace Corp. MURPHY, C. H.
P. O. Box 3999 Aberdeen Proving Ground
Seattle, WA 98124 Exterior Ballistics Laboratory
(206) 773.1525 R. 1. Kent Bldg. (120)

Aberdeen Proving Ground, MD 21005, M54
MILTON, J. E. (301) 278-3109 1

University of Florida
Graduate School NARDACCI, .L. i
P. 0. Box 1918 McDonnell Douglas Astronautics Co. 1
Eglin AFB, FL 32542 5301 Bolsa Avenue
( ) 882-5614 Huntington Beach, CA 92647

(714) 896-5223
MOFFAT, R. J.t I Leland Stanford Junior University NESTLER. D. E.

SDept. of Public Safety General Electric Company
711 Serra Street P. 0. Box 8555
Stanford, CA 94305 Philadelphia, PA 19101

(215) 962-6090
MOGAVERO, M. A.

Computer Science Center NEWQUIST, J. C.
221-C Preston Court Naval Surface Weapons Center
Baltimore, MD 21228 Dahigren Laboratory
(301) 788-5832 Code DG-50

Dahlgren, VA 22448
MONTAG, W. H. (703) 663-8586

NASA-Goddard Space flight Center
Code 742 NIELSEN, J. N.
Greenbelt, MD 20771 Nielven Engineering and

4 (301) 9824865 Research, Inc.
510 Clyde Avenue
Mountain View, CA 94043
(415) 968-9457 j

I

Xxvii

__ 'I



lth-Navy Symposium -on Aeroball-istics

Vol. 1

SYMPOSIUM ATITENDEE LIST

OBERKAMPF, W. L. PASIERR, J. J.

University of Texas at Austin Apnspkiyis ULaversitoy
Austin, TX 78712 ApidPyisLbrlr

-~ ~ (512) 4714585 8621 Georgia A venue
r Silver Spring, MD 20910

wi OHLMIEYER, E. J. (301) 953.7100 - Ext. 32460
[whi Naval Surface Weapons Center

Dahigren Laboratory PASI UK, L.
Code DG-40 Naval Sea Systems Comond
Dah~gren, VA 22448 SEA -03513

(703 6637481Washington, D. C. 20362
(202) 692-1151

OSBOURNE, B. P., JR.
Defense Research & Engineering PEPITONE, T. R.
Rm. 3D1089 Naval Surface Weapons Center
The Pentagon Dahigren Laboratory
Washington, D. C 20301 Code DK-21
(202) OX-5-0552 Dahigren, VA 2-2448

OSKAY, V. PERPER, D. N.
Director, U. S. Army Ballistic Hughes Aircraft Co.
Reserch Laboratories Missile Divisioni
Attn: AMXBR -ER Bldg. 268/W83
Aberdeen Proving Grounds, MD 21005 Caioga Park, CA 91304

r(301) 278-3405 (213) 883-2400 -Ext. 1294
4, 1

O'CONNER, J. S. PICK, G. S.
Johns Hopkins University Naval Ship Research &Depelopm. Cnir.

AApplied Physics Laboratory Code 1660V
Johns Hopkins Road Bethesda, MD 20084
Laurel, VD 20810 (202) 227-1670
(301) 953-7100 -Ext. 7416 PAZR .F

ON, T. J. Naval Postgraduate School i
Naval Surface Weapons Center Dept. of Aeronautics
Dahigren Laboratory Monterey, CA 93940

Code K-21(408) 646-2944
Dahlgren, VA 22448

L(703) 663.8107 RAUSCFI, J. R.
General Dynamics Corporation

PAR, lM 500) Kearny Villa Road
Naval Surface Weapons Center P. 0. Box 80847

Dahlgren Laboratory Son Diego, CA 92)38

Dahlgren, VA 22448

- -~~ Xxviii i
Nz -i



T10th-Navy -Symposium -on- AoballisticsH

Vol.1 SYMPOSIUM ATT'ENDEE LIST

REDING, J. P. SIIEETZ, N.
Lockheed Miulles &Space Co. Naval Surface Weapons Center
Dept. 81-1i, Bldg. 154 White Oak LaboratoryL
P .. Box 504 Code 323
Sunnyvale, (Z4 94088 Silver Spring, MD 20910
(408) 742-1944 (202) 394-2323 I

ROM, J. W. SINGLETON, R. E.
PAciftc Missile 7 st Center U S. Army Reseach Office
Code 0101 Box 12211
Point Mugu, CA 93042 Research Triangle Park, N. C. 27709j(804) 982-7831 - Ext. 7833 (919) 549-0641

RUMPF, R. L. SLYKER, R. W.
Johns Hopkns University Pacific Missile Test Center
Applied Physics Laboratory PMTC 2144
8621 Georgia Avenne Point Mugu, CA 93042
Silver Spring, MD 20910 (80) 982.8063
(202) 953-7100 -Ext. 7440

SMITH, R. E.
SANDERS, D. K. Naval Weapons Center

Naval Ammunition Depot Code 40631,Code 5041 China Lake, CA 93555
Crane, IN' 47522 (714) 939-247
(812) 854.1603 

SIH .H
~ ISCHINDEL, L. H. NASA OAST Headquarters

Naval Surface Weapons Center 600 Independence Avenue
White Oak Laboratory Washington, D. C 20546
Silver Spring, MD 20910 (202) 755-2383
(202) 394.1245 SK~ .R

SCHMIDT, L. V. Naval Surface Weapons Center
Naval Air Systems Command DahIgren Laboratory
Code AIR-3200 Code DG..40il
Washlngton, D. C. 2036) Dahlgren, VA 22448
(202) 692-7417 (703) 663-7481

SHEA, G. C. SOLIS, R. E.
Naval Surface Weapons Center Naval Surface Weapons Center 31Dahigren Laboratorv aye Lbrtr
Code DN-30 Code DK-21
Dahigren, VA 22448 Dahlgren, VA 22448

(703) 663-8731 (703) 663.8107 i
XXIS7

4'~,-4- - -x i



:1110th Navy Symposium -on- Aeroballistics.

Vol. 1

SYMPOSIUM ATENDEE LIST

STEVENS, F. L. VAN -.KEN, R. W.
Naval Surface Weapons Center Naval Weapons Center
Dahigren Laboratory Code 406
Code DK-21 China Lake, CA 93355
Daldgren, VA 22448 (714) 939-3374I: (703) 663.8107

VAN TUYL, A. H.
STOEHR, G. Naval Surface Weapons Center

Naval Surface Weapons Center White Oak Laboratory
Dahigren Laboratory Code 331
Code DK-55 Silver Spring, MD 20910
Dab! gren, VA 22448 (202) 394-2265I (703) 663-8359

VAS, I. E.
SUN, J. Gas Dynamnics Laboratory[7 Naval Surface Weapons Center Forrestal Campus

Dahigren Laboratory Princeton University
Code DK-21 Princeton, NJ 08540
Dahigren, VA 22448 (609) 452-5135
(703) 663-8107

VOISINET, R. L. P.
SWANSON, R. C. Naval Su~frfee Weapons CenterINaval Surface Weapons Center While Oak Laboratory

Dahigren Laboratory Silver Spring, MD 20910
Code DG-10 (202) 394-2061Y Dahigren, VA 22448
(703) 663.7561 VOLZ, W. C.

Naval Air Systems Command
jTAI, T. C. AIR-320C

Naval Ship Research & Developm. Center W0ashingtor., D. C 20361
Code 1606 (202) 692.7417
Bethesda, MD 20084F(202) 227-1462 WERBACK, W. J.

Naval Weapons Center
TALBOT, J. F. Code 4062

1-Naval Ship Research & Developm. Center China Lake, CA 93555
Bethesda, MD 20084 (714) 939-3348
(202) 227-1670WIONG..

TISSERAND, L. E. Sandia Laboratories
Johns Hopkins University Division 5625
Applied Physics Laboratory Albuquerque, NM 8 71)5r11100 Johns Hopkins Road (505) 264-3939
Laurel, MD 20810
(301) 95 3-7 100 Ext. 745 2, 7477

xxx

ME
4A



ape- . -.. &

10th Navy- Sympsium on AerobaIlistic ___

Vol.1I
SYMPOSIUM ATTEN DEE LIST

illWING, L. D. ZIEN, T. F.
NNASA-Goddcrd Space Flight Center Naral Surface Weapons Center

Code 742 Whilc Oak Laboratory-1,Greenbelt, MD 20771 Bildg. 402, Rm. 204
(301) 982-486S Silver Spring, MD) 20910

(202) 394.2082
XERIKOS, J.

A McDonnell Douglas Astronautics, Co.4, Space Systems Center
5301 o isa Aveno. iHuntington Beach, CA 92647
(714) 896-363

4

Iij

xxjij



10th Nan( Symposium on Aeroballistics

Vol'*1

PAPER NO. 1

t SURVEY AND EVALUATION OF NONLINEAR

AEROMECHANICS

StL

jL



10th Navy Symposium or Aeroballistics
Vol. I

VSUMMARY

McDonnell Douglas Astronautics Company-West is currently conducting )

a survey and evaluation of nonlinear aeromechanics, under contract to

NSWC-Dahlgren. This effort involves assembling the state of knowledge

concerning linear and nonlinear aeromechanics in conjunction with study

and assessment of the information base to identify key aeromechanics

phenomena as they relate to the several configuration classes, establish

the adequacy and utility of the assembled information base in application

to Navy tactical weapons development, and to formulate recommendations

describing active steps required to make the state of knowledge meet A

current and projected Navy requirements.

Since this contracted effort is a direct result of a very strong recom-

mendation by the 1973 NAAC Stability and Performance Panel, a key

element of our information acquisition approach involved capitalizing

upon the cooperative spirit of the NAAC Stability and Performance Panel i

recommendation in terms of providing leverage and incentive for NAAC

I- members to provide their contributions to the state of knowledge;

as of this writing, 50% of the Navy members and 40% of the industry

members of the NAAC stability and performance panel have responded.

Fortunately, the Navy respondents were large'y key labs involved in

weapons development and testing; by contrast, many key aerospace

firms have not participated. This paper summarizes the work accomp-

lished to date toward performing the subject contracted effort, especially

as regards information acquisition, cataloging and classification.

2



I-

loth Navy Symposium on Aeroballistics

Vol. 1

It appears at this point in the survey that the state of knowledge

i concerning linear and nonlinear aeromechanics is largely contained in

approximately 1600 information elements that can be referenced,

excepting the estimating 100 to ZOO elements held as sacred and pro-

prietary by certain aerospace concerns. The information base consists

of classified and unclassified US Government-sponsored work, some

~vJ~classified work performed by NATO countries and allies available I
through DDC and national and international information published in

the open literature. Roughly 25 percent of the information base treats IL

derivation, evolution, and application of analytic methods, whereas the r
remaining (approximately) 75 percent is devoted to experimental I

information. I
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INTRODUCTION

During the 1973 meeting of the Navy Aeroballistics Advisory Committee

(NAAC), the stability and performance panel formulated a recommenda-

tion that the Navy fund the panel to assemble and assess the state of

knowledge relating to nonlinear aeromechanic in the incidence range

from 0 to 180 deg. for Mach numbers consistent with the flight of tactical A

Sweapons.

The following quotation, extracted from the text of the NAAC Stability

and Performance Panel recommendation, provides insight into the back-

ground, justification, and rationale for conducting this proposed effort.

"Linear-angle-of-attack aerodynamics have been addressed
IJ

over the past several decades resulting in a fairly organized

approach to either calculating or experimentally measuring

1 the required loads.

"The long-term trend in missile design, however, is toward

!! ever-increasing performance and maneuverability. This has1

and will result in either high angle of incidence flight where 111
nonlinear aerodynamics are omnipresent or low to moderate

angles of incidence where nonlinear characteristics have 1 Ii
also been observed. This creates considerable uncertainties

in load estimates, guidance and control requirements, etc. - -1

The state of the art has caused considerable diversity of t iq

approach to the solution of problems associated with specific

weapon system requirements. This has resulted in a somewhat

I4
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confused state of affairs regarding what is known and unknown

concerning both data availability and analytical methodology.

"An assemblage and evaluation of the overall technology base

by a working .group is therefore required such that a reasonably

intelligent course of action may be planned and pursued to

f - meet the present and future needs of the Navy."

A modified version of this stability and performance panel recommenda-

tion was further adopted by the NAAC as its first-listed recommendation

I to the respective commanders of NAVAIR and NAVORD. As a result of

the forcefulness of the Stability and Performance Panel recommendation

and the diligence of its chairman, the recommendation was fulfilled by

means of a competitive solicitation and subsequent award of a contract

j, L to McDonnell Douglas Astronautics Company-West (MDAC-W). The

contract is jointly sponsored by NAVAIR and NAVORD through NSWC -

4 Dahlgren.

Although the task of assembling and assessing the state of knowledge

I I concerning nonlinear aeromechanics is an ambitious one, such an under-

taking is not unprecedented. For example, consider the 1938 work,

Modern Developments in Fluid Dynamics, prepared by the Fluid Motion

Panel of the Aeronautical Research Committee (United Kingdom)

"to present axzd summarize methods of experiment and development of

theory in certa'in branches of hydrodynamics of special interest to aero- i
nautical science. " A more recent parallel to the current work is

Lfound in the Handbook of Supersonic Aerodynamics, a massive undertaking

i!5
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of the Aerodynamics Handbook Staff of the Johns Hopkins University

-4'I Applied Physics Laboratory under Navy sponsorship, the production of 1

which ran from 1950 to 1964. Other similar works worthy of note include

51 Hoerner's "Fluid Dynamic Drag" and the "USAF Stability and Control

DATCOM. "

INFORMATION ACQUISITION V
Information concerning nonlinear aeromechanics was solicited and

acquired from internal McDonnell Douglas Corporation (MDC) corporate-

wide sources (mainly MDAC-West, MDAC-East, McDonnell Aircraft,

and Douglas Aircraft, and the library services divisions of thes. companies

in the corporate family); also from MDC consultant, the Navy laboratories I _

represented on NAAC panels, industry members of the NAAC Stability

and Performance panel, other Government agencies (Department of j
IDefense, Air Force, Army, and NASA), industry members of the aero-

space community not represented on NAAC panels, aeromechanics faculty

members of colleges and universities, and the published literature.

Information was solicited from non-McD:rnnell Douglas sources by:

A. Identifying and listing Government agency offices, industrial

concerns, institutions, and periodicals that may provide

4 relevant information.

jB. Identifying key personnel at the listed Government agency

-i offices, industrial concerns, and institutions that are

potential contacts for information (e. g. NAAC panel

>' imembers, AIAA members, published authors, MDC

academic consultants, applicable Government agency and

industry people, etc.). I
91 6
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C. Conducting telephone interviews vith identified key

personnel, followed by letters, to describe our effort,
request support in facilitating technical interchange,

and offer respondents documented acknowledgment in

and copies of our final reports (subject to Navy approval).

D. Preparing and forwarding standarized aeromechanics

information summary forms (one version each for

experimental data/methods and analytic techniques) for

completion of cooperating information sources.

E. Meeting directly, when feasible, with survey respondents

to facilitate the effective transfer of information in the

US form of documents, computer output, and other forms

of data that require explanation and discussion.

Navy laboratories were requested to lend their on-base support to assist

MDAC-W in its information-gathering task by providing aerodynamic

Jdata for existing Navy tactical missiles, rockets, bombs, and projectiles,

and by performing literature searches in laboratory libraries.

An extensive literature search for relevant aeromechanics information

was conducted through the MDC library system, which has divisions in

each of the four prime companies of the Corporate family; the focal

point for this effort was the MDAC-W library at Huntington Beach,

Y California. Automated literature searches were conducted (via pro-

grammed key work associations) through all reference matter contained

in the MDC library chain and the DOD and NASA reference systems.

7
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Information available in periodicals not involved in automated searches

(current and historical) was located and 
acquired through inspection 

of

yearly subject indices and direct review of all relevant periodical

articles published in the first half of 1975. j

Figure 1 summarizes the current status of information acquisition activi-

ties as of 1 July 1975. At this point, only about 60 percent of the organi-

zatons contacted have responded.
Figure 2 lists the organizations and individuals contacted, and their

responses to our requests for information in terms of documents,

reference, and synopses supplied as of 1 July 1975. As may be noted

from the figure, Martin/Orlando, General Dynamics/ Pomona, Nielsen

Engineering and Research (NEAR), Lockheed, and MDAC are the only

aerospace concerns that have contributed significantly to this effort. J

Based upon the data of Figure 2, it appears that the state of knowledge

concerning linear and nonlinear aeromechanics, as relates to tactical

weapons, is contained in approximately 1600 information elements or

documents. The actual number of documents, reference citations, and

independent synopses indicated in Figure 2 total 2102; the 1600 figure was A

derived assuming a duplication factor of approximately 20 percent.
Ri

CATALOGING, CATEGORIZING, AND EVALUATION OF H1
INFORMATION ELEMENTS

- I As information is acquired, it is cataloged, annotated, and summarized

using formats similar to those illustrated in Figures 3 and 4 (using one

format for experimental and another for analytical information), and

classified in one or more of the following configuration classes:

411 8 N t
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EXPERIMENTAL AEROMECHANICS INFORMATION Vo.

INFORMATION SOURCE: Lockheed Missiles and Spa ce Co. CONA1, N. J. French

VEHICLE DESIGNATION: Poseidon C3I

ABSTRACT: Static stability test to obtain range safety data at Mach 0.6 to 4.4 and ot OP0 to 1809. Tested3 were: -1st and 2nd stages;- nose fairing alone; and 1ist and 2nd stage motors atone. Also obtained was effect of

simulated exhaust jet at a 1450

cii'VEHICLE DESCRIPTION

4II

41 SEPARATION

-Planform View

41Frnt Vie Supplemental Geometry

Identify location of control jets, fins and rocket plume if applicable.
h STING CONFIGURATION:

PA REFERENCE DOCUMENTS: J. R. Phillips, "-Resuts of-the-Transonic/Supersonic Static Stability Test of
itSaviral Poseidon C3X Configurations for Range Safety Requirements (E-75)", LMSC/D05104% TM W621-165,j

Jukne 1962
MV.Navon@ 'ienon and Dicsinof Results of Transonic and Supersonic Wind Tunnel Test AX-i1o

Sewa C3Posido Cbaiguatins', LMC/W903 TM5&21-106, August 1967

TEO ACIITYDESGNATON ND OCAION Lochee 4 4 ootSupersonic WidTunnel.
Rye (anyon, Calif.

41heet I of 2
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FIGURE 3(b) M3

TEST CONDITIONS

i Reynolds No. Range Med on Diel 17

11111 4 10 5 10 0 0

-M120 *

1-00 Rod Angles

0 o1111A

30 IControl Deflections11111111 S. CopIy~amb.
0 10 7 3 4 5 6

F-7

IF-

AERODYNAMIC DATA 3 '
'A Circle Appropriate

PRIMARY DATA COORDINATE SYSTEM:
__ -~Coeff icient or

Descriptor ]
Forebody and Base Axial Force Coefficients ~~B

Normal Force and Pitching Moment Coefficien'ts

Side Force, Yawing Moment and Rolling Moment Coefficients CY, Cn, C1

Surface Pressure Coefficients other than Base nose, body, afterbody

Panel Loads and Centers of Pressure CNp, CHM, CAp, CBM I

Dynamic Stability Derivatives CtNq Cmq' CQP A

Control Effectiveness, Forces and Moments Due to Fin Motion ACN/Sp, ACm/Sp. tsCy/6y
ACn/6p, ZACI/Sat ACA/6~

Control Cross-Coupling dCN/d6ad 1/~ -4

Main Rocket Plume Simulation Solid bodyeqciolda
hot gas

Control Jet Simulation roll, pitch, yaw -

Static Stability Derivatives CNa,C CC Cno

Others:

12 Sheet 2 of 2 j
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ANALYTIC AEROMECHANICS INORMATION

INFORMATION SOURCE: RAE Technical Report No. 66070, 1966 AUTHOR: J. H. B. Smith

METHOD DESIGNATION: Improved Calculations of Leading-Edge Separation from Slender Delta Wings

DESCRIPTION OF ANALYTIC TECHNIQUE: In Reference 1, the pressure and normal-velocity (stream-surface)
conditions are enforced at only three points on the vortex sheet because of computational complexity. In the age of
hlgh-speed computers, computational complexity is less of a hindrance, and a more complete enforcement of the
boundary conditions on the vortex sheet is thus carried out here. The rolled-up part of the vortex sheet is represented
by a concentrated vortex, connected to the free end of the (rest of the) vortex sheet by a cut (i.e., a vortex sheet withI L infinitesimal strength). The position and strength of the concentrated vortex are three unknowns of the problem.

- The vortex sheet is Lroken into n finite segments, of unequal arc length, from the wing leading edge to the free end.
At each end point of the segments, the distanr - to the concentrated vortex and the strength constitute two unknowns.

The (2n + 3) unknowns of the problem are theoretically determined by (2n + 3) equations representing the no-force
condition applied to the conceptrated vortex plus the cut, the Kutta condition applied at the wing leading-edge and the

pressure and normal velocity conditions applied at an intermediate point of each of the segments. The polar coordinates

- (with the concentrated vortex as the origin) of the intermediate _joints are the ar'thmetic means of those of the dnd
points. The vortex sheet is discretized by using a first-order differnce scheme for clifferentiation and the trapezium rule
for integration along the sheet. The (2n + 3) nonlinear algebraic equations are solved by iterations in three loops. In the
first loop, the n pressure conditions and the Kutta condition are used to iterate the strengths of the concentrated vortex
and the vortex-segment end points. The second loop uses the no-force condition to iterate the position of the concentrated
vortex. Finally, the distances between the vortex-segment end points and the concentrated vortex are iterated by using
the n normal-velocity conditions. At each step of the second loop, the first loop is repeated and, at each step of thid, the
first two are repeated. The results of Reference 1 are used as the Initial guesses for 40/A = 0.91. The initial guesses for
other values of 4a/A are obtained by linear extrapolation from existing solutions. The normal force is calculated both
by Integrating the surface pressure and by using contour integration in the cross-flow plane at the trailing edge. Close

I *agreement between the two values serves as a final check on the self-consistency and accuracy of the calculations.

Note that the vortex model of Reference 2 is reached when the extent of the vortex sheet vanishes

LIST BASIC ASSUMPTIONS:

(1) Small disturbanc.'s, a ( 1.

'(2) Slender delta win9, A A 1.
(3) A pair of concentrated vortices and vortex sheets.

DESCRIBE LIMITATIONS:

(See Assumptions)

SDESCRIBE NUMERICAL METHOD:

(See Analytic Technique)

L FIGURE 4(s)

A
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__ _ _ _ _ CIRCLE APPROPRIATE CONFIGURATIONS

Applicable Geometries Body of Nowl- W/ W/ Canard Wing Tail
for Reasonable Precision Revolution Circular Body Tail Wing Control Control Control '

Mach Number Range
for 110% Precision Subsonic to Low Supersonic

rAngle'fAttack- cRange Depends Upon Aspect Ratio
for ± 10% Precision

Automated? (State
Language/System) Yes

Analytical Semi-
Empirical or Empirical Analytical

DEFINITIONS: Analytical - Based entirely on theoritical principles

K Semiempirical - Based on theoretical principles but using experimental data to start solutions,
improve precision and/or extend applicability

Empirical -- Blind curve-fit or other representation of experimental data

REFERENCES:

1. Mangler, K. W. and J. H. B. Smith, A Theory of the Flow Past i Slender Delta Wing with Leading-Edge
Separation, Proceedings of the Royal Society, A-251, pg. 200-217, 1959.

2. Brown, C. E. and W. H. Michael, Jr., On Slender Delta Wings with Leading-Edge Separation, NACA TN3430, 1955

SHOW REPRESENTATIVE COMPARISONS W;'i H EXPERIMENTAL DATA:

+SPOWAND MICHAELB, - I~Ml

0FINK AND TAYLORq4' - to LOW WHO(

D) MARSDEN.SIPNONAND RAIlIR
7

D) 2 0 1OWSp'EEO f}

CALCUJLATION4

0

0 0F 0 15

PRECISION COMMENTS: The Tolerances used f,,r the convergence criteria, the extcnt and number of segments
used for the vortex sheet all affect thev accuracy and economy of the calculations. Optimum values can be obtained by
trials and have ben discussed i. the report for 4a /A = 0.91. The improvements over the results of References I and 2
are mainly in the details of the flow field, such as the surface pressure distribution and the position of the concentrated

vortex. So far as the normal-force prediction is concerned, the result is very closely matched by the first-order )
asymptotic result of Reference 2, and is also close to the result of Reference 1.

14 FIUE4(b)

Ai
a :_ L
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A. Bodies of revolution without fins (projectiles, flare

stabilization, reaction -controlled bodies, etc.).

B. Bodies of revolution-with stabilizing or control tailfins-

I fixed or movable (bombs, rockets, missiles).

C. Bodies of noncircular cross-section, with or without

wings/fins (special-purpose missiles).

D. Wing-or-canard control configurations with or without

tailfins and/or wings.

41 E. Wing-body-tail control configurations.

4F. Missile configurations whose aeromechanics are

_ A affected by internal flow (e. g. , air inlets for airbreathing

I; I propulsion, spinning tabular projectile, etc.).

Subclassification is accomplished within configuration classes with

respect to the functional topics of categories delineated below:

A. Pitch-plane static stability.

B. Lateral-directional (yaw, or out-of-plane) static stability, I

including the effects of configurational unsymmetries,

bank angle, asymmetric shedding of vortices, andI magnus effects

C. Dynamic stability and damping (pitch, yaw, and roll) at

arbitrary incidence.

S- D. Control coupling (effects of control surface deflection

upon static stability in plane or about axis of deflection)

and cross-coupling (static stability cross-talk from a

control function in one plane or about a given axis to forces

q  and moments in another plane or about another axis where

11 15U



10th Navy Symposium on Aeroballistics
S Vol. 1

no control effect was intended or desired), including con-

sideration of gyroscopic coupling effects.

E. Roll aerodynamics, stability, and control.

F. Interaction between aerodynamics and missile guidance

and control system performance, loop stability, and

design criteria, especially identification and characteriza-

tion of important aerodynamic parameters and induced

motion associated with the several autopilot, control, and

guidance schemes.

As information is cataloged and classified, reference documentation isI

filed in systematic order for ease in retrieval during and after the I

contracted effort.

ji Evaluation of individual elements of the information base is conducted in

two phases: (1) as the analyst reviews a given information element, the

work is characterized by the filling out of the synopsis forms (Figures 3 -'

and 4) and a comprehensive IBM Data Card Load Sheet, and (2) a review

of the information content, competence, utility, and applicability is made

from information contained on the completed synopsis forms. I!:

AEROMECHANICS PHENOMENA IDENTIFICATION 1
Available experimental and analytic information found relevant to the

configuration classes during information acquisition, cataloging, and

classification is being studied to identify the most important aero-

mechanical phenomena as they relate to the stability, control, and

performance of each of the several configuration classes. The prime

focus is on cause-effect relationships wherein the general flowfield

characteristics of each configuration class will be describei, and the I
16 i
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variational aspects of configuration geometry as they relate to missile/

flowfield interactions will be discussed. Figure 5 lists the format

currently being applied to each configuration class.

EVALUATION OF THE COMPLETE AEROMECHANICS
INFORMATION BASE

The adequacy (completeness) and utility (usefulness and applicability) of

#I the assembled information base (representative of the state of knowledge)

will be evaluated in view of current and projected Navy tactical weapon

systems requirements.

Navy near-and long-term requirements for aeromechanics information

in the form of experimental data and methods, and analytic predictive

techniques, will be established by the sequential approach outlined in

Figure 6.1

Evaluation of the complete experimental information base will be accomp-

lished by automated sorting and display of reference identification num-

bers by configuration class, functional topic (dependent variables), and

the geometric and environmental independent variables. To facilitate

4 r experimental information base evaluation, the 80 information bits avail-

able from a single data card are allocated to fully characterize relevant

i. reference matter, as illustrated in Figure 7. Sorting logic is currently

4 being formulated to generate an executive code that will allow sorting by

i L selected specific dependent variables and selected ranges of the indepen-

[ dent variables.

With respect to the analytical literature, work has been carried out
i simultaneously insofar as the cataloging and the evaluation tasks are _

concerned. A preliminary categorization of the aeromechanics method-

ii 17A-
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ology applicable to general wing-body-tail configurations was made after

the first several months of study, as shown in Figure 8. No significant

change in format has been found necessary based on work accomplished
to date. The evaluation process has so far concentrated on nonlinear

methods; among these methods, the leading-edge-suction-analogy method

is limited to sharp-edged delta wings and the finite-element lifting-

surface-theory methods are still in their infancy (e. g., two papers were P
presented in AIAA 13th Aerospace Sciences Meeting, 1975) as tools for

predicting nonlinear forces and moment. Furthermore, the latter I
methods may require excessive computing-machine time for frequent

engineering use. I i
IR

methods of nonlinear aeromechanics can now be given. The inviscid-

vortex-modeling methods are based on the solution of the linearized

potential equation and are thus restricted theoretically from being

applied at very high angles of attack. The nonlinear effect comes from

4 the boundary conditions imposed on the shed vortex sheets as indicated j
in Figure 9. Usually the methods also invoke the slender-body approxi-

I i
mation; hence the accuracy of results depends on a combination of the I

configurational slenderness and the angle of attack. Although published i
results often show adequate agreement with experimental data at angles

of attack up to 25 degrees or even higher, it must be borne in mind that

the error committed by neglecting the nonlinear terms in the differential

equation becomes more significant at increasingly higher angles of

attack.II IH
i

-I 22
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When applied to configurations which experience vortex shedding at

sharp edges or corners, the inviscid-vortex-modeling methods are purely-

analytical and the variations dwell largely on the modeling of the shed

vortex sheets, as indicated in Figure 10. Although secondary and even

tertiary sheddings have been observed, the methods in existence all

deal with only the primary shed vortices. The simplest model is pair of

~concentrated vortices (viewed in the cross-sectional plane) connected to L

the shedding points by vortex sheets of infinitesimal strength.

The exact solution of this formulation, which requires numerical itera-1 - tions to solve the nonlinear equations, usually yields a normal-force

prediction which does not agree very well with experimental data. A

vastly neglected fact is the virtue of an approximate, asymptotic solution.

For many cases, the asymptotic solution is so simple as to be obtainable

in closed form. At least for delta wings, the asymptotic solution has

been shown to yield a normal-force prediction exactly the same as that

yielded by the numerical solution of a much more elaborate vortex-sheet

model. Understandably, subsequent efforts at modeling try to improve

the prediction accuracy by distributing the vorticity over the entire A

vortex sheet; however, compared with asymptotic solution of the simplest

model, the improvements brought a.bout by these elaborate models at the

expense of considerable calculational complexity is in the detailed des-

cription of the flow field but not in the normal-force prediction. It is

felt that the asymptotic-solution-of-the-simplest-model approach should

be expioited more, especially in the attack of more complicated problems

such as various wing-body combinations, banked wings and cruciform

wings.

[ 25
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When the inviscid-vortex-modeling methods are applied to configurations

with smooth-contoured cross sections, one element of empirical infor-
mation, namely the shedding position, must be provided (Figure 11).

I Experience has proven, unfortunately, that the results of the computations

are fairly sensitive to the shedding position. Two kinds of empiricism

have been employed: one is to determine the shedding position by experi-

mental visualization, the results of which seem to depend somewhat on

the visualization technique; the other is to vary the shedding position as

]I a parameter in the calculation until the resultant normal-force prediction

matches the experimental data. So far the available shedding position

experimental data have not been sufficiently well organized to indicate

whether data are sufficient to cover all configurations and flow conditions

of interest. The demonstrated success of isolated cases does not

guarantee success in other cases. One may attempt to predict the

shedding position by solving the problem of the separation of three-

dimensional boundary layers, the complexity of which necessitates

application of grossly simplifying assumptions and tarnishes the attract-

iveness 6f this approach. When alternate shedding occurs, additional

empirical properties are needed in the inviscid modeling; some are

more reliably obtainable than others. Currently most prediction

it j methods for alternate shedding are built on the experimental work of

Thomson and Morrison, who invoked the Karman vortex-street theory

to relate the vortex strength and the vortex spacing, even though the

real situation is far from Karman's model of two infinite rows of vortices

of equal strength. Furthermore, the side-force prediction is often
I [ forced to agree with experimental measuremem~s by introduction of

additional arbitrariness such as accounting for only the first two or three

vortices closest to the body. 27

;< 27
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Vol. 1j The viscous-cross-flow method, as originally formulated by Allen, is

IA also meant for moderate angles of attack, not only because of tOe linearity

of the potential-flow term but also because of the additive nature & the

j~ 5viscous correction (see Figure 12). In Allen's version, the cross-flow

drag coefficient is assumed to be a constant, that of a hvo-dimensional

Scylinder in the cross flow. For a preliminary prediction method, its

I tpredictions should be viewed as satisfactory, in terms of the normal

force. Subsequent efforts have aimed principally at improving center-

* of-pressure predictions. Kelly's resort to an unsteady analogy improves

predictions for low-fineness-ratios bodies but degrades predictions for

high-fi eness-ratio bodies. The approach formulated by Perkins and

T IJorgensen makes Kelly's method purely empirical. They deduced the

cross-flow contribution from the experimentally measured normal-force

distribution and arrived at a correlated cross-flow drag distribution

curve for ogive-nosed bodies. In this approach, the viscous term may

actually contain inviscid effects left over by the linear inviscid term at

higher angles of attack. Consequently the method may be applied at

angles of attack higher than anticipated by Allen. In fact, design engin-

eers often use the method up to 90 degrees of angle of attack. The

distribution curve is unfortunately dependent on the configuration,

especially the nose geometry; thus one curve finely tuned for one body

may not be confidently used for other bodies. Another unresolved prob-

lem is how to handle the situation when the axial flow is transitional or

turbulent. In contemporary applications, a recorrelated distribution of

cross-flow drag is expressed as a function of dimensionless time, (X/d)

tan a', returning to the original cross-flow analogy.

29
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Finally, it should be pointed out that existing literature on the methods

discussed here show applications mostly to individual missile components, 30

such as wings and bodies. Much development work obviously lies ahead

for realistic missile configurations.

REMAINING EFFORT TO BE ACCOMPLISHED

The information acquisition task has proven to be much more time-

consuming than originally anticipated, mainly due to a distinct lack of

spontaneous response to our requests for information and support.

In general, it may be said that it is relatively easy for an individual to

W. verbally accept a responsibility to support an ambitious and needed effort

such as this survey and evaluation, but it is entirely a different matter

A for him to deliver a meaningful response that requires his setting aside

-M his own, funded duties to fulfill a request that will bring no direct

renumeration. As a result of information acquisition problems, the N

UV scheduled periods for Tasks 1 and 2 have been stretched, thus crowding I
the remaining tasks into a few months, as illustrated in Figure 13.

"F Planned near-term activities, that will be completed in time for the NAAC

- panel meetings in October, are listed in Figure 14.

N! ri The state of knowledge concerning nonlinear aeromechanics, as repre-

sented by the information accumulated and derived in Tasks I and 2 of J

ji Figure 13, will be summarized in the Final Report-Volume I. The

assembled experimental methods and data base, and analytic methodology

will be completely discussed in terms of specific individual information

Lsources and characterization of the content of such sources. Information

v summaries of each referenced source will contain a crisp verbal sum-

3'
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mary, configuration sketches where relevant, important geometric and

aeromechanics parameters, and examples of results.

Subsequent to evaluating the adequacy and utility of the assembled aero-

mechanics information base in terms of Navy requirements, deficiencies

in the information base will be identified and characterized. Alternative

active steps required to make the technology base meet Navy require-

ments will be postulated for further evaluation in terms of cost effective-

ness; the most cost-effective active steps will then be identified, and

recommendations will be formulated that en, ompass the desired spectrum

and sequence of activities. The recommendations will be presented in

Volume II of the final report.

The MDAC-W assessment of the state of knowledge concerning nonlinear

aeromechanics will be documented in a report that comprehensively

encompasses all of the work accomplished under Tasks 3 and 4 of

Figure 13 (evaluation of state of knowledge and formulation of recom-

mendations). This report will identify and discuss the inadequacies and

deficiencies existing in the nonlinear aeromechanics technology base,

and recommendations for remedial action will be made. Although this

report will necessarily summarize (in brief) the Volume I work wherein

the information/technology base was assembled and documented, the

contents of the Volume I report may be heavily referenced, It is thus

felt that the two physically separate report volumes, coupled as a unified

work, will provide the user maximum usefulness.

TENTATIVE CONCLUSIONS

Based upon our comprehensive review of several hundred experimental

information sources, and the reading of the abstracts and synopses of

34
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more than a thousand others, it is concluded that if the complete experi-

4mental information base were made generally available, the need for

wind tunne, testing would be obviated insofar as preliminary design and

advanced development of axisymmetric or cruciform weapons is con-

cerned; this is especially true as regards bodies of revolution with or

Iwithout tailfins. The amount of near-duplication in the information base

is significant, underscoring the lack of real, useful communication

between aeromechanics practitioners, and an apparent general reluctance

to pursue the historical information base due to time limitations or lack

of an effective approach. In recent years, high-incidence wind tunnel

testing has been pursued in the context of evolving new weapons systems

and for purely heuristic purposes, to the extent that high-incidence

technology has been heralded as an area of severe need, almost as an

li end in itself. The historical information base shows that numerous

high-incidence wind tunnel tests have been conducted, over the past

25 years, and that contemporary aeromechanics problems are in most

respects similar to those treated and studied by aeromechanics special-

]I ists in the 1950s.

Insofar as analytic methods are concerned, most of the emphasis has

,upon developmentand extension of the applicability of over -simplified

methods, wherein underlying simplifying assumptions are too readily

v in application of a certain method; instead of reducing the extent

of simplifying assumptions and reformulating the problem, most analysts

try to extend analytic methods into regions where they are not well-posed

Jj ~ by adding empiricisms or by arbitrary selection of otherwise unspecified

boundary conditions. Finally, the emphasis upon numerical methods

35
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associated with iterative solution using automatic computing machines 4

has led analyists away from pursuing more complete analytic specifica-

tion of their methods to thus allow formulation and solution of nore com-

plex, detailed flow-field problems that would otherwise defeat or render

impractical the more numerically-solved methods.

4A

- A
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V 1 INTRODUCTION

The canard controlled airframe has several features which make it

attractive for use in guided missiles. The fact that the seeker,

guidance computer, servo system, warhead and propulsion system can be

located in sequence from front to rear naturally tends to minimize the

number of joints and the number of electrical or hydraulic lines which

must pass through the warhead and the propulsive unit. The canard is

also a powerful control capable of trimming a missile to large angles

of attack and producing high levels of maneuverability. As an example,

these features are very attractive for incorporation into a family of

modular weapons.

However, there are a few difficulties. The canard airframe tends

to possess highly non-linear aerodynamic characteristics, including

large induced rolling moments, which are complex functions of the con-

trol deflections, angle of attack, roll attitude and Mach number. These

characteristics have greatly complicated the complete six-degree-,f

freedom simulations of missile motions. Also, the use of the canards

for roll ccntrol by differential deflections has been shown, in a few

tests, to be impractical due to large variation of the roll control

power, even control reversals, with angle of attack and Mach number.

The objective of the work described in this paper is to develop a

better understanding of the induced roll characteristics of the canard

missile airframe and thus perhaps stimulate fresh thinking about ways

to alleviate problems related to roll control.
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PROGRAM OVERVIEW

In order to meet the objectives of the program, three separate

but related efforts have been pursued as follows:

A. Development of an engineering method of predicting

the induced rolling moments.

B. Investigation of a-method for more simply modeling

the aerodynamic characteristics for simulation

purposes.

C. Experimental investigation of promising concepts for

I alleviating the effects of large induced roll moments

and producing 
roll control.

The first two items are 
discussed in this paper. 

Due to financial

211
limitations only one concept for alleviating induced roll moments

could be investigated - the use of slots in the carards and/or tails.

j That will be the subject of a paper to be presented by Mr. Pete Daniels

of Naval Surface Weapons Center, Dehlgren Laboratories.

7
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The development of a method for predicting the induced roll char-

acteristics of canard controlled missiles was contracted to Nielsen

Engineering sud Research, Inc. (NEAR) of Mountain View, California. 2

4 The method was to be of engineering application in nature and to

4cover subsonic and supersonic speeds, arbitrary roll attitudes, angles

of attack up to 20 degrees and pitch and yaw control deflections up to

20 degrees in any combination.

It is impossible to do justice to the work of NEAR in a short space. I

The reader is urged to consult the references at the end of the paper for
I|-

4a detailed d'iscripticn of the prediction method and its development. The

following is a very brief review oi -.ie work and some of the results I

obtained to date.

-A
The first step was to assess the (at that time) state-of-the-art. I

To this end, NEAR calculated the induced roll moments for the Navy AIM-9L J|
Sidewinder missile, shown in Fig. 1. Consideration was given to panel-

panel~ interference effects and primarily, to canard vortex-tail inter-j

ference effects. The results of one such calculation are shown in Fig. 2.1

As can be seen, the results show a reasonable reproduction of the trends "

with angle of attack, for the orientation shown, but the calculated ;

magnitudes are about 50 percent of the wind tunnel data. As a result

of these calculations, it was detcrmined that difficulties existed

primarily in the following areas:

A. Panel-panel interference effects, small for the AIM-9L.

might still be important for other canard configurations.

A40
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B. The method used to obtain a relation between the canard

span loading and shed vorticity aeeded experimental

verification.

C. The effect of vortices shed from the body, particularly

[j aft of the canards, was entirely neglected, but was

considered important.

D. Interactions between free vortices and between bound

I or free vortices and lifting surfaces needed further

development.

In order that these effects might be better assessed, the next step was -"

-7a wind tunnel test. The model, shown in Fig. 3, was supplied by the

Army Missile Command at Redstone Arsenal and the tests were performed

by NASA Ames Laboratory. Tests were performed to both Army and Navy

requirements. The Navy portion of the test encompassed Mach numbers of

0.8, 1.3 and 1.75, at angls of attack from 0 to 24 degrees, roll angles A
" Iof 0, 10, 20, 30 and 45 degrees and canard deflections of 0 and 15

degrees. Three component force and moment data were obtained for each

canard and tail panel as well as six-component data for the total model.

r Vapor screen rnd schlieren photographs were obtained at selected test

L conditions. NEAR has analyzed the needed portions of the force data and

the vapor screen data. Again, the reader is referred to the references

for more details of the test. A report of the test will also be published

by NASA in the future.
3

17 Based on the analyses of the test data NEAR then completed the

U method for predicting the rolling moments. The method incorporates

> 4"
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the use of non-linear wing alone normal force information for the !
canard and tail panels. The method accounts for the effects of nose

vortices, canard vortices and afterbody vortices. Vortex trajectories

are computed to the tail and the effects on the tail are computed.

Control cross coupling and panel-panel interference effects are

Iincluded.

As of this time, the method has been checked against data to a

very limited extent. The result of one comparison is shown in Fig. 4.

As may be seen the results show fair agreement. The results of about

four other check cases compared so far show both better and worse

agreements, Checking and assessment of the method will continue next

year.

A

j I 
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SIMPLIFIED MODELING OF AERODYNAMICS

One of the stumbling blocks to accurate six-degree-of-freedom sim-

ulations is the large increase in the amount and complexity of thte

aerodynamic information which must be input to the computer to describe

the effects of varying roll attitude. The objective of this part of

the program was to investigate the utility of a proposed simplified way

of representing the pitch and yaw canard control deflections and their

effects on the aerodynamics of a canard controlled missile.

This notation will 'we reierred to as the phase angle axes system

or PAAS. The basic idea and the notation used is illustrated in Fig. 5. 4

Note that = and 4M represent the standard aeroballistic quantities of

total angle of attack and aerodynamic roll angle. In the same fashion

6 and S describe a total control defletcion and a roll orientation of

I Lthat total control deflection. Note also that, in a wind tunnel test

I =T and 6M would remain fixed in space relative to the tunnel axes, i.e.,

-S would remain fixed while M is varied. Thus, the pitch and yawS -

1. control deflections 6 and 6 , would vary as the model is rolled. As
p Y

will be shown subsequently, this definition of the control deflections

makes the aerodynamic coefficients nearly independent of the missile

roll attitude, at least for the two configurations checked so far.

The first test of the concept was performed by conducting a wind

I tunnel test with a model designed so that the quantities 6M and
° S

could be directly set into the model and held constant while -T amd

ware varied. The tests were conducted in the AEDC tunnel 1T under

U tf.e sponsorship of the Air Force Armament Laboratory at Eglin Air Force

Base. The configuration tested is shown in Fig. 6. Typical results

434
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are shown in Figures 7 through 11. Coefficients of normal force, side

force, pitching moment, yawing moment and rolling moment are shown.

These results show that the coefficients are nearly independent of

aerodynamc roll attitude, M, for fixed values of 6M and S over the

., range of angle of attack tested.

:1 A second check of the concept was made by converting the Sidewinder

AIM-9L wind tunnel data to the PAAS. The missile configuration is shown

in Fig. 1. Typical results are shown in Figures 12 through 17. Fig-

ures 12, 14 and 16 each show coefficients of pitching moment, yaw moment

and roll moment for conventional fixed anard doflhctions for various

roll orientations. Figures 13, 15 and 17 show similar data converted

to the PAAS. As before, the PAAS curves show much less dependence on

the roll angle.

The ultimate utilitv of this concept depends of course upon how

'I broad its application may be, and from this point on, that will depend

largely on how many other people will investigate the idea. At NWC, it

is planned to incorporate the PAAS formulated aerodynamic data for

Sidewinder into a digital simulation currently in use.

44
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I PAPER NO. 3

I
ROLL RATE STABILIZATION OF A CANARD CONTROLLED

GUIDED MISSILE CONFIGURATION AT SUBSONIC AND
SUPERSONIC SPEED

by

P. Daniels
Naval Surface Weapons Center

Dahlgren Laboratory
Dahlgren, Virginia I
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NOMENCLATURE

8 Canard pitch anglee

8R  Canard yaw angle

(D Model roll angle

f3 Angle of yaw H I
V Free stream tunnel velocity

p Spin rate

d Model fin span, 4 in. (unless otherwise specified) I
c Canard slot area

C Canard area

t Tail slot area

T Tail area

SF Canard rudder force
r!

F Canard elevator force j

I6 I
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II. INTRODUCTION

Guided missile systems can be designed without active methods of

roll stabilization, if the induced rolling velocity due to maneuvering is

sufficiently low. However, if the missile experiences large angles of

incidence, it may also develop prohibitively large roll rates. The canard

tcontrolled guided missile is of particular interest at this time because of

I he simplicity of the accompanying guidance system. Minimization of roll-

ing velocity during maneuver is also desirable.

Fin slots have been shown to be an effective method for allev--

iating the undesirable roll characteristics of unguided cruciform finned

missiles and it was suggested that they might be used to improve the roll

Tcharacteristics of guided missiles with canard controls. Consequently,

subsonic and supersonic wind tunnel tests were conducted at Edgewood

Arsenal and the Naval Surface Weapons Center in order to explore this

possibility. This paper presents the results of that study.

IA
i.

IA
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Vol. WIND TUNNELS AND TEST SPECIMEN

form The test specimen, a sting mounted, free rolling missile with cruci- -

form canards and tail fins was supplied by Naval Weapons Center/China

2" Lake. The model was designed such that the canards could have either a

fixed deflection with roll angle or could commutate, e.g. 8= =0 cos ( D' I

8 = rs = sin (. The commutation feature is designed to simulatee [8eJ (D

active guidance in that the canards provide a nearly constant control force I
with missile roll angle in any desired plane. The commutation feature is

provided through a mechanical linkage with the model sting support. A
sketch of the model giving pertinent dimensions is shown in Figure 1. A

photograph of the model is shown in Figure 2.

The subsonic free rolling test was conducted in the 28 in. by 40 in.

(3)low-speed wind tunnel at Edgewood Arsenal. This wind tunnel has

continuous flow and is of the induction type. Maximum tunnel speed is

about 150 miles per hour. I
The supersonic wind tunnel tests were conducted in the Supersonic

Tunnel No. I at the Naval Surface Weapons Center/White Oak. (4) This

wind tunnel is of the intermittent, blow down type and has a trisonic

capability.

66
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Ill. SUBSONIC FREE ROLLING TEST RESULTS

" The induced roll characteristics of the missile configuration with

commutating canards was first investigated for a sequence of yaw angles

T with the yaw control force in the plane of yaw. The model was installed

in the tunnel such that;

[SR] 0 0 -20 deg. 8e 0 0

(At D = 0 the canard elevators are yawed left resulting in a negative canard I'

force that is in the direction of positive yaw. The canard elevators are un-

Li deflected at D = 0.) The resulting steady-state rolling motion is shown in

Figure 3.

Low roll rates exist for the angle-of-attack region (-300 < a < 30)

and are probably due to aerodynamic asymmetry. At high angles-of-attack

the missile can roll in either direction and the roll rate can increase con-

L] [ siderably. The bars indicate stable roll trim points, e.g., when the motion

is stopped it will remain stopped.

The induced roll characteristics of the missile configuration with

commutating canards producing a pitch control force (F is negative)

~~~normal to the plane of yaw ([R¢_0 0  8] = -20 deg.) is

presented in Figure 4. Fairly large roll rates now exist throughout the

- -
angle-of-attack range. The roll rate in the regic.- -30° < a < 300 can be

.6,
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interpreted as being produced by asymmetric lift on the canards due to
sideslip. (No explanation of the roll reversal, -30 < a < 300, is.9'

suggested.) The data at high angles of attack in Figures 3 and 4 indi-

cates an instability in spin similar to "roll speed-up" and is probably

a due to vortex shedding from the tail fins and canards.

In an effort to understand the roll producing interaction between

canard and tail fins, tests were conducted with the tail removed. The

roll history for the tailless missile is presented in Figure 5. A compari-

son of Figures 5 and 4 indicates that the roll torque produced by the

tail can reinforce or reduce the roll torque due to the canards depend-

ing upon the angle of yaw.

Figure 6 shows the effect of a large canard slot (c/C 0.42) on j
the rolling motion of the test specimen with tail removed. The canard

control force is still normal to the angle of yaw and no rolling motion is

observed between -60 ° < a < 600. However, one might suspect that

the canard is ineffective due to the large slot size. In an effort to crudely

assess the canard effectiveness, a slotted tail was installed. Figure 13

shows that the model with extremely large canard slots still has a signi-

ficantly large roll rate. This effect suggests that the canard with large 7j

slot (c/C =0. 42) is still effective since it produces significant down-

wash and consequently must produce lift.

Figure 14 shows the effect of systematically reducing the slot size

for the missile with the tail removed. Thus, when c/C is as small as 0.23
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41the roll rate can be fairly well controlled. It was expected that further

optimization of the canard slot size and location was possible.

At this point it was obvious that the body could be roll rate sta-

I J bilized provided that a tail configuration could be found which would

minimize the interaction between the tail and the canards.

g4 I Slotting the tail fins eliminated the instability of spin at high

Iangles of attack. However when used in combination with slotted canards,

roll rates at low angles of attack were not sufficiently reduced. Conse-

quently, other tail configurations were tested.

Varying the number of tail fins, interdigitating tail ,nd canards,

increasing the distance between tail fins and canards, and free spinning

I the tail fins all had a negligible effect on the steady state roll rates.

However, two tail configurations were tested that showed considerable

promise. Figures 9 and 10 show the steady state roll rates for the guided

missile configuration with canard slots (c/C = 0.23) and ring or flared

I I tail. Roll rates are well stabilized up to high angles of attack.

The combination of slotted canard and axisymmetric tail is Unique,

as shown in Figure 11, since the combination of solid canards and axi-

I symmetric tail produces significant roll rates. I
Figure 12 shows photographs of both configurations that were

successfully roll stabilized at a velocity of 60 miles per hour. The

thickened aft section of the model was the result of the free spinning tail

SI..69
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modification and was not changed for the remainder of the study. The
K!

tail span was consequently increased to 4.75 inches.

Further testing showed 'that a modified slot with a 20% slot size

(c/C = 0.20) did not degradate the roll stability at a tunnel velocity ofIt

60 miles per hour. The new configurations were then tested at the maxi- I -
mum tunnel speed of 150 miles per hour. The results of these tests are

shown in Figures 13 and 14. Slight velocity effects are noted. Some very

low roll rates were recorded that may have been hidden by the bearing

211 friction at the lower velocity. It should be noted that originally the test

I could not be run at high velocity because the large model roll rates

caused the canards to shed from the model.

iF]
I1
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SUPERSONIC TESTS

Free rolling wind tunnel tests were conducted at NSWC/WO in order

to study roll rate stabilization of the guided missile configurations at high

subsonic and supersonic speed. The angle-of-attack range was limited

to ± 40 degrees due to the test section size limitation. Data was obtained

at Mach numbers of 0.8, 2.03 and 3.02. It should also be noted that

dynamic pressure could not be held constant over the Mach number range.

1This would have helped to minimize the effect of variation in bearing friction.

A comparison of the steady state roll rates of the basic configuration

at Mach numbers of 0.08, 0.8, 2.0, and 3.0 are presented in Figures 15

and 16 for the cases where the canard control force was in the plane of

yaw and perpendicular to the plane of yaw.

Roll rates are small for angles of yaw up to ± 35 degrees for all

Mach numbers tested when the canard control force is in the plane of yaw.

The reduced frequency (Pd/2V) at the higher Mach numbers (.80, 2.03,

1: 3.02) are generally less than for the very low Mach number (.080) when

the canard control force is perpendicular to the plane of yaw.

L. During the subsonic tests at Edgewood Arsenal, roll rate stabili-

zation was accomplished by removing the cruciform tail and stabilizing the

forbody with canard slots. The axisymmetric tail (flare or ring) provided

L! stability without destabilization of the roll rate. Data obtained at NSWC/

WO indicated that the configtiration with optimum slot and ring was less

[ 71
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effective at a Mach number of 0.80. At supersonic speeds this configu-

I ration was totally ineffective.

Roll rate stabilization at higher Mach numbers was attempted by

removing the ring tail and increasing the slot size. Significant roll rates

were observed even fcr large slot sizes (Figure 17). Figure 11 further

illustrates that although slots still reduce the roll rate at super sonic speeds

the dramatic roll rate stabilization obtained at low subsonic speed is no

longer present.

Based on these data it appeared that the axisymmetric tail and slotted

canards would not be beneficial roll rate stabilizers nt high speed.

Paradoxically, the cruciform tail that had a destabilizing effect at

subsonic speed was found to have a stabilizing effect at supersonic speed.

Figure 19 compares the basic configuration with solid canards to the tail

off configuration with solid canards. Reduction in roll rate is probably

due to the roll lock-in moment ( 1 ) induced by the cruciform tail. A fur-

ther reduction in roll rate of the cruciform tail configuration is obtained

by canard slots (Figure 20).

It was felt that the possible loss in effectiveness of the canard slots to

roll rate stabilize the vehicle at supersonic speeds might be due to blockage

of the airflow through the canard slots. Consequently, the nose of the con-

figuration was bluntea to reduce the Mach number in the region of the

canards. In addition to reducing the local Mach number, the shorter nose

also provided less shielding of the leward canard in yaw. A reduction in

! roll rate was noted at the lower angles and this result is presented in

Figure 21. A photograph of the blunt nose model is presented in Figure 22.
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IV. CONCLUSIONS

The following conclusions were made based on the results of this

study:

1. Rolling velocity of the model is extremely dependent upon angle

of incidence and the direction of the canard control torque.

2. At low angles of attack, roll rates are higher when the canard

T control force is perpendicular to the plane of yaw. This roll phenomenon

is produced by the canards.

3. At high angles of attack and subsonic speed, roll rates are fairly

independent of the canard deflection and are probably due to vortex shed-
eI

ding from the fins.

4. At subsonic speed canard slots are ineffective in controlling roll

rate if cruciform tail fins are present because of interference effects.

L= Canard slots are effective roll stabilizers if used in the presence of a

ring tail or flare tail.

5. At supersonic speeds roll rates were significantly reduced by

combining cruciform fins with slotted canards. Nose blunting further

reduced the observed rates. I1V. COMMENT

Six component force tests are presently being conducted to determine

the effectiveness of slotted canards and no data is available at this time.

However, data taken previously indicates that small slots (of the order :
of 25% fin area) inserted in missile fins do not appreciably degradate lift

or restoring moment. (1,6)
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MACH NO,
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_ _ _ _ _ _V

NOSE LEFT 0.80

CANAR FORE .2 (NO ROLL RATE AT

7~J I.MACH NO'S 2.03, 3.02)1

U~ P (DEG.)

1;- 20 V4 6

FIGURE 15. Comparison of Steady State Roll Rates Versus Mach
Number for Basic Configuration with Commutation Canards
Producing -Nose Left, Control Force.
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FIGURE 18. Effects of Slot Size* at Supersonic Speed on the Steady
State Roll Rate Versus Angle of Yaw for Model with
Commutating Canards Producing Nose Down Control Force
(c/C 09 .29 .239 and Tall Off)
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ABSTPRACT

A computer program has been written for supersonic

cruciformi wing-body combinations under coiied pitch and

yawd. The program is based on supersonic potential flow

theory and involves line sources and doublets to m~odel th eI

body and uses constant u-velocity panels to represent the

wing and to account for wing-body interference. The wing

surfaces or fins can be of general planform and may be de--

flected. Loading pressures are determined from the flow

field by means of the Bernoulli pressure equatCion so that

significant nonlinear effects such as induced roll can be

calculated. The computer program is designed to study high

angle-of-attack charactCeristics such as calculazing the

effect of body nose vortices on canard fin loading. It can

also de'Cermine the suction-f orce distributions along the lead-

ing edges and side edges of the f~ins. These auanties are usef,--ul

in setting up the separation vortex pattern, by the Polhamus

analogy. It also provides a means for deter.-a-ning the loa-

ing on the tail section due to trailing vorticeas from the

body nose, canard fins and missile afterbody. The program

has been used to develop and check engineering methods de-

signad specifically to calculate rolling aoments. Comr.parisons

between Dradict.ed and exparimental results for wings alone

arnd For -- crutzlform -.wing-bor'; combination for several M1ach.

nurnbars indicate goodi agreemznt.
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Vol. 15 LEST Oi:' SYMBOLS

I AR aspect ratio

b semis Par of , wing surface or .irm, azz ;easured
2 from root chord to tip; figure I

c length of panel chord passing through centroid of

constant u-velocity panel

CNC,CNI normial-force coefficient acting on a canard fin,

I N/qSf , see sketch in section 3.5 for zign
convention

SCREMC,CRM rolling-moment coefficient of canard fin measured

about body axis, see sketch in section 3.5 for

sign convention

Cp Ppressure coefficient, (p- p )/q

C\ no,-mal-forca coefficient, N/T$. -

L CL lift coefficient, L/qSref

C0  rolling moment, R/qSrer' re f  . osiuve clockwise

when viewed from rear

F force acting in, the plane of the wing surface in
the positive X direction

force acting in te plane of the wing in te

positive y;, direction

1± L lift force

ref specified reference lengthqrel.

14 ~ ~ ~ ~ 1 re-t-eu" cnumber

P ro ng-moen t measured bout body axis

N force normal to fin planform

p local static pressure
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free-stream static pressure

q dynamic pressure based on free-st roLrn conditions

J s width of constant u-velocity panel

S- specified reference area

V resultant flow velocity

v perturbation velocity normal to body interferenceN-
panel

V free-stream velocity vector
4I

u,v,w perturbation velocities nondimensio-nalized with

Vc, in the x,y, z directions and. associated

with the semi-infinite triangle, figure 2,

except in section 2.5 where u,v,w are in

wing-body coordinate system XB,YB,zB "

u,vw perturbation velocities nondimensionalized with

V, in the wind axis system, u along free-stream

direction, v positive to the right and w

positive upwards

U )V w Der turbation velocities, nondi.ensionalized -with

VC in the x .,,Yw,Zw directions associated with

the wing surfaces, figure .

x,y,z coordinate system associated with semi-infinite

triangle, figure 2. Origin is at apex, x axis

coincident with side edge in downstream direction,

- y axis positive to the right when looking up-

stream, and z axis positive in upwards direction.

Triangle lies in x,y plane.

xB,yBZ, body rectangular coordinate system with origin at

body nose, figure 4; xB axis positive downstream

along centerline; yB and zB caxes aligned with1B
firs such that yB positive to right when look-

+ ing upst=ean and z B positive upwards for zero

! 100 roll angle
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.i,~ yW,..7 wing- coordinate system aith eo-,gin ].ocat-.

loading edge of wing root chord, figure 1. ..

win- is attached to body, the origin is movod

to bh3 body conzerline, x, axis b.'- in

stroamwis , direction, YjWj positive to .e right

when looking fo-nard, and zj, posit've in

upwards direction. Horizontal wing lies in

a angle of pitch, degrees

angle of sideslip, degrees

yra.at io of specific heats, 7 = I. -or ait1

angle between body centerline and fre -stream

direction, 'included angle", degreas

[6 fin deflection angle, degrees

; roll angle, positive in clockwise direction when

loo!'<ing ups tream

A leading- or traiLing-edge sweep a e..:_I a-s-, -a r s.

sweep angle of bound leg off ho-gesnoe vortex

F F circulation strength of one horseshoe vortex

SUB3SCRIPTS

S body

cen. centroid

T i induced

no-maL

LE,kie w.tng leadin-g edge

T2,te wine 1 t-ail. edge

rM .'.L rolling moment
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Vol.1I SUERSONIC LIFTING-SURFACE PROGRAMFOR CRUCIFORM ,ISSILES -IlE

APPLICATIONTS TO INDUC.0 ROLL

Marnix F. E. Dillenius, Jack N. Nielsen,
and Michael J. Hlemsch

Nielsen Engineering & Research, Inc.
Mountain View, California4

1. INTRODUCTION

In recent years, there has been renewed interest in

missile aerodynamics particularly in the areas or high angle-

of-attack characteristics and other nonlinear behavior such

as induced roll. Many missile configurations of interest ; V
employ cruciform wing-body configurations in either the canard

section or tail section or both. Better methods for calcula-

tion of the aerodynamics of such configurations -re needed.

Until receAtly, methods for calculating -.-ssile aero-

dynamics have been dominated by slander-bo -herz. The .-
need for a rational and accurate prediction method applicable

to configurations with general fin shapes has long been

unfilled. Although airplane lifting-surface computer prograums

have been developead by several investigators (refs. 1, 2, and 3),

! nonplanar programs applicable to cruciform missiles have not

been available until now. To be useful, such programs must

be able to compute the surface loadings and flow fields

generated by modern h.ich performance cruciform missiles.

EssenCialiv, this means that the programs must handle the

I () C'bznc~ nc~le of attaclk and sideslip with uneaual

"~ ~c. TL-o . cabily allo, .,the user to e._umne

102
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loadings for actual control situations.

j(b) Leading and Side-:E-dge Vortex SaLt'aration. At high

angles of attack (ai > 10) m~ost f in Planf orms shad e;ither-

leading or side-edge separation vortices. Recently, Polha_-,,_s

developed an analogy which helps in estimcating the strength

of these vortices (ref. 4). Since his method reauires the

determination of the leading- and side-edge suction forces,

the program should have this capability.

(c) Nose-Canard Fin Interference. At mode-rate angles

of attack, separated flow can be generated by the missile nose.f

This flow can strongly influence the loading on the canazd

fins. Hence, the computer program must be able to determina

the effects of the vortices on the fin loadings.N

(d) Vortex-Tail Interference. An important source ofc

interference is that caused by the canard trallin-g vortices

and body-separation vortices as theyr influence tetail. Tha

rusual method of tracking these vortices requires the approx~-i
inations of slenderness and incomares~sibility. To remove these

IIJF restrictions requires the use of the wave equation. Hence,

the program should be able~ to track the interfering vortices

from the regions where they originate to the tail using the

wave equation.

A computer program possessing all of the above capabil-414

ties will obviously be very useful in developing and checki-ig

simpoler engineering methods for high angle-of-attack missile

aerod-,r..-ics.
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Undcr the consistent sponsorship of the office of~aa

.Researc'h, *Niel sen Engineering & Research, Inc. has, bace2n

activalv involved in a continuing effort to develop a cona-

puter program to calculate the aerodynamic. characteristics

of cruciform missiles at co-mbined pitch and yaw conditions.

4The work was initiated under the direction of M4r. David ,4

S iegel1. The initial effort -s documented in =eference 5.

It is the purpose of this paper to describe thae analysis i
contained in the computer prograii in general terms and to

-present comparisons with experimental data for wings, aloneK
and for a cruciform ding-body combination.

An augmented version of the program was used to generateJ

data required by the engineering methods in missile aero-

dynamics de-veloped for the Naval Weapons Center Published in

comute prgrm, esciptonas an appenadix<. Detailed

accontsof te bsictheoretical method are given in

reference 5.

2. ANALYTICAL PROCEDURE

Viae methods szu..-rized below for determiuning 'the aero-

dynamic charac ter is tics of a cruciform, wing-body configuration,

xi supersonic flow are based on potential flow theory. First,

the renresentation of the waing surfaces or fins in terims of

constLant u-%velociI_- nanels is described. After a short

discuzslo of -he bo-dy How model, whichn is a superposition

0 Co:r t t Y0 ~j 1-1- 7 4- C-00350, Task XR 215-226, Coxmaadar

104 P. . itea, Scientific officer.
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W o f E un d a n t a1 s olu tio n s, c wil1 b) shown how v h CrUCUtOrr

wing~ zand body pot, ntiials ctaco! .bined, takinar 1u. ac

o ':rratC-ia I r, tr frain:2- he, a dzscriotion i~s c!1n1 0'4A
nonlinear presstrcz :lto~i used in thle Ca 1 cL 1.0n :2

thea individual f iii loadings.

2.1. Finite Elem~ent Mlethod for Wings Alone

The planform of each wing surface or F~in 4S civided.

into many trapezoidal area elements each wi.-:7n a u~iforn but

un.Known axial velocity over its area. These ara .elements

ara called constant u-velocity panels. The n~e rogiram

lays out these panels on the planar wing surfaces or -EinsI

INL taking account of the following geometric paramters.

Leading-edge shape: Straight line 4hich ira'.be sweatp

F

T1railing-edqe sha*-n: Straight l1ine wh:c> be swe.;pt.k rur wing-bo~lv co.-nbinacrions "he progran a2 lo,,s zr brea]"s i.n

s*wIeep.

Taper: Uni orr.. unless there are breaak-s in sweep.

Mean czarbebr 3urf'ace: PIan-La r.

Tips: Straighnt.

A Dihedral: iNone.

Thick-ness: Zero.

The following discussion applies to the case of zero

ii.ielio. sCui~. a z 'sbo ae wh planaz w-nas in

as -- sssed in sectiLon 3.3. 0

El

~,105
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Vol.1II ~ ~ Liue1Shows the planFormn of one wing surEace o r £I.I

Thn s ide edges of the constant u-velocity panel* are alwlays

ten parallel, to the froe-szraa vctor, Cn telain u

and trailing edges of the panel are usually sweop".

These edges are called subsonic or supersonic dapendirig on .

whether or not the' coitponent of the free-strea velocity

perpendicular to the edge is subsoaic or supersoni. Each

constant u-velocity panel contains a control point at the

95-percent chord which passes through the panel ce-rtroid.

The flow tangency condition appliad at these poLits gives

rise to a set of simultaneous equations if the solution for

a constant u-velocity pxrnel. is known.I The solution for the constant u-velocitv panel, such

as the crosshatched one shown in figure 1, is obtained

through a superposition schemte of the solutions For -four

semi-infinite triangular shapes with their apexes at each :
semi-infinite triangle subject to a -dunp condition in, axial

(or u) velocity is 'derived in reference 1 by -Woodward. Tlhe

procedure is swumarized and its solution charac teris tics are

discussed in reference 5. The layout of the samiu-infinit+e

triaglewith a subsonic lead"i-g edge and its, relationehip

to the free-stream Mahcone are shown i n figure 2. induced

upwash w is al-ways singular on the side edge aid on the

leading e-dgea if ir 's sbsonic. The perturbation veloci_ jHcom~onea -S, uW, become zero on t:he Mach cont,. The

W'e will- _---a to he nvic-aal wing;s or tails ais finz and i
use t-:e waord "zuanel" -to ao:;l:.' to the constant vu-vealoci ty
panels -e:clusivelv.

10-6 -
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z1~IVol. 1
43j; ~up.'rposition schemc for t%,r .. is son in figure ".

'i'hnse panels mav ha,'ve z;%ejoxtbck, 11i.'~~wx or mix.ed

leading and t 'rail- in edges

With the induced velocji .y e:-prcssions for l,,e paneals

..xiowni, it is pos,.ible to fornulate ThIe influence of a

constant u-velocity panel o- un,4nown strength at any control

point accounting for the region of influence inhe=ent in

supersonic flight. By using the flow tangency ccnditon and

by considering interactions among all panels m'-zing_ up the

cruciform or planar wing, there results a set of sL-ulttaneous"

ecuations from which zhe unknownm_ panel strengths tan be

4 determined. The flow tangency condition states that there is

" no flow through the fin surfaces at each controI point.

2.2 Leading Edge and Side Edge Suction Forces

If the strengths O the constant u-veloziv pane!3 on

the fin are assu-ed to be kno';n, it is oss:.bl -to repI z-

these singularities by another type of singularity in a

I scheme to evaluate the suction force3. Specifically, _ the

panel strengths can be converted into equivalenz horseshoe

vortices lying in the trapezoidal panels. The bound portions

" of each horseshoe oases through the panel ceantroid while

the trailing lec.qs e~xtend in the streamwise2 directifon as shown

in thne following sketch.

7HIS PAGE IS BEST QUALITY F'RACZI =
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Constanrt u'e-;ivpanel

Panel centroid C

" "

Bound leg of
horsesnoe AF

orort,x YLi

Con fropoint

AFx

IIThe aerodynamic forces acting on the filaments of the

horseshoe vortices can be calculated by aool;,ing the Kut'.a-

Joukowski theorem. For exannle, the in-plane force acting

normal to the bound leg shonr in the sketch is proportional

to the product of the net upwash at the panel cantroid times K

the vortex strength. The net upwash is the sum of the free-

~stream comp~onent V..,5in a: and the suhn of the perturbation

upwa h veLoci-tieas -inued by -the constant u-velocitv panels.

'?he axial an side force coponents, 6F and LFy, are then

ca, u.,, -- -f: aac', nanal and sum.med over ull te aZ s -

, ! ° 108
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covering th,. wing surface or Ei.n to cji.ve in-p.a '-," -

a,. and For furh= , :.. 3, refec to rnC O5.

It should be nozed that zone in-, ane o'rce:j * .. a:' I

must appear at the edges of the fin since h fit srface

cannot sustain in-olane for -ces in Jicting-surrae tbn2ory.

The trailing edge has no singularities by virtue of the Kutta

trailing-edge condition, if subsonic, and in no event if

supersonic. TIr s, Fx and F appear either as leading-edge

or side-edge suction forces. In the case o n-- side edge

i i and a straight trailing edge as for a delta wing, the vector

sum of F. and F must be normal to the leading edge. The j91 V I
distribution of lea -ng-adge and side-edge suction rorces

Sca thus be cor.letely de -era.ined by the corputer prograM. I
At ,-gh angles of attach, the Polhamus vortax-li-ft

concept advanced in re,erenca 4 states that the - .-- 1 "ional

lift due to flow seairation along the leading and side edes

can be obtained fror, the suction alona the edges. Further- V
more, if the suction distribution is- kno , n along the leading

edge, then the spanwise location of thec iading-edge seoara-

tion vortex can also be calculated. For :ins with supersonic

leading edges, the leading-edge suction -. i Ze zero, and

there is no vortex lift.

4 2.3 Flow Model for Bodv Alone

-otential flow znethod used to represent the axisymi-

meric b. 1 ; in suorsonic flow makes use of a diotribution

o f li-. 5ou -rces '.cona.= solutions) and ]. -H oublets on th.2

b d-, 'a te co ao- f :r volu:- ... n, ie o ..

THIS PAGE IS BEST QUALITY PRTI AB_ 109
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effects, respectively. The strenaths of these singularitiz:s

are detormined from. Lhe flow tangency condition applied at

control points on the body surface. The compiuter 1.rcgar-_ '1
makes use of Che fact that this 'nroblem can be split into

an axial and crossflow part which can be treated separately.

It also takes advantage of the fact that the srengths of

the body singularities can be deter.ined in a ste--by-step

method which is characteristic of solutions to the wave

equation. Successive steps do not influence those portions

of the upstream flow which have already been solved. Theo-

retical details are given in reference 5.

The computer program described here is patterned after

the body modeling program associated with reference 3. It

S I!  has been arranged to handle the following body-hose configurations.

a. Parabolic nose .i

b. Sears-Haack nose

c. Tangent ogive nose

d. Ellipsoidal nose

e. Conical nose

The first and fourth categories result in blunt nosEs. ,

The body flow modeling scheme effectively modifies the noseIC
into a point. in all cases, the nose .s follow-:-d by a

cylindrical part of the body.

2.4 Flow Model for Cruciform or Planar Wing-B5ody Combination
irk Supersoic Flow A

- meL'aods of modeling the wine. alone and body alone

have ben- gi'rn. T.s method for accounzLg 'or mutual

interfer-.ce betweea..t a ..ing ztnd boay ,n.ust now be addressed.
-I 11
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The foilo:.'.Lzng w>.'dis u.3 :. cv.indrx'Cal SheLOJ o uls.

u -V .0 cl L Lpn a 11 co n t r L,,-c d t.o co-vm2 - the I--nq th.on

thclin body measured -from the 1.ea-ding cdcyi: of finr rU.)t Chbm'd U S

-far dow-nstrea as ti- body 3.oedinq is dlasirr~d. A t-ipica2'

layout to accounc -for inter-ferz.nce is slhown II Liuos~ir

one crucii-orm fin and one auar!ter of he bod-,. 7ThiJs -ILVOUt.

is sufficient for determining fin loads for :Ens *ihsuper-

sonic trailing eclges. For Fins aith subsonic e~ethe body

shell must be 'extended rearw*ard.

The layout shown in figure 4 is also used for combined

pitch and yaw. In this case the wave equation. in bDody a.y<es

rather th-an wind axaes is valid withifi the fra~mewor : o~c super-

son'ic linear theory. However, it is necessary to us~e the

proper nonlinear rs sure- v3loc _Jty rolattionsrhi- di*-E .Lning Eorce:, and 2et.Inti fash3'ionh ~e

of the control aa! l ae al,7a'ys parallel CO X: ai S oi Lh

Mach cone and the si-cfulari~ies along -The side~ ed-es do not

cross the control -1 t at. any angle of1 atrackard idslu

The same panel la-v--,ut can thus be used for all angles of:

attack and sideslio.

once the bzczv fn: -e~Ice pane is aze l!ai-*,:- out, h

12interference accoxnt oroceedis as follows. The th-ree-d~iten-

sional zsource aad doublet singularities used to model the

ljo~y aioe, as descr-Lbed abovie, induce perturbation v-ei-ozi-

,w. at tn - cnrol points dis-=ibuted over t.e

win0; 2rcLc o s. These elzii arc tchen included

IS. in n nr' n'~ cz v~ 1- o. n d ar v c c r. io -sI
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-;taes hatthesumof he erturbation Vieloci.-Les induceci

b-,, all constant u--. iocity .anels normal to Lhn body s;-ua-,c-

Iuat be zoro. Efbfc.s of b'h the constC.nL u-velocitv ;)rnias H r
laid ouL on the fins and the body-interference shell are j
included.

By considering all components of the velocity normal to

each control point and setting the sum equal to zero for each

point produces a well-conditioned set of siruitaneous equa-

tions for calculating all panel strengths.

i 2.5 Pressure Equations- "

25 eDuring the most recent development stages of the cruci- H

form missile program, a number of relationships between

velocity field and pressure field were investigated. In

the computer prograns of reference 1 through 3, which are

concerned with planar wing-body configurations, the constanz

u-velocity panels are called constant pressure oanels. This

means that in the referenced programs, the pressure is re-

lated to the axial perturbation velocity u through the

ordinary linear relationship

I 2u(

This expression is categorized as a first-order result and is

•usually employed in the case of a wing alone. It was found,,

however, that this snecification was not accurate enou'gh in,

the :Lo.lcation to a cruciform wing-body combination either4 pitched aad yaw-ied or with deflected nanels (.;uch as yaw

control). For Lhse cases, certain significant phenomena.
:14 o112
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Icold only be. i: nonlinear przssurt rV!,tionsios

g" , were used. (lt L; r ~o:rn thnt certa .n;uar' tci:ms in -
preure rela onshios ar.s . caW wc.- h.

Sof slender body theory.) I.portant effects stc.h -as induced

roll due to panl-panel interference are secon. crder and

can only be treated using second-order terms. Thus, the

flow field is solved as a linear problem and the pressure

field is determined by a nonlinear formula. - ;arious

T pressure eauations investigated are listed bel-o;. Further

details can be found in references 7 and 8.

In addition to the simple linear relationship given by

zequatzion (1), there is the extended linear version which i.:

an attempt to k-eep the simole formulation and to account

for the axis o: u not being in th3 free-s " r ca:. direction.

The result is given by

2uc - (2)

where

u= u cos ; - v sin cc sin + w sin "c cos

"i I~ Note that u,v,-' are in the coordinate svs-em fixed in :he

wing-body as s-' y.n in figure 4.

The Bernoulli eauation for compressible isentropic flow

can be written

"P cEST r-UALITY FAZ.,.,]W vI I tv113
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In terms of perturbation velocities u,v,w

VC .2u COS sb~ -2 .si cos
V C V C

CU 1

(u 2 + v ' + W2 ) (4

V2
CO

By expanding Bernoulli's equation in powers of the ( K
perturbation velocity componer--, the second-order pressure

equation is expressed in terms of the velocity components

u,v,w associated with the free-stream direction as 1 I

2u ( (M l)i72 (M)

P V 2 v
cc v 0cc

where u is specified in equation (2) and

v = vCos s ± sn ()

w -u sin a- v Cos asin 6b + w cos a-cos

In slender-body theory, the last term of equation (5)

is not significant and the result is
I

C .2u (V-2 + i) (7)

0) V2j CO

A where u,v,w are given by equations (2) and (6).

The various equations and resulting load results were

comoared w n-ih one another and experiment for crucifor-m

wing-lb: °  cmc2ina-t-i-s. As a result, the Bernoulli equa-

tion, equatioa (3), -as retained on the basis of best overall

114 R C L3[
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corrclation th &xper~e al daa fo individual J

:1 ~ Iacdings, some oF w,"c :ill subsequ-,tlv bz sho-,-':.

U The pressur,, loading acting on a constant U-V ocLtY

p ne! is calcuLLI ed by ta .... j the differ- ence b . . -h

*pressure coefficients acting on the too and bottcma of '

panel near its control point. The normal-force and rolling-

moment coefficients are then determined directly fron the,I
pressure distributions and panel areas.

3. COMPARISONS BEVIWEN PROGPRAM PREDICTIONS, OTER THEORES,
AND EXPERIMENT

A series of comparisons between progra . predictions and

experimental data will now be presented. They are designed

to illustrate certain aerodynamic phenomena. Co-.parisons

are first shown for delta wings of three difer - : - aspect

, ratios for which experimental data are available. Both

4 unvawed and va-.q-ed cases arc discuss-ed. A vaw..ed > anar ad
cruciform wing are also compared in terms o: rolling iiooment

as a function of the nu,.iber of constant u-velocity panels

used. Coparisons of individual fin loadinos are then given

for a cruciform canard-body model. A separate section is

L concerned with certain imoortant aspects of induced roll.

Fialyan eapeis given illustrting "-".e ef~- of

h a specified external vortex on the fin loadLngs.

i 3.1 D2e1ta Wing ,,n Subsonic Leading Edge

J, 1 ".-r S sz h .arison between calculated and
. .. . _ : a from reference 9 for a triangular j

'U '/J.v Z,- as::c rW,0 I. The Mach nw~bor is i.96 and hh
I P115
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Iwing has subsonic leading edges. For low angles of atack,

the lthe'orv closely Matches the exparin-.ent. As J. i;n-

4 creased, the th.ory underestimates the lift. The increased

lift is known to be associated with leading-edge separation

and the associated shed vorticity. Polha mus, refecrence ,

in his study of this phenomena has termed &he increased lift

-associated with the separation "vortex lift. He has ad-

vanced the "vortex-lift analogy" as a means for estimating

the increased lift. To apply this analogy recaires a

knowledge of the leading-edge suction force theoretically

41A developed by the wing. The present program has been designed

1 to supply this information. Carrying out the calculation

yields the curve i1 figure 5 labeled"Present 2.ethod + Polha..usI I i
__I~f J Vortex Lift." This result is closer to the experiz.enta. data

for the higher angles of attack than the t n a- ry neglecting

vortex lift. Until the present program was developed, it

was not po% sible to calculate vortex lift for .fns mounted

on bodies, for fins at combined pitch and yaw, or for fins

subject to -vortex influence. For fins with side edges,

suction forces also develop which can produce vortex lift

as described in reference 10 by Lamar.

The dashed line labeled "conical flow theory" in figure 5

represents the analytical theory for a triangular wing with

i " subsonic leading edage as described in reference 7. The

presi:nt theory and conical flow thor agree ver-y closely

I and sho'_11. idea!;' coincide. Conical flow theory does not A

al account for voraex ift.
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3.2 D&:ta Wing wi.th Sup rsanic Laading Fd e

SU,, rsonic .l.eadi n' edges develop, no leadi,.2~suc, t-n, !

a.d th -)resent the ory can be appli a to d azlta ",.ings wih

such edges without the complicating factor of vortex lift.

Comparison of Lhe predicted normal--force curve wiuh exoeri-

mental data from reference 1. for an asoect ratio 3.652

triangular wing is sho',rn in figure 6. For the secifi ed

Mach n.u4ber of 1.968, this wing has suoersOn- _>ading edges.

The present method is based on five panels a-cng zhe chord

and ten along the semispan for a total of 53 p:anels per

half wing. Agreement with experiment is very qood. The

result from conical flow theory, reFerence 7, 'm ao

The computer progrim predicts a residual an.oun'-- or leading edge

suction which is very small. If a larger number of panls

.- .s used on this wing, the residual approacnes 5- ro.

For unyawed wins., the present results ":-="-e th a

the use of 50 panels per fin with about four or _-i-va Danels

in the chordwise direction will produce cuite a::urate

gross results. (Probably more panels are required for

accurate side-edge suction .Porces on wings 'ith stream-

wise tins) Further details on the wing-alon cxaparison'

can be found in reference 5.

3.3 Delta Wing in Pitch and Sideslio

.n t_-eating a % e - wing in sideslip, t-he first thought

1,4 ! o na i n a s--..e zric panel layout with the side edges

p:~:a.._ :o the In root hord, and %,,ith th, mC.trol -loino S

fixed - zho 95-perc-en-t location o.. the cntrid chord since

.,IS PAGE IS BEST QUALITY FMOTICX-4 117
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in this way The ome! lavou.t and control-point io...on.

would not dcehend on -Ohe angi,of S id o sli 2  P. A contant....lo jt , ,;,: 104 : cobst

3 I)u-velocity pne'l .. ith sid~e 4j~qic "r "ot "~r:.'

has a singulariLy along the stroamwise directions from tl!

its corners as shown in the sketch below.. Such a siT.gul aritv

can fall on top of control points behind the panel for certain

sideslip angles and produce infinite influence coefficients.

Under these conditions, the matrix solution for t'e oanel

strengths may still proceed by adjusting the influence co-

efficients but the results show erratic variations n panel

Wing Planform Sidesip angle

// ALE

Mach coneIN
angle

Mach line--,pIx/

: P~anel

control,iI. ra'.se< -/_./ I /I ooint

w ;i'h s g:'-ridi .i,
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MI .s tcengths over the wing planform. Furtlberyno:ce, as Lh- o

pneLs is incre. -ed, thUe aing loadin.:q rc;-t.-- v;i .I not con-

Ve g:. Co.:;ecr ent-, the I , -..eas-. attr c .:e r c It'...L :a . .aVc .u
w-s adopted as .Ain in the following s'-etch. 0:, account of "

-,- alaI

Wing Planform Sideslip

L ,E1t LE/,- _

~Laih
Panelel cen troid

i nene.

c \-Pare' C.'o a tr

rztr~ / T/i

Nthe rotation of t1-he ",igcoordinate system such that thea

X}! !".. axis is al1igne- d ith the f ree s treean, --t is no ted Ithat A

i it~

-9 thlae-so h :;n _ading edges -:o-.. differ for ehose-.;oach1 edgje

aa don idesip. I a a rs-ugesweeos

_; + ,: r3:; ..z~z~ . := .... oni the ...a t nu:-,ber a nd t =n

I ./-' _

-- e b ,..7. b, z' o n s i c , sLupe-50aic

+i + - - =+ I ~ ~~~~2ItS RAU,.Ip.S B-ST QUAL]:I:, T|1

I .. n. l cntr M O



.- *. =1 -.

10th Navy Symposium on Aerobafistics

Vol. 1

or mixed wing leading and trailing edges. Rolling n

unliKe wing lift, is sensitive to angle of sideslip; it,

thereilore, presents a critical test ok the theov : W)r '-

slip.i

in order to test the computer Progra., it -as appI.k.ed

to a delta wing of 3R = 2.3 in sideslip for' a raerge of

suoersonic Mach numbers. The auantitv calculated is the

rolling-moment coefficient C, per unit angLe- of attaac in

radians and is given by

C4

= Rolling moment about wing centerliae (8)

a S I qe S~~ref refc.

where

Sr reference area, wing planform area

= reference length, wing span

a= dynamic oressure

a angle of attack, radians

in figure 7, results obtained from P:-esent thleory,

conical flow theory (ref. 12), and data (refs. 13 and -4)

.for the rolling-moment coefficient at = !00 and =

are shown as a function of Mach number for a delta wing of

aspect ration 2.3. For low M.ach numbers, both leading edges

of t*he delta wing are subsonic. For sideslip angle of 5 ,

the forward leadinc edge becomes sonic at M = 1.8, and the _

"ixed"- co-dition exists from here up o about

-20 2_ .S PAGE IS BEST QUAITY . CTICh. .
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M 2.4. It M = 2. 4 and above, both edges a-e sup i.. . ii
t.he chage in sign of C. at M 2. 3 is nrtew. rth-. Also,

it soould be not,-d in -" u e 7 that t OnicU1 L" o -a--,

sho-¢ts cusps at M = .8 and 2. 4.
Calculations were made with threz differen t n.Tbers of

co'trol panels. The linear pressure expression, equation (1),

was used. At M = 1.4 with 190 control pa.els there is

close agreement with conical flow theory. At N; = 1. 8,

where a cusp in Jones' theory occurs, the predi tions of

the present methodaredefinitely low. For supersonic edges,

E both theories agree well even for fewer panels. it is of

interest that the wind-tunne! data do not exhibit sharp !
cusp at M = 1.8, and are in better agreement with the I
results of the oresent method than those of conical flow j
theory.

For yawed wings, a minimum: of five elemental panels in

the -chordwise direction should be used if accurate rolling-

moment results are desired.

3.4 Pitched and Yawed Cruciform Wing in Supersonic Flow

In the next example the computer program is applied to

a cruciform wing at combined pitch and sideslip. At this
condition, both the hor_'izontal and vertical wing leading

edges have unequal sweeps and the trailing-edge sweeps are

nonzero. Depending on the vertex angle of the horizontal

and vertical wings and the Mach number, the leading edges

can be subsonic, supersonic, sonic, or mixed. Further

details on the panel layout can be found in reference 5. ,

TUIS PAGE IS BEST QUALITY FUCTIcA&4 12

Cy MG0YNISHED TO DDO --



misPAGE M HEST QUAATrY PAC1TICA.~q
loth Ngy 8 iyn oI!Ui on Auobalitlas LI ow jA~h oot-

U LlICtl tte,1ML- Off tha2 MT 2. 3 i La\;tgPWWV

.in Liquuo 8 versius tzhe number! off The~h 1203 anar rcsIulc.

fo0r M .4 aro f'zopt£q~u 7. Also shown i;- zh conical.

fl.ow theory ,,) ro'fe:Qnco 12. IL i.s soari that the -ofect of

adding a vertica1 wing is to reduce t~ic rotiinq moment to a

low --Aue.A mnhtii cIe .1.0 panels shmilcl be u:-d in order

ho obtain a converged result. Focr bot-h planar~ and cruciform

wings)j~ the chordwise numnber of panels has~ a da~mInant of-fact:

on rolling momenrt. A% minimum off LIve chardwisc panels should

be used as already mentilovd above in connection with tho

Yawed -ko1tz wing.

3, crtcUtrm Cmai~d-IBody Combination in Supersonic Flow

cr~C.Uor wix 4 cody crnimpu'-er progra~i waj appliod.

the crciform ca1r-body cornhina~ion shown in -z iqure 9. 17Lh s I

coiMtiguratioui is part oJt a isila %,rind-tunrnel mode2 recr-,nmty

tc-,ted byN WIA ir tba Ames 6- by 6-4'oot Supersonic Wind

Alnmtal undor contractl- to the itNval V#- ww'1ios Canter, China Lalce,

CA, IC Contraict Ns. tNTOO123-74-C-0829, referenrce 15.

A 1~NO'tn0ial ffor-e and r0111115 cm otnt :FOr each intl ividua. 3

czumiAfr f~in wero measured. Datea were taken over a range

of iqluv.es <)C attack tor several mach numtbers. Nomal-Itarca

and CroUi--czet fLlto ara specifiad cis ffollows, i
orormal F~orc~e
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Rol i iOg Mono aout Body Axis

reL req

T 8 ref = 19.62 inr = reference area, body cro ;%s-seczion-al area

re" = 5.0 ins. = reFe) rnce length, bodh"y --- ater

q dyna .ic pressure

The positive directions of the individual fin no_al forcesI, Ln.d rolling moments are shown in the followinz sch looking

II

ii upsl-ream (the last letter C denotes canard).,.

6,4

I- N.CNwLF CP ,! ,.

"!C , C 1z 1 4

\..cc CRMC

Figu r LO "a .:..noa .son nd
.. =,.'A 4 .... . n--r e an d ro llin ---; ent coefficien ts

-. ,-S;s o. - T hc v3rticaL .an ].s ar d

' and -C' )'"". . i' Io. The results shown ar for
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1. 3 correpo:nding to lubsonic fin leading ;dges. As

the angl- of .nid,,n'e .s -.ficCn .[ , ..

acting on the LpT, :r fin C decr.::.ses -While ho,: no,.-l

force C,'IC3 on thu. lo';er fin C i.ncroases. Tho , flow"

velocity above the horizontaL i1s C and C. increases

with angle of attack rosulting ir, a hicfher Yach fn.. or in

the region of ia C,. This has the effect of lowaring

the loadin9 on fin C1. Converselv, the fio- valocity

below fins C and C, decreases with angle o .rtack and

the Mach number around tin C3  is reduced thereby increasing

its loading. In figures 10(b) and 1.0(d). - he effect of nose

vortices on fins C', and C4  for a larger than 160 is

to lower the rate of increase in mea3ured fin loading, 1
The predictions in figui'e .0 were caicula,%aa it.h a

distribution of L92 constant u-velocity panel.-. Each

cruciform canard fin was di',ided into 4 pane '_ in the chord-

wise and 9 panels in the 3-anwise di-c-i'n for 35 panels.

Th- body interference shell contained 43 constaqt u-velocity

panels, 4 lengthwvise by 12 on the body circu,,mference in

accordance with *be layout shown in figure 4 For one fin

and one quarter f the body. The ogive-c_,1.inder body was

modeled by 22 sources to account for volurne and 22 doublets

to account for incidence. In general, the theory indicates

the trends described abuve. The variations with angle of
a:'tack ;) tne ca-'c%.ated. loadings of fans C and C based

on th& :::'.ouT.Li ,r ure equation, agree well with the

.|- ]me ,u,,e,: zr nd3 ,_ - s :o t not :L,. z.l,_-L J.,C l]e ]inear-

12! 124 [
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pressure cxpr-'Ssion wcre used, there would be no chan-..

loading with angLt, of aLc%'a This .i.s an ,:r.mo1: of nca-

linear effects thaL can be prud:.icted by Linear ,i~ential

theory (i.e. , thbu use of constant u-velocity painels) in

conjunction with nonlinear pressures as given by the

Bernoulli expression.

In figure 11, a comparison is shown for the sa e con-

figuration of figure 10 at M = 1.75 correspondrng to

supersonic fin leading edges. In this instance, the normal-

f. c- e and rolling-moment coefficients are generally lower

than for the subsonic leading edge case discussed azove,
This behavior is also predicted by the computer grogra with :

the same panel layout and body model specif ication ahich were

used for figure 10. The proper trends are ind.'.cated as the

angle of attack is increased. j

The behavior of the individual fin ,- a t 20 roll

is shown in figure 12. The panel deflection angles are zero

and the Mach number is 1. 3 correspoiding to subsonic fir,

leading edges. The loadings oi all the fins increase with

included angle, ac and this behavior is matched by the

p , predictions which were based cn the same panelin layout

and body modeling scheme used to generate the _esults of

figure 10. The effects of body-nose vortices can be noticed

in the measured loadings of fins C, and C.

S3.6 Ind-uced Ro-iling z"!-,ient
-

i The differences innormal-force and rolling-moment coef-

ficients between fins C1 andC2 are shown in figure 13 and the

THIS PAGE I:) BEST QUALITY FRcCTcC& 125
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differences between C, and C, are shown in fi;ure 14. Th

cs cor.-idered is he sa-me ns in figure 11; the vcr.ical

pans.3 ar def]oct-tfl 15 ° -t "- r'.11 and t: .*

inu .. _O r clM  l m9
L. , s175, The difference in rolling mjomentU ;:Itween_ Ejfins ,

Cx and c a will be called direct r-oll. and t'-.h2 diffj-erence in

'rling moment between fins C and C will be callAd
2 42

reverse roll.

The reverse roll is seen to be about one sit:cth of the

direct roll. The predictions follow the da.ta well for fins

C and C and appear to indicate the proper trends for fins

C2 and C4 . A special nonlinear phenolnelLon will nowbedescribed.

It is possible to plot the paths of a disturbance originating "

at the leading edge of a fin root chord around the body surface.

The method is based on the fact that a disturbance makes a

iconstant angle, the Mach angle, with all generazors of the

cylindrical body as it moves around the body.

The paths are shorn in planform in figure 15 for several
Mach numbers. Note that for , = 75, linear theory dictat-es

that small deflection angles of the vertical fins will not

influence the horizontal fins. In other words, there should

be no pressure exerted by the deflected vertical fins on the

horizontal fins a-nd the reverse roll should be zero. However,

the measurements show a small reverse rolling moment possibly

as a result of viscous effects, fin or flow misalignment or

changes ic, tne revzon of influence such as those shown in

figure 15, On. the -igh pressure side of the vertical fin

the A.,c rn.u.beL" tI.-il bTo lower than the free stream value

of 1.7S. .s a result, the region oC influence of the vertica!
126
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fin on the horizontal fin can change ,',. sho1.n n firjuc 15

j[Y','ever, the fin deflection tends to countcract this ... a~gc-.

I. The computer projra:n shold p'red.:cc zero r,,v rs. .o.,!

at all angles of attack since it assuas that thv region of

in.Eluence corresponds to the M 1. 75 line shown in

-,:figure 15 and that it does not change with angle of attack.

The fact that the computer program does not predict zero

reverse rolling moment is due to numerical inaccuracy. The

finite size body-interference panels allow so.e "leakage"

Lrom one fin to another. Increasing the nmber of body-

Linterference panels from 48 to 96 reduces the error about

30 percent and does not influence the direct roll. These

IP results are shown by the flagged symbols in figures (13) and (14).

3.7 Normal Forces and ,oments on the Fins Induced by
External Vortex; Comparison with Reversa-F!ow Theory

!A comparison between the effects of a vorte=:, _redicte

t -the crucifo-m missile compuzer progrFin and reverse-flow

theory is now given. The latter method is described in

reference 16. It is a slender-body method which has been

-corrected for slenderness. Good comparisc- between the

two methods means that the faster revarse-7iow method cat!

be used in engineering prediction schemes. Consider an

infinite vortex parallel to the body centerline of the

configuration of figure 9. For purposes of calculation

t'w0 olig;ir. . n i-..zsionalized vorte. strength and

c. oss !,D planz vr-e:< coordinates 4n :he body-coordinate

S;. ;, tes, S n f i- 4 have been rrescribed.if 2"HIS PAGE IS BEST QUALITy MC l27
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__ = 0= = .26
2V a a

a = boly radius, 2.5 inches.

The vortex is pi.0itive counzerclockwise, when vit.wing upstream.

a creiental values of the normal-force coefficient, (LCN) TH

d and o th rolling-moment coefficient, (ACP,) have been

calculated by applying the computer program " t"he vortex

Eabsent and with the vortex oresent, and taki:- I ferences.

The flow conditions are given by a = 2 0 0 "5 = *
° 6' 0

and M = 1.75. Calculated results obtained bv considerinq

vortex-induced velocities parallel and normal to the fins ,

did not differ significantly frcm those results calculated I
using only the vortex normal induced velocities i. Bernoulli's

equation. The Parallel velocitv components .... .... by the

.rtex can gcnerally be neglected in deternining vorte:x-

induced fin loads. Details of these calculaions are given

'1 in reference 8. 1

Figure 16 !ists the incremants in fin normal-force and

rolling-moment coefficient caused by the above vortex.

N Results obtained from reverse-flow theorv are also listed.

The reverse-f lo-., method does not predict the individual

fin normal forces and moments. The computer program pre-

-A: diction can only be compared with reverse-flow theory in

te rns of total normal force, total side force and total
rolling ..... enoed by all canard fins. The agree-

n7 " '" b.~ the c .... r o__pro-jrar results using the

• -- ,, .... --- ! . .low theory .s good.

M., 128
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Note that if individual fin forces, rolling mo. ,en;: or

loading distributions are 6sired, the nresent c.-ucifo.: rM
missile program mzust be used.21

4. CONCLUDING R,-.-ULARKS
A computer program has been written for supersonic

cruciform wing-body combinations under combined pitch and I Q

yaw. The method makes use of supersonic three-, 4-ensionaL

sources and doublets to model the body alone anz. !ses constant

u-velocity panels to model the wing. The effect of the wing

on the body is also modeled using constant u-velocity paneis.

17 The computer program has a number of noteworthy features. IN
First, it treats cruciform wing-body combinations with wings

F of general planfcrm, accounting for sideslip (roll) and fin

deflection. Seond, it determines the disr -' _ :tion in the

E![ plane of the fin of the suctiont forces on the !eain; edge

or side edge of r'he fin. Third, it dete-rmines loading

pressures from the flo.,; field by means of the nonlinear

[ Bernoulli pressure eauation so that significant nonlinear

effects such as induced roll can be deter-mined.

Comparisons are show,,n between the results calculated

V by the computer program and experimental data for wings

alone and for a cruciform wing-body combination for several 4
Mach nuIAJ)ers. In general, the agreement between prediction

and experimental data i good. A typical run requires about

65 CPU seconds on a CDC 6600 computer.

nnrogra has the cabilitY of accounting

"or hic.-a g-o -tac c hracteristics :;uch as vortc:: lift .
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due to 'in leadin--edge separati.on since it determines

the le ;n1' . . .3., U.~(I~ U2L .f f'telading-edge .;uction-for-ce distributions us.-,( in

Poihaimus vortex-]lit analogy. It also provides i cieans

for determining 'ha forces and moments on canard or tail

sections due to trailing vorzices from the bov no se,

canard fins, or the missile afterbody.

Work is now underway to include the cap .. Zi±Cy of

detetm ining the vortex paths from the traili; _ - ezdes of

the canard fins to the leading edges of the tail cins

using the wave ecuation rather than the usual sLender-body

method which neglects compressibility. Tne results of

this study should yield more accurate methods of determining

vortex trajectories, a question of prime concern in high

angle-of-attack missile aerodynamics."

The computer program, has been used in - e

of an engineering method for determining induced rolling

moments of canard-cruciform missiles. In this instance, it

was used to evaluate panel-panel interference factors and

to determine the accuracy of the reverse-flo:w method H
employed in calculating vortex-induced rolling moments.

This computer program can be naturally extended to

handle wrap-around fins. More accurate body flow modeling

schemes can be incorporated to increase the range of appli-

cation. it is possible to extend the program to calculate

pitch and roll damping.

THIS PAGE IS BEST QUAI .TY PRACTICOAM"
130 -- i l i...-i TO, Q--- j K



10th Nav Symposm on Aerob listics

Vol. 1
V References

1. Woodward, F.A. 'nd Larson, J. W. A .- 12thod of:
Optiamizing Comber Surfaces for Wing-Body CombinaiC.tio-~~at Supersonic Speeds . Part I - Theory a:ndAlito.

Doc. D6-10741, Pt. I, Tine Boeing Co., 1965.

2. Woodward, F. A., Tinoco, E. N., and Larson,, J. W. :
Analysis and Design of Supersonic Wing-Body Comb.inations, 4,
Including Flow Properties in the Near Field. Part I -T

Theory and Application. NASA CR-73106, Aug. 1967. !

3. Carmichael, R. L. and Woodward, F. A.: An integrated
Approach to the Analysis and Design of Wings and Wing-
Body Combinations in Supersonic Flow. _.ASA TN D-36851
Oct. 1966.

4. Polhamus, E. C.: Prediction of Vortex-Lift Character-
is tics Based on a Leading-Edge Suction Analogy. AIAA
Paper No. 69-1133, Oct. 1969.

5. Dillenius, .. F. E. and Nielsen, J. N. : Suoersonic
Lifting-Surface Computer Program for Crucifrorm Wing-
Body Combinations in Combined Pitch and Si2-slio.
Office of Naval Research Tech. Rept. No. 1, Dec. 1974
(also ,NEAR TR 74).

6. Hemsch, 1. J. , Nielsen, J. N., and Dillen.-.us, F. ..
Method for Calculating induced Rolling Mo.,nas for
Canard-Cruciform Missiles for Angles of Attack r-p Lo

200. Naval Weacns Center, NEAR TR 85, March 1975.

7. Nielsen, J. N.: M isile Aerodynanmics. New Yor k, N.Y.,
McGraw-Hill Book-r.,, 1960.

8. Nielsen, J. 1., Vemsch, M. J., and Dililnius, ,M. F. E."Further Studies of the Induced Rolling Moments .L

Canard-Cruciform "issiles as Influenced by Canard and
Body Vortices, C;EAR TR 79, Jan. 1975.

9. Hill, W. A., Jr.: Experimental Lift ow-Asect-
Rati.o Triangular Wings at Large _ngles of Attack and
Supersonic Speeds. NACA RM A57117, Nov. 1957.

10. Lamar, J. B. : P:-ediction of Vortex Flo,, Characteristics
of Wings ar- S.banic n SupersDnic Speeds. A!;-
Paper No. 75-2. Jan. 20-22, 1975.

!I. L a-,perc, S. L. : .rodynamic Force Characteristics o _il7Te- Winqs at S -oersonic Srjeads Jet ....opulsi....
• .u. .,o -32,5 Se 1095-

-, 131

THIS PAGE IS BEST QUAL ITY PRACTICABLA
ThOM COPY FURNISHED TO DDO



10th Navy Sympoium on Aerobialis i-

Vol. 1

12. Jones, A. L., Spreiter, J. R., and Alksne, A.: Thc
Rolling Moment Due to Sideslip of Triangular, Trape-
zoidal, and Related Planforms in Supersonic Flow.
1 NACA TN 1700, Oct. 1948.

13. Lipowski, K.: Die Schieberolmomente von FUnf Trag-
flugeln mit vershiedenen Umrissformen bei tb)erschall-
geschwindig eit. Zeitschrift f1r flucy.wissenschaf ten,
S13, -eft 12, p. 453, 1965.

14. Mantle, P. J. : On the Rolling Motion of Low-Aspoect-
Ratio Delta Wings. Jour. Aero. Sci., Jol. 28, 1961,~~p. 427. ; :

15. Hemsch, M. J. and Nielsen, J. N.: Test Report for
Canard Missile Tests in the Ames 6- by 6-Foot Super-
sonic Wind Tunnel. NFAUR TR 72,7 Aug. 1974. -

16. Spangler, S. B.: A study of Induced Rolling Moments
for Cruciforrm-Winged Missiles. Task I! --B.,dv-Vorltex-,,:
Tail Interference. NEAR TR 58, Oct. 1973.

! I I  .

I

-I -

%HI pA~ ISB QUALTY ?fC~
,,baTO DDC ..

ii!ii
W -l k ,.



10th Navy Symposium on Aeroballistics

Vol. 1

-4

4J

0 Z3

41 1-4

0

f~ I

c 1Q.

0 .1.

-~i PAG IS BES Ct)

rim mw~a ;0- , -

U 133

ZE RR;:2 =i



10th Nrky §yympR!uun on MrobalSWmC

Vol.1 I

0 ,Al

- E

* 
-- )

4a

' *e'-+ A

/ ' 5 I-I

0

III

ED Q

>14

: .

/r

:4 -A4

THIS PAGE IS BEST QUALITY PRAOTICMA

yMIM FQX~iLYISH6HiW To DDC

134 
'



10th Navy Symposium on Aeroballists
wV.1 t i

Vol. II A
"- EJ T J I2 1 -y

1 AE 3 Y.

3 K

nel -y-,: l~\k

Lr

11 2-

I: t idl Panel (Triangle 1 - Triangle 2) - (Triangle 3 Triangle 4)

(a) Panel with sweptback leadiag and trailing edges.

2 2

goo v 2 .02LAL, ! S.1

ILEI

NOTE: Signs changed on slone
and v axes.A

IS trip vi th Swept-for-mard (Triar-qe 2 -Triangle 1 3
leading edge

(b) Panel with sweptforward leading edge.

]Ficaure 3.- Super-position sclhemes.

'V'SPA-vIS BEST QualTY pRCTXCMUTODPY ZW-MISHiED ?()DDO

135

U.~



101k Navy $S'mposlcu.n on Aeroba!Iistki______

Vol. I

*11

44'

0

4

THIS~~~0 It' S BTQIA-T
ow cop

136J



10hNav SYMPOSIUM on Asrobullisticts3 Vol. I

rPot

rJ'i
4c

A ~AA

, r-4

T3 4 C-)o H
0 1 c 0

U) 0H

-r A
;i r.. I' *

-40L
0 0

-134L:Z I
41 -_



10th Nay Symposium on Arokalktim
Vol

0 Hw

Mr v- 4 4 t7

- U ~U
p400 1V 0

r-4 -4

o 4.)(L0 r-l 5
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ D

I I '0

CiC00 I

'In

P~IOMC~k- F~kt'd~f.D T
T~~IQS PAG ISBS UAIYPA4lA

138t

_____ LEI

Q--



-~ 1oth Novy Symposium on Aroballistics

Vol. 'I

0u

If 11 11 C) -aW:4-
cn~~w .. 3g$

cii "J 0) I

Ccj

24.
0 0

V ~0

00 0 C,
44 q. 44-4

0 i ~ 0

;j K o 1 /1 '-4139'rO OP RIHE O/D



1Ift Nwy ftnwmium -n A
Vol.

0

0 041

0 1 -0
$4 0 %;4 44 l

CJ -r

t0 0H 0'
E140$ ~4 Z 44

-4 04 0

04  
.0

Lll0
44 0i

:1 34

0 0

A(

0 0

040!

ri 0'

044

ii0 z4



77 -~-

10th Navy Symposium on Aeroballistics

AA

C'O

Cq3

- 0 ~0

> '4

~. IU
0o

1411

1 A



- .- V -! l

~~0. 2z;-,

., ~ ~~0.24 ? [ r

0. 20 mu,

II

0 i

0) 0

.1 0.240 De Dane iI

0.20

0.04

0.

1421

CNC O . } 3 panels

aOnd

SoCP F -I

0.0CI I
0 48 12 3 6 2')

~c' degrees

', * in C

l Figuco 10.- Nornma1 force and rolling mome~nt of cana.rd fintJ withLi J150 defl.ec.tion of yaw control in3, s::b 4o:ic l- ding .'qa

1IIS PAGE IS BEST QUATITY PRACTIC1ABIi I
i I

r4.~v ~-



loth Navy Symeosium on Aerobalistics

~~~~~1~Vl 1 ./V r -~ - - - "~

L 0.5

0. 2

0.20E

0.2 2E2l

A:L %' degrees

(b) Fin C

Icl= C-Con tL"~

THIS PAGE IS BEST QUALITY PRACTICABI~ 14ymm o."U, FSawi TO 143..~



S~101h NaW Synoesum on Aeraobi@Ucs

Vol. 1

0. "L

0.40 -
I

S0.32 
0 0

0.20028- 0 01-

0 201r , 0.24kji

4 U EED

0.16 -i

I II

0.12 I
012 16) 20 24

' C, decirees

(c) Fin C
2. ure i0. - Concinued.

T1llS PAGE IS BEST QUALITY PRACTICA"Ii

rgCopy FURNISHME TO DDO



10th Navy vmposium on Aeroballistics

[I I i

!Vol. 0

!i 0 -1 E 0.4 -

I 0 - C1i

[ 1,l I '!

S4.

C j"i:-- " 2 I

00

0.t -

0 4 12 .,3 2024

it %' degrees

H~i j(d) Fin C, .

S: 1 145

TBIS PAGE IS BEST QUALITY PACTICAi,Jul F_._, M COF FURR4 .ED TO DDC T', -



1- J

lOh Navy Symposium on Arobelsistics

Vol. 1

0.24 $

! (D0.20

0.16 El El [ 0 0

i I-i

0 0.12 , 1. 75 n -C

o,~~C. 0 5 -
0

1 J=3150
2 0e, 0 C

0. 08

Pesent Method C
Data 48 body 96 body

0.04 - panels Pn s i s

CNC 0 36 panels
CM-4C 0 oer- fin

o I III ~

0 4 8 12 !6 20 24.

Included angle, a, degs.

IC
(a) Canard C1

Figure U. - Uom.-  forca aind rolling .,oment of canard fins

w.1i.th i50 del.-ion of -,.-xa. control fins, supersonic
leading edge.

THIS PAGE IS BEST QUjALITy MACTICMA

1 14

~i

t) I

! !- - -



:11 10t Nayvy SyMw~murn on Aeroballistics

Vo.

0.50 =

0.40

(N D

I.3
~~EI

0 El

(b Fi C0

L L
ii'.?i-;ur 11,- C.1.10d

0A

121 2
THISude nale, S BESTQUAIYs.CIAIL;

FROM CAofl FM13HM~~ TO DC~

147 8A



-10th Navy ftymposli on Aeroballsics
Vol. I

0.32 0

0. 21

0.20 0-

GO A

0.12

0.04 0

00
0 ~ ~ ~ 4 2 : 5202

a 148

MIS 0.1I6BS ULIYPACIA( j& OU .USMT D



10th NmY VOuUM on Aeobdllistics

Vol. 1

0 .5 I,, ,. I

I 0.4 0

I 0-30 0
0 

00
0

0 .3 -

l
C

00

0.2

0 A 8 12 16 20 24

icluded angle, a % s

ii (d~ Fin C4

IFigural1 .- Co"cluL'ed.

THIS pAQE IS BE.ST QUaLIT PR&CTICABL4E

149

,.-, I I 4 .!: 04 
8 2 1620 

4 ;



It

i7i

I2

iI Vol. I

. Data ?resent Method

F: F'C 1  CNCC 'jinl prmr
0.4 aesprfi

C2 "C-Mi -and 48 'ody panels

0 . 3

oC

C C

10,2i
2000

I 0

0 1 8 12 20 24

Included angle, c.. degs.

(a) Fin C.,.

Figure 12.- '.omal force ,.c rolling momenz of canard fns

due to roll, subsonic leading edge.

~ PAGTViPEA
150 ~5 FAO Sj S D TO DDC -

150 .-



1lh Now SynMpeum on Aerobtics

Vol. 1

1 0.3

(D0
0.4 0
0.3

F El
0 -

I- c\-

z El
00.2 "--lI: U

0. 1

0 4 8 12 16 20 24

Included angle, -c) degs.

(b) Fin C,

Figure 12.-- Continued.

HIS PAGE IS BEST QUALITY PACTICABIA
MVJA COIt i".rISH D TO DDO

,~j 4
L15



i 10th Ny Sympq!'um on Asrobllliuis

Vol . I

0.4

0 .3

o " f

0 0

)0.2 0

01

oL. 1 I ! 1

04 8 12 16 20 24

Included angle, ac) degs.

(c) Fin C3 .

Figure 12.- Continued.

BEl Q•

THIS ?AGE IS B TS O UAJIT ?RAO

152

_______ _____- -



lOth !1M Sympoium on Aerobullistics

Vol. I

0.5
CO I

0 .5 0
(Di

j 0

0.4 0 -

.
0 1' I o

0.2 0

411.1
0 -r

4 
I I

0 4 8 12 16 20 24

I Included angle, a degs.

, (.!) FF in C ,.t

- .... 12.- ConcL-d'ed.

I ~f ~H1S PAGZ IS QUAI'~~TY CIL1.. 153



10th Navy Symposium on Asrobellistics

Vol. 1

0 .1 2 f

Fin C,

00 o0.1

C C

o4 a --
0.03 1

4 0 . 0 3

00:.- 1.75 "

0.04 -'33 1.

Data Presept t.fethod

48 Bodv 96 Body

0.02 rpanels panels

L1C RYC 0

0 4 8 12 16 20
Included angle, ac, degs.

() Normal Force.

vL' r.3 E13 - t = included angle on direct roll of

v :rtical fins due to yaw control.

154 S i'AG TS S 0 Dif .T

Aii a iU



lOMh Nav Symposium on Arobllistics
. / Vol. 1

I ~0.12

0.10

0.08 - 0-"Ii

21 I 0.06

0 rI

0.04

L

0.02

L0
i 0 4 8 12 16 20

Included angle, ac degs-

0 (b) Rolling moment-.

I F--aurs 13.- Concluded.

THIS PAGE IS BEST QUALITY MPCTICABP-
7M COPY FURAISHED TO 1)10 O

155



10th Navy SymposiumonAwobllistic

0. 6 " .. 1l
; Vol., I

1- 0.04

, / -

C I J-

o 0.02-

3  0

0
0 . . _ . . . . .I .. . .. .. . .

04 8 12 16 20

Included angle, c , degs.

(a) Normal .Eorce.

1 0.06

4 = 1.75 Data Present - . .

" 48 Body P5 tod"

S0.0 = - o  panels anel3 1

2 0 0 , .=* ,ANC

-i 0 = °-.~ 9

0.02 
6

"-]' I I[ E] E]

00

0 4 8 12 16 20

Included angle, Cc, degs.

(b) Rollini, moment.

21 Paure 14.- E t of included anale on reverse roll.
o2 hor-zonzal fins due to yaw control.

156 C

HIS pAG'B IS .S' O D-
j ]ii COW roDO i-.



tlOh Navy Symposium on Asrobllistics 
'4

K i Vol. 1CII~~ 1)'O 11 iew

I

Boundry -actual fin
Boundary of -1. 75 location
region of 6 =150
influence

Leading edge
of fin at
the root

Fiue15- Pa ounz, body of disturbance originating .
at 1-ad ing edge of fin root chord

~fror -various 'ach nwmbdezs.

4

L{

THIS PAGE IS BEST QUALITY FRACTICAB44 4

2-,

157 .



10th Navy Symposium on Aeroballistics 1

~1iISPAE BE;ST QUALITY pR_, AT ICAB

Reverse- rst
Quantity Flow -rse'

Theory Metrhod

(C21)-0.047631

1 0.000 1-1

(Z-0.05855 T 0.0'0,33

C R24 + R3 0.M.- R

o"v

Fj 0.5850.863

'd u -;- - -.- -e



_ __WTI

10Oth Nayy Sympoium on Aeroballistics

M 1.5 20 200 Vol. 1

-0.160 -~=0.180(

a =1.257

Reverse- rsn
Qua tity FlowPrsn

Theory

UM) -0.08453

( CN2) +\ (C)-0.000445
-0.0060ME

(z- au______3____01376_______

~ I
(a omlfrc ofiiMticeet

due tovortex (3_N
gureM\

(A- l + 6\of0.71-000

inue vre fet ncnr is

2rand 3veex inc1cw vheociy for cacula-'.

THIS PAGE IS BEST QUALITY pIRACTICAB4! 159
yX pyFU&IIsHE TO D1DQ



:i 10th Navy Symposium on Aeroballistics

Vol. 1

tPAPER NO. 5

| IPREDICTION OF MISSILE AERODYNAMIC

CHARACTERISTICS OF ARBITRARY

ROLL ORIENTATION

Presented by: Dr. William B. Brooks

t i

-4-

'X~ii MCDONNEL.. DOUGLAS ASTRONAUTICS COMPANY
ST. LOUIS, MISSOURI

A0

160



10th Navy Symposium on Aeroballistics

i :Vol. 1

ABSTRACT

The need for engineering predictions of missile characteristics at

the a.Ivanced design stage has lead to the development oF several methods

and computer codes such as those reported in Reference 1, 2 dnd 3. The 1

most readily available codes, such as those mentioned above, are restrict-

ed to vehicles in the zero roll (no side slip) position. Unfortunately

most current missiles, are flown in the nominal "X" orientation. Further-

more, the most prevalent guidance schemes use a fixed vertical axis.

Consequently,the aerodynamic roll attitude of the vehicle can vary signifi-

cantly from the nominal position.

This difference between predictive capability and advanced design

requirements has lead McDonnell Douglas Astronautics Company to undertake

a continuing development of a conversational computer code to predict

missile aerodynamic characteristics for arbitrary roll orientation. This

code, based primarily on the methods of Reference 3, has been supported

not only by analytical effort, Harpoon and Cruise Missile wind tunnel tests,

but also by a parametric test in the McDonnell Douglas Advanced Design

Wind Tunnel. As described in this paper the current version is formulated J,

to allow:

o Arbitrary body area distribution

o Four sets of tandem aerodynamic surfaces

o Up to 6 aerodynamic panels at arbitrary orientations per set of

surfaces

o Aerodynamic control by any one set of surfaces

o Individual aerodynamic panels may have camber and incidence.

Do to lack of experimental data, verification of the entire

formulation is not complete at this time;
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however, many options have been examined and the expected program accuracies

I are discussed. The particular configurations for which experimental com-

parisons have been made are:

o Cruciform configurations with one, two and three sets of tandem

aerodynamic surfaces

o Planar wings with "X" and "+" tail configurations.

Stability and control comparisons are presented for several configurations.

i
IIT

go7
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NOMENCLATURE

A = aspect ratio

Aik dcikP i nkdc'

Aw  =t (2s)Z/S

r

a = local body radius
b = wing span

be = exposed oing span

bk = fP X1 nk dc

b = -f p Xi nk dc
U ikik

C = - P X CIke k ne dc

CL = lift coefficient

7 CL lift coefficient producing wake

K =rolling moment

k = downwash correction factor

-A 1 = reference length

M = Mach number

nk = outward unit normal to the body surface

re = distance from the origin to a point on the surfaca

r k = vector from the origin to the intersection of the body cross

section and the x, axis

S : reference area

s = semi-span of the wake

I iYam = span wise distance to the center of pressure measured along the

span from the x-axis : b/2 [1 + 2X] / [3(1+ ,)] (
] J" 163
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= X 2 iX 3 Vol.I

) : ! a = angle of attack

aik = " i ckem re nm dc

S= v'l-M 2

t ik = P i 'kem re nm dc

r'I'4k : k "k

AC/2 = sweep of the inid chord

x = wing taper ratio

A k = angular fluid impulse

Ek linear fluid impulse

p = fluid density

= local velocity potential
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INTRODUCTION
The accepted pattern for the computation of missile aerodynamics was

established in the paper of Pitts, Nielsen and Kaattari, Reference 1. Most
of the current approaches, References 2 and 3 (and the approach of this

paper) follow the same analytical approach. This approach follows slender- .

body theory in assuming that the flow in each crossflow lamina can be

considered primarily as a two dimensional flow problem. Axial flow influ-

ence are considered primarily as empirical corrections to the basic cross-

flow solutions. cs

This basic assumption of near independence of the individual cross-

flow lamina permits the various missile parts (body, wings, tails,

booster surfaces) to be considered independently. The values of the aero-

dynamic contributions of these elements are then estimated from the exist-

ing store of aerodynamic data and methods available in the open literature. LI

The overall characteristics can then be obtained by summing the individual

components using empirical correction factors to account for mutual

interference.

For nonlifting elements, the assumption of independence of crossflow

lamina is quite satisfactory; however, for lifting surfaces, the wake and/ [ :
,

or trailing vorticies are in fact fluid extensions to the generating surface

which pass through and consequently influence all subsequent crossflow

lamina. Only by including the appropriate wake and/or vortex cross sections I;

can one of the subsequent lamina be considered independent of the other

Unfortunately the computation of the axial development of the wake/

trailing vortex cross sections, for even the simplest of lifting surface

geometries, is too complex for efficient inclusion in the current advanced

desi' computer codes. Consequently empirical correlations and approxima- jj
tions to the wake geometry are still required.
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One difficulty in applying the methods of Reference 1 directly to

most missile configurations is the relatively limited' amount of aero-

dynamic data available for anything other than planar' lifting surface

configurations. In this paper an attempt is made to use existing data

to predict the aerodynamic characteristics and the dowriwash contributions

fof arbitrary multi-fin geometries. Particular emphasis is placed on

tandem sets of cruciform fins at arbitrary aerodynamic roll orientation.
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SLENIDER BODY FORMULATION

In slender-body theory, the fluid motions are assumed to be primarily Thy

constrained to motion within the crossflow lamina. With the coordinate system

shown in Figure 1,

x

K
X2 ""

Figure 1 - Coordinate System

the fluid impulses generated by the aerodynamic force forward of station x are

k .f p n dc dx

j k=-km re nm dc dx

Ix i
For incompressible flow both the potential and the boundary conditions are

linear functions of the missile linear and angular velocities. Thus, with complete

I generality, the velocity potential can be expressed as:

' = 4. ui + Xi.i 3

I
Where 'iand Xare independent of the vehicle linear and angular velocities.

i w tInserting this form into equations 2 and 3 allows the fluid impulses to be

written as:ii

167
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. .. . u + b-dx wi 5
1f k x + *

k f xik ix ui + x aik dx 5
x x

with virtual mass coefficients determined from the integrals

Aik~~ A p f i nk dc ":

4 bik - P Xi nk dc

ik- -  ¢i kem re nm dc

'ik : P X i kem re n m dc

Within the slender-body theory the impulses acting on a lamina can be related

to the partial derivatives of the fluid kinetic energy within the lamina.

' Specifically, if the kinetic energy within a lamina is denoted T, then

A. = ik "- ' i-k

i k U iUK ki
2

b a 1,

I " i U N
~ik au2 K awk

Il I
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Thus fhe symmetry relations

Aik = Aki

kii

II! 7

Oik O ki :

significantly reduce the number of independent elements to be determined.

The linear form of the velocity potential shown in equation 3 is quite general.

3 If specific use of the slender-body theory is made the number of independent I

potentials can be reduced from 6 to 4. Since the fluid motion is assumed to be

confined primarily to lamina parallel to the x2 -x3 plane, the velocity potenital
2 x3

can be written as:

= ru. i + Cijk Xr +8

' NOTE: This form differs from that used either by Nielson, Reference 1 or

Bryson, Reference 4, in that a potential proportional to U1 is included in the

4 formulation. If

With this notation,

xj *i ijk r- + X-1 sl 9j!

the matrix symmetry relation can be used with equation 9 to write the bik and {ik

matricies as:

ik jie re jk + bk 6il

10
0 ijr rp A. +Es e++~l

ik ckem ipj e p im il ckem +kl ;Jr 7

1 6 9i iil
r: 169
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The modified virtual mass coefficients are given by the integrals

- pX nk dc 4

C = - ) X1 'Ike k ne dc 1I

Thus in slender-body theory only the 6 independent elements of

the Aij matrix,the three elements of the bk vector and the scalar C need be

determined to completely specify the fluid impulses.

The forces and moments on the missile, forward of station x

are equal to the negative of the time rate of change of the fluid impulses as shown

in equations 4 and 5. In a body centered coordinate system these forces and moments

.Ican be written in the form:

Fk = - f Aikdx Ui - bk dx w.
}i - U1 [ik Ui' b ik ] 1

x x

S dx iU + f b dx wi w
kem i im i  im

x x1

f7M - ~dx U f i dxco
k - 91 Ecl i 8  ik i

±1 x

-ckemUe [ Aim dx Ui + f bim dx ] w

x x

fi -
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The static aerodynamic force and moments are proportional to the partial derivatives

a 2 Fa and k From equations 12 and 13 these derivatives are

Sa U a U U1 a X.

found to be: J
a2 Fk -- 1

.aU1 a Uj -Ajk- Aik il 14

2 Mk1  Uik lk 'jl eklm x Am dx-kjm Alt dx 15

i A

With the normal aerodynamic nomenclature the static forces and moments on the A

missile forward of station x can be written as:

(FI)STATIC = - U S [CA U1 + CA U2 + CA U3]

(F2)sTATIC = pC 1 S[Co 11 +Cy U2 + Cy U3) ji
(F3)sTATIC= -pU1 S [CNo U + CN U2 + CN 113] 16

(M.)STATIC p U1 S 'r [C' U1 + C1 U2 + C1  i3 )
I0

(M2)STATIC p Ul S r No Il + C U2 + Cm U3) i

( sTATIC P U1 S Ir [Cno U1 + C U2 + C U3)

The desired aerodynamic coefficients can thus be obtained by eouating the

corresponding terms of equations 16 and 17 with those of 14 and 15. 1 i

117
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CROSS FLOW COEFFICIENTS

! The general method followed is that the wings and fins are relatively small

I appendages on a dominate axis-symmetric body with the X axis of symmetry.

I In this case, the basic solutions are the expected:

(-a2/z)
Re -

43 Re (-i a 2/Z) A

I . = 0 5

t The wings and tail surface effects are added to the basic body solution at

their aerodynamic centers in the form of concentrated aerodynamic forces and

moments. These forces and moments are currently estimated from empirical and semi-

empirical wing relationships. Since these relations are primarily for planar lift-

ing surfaces, however, they must be modified for the missile fin geometry before

incorporation into the estimate of overall missile characteristics. These

modifications are discussed in the following sections.

ji

i I Multi-Panel !nterference

The computation of virtual mass and aerodynamic coefficients for slender bodies

with multiple fins has been discussed extensively by several authors. Miles,

Reference 6, has computed the effect of multiple fins on an axisyminetric body. For

most configurations; however, it is anticipated that wing-body interference will

dominate over the wing-wing interference. The neglect of wing-wing interference

would permit the aerodynamic characteristics of the various wing configurations to

'i( be estimated from available planar data.
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Withi linear theory the lift on a wing is proportional to the angle of attack

measured in a plane1normal to the span of the wing. The resulting lift vector

would also be in the same plane normal to the wing span. This geometry is shown

in Figure 2.

LI

' i2

X313

II
I Figure 2 -Roll Orientation

Thus the angle of attack in the plane of the wing is, for small angles of

attack: a18

I.9 ,e = a CO50 18

The panel lift force is:

Lp =q S [CL cCos 0 +C 19

Resolving this force into components gives a lift of:

, L =q S [CL  o + C o cos e] 20

and a side force of:

SY= q S [CL  sin o cos o + C sin E) 21

If it is assumed that the CL in equation 19 is equal to 1/2 the 2 panel value

2 given by Miles, Reference 6, then the lift and side force of multiple panel con-

Ifigurations can be estimated by the formula:
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• L = q S [(C L )i cos 2 o + (C )i cos oil V. 1
*L 1 Cs I L 22A

0 A.

44f4 i i ~Y = " q S [(CL ) i cos 0I sin I +(~ o il2

* The results of this estimation are compared with the exact formulation of

Miles, Reference 6, for multi-panel configurations in Figure 3. As would be

expected, for a relatively few panels, say 6 or less, and for the range of radius

to semi-span ratios expected in missile configurations, say 0.4 or greater, the

neglect of panel-panel interference results in an error of 10% or less in the

a ipredicted force.

Aspect Ratio Effects

IPitts, Nielson, and Kaattari, Reference 1, have extended the results of slender-
body theory to wings of larger aspect ratio by replacing the term containing the

panel lift slope in the above formulation by:

Sn hi ap ao(CL {[KwB + KBW] a cos 2 o + [kwB + kBW] 6 cos O} 24
[ LI" In this approximation i

(C L)p s deermnedfor the panel from Lowry-Polhamus theory for a

S1! ( 2 panel wing, and

f KWB, KBW. kWB , kBW are detentined from slender-body theory again for

I2 panel wing configurations.

The interference factors KWB, KBW, kWB and kBW are taken from Reference 1

and are shown in Figure 4.
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Rolling Moient

.I. To compute the rolling moment of a multi-panel configuration it is necessary

to estimate the center of pressure of the single panel body configuration. Since,

for symnietric configurations, the rolling moment is zero, the results of either

ii4 Miles, Reference 6, or Bryson, Reference 5, are not directly applicable to thle

problem. Within the extension of slender-body theory discussed in the previous

sections; however, the rolling moment may be detenined by using semi-empirical

wing center of pressure data. The particular value used was taken from Reference

7. If it is assumed that the "body carry over forces" do not contribute to the

rolling moment then

K= q S X (CL )i KWB cos o + kWB 6] Yarm 25

4 Axial Force Contribution

While slender-body theory normally does not lead to axial force computations,

axial force may be obtained by extensions to the basic theory. In the extensions

careful distinction must be made between lift and normal force.

In slender-body theory a wing is assumed to produce a force normal to its

surface, and consequently, inclined aft relative to the wind velocity. Conversely

;n high aspect ratio wing theory, a wing is assumed to produce the force

essentially normal to the relative wind vector and hence inclined forwar-d relative

to the wing reference chord. While this relative rotation of the force vector

between the two theories is of only small consequences with respect to the nonial A.

and/or lift forces (indeed the distinction is overlooked entirely in the Lowry-

Polhamus formulation), it can be of dominate imporance in the computation of axial

and/or drag forces. Consequently an empirical correction to the slender-body

theory previously discussed is required if axial forces are to be predicted. is
;21177
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The methods used to estimate the rotation of the lift force have been

J taken almost directly from Reference 3. This method can be suimmarized briefly

into the following steps:

1. The,wing body forces are divided into body carry-over components and

Uwing panel components.

2. The bddy carry-over components are assumed to be normal to the body

I centerline and hence do not contribute to the axial forces.

3. The wing panel forces predicted by the Lowry-Polhamus equation are

L assumed to be normal to the relative wind velocity and are then resolved

into wing normal and axial components.

4. The axial component, which in general results in a negative axial force

is assumed to be produced by leading edge suction, Reference 3

contains an empirical correction for the leading edge suction based on

wing geometry and Mach number. This correction is shown in Figure 5.

eThs Epproach to the axial force contribution from the leading edge suction

is not entirely compatible with the results of References 8 and 9. The method

does however lead to the correct limiting solutions in most cases. In particular

low aspect wings with high leading edge sweep have essentially no leading edge suction

while high aspect ratio wings with low leading edge sweep have almost full leading

* edge suction.

Tandem Surface Interference

Within slender-hody theory it is normally assumed that the wing wake follows

behind the wilng (and in its plane) well into the Trefftz plbne. Consequently

any trailing surface in the plane of the wing, as shown in Figure 6, would only

1. be effective to the extent that its span extended beyond the wake of the leading

wing.
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WAAE

Figure 6

Slender Body Wake Geometry

In practice, iwever, it is discovered that the tail, through seriously affected,

is rarely blanketed completely even if the tail span is smaller than the wing span. *15

Because of the moment ams involved, even a small tail contribution can lead to

significant moment contributions. Pitts, Nielson and Kaattari, in Reference 1,

have taken an alternate approach. They have assumed that the wake from the leading

surface has rolled up completely into two trailing vortcies which are aligned

with the relative wind vectors as shown in Figure 7.

- Vortices

Figure 7' I

ROLLED UP WAKE GEOMERTRY

1
I 180
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~rj The velocity field generated in the vicinity of the tail is computed and then

used to estimate average downwash effects on the trailing surfaces.

Because all the vorticity shed by the teading surface is concentrated into two

vortices, the average downwash produced by a given amount of vorticity is significant-

ly less than that which would be produced by a plane wake. Thus the method of

Reference 1 leads to significantly smaller downwash contributions than the normal

slender-body results. Indeed this method will probably seriously underestimate

the downwash effects for cases where the wake has not rolled up completely.

Kaden, Reference 10, has estimated the distance necessary to produce a fully

rolled up wake. In terms of semi-spans, Kaden's estimate is:

n 0.48 A/C

For all aspect ratios

CL < 7/2 A a

Hence

n > 0.306 1/a 26

From this estimate it is apparent that for low angle of attack stability and

control computations, the wake can not be expected to have achieved a completely

rolled up configuration unless the trailing surface is many semi-spans behind the

leading surface.

At the higher angles of attack; however, significant wake roll up may in fact be

present. Consequently, neither method can be expected to give good moment computations

over the entire angle of attack range without significant modifications. Because

initial interest centered around low angle of attack stability and control computations,

it was decided to attempt to empirically modify the planar wake model. Two modifications

....



10th Navy Symposium on Aeroballistics

Vol. 1

were made. These were to modify slender-body theory for the effect of wing

I aspect ratio and to trail the Wake back in the free stream direction.

A Trefftz plane analysis of a planar wake with alliptical vorticity
distribution can be used to estimate the complex velocity field. The results of

this analysis is:
~~2 Cw

-CLW z
(U2  i U3)/U -z +i 27

As an engineering approximation the C required is estimated by the Lowry- r
L

Polhamus equation using slender-body carry over factors. The resulting approximation r >

is
2 IF,

CL e/S [KwB+ KBW) cos 0 + (kwB + kBW) ] 28

/ 4 2 2
2 + + be  ( + tan A

If th bod is~ (S )2Ac)

If the body is assumed to form an effective end plate, then the equation can I

be used to compute the normal component of downwash produced by the wake of a

forward lifting panel at the planform center of pressure of a trailing surface.

For multiple wake surfaces, the individual downwash contributions are added

~directly. Because of the assumption that the body effectively end plates a panel, ; .

a wake is assumed to produce a downwash only on panels that lie within + 900 of the

L wake plane.

The predictions for tail surfaces which are not parallel to the wake surfaces ;

can be compared to the results of Miles, Reference 6, multi-fin analysis.

I1
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Bly Miles analysis the total lift generated by the wing wake configuration is

given by the equation:
2N '(CL)wT = 4 {(s/a) 2 ['  + (r/a)_. ]2N

(COT 4 {(sa)2 -1) ;N 3.4,.. 29 g

If half the panels are assumed to be wings and the other half are assumed to be inter-

digitated tail surfaces then the lift by either wing or tail surfaces are given iK
by the equation:

(CL = 4 a (s/a) 2 [ 1 + (a/s)N  11
L)W4T((/) ; N 3, 4, ... 30

The loss in lift because of wing-tail interference is then

ACL = {(CL )WT " [(CL )W + (CL )T]

The effective downwash produced by the total wing wake system on the tail system is

ACL/ )T3(CL

Since the downwash produced should be proportional to the lift developed

by the wing system, it should be possible to write: '

k (N, a/s) " w (a/s)2 32 1

The Values of the downwash correction factor, k, computed from Miles analysis are }
compared with the rtsuIts of the plane wake model in Figure 8.

4! The downwash comparison is similar to, though generally not as good, as that

observed in the panel interference comparisons previously discussed. For wing ,

geometries of 6 panels or less (but greater than 3) the downwash factor, k, is

within 20% of the theoretical value for radius to semi-span ratios of 0.5 or greater. j
For smaller radius to semi-span ratios, it is apparent that both the assumption

concerning the body end plate effects, and the assumption concerning the direct

summation of the individual panel contributions are increasingly invalid.
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Fortunately the most interesting case of four wing and four tail surfaces (this

case would also include a planar wing with cruciform tail) is within 20% of the

theoretical value for all radius to semi-span ratios.

EXPERIMENTAL COMPARISONSi

The results of the semi-empirical computations just discussed have been compared

with the results of wind tunnel tests for several missile systems. These

configurations which include examples of both inline and interdigitated wing and

tail surfaces can be used to evaluate several of the assumotions in the

computations.
-3)

Computation Accuracy

The most extensive wind tunnel data available was for the Harpoon missile.

This data has been used to evalute the accuracy of the proposed computations as a

function of vehicle roll orientation. Figure 9 shows the Harpoon missile in the

air launch configuration.

Figure 10 and 11 show the normal force comparison for predicted and experiment-

al data for the air launch Harpoon configuration in both the "x" and +' con-
! ?

figurations. While the current computations do not reproduce the nonlinear

character of the normal force versus angle of attack curves, (as would be expected)

thg agreement below 12 degrees is quite acceptable for either roll configurations.

The corresponding comparisons for the stability and control plots are shown in

Figures 12 and 13. While the ag^eement on the "x position is not quite as good

as that in the "+" configuration, the overall agreement is acceptable. In particular

the experimental di-fferences in" control power between the two configurations is

also reflected in the predicted values. Most of the errors shown are attributed

to the downwash computation.
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The Harpoon missile has the wing positioned some 2.1 semi-spans ahead of the

aerodynamic center of the taii surfaces. Consequently the neglect of any wake

roll up leads to an overestimate of the effective downwash. This is particularly

i evident in the "x" configuration. In the "+" configuration this overestimate of

the downwash effect is over compensated by the error introduced by the neglect of

any wake deflection from the free stream direction. This neglect of the wake 4I

deflection underestimates the distance between the plane of the wake and the tail

surfaces. This error is particularly evident for the "x" configuration.

Downwash Computation Accuracy

In the Cruise Missile study both "+" and "x" tail configurations were tested

i behind a planar wing of fairly high aspect ratio. Figure 14 shows the pitching t

I moment data for the two tail configurations. As expected from Miles work

(Reference 6), the body-tail data below tail stll (about 11 degrees) is virtually J

independent of roll orientation. At low angles of attack, however, the downwash

contributions from the wing on the "x" tail surface is measurable less than those

on the 'Y' tail. Wing stall for the model occurred at 80. The differences

of deflection characteristics of the wake after stall was felt to be responsible

for the increased stability of the "+" tail characteristics at higher angles of II
attack. The tail increment of the moment was determined from wind tunnel data

component breakdown. This increment was modified by the predicted downwash

contributions from the wing and was added to the body plus wing data to predict j
the cotal configuration pitching moment. The predicted values are compared with

the measured values in Figure 14. The two are in reasonable agreement at low

angles of attack.
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Vol. IiI Multiple Tandem Surface

The Harpoon ship launch boost configuration has 3 tandem lifting tA

surfaces. This configuration, shown in Figure 15, can be used to evaluate the f{i
direct summation of contributions of upstream surfaces. The stability plots for

both the air launch and ship launch configurations are shown in Figure 16.

In both cases, the neglect of the roll up of the wing wake leads to an overestimate

of the wing downwash. The change in characteristics produced by the booster

fins, however, agrees very well with the difference in measured values.
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CONCLUSIONS

In the preceeding discussion a means for using existing planar wing data to

predict the aerodynamic characteristics and the downwash contributions of arbitrary

multi-fin geometries has been proposed. Comparisons of the aerodynamic character-
istics predicted by this method have been made with the theoretical work of Miles,

Reference 6, and experimental values.

Since the method assumes that each fin is independent of other fins at the

same axial location, favorable agreement with theory is generally confined to

geometries with no more than 6 fins at each axial location. For multi-fin

geometries favorable agteement is generally confined to body radius to semi-span

Ii ratios of 0.5 or greater. The neglect of wake roll up and deflection from the free

stream direction does produce some errors in the downwash effects for configurations

Lwith the fins several semi-spans from the wing surface. This trend becomes

increasingly noticeable at higher angles of attack, particularly for "x"

configurations.

In general, the agreement shown has been considered to be satisfactory;

however, the comparisons do suggest several areas requiring improvement. Particular

development efforts are now being made to improve the downwash estimates for the

lower body radius to semi-span ratios by relaxing the assumption of body end plate

effects and allowing for some wake-wake interference.
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CONFIGURATION VARIABLES ON PITCH LINEARITY
(U)

(Paper UNCLASSIFIED) Ai

by

William A. Corlett and Roger H. Fournier

NASA Langley Research Center
Hampton, Virginia

INTRODUCTION

The design of recent U.S. missile systems, in many cases, has not
S["reli-d heavily on aerodynamic technology to optimize performance. NASA

I is currently developing a technology base for improving aerodynamic

efficiency within realistic system constraints. This technology base

' ,.'will allow the aerodynamics of missile concepts to be considered earlier

in the preliminary design, help to eliminate system concepts that would

result in unsatisfactory aerodynamic designs and allow greater emphasis

to be placed on design concepts having a good balance between aerodynamic

and nonaerodynamic disciplines.

In order to meet the threat of the 1980/1990 time period, ground-to-

air and air-to-air missiles must have a high degree of maneuverability and

will be required to operate through a wide range of Mach numbers and altitudes.

There are a number of static stability problems encountered under these

conditions. Examples include nonlinear variations of pitching moment,

induced rolling moments and panel-panel interference for multipanel wing

and tail arrangements.*
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be a low stability with linear pitching-moment characteristics throughout

a high lift range. Currently nonlinear aerodynamic effects at high lift

conditions are unpredictable by analytical methods such as those of

References I and 2. The technology to evaluate these effects must be

obtained through analysis of experimental data. Experimental studies of

several cruciform missile configurations are presented in Reference 3

through Reference 10.

A recent experimental study has been conducted to provide the effects

of wing location, control location, afterbody geometry and body fineness I

ratio on pitch linearity for a class of maneuverable missiles. The experi-

mental results were obtained in the Langley Unitary Plan wind tunnel

+I
through a Mach number range from 1.5 to 4.6 with variations in angle of

attack from minus 5 degrees to 25 degrees and model roll angles of 0 degree

and 45 degrees. The present paper presents some of the pertinent results !

of an analysis of these data.
I

S~YMBOLS 11'
The coefficients of forces and moments are referred to the stability-

axis system. The moment reference was varied with wing location in order, I

to maintain a constant static margin of about 3 percent body length.

;(ee Figure 1.) All coefficients are based on the maximum cross-sectional
area and the diameter of the body. I

A maximum cross sectional area of body

C pitching-moment coefficient, Pitching m.,-ent
a qAdI

CL lift coefficient, Lift j.,
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1 d maximum diameter of body

M Mach number

I q free-stream dynamic pressure

model roll angle (00, wings in the horizontal and vertical planes)

} IDimensional details of the model are presented in Figure 1. Configura-

tions tested included: A common body having a length to diameter ratio of

10 with cruciform delta wings which could be located in three longitudinal

i" positions; afterbody additions consisting of cylinders of one and two

diameters in length and moderate boattail and flare angles; and aft

control surfaces installed on the longer cylindrical afterbody at two -

longitudinal locations. The analysis of the pitching moment data isI

presented for conditions of 3 percent static margin at C =0, M 2.3,
L

and 0 00 except when noted.

The effects of longitudinal wing position on pitch-linearity is quite

large as shown in Figure 2. The results show that the configuration with
!i. :the wing in the most aft location has a severe pitch-up tendency. Moving

the wing forward one body diameter provides much improvement and moving

the Ving forward two body diameters yields a near linear pitching-moment

curve.

J The variation of lift coefficient with angle of attack (not shown)

indicate that moving the wing forward also provides for small increase in

lift. Although moving the wing forward reduces the lift provided by the

forebody, this loss is more than compensated by the increase in wing

carry-over lift to the afterbody. Also, long forebodies inherently have

a large center of pressure movemen-6 with increase in angle of attack, and. A
2Jj at high angles of attack, vortices generated by the body nose pass close &
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to the wing panels and modify their aerodynamic characteristics. These

obviously have a dramatic effect on pitching moment linearity. Moving

the wing forward in this series of configurations balances the effects

of each component in a manner to provide a more linear variation of

pitching moment with lift.

The effect of wing carry-over lift was investigated by adding

cylindrical afterbodies of one and two body diameters in length to the

basic wing-aft configuration. The results shown in figure 3 indicate

(as previously mentioned) that carry-over lift increases at high angle

of attack resulting in an increased stablizing moment. This significantly

improves pitching-moment linearity; however, the long forebody continues

to contribute to pitch-up nonlinearities.

The effects of moderate boattail angles were investigated and the

results are presented in figure 4. Base diameters of the two boattailed

1 configurations are the same and the lengths are one and two body diameters,

respectively. The boattail provides less lift and therefore .reduces the

afterbody contribution to stability and pitching moment linearity for

these configurations.

In continuing the study of afterbody geometry, the effect of flares

is shown in Figure 5. The base diameter is the same for both flared

afterbodies and the length of the flared positions of the afterbodies

are one and two body diameters, respectively. The pitch characheristics

of the flares are generally favorable; however, the increase in drag

tends to offset the favorable contributions to stability and linearity.

2011
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The location of the primary lifttng srface has a predominate effect
AI - on the pitch characteristics, but the effects of the wing flow field on

If the tail surface can adversely effect the pitching moments. Figure 6

shows the effect of wing and tail location on pitching moment linearity.

I This configurations series utilizes the length to diameter ratio 12

• I I configuration with cruciform control surfaces added to the cylindrical

afterbody. Both the tails and the wings were tested in for and aft

positions. The configuration with the most severe pitch-up tendency

iis the configuration with the wing aft and the close coupled tail surface.

Moving the tail aft with the wing in the aft position has a favorable

effect on stability and pitch linearity. However, the configuration

i with the near linear pitching' moment curve is the one with the wings r
"-4 forward and the tails forward. Mov-ng the tails aft provides an increase

in stability at relatively low lift coefficients which gives the config-

uration a pitch-down tendency.

The effect of Mach number on the wing forward-tail forward config-"

- uration is shown in Figure 7. This configuration which has near linear I
pitch characteristics to lift coefficients in excess of 10 at Mach number

SI" 2.3 exhibits a pitch-down tendency at Mach number 4.63. The moment

. reference was not varied with Mach number, thus the reduction in stability

level with increase in Mach number is apparent. This figure typically

shows the sensitivity of pitch linearity with Mach number.

The effect of model roll orientation on pitch characteristics must

also be considered. Figures 8 and 9 show the effect of roll angle for I
the wing forward tail forward configuration at Mach numbers 2.3 and 4.63,
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respectively. At Math 2.3, the 0 450 configuration has a slight pitch '

up and a lower stability level than the 0 = 00 configuration. At Mach

4.63, there is a slight reduction in stabiliuy but the pitch-down tendency

is reduced.

In summarny this stuw]y illustrates the significant impact that

configuration variables have on missile aerodynamics. Specifically for

a class of configurations with large highly-swept wings, the pitch-linearity

effects at high angle of attack are shown to be strongly influenced by

a balance of destablizing forebody effects on the wings and stablizing

-I carry-over lift of the afterbody. Tail position, Mach number (in the

supersonic speed range), and roll angle appeared to have less effect

on pitch linearity than wing position.
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STATIC AND DYNAMIC AERODYNAMICS OF

I PROJECTILES AND MISSILES*

by

Frankie G. Mooret

Gil Y. Grafftt

ABSTRACT

Several theoretical and empirical procedures are combined to form a useful

design tool for computing static and dynamic aerodynamics on missiles, projectiles,

and rockets. The Mach number and angle-of-attack range over which the method is

applicable are 0 < M" < 3 and 0 < < < 15, respectively. Body and wing

.geometries can be quite general in that pointed or blunt nose bodies and sharp or

blunt leading edge wings can be assumed. Computed results for several configurations

compare well with experimental and other analytical results. The computer program

is cost effective as it costs about five dollars per Mach number to compute the lift,

drag, pitching moment, magnus moment and roll damping moment of a typical

wing-body shape on the CDC 6700 computer. The pitch damping moment will be

added to the calculation procedure in FY 76 so a reasonably accurate dynamic
stability analysis can be made for most configurations without wind tunnel tests.

1. INTRODUCTION

Quite' often the aerodynamicist, when he works with or near a design group, is

faced with the task of estimating such important design parameters as range, static

margin, maneuverability, dynamic stability, time to half amplitude, etc., for a given I-If configuration. Once the design engineer obtains the data he is seeking, the next

'Research sponsced by Naval See Systems Command under SEATASK 35A-501(090-I/UR02-302-001. In addition,
partial support for magnus wind tunnel testing was provided by EIln Air Force Base (Mr. Ken Cobb and Mr. Sears) and

i AEDC.

,fewearch Aerospace Engineer in Guided Projectile Division.
Aeroce Engineer in Guided Projectile Division.
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question the acro namicist must answer is "how can I improve the configuration so

its aerodynamtc properties are better"? Ultimately, an iteration cycle will probably be

made in which several diffeient configurations will be considered before the two or

three most optimum candidates are chosen for further study. The important point

I to be made here is that for each of the above configurations, static aerodynamics

(lift, drag, and pitching moment), and dynamic aerodynamics (roll damping, pitch

damping, and niagnus moment) must be estimateC before questions concerning such

things as range, maneuverability and flying qualities can be addressed.
'To obtain the above set of aerodynamic coefficients, the engineer can go one

of three directions: he can conduct wind tunnel tests whidi will be costly and time

consuming and probably produce results which are more accurate than warranted for

preliminary and intermediate design, he can perform hand calculations using

handbook techniques" ) and applicable experimental data but not have a good

accuracy estimate of the results, or he can develop a computer program based on

analytical techniques which is efficient and produces accuracies on the order of

%±10 for most configurations. The latter alternative, although being more costly and

time consunn-ng initially, is the best approach for long term use and is the

procedure which will be addressed in this paper.

To be of practical use to the Navy, the theory must compute aerodynamics for

the Macb number and angle of attack range of most projectiles and missiles. that is.

0 < M. < 3 and Ii < ot < 15, respectively. Also, quite general body and wing

geometrieC nust be considered. This arises from the fact that projectile noses may

be pointed, truncated, or spherically blunt. Another contributi;Ig factor to the

complex geonietfies is the high setback forces at launch which means the wings and

canards must be quite thick to survive the initial high "g" loads. Moreover, there
may be two cgivcs an the nose (in the case of a fuze or blunt seeker) and a

boattail present for drag reduction purposes. Figure 1 illustrates the general type of

proictile geonetries that are encountered. By designing a computer program to

handle such complex geometries means that most missile configiarations Uan also be

considered.
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Several works existed previously which could fulfill portions of the present goal

of a general aerodynamic prediction program, but none of which was satisfactory in

its entirety. The most notable of these is that due to Woo'dward. (2 ) Woodward uses

perturbation theory to compute the pressure distribution on wing-body combinations

in subsonic and supersonic flow. However, the bodies must be pointed and the wing
leading edge sharp. Also, he does not calculate the base and skin-friction drag or
the nonlinear angle of attack effects. Moreover, no consideration is given to

transonic flow or to the computation of the dynamic derivatives.

Another method available for calculating aerodynamics on wing-body

configurations is that of Saffell, et al. (3 )  This procedure computes static

aerodynamics on low aspect ratio misile configurations. Its applicability to general

aspect ratio configurations is thus questionable, particularly at small ot. Furthermore,

drag was calculated by handbook techniquesOl ) and is also quite inaccurate at small

a. Again, no attention was given to the dynamic derivatives.

The other method of practical use in projectile work is the all empirical GE

"Spinner" program. 4 ) This program computes all six aerodynamic coefficients so a

dynamic stability analysis can be conducted on a spin-stabilized projectile without

going to the wind tunnel. Its short comings are its lack of attention to guided

weapons and limited use in body alone design due to its empirical nature. That is,

effects of nose bluntness, ogive shape, boattail shape, or other discontinuites in slope

cannot be estimated in detail. On the other hand, it does give total force

predictions which are reasonably accurate on spin stabilized rounds which are similar

in shape to the empirical data base.

To summarize the above state-of-the-art in aerodynamic prediction, it is fair to

say there are several analytical or empirical methods available to compute a

r particular force or moment in a given Mach number regime. However, these m. .-ods
have not been combined together to form a useful design tool, allowing one to not

only estimate aerodynamics accurately, but to conduct static and dynamic stability

analysis or trajectory simulations on a given configuration over the Mach number

range zero to three and angle of attack range zero to twenty degrees. It is the

, purpose of the present work to provide such a tool. J
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J II. ANALYSIS

A. Static Aerodynamics

The static aerodynamics have been computed previously and the reader is

referred to References 5 through 9 for the details of that portion of the present

work. Only a synopsis of that work will be included here for continuity purposes.
1. Body Alone Aerodynamics

A summary of the various methods for computing body alone

aerodynamics appears in Figure 2. All the methods are standard in the literature

(References 10 through 15) with the exception of the empirical schemes derived for

transonic lift and wave drag and the combined Newtonian-perturbation theory for

t cal uiating nose wave drag in supersonic flow. The combined Newtonian-perturbation

theory was developed so reasonable results for static aerodynamics could be obtained ."

at low supersonic Mach numbers for blunt nosed configurations. Comparisons with

S1 experimental data indicate this method accurately predicts pressure coefficients and

total force coefficients down to supersonic Mach numbers of 1.2.

.,2. Wing and Interference Aerodynamics

The methods used to compute the wing alone and interference

I. aerodynamics are listed in Figure 3. Again the methods are standard in the literature

(References 16 through 22) except for the empirical techniques used for wing-body

interference, trailing edge separation drag, and body base pressure drag caused by

tailfins and except for the theoretical computation of wing wave drag in supersonic

Ii flow. For the details of these techniques, the reader is again referred to either

References 7or 9.
! l. .  B. Roll Damping Moment i

The body alone roll damping moment is estimated using the same

i[ I. procedure as the "Spinner" program (4) That is, if one knows C as a function of

Mach number for a given configuration, then

S220
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Cp= (Co) 1

where the subscript represents known data. This estimate should prove reasonable so

long as the data available is for a configuration of similar dimensions to the

configuration for which data is required.

For a wing-body configuration, the wing completely dominates the roll

damping moment so it is of primary concern to have a good estimate of the wing

alone roll damping.

For supersonic and subsonic flow calculations, the wing is assumed to be

thin so that small perturbation theory can be employed for flow-field calculations.

In addition, the wing is assumed to have zero chamber with aeroelastic effects being

small. In transonic flow, empirical methods are used for roll damping calculations.

Body interference and wing interference effects are then estimated using slender

body theory.

The individual methods used for calculating the wing roll damping moment

coefficient derivatives in subsonic, supersonic, and transonic flow, along with the

interference effects, are discussed below.

I1. Subsonic Flow (M., < Mcrit)

The small perturbation equation for three-dimensional steady flow _4

is:( 1  = )

X0 y0y° - 0  0

A- where the subscripts x0 , Y0 ' z0 indicate partial differentiation and where the

velocity potential, , is related to the perturbation velocities by

V 223 'K
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V) O, v, =w. (2)

The boundary conditions are that the flow is undisturbed at an infinite distance

from the surface, is tangential to the surface, and is continuous at the wing trailing

edge. Mathematically, these boundary conditions can be treated in respective order

by:

[ 0as -4 y + z 00c (3a)

VM VF 0 (3b)

SuU[(xO)T E yOIZOl =UQ[(XO)TE,yo,zoj

I vu[(xO)T E Iyo ZO] V2[(XO)TEF7I (3c

w u[(xo)TEIYOIzoJ =W2[(XO)TE'yOIZO]

~ U The boundary condition (3c) is simply a definition of the Kutta condition which

requires the velocity at the trailing edge to be continuous from the upper to lower

surfaces. If the equation of the surface is defined as z F(x0 ,y0 ), then (3b)

implies

I ~ ~~W(x0 ,40 ) _aF(x 0 ,y0 ) =~ y 4
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1The angle of attack, otx 0 y0 can be expressed as

0 poyo)= o +-Pyo/V_ + q(xo - X, e f /V (5)

where % is the angle of attack of the wing planform, py/V_ is the induced angle

[ Iof attack due to a steady roll rate, p, and (l(x - Xrcf)/V_* is the induced angle of

attack due to a constant pitch rate, q0. p

Equation (1) is a linear partial differential equation so that

superposition of solutions is valid. Therefore, for roll damping calculations, one can

set = q = 0 in Equation (5) so the boundary condition of interest is

Oz 0 py 0 /V* (6)

Equation (1) can be simplified somewhat by using Gothert's extension

to the Prandtl Glauert transformation. This transformation is equivalent to

o/x = xO/i 3

Y = YO I
z 0 I

O(x,y,z) = O(xo,Yo,zo) (7)

where P3 = - MI. Equation (1) then simplifies to

OXX '+yy +OZz -0 (8)
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hus, the compressible flow on a wing of given geometry can be solved for by

affinely relating the wing to another wing with the properties of Equation (7), and

x solving for the flow field on the new wing at M. = 0. Once this is done, the
pressure coefficient at any point on the wing is: ( 16 )

Cp(x 0 ,y0 ,z0 ) -24x/0 (9)

The solution to Equation (8) can be shown to be: ( 17 )

(Xyz) I 4Cp(Xiy 1) i X- 1  dy 1 )
8w1 (y yl) 2 + + (X- Xl)2+(y-y)+z2dxdI

I
where ACp Cp - Cpu. It is required to determine the pressure loading ACp over

the entire surface. Following Chadwick, (1 7) Equation (10) is first differentiated with

respect to z and the limit as z -* 0 taken. The result is then equated to the

boundary condition, Equation (6), to obtain:

!py I1 ACp(x ,Yl + x - x1 xd, (1

S"V*-81r (y -yl)2 L + (x-X)2 +(y-y l Yl (

The cross on the y, indicates a singularity at y = y1 , in which case Manglers

principal-value technique(16 ) can be applied. The details of the solution of the

I [integral Equation (10) for ACp(x,y) will not be repeated here as they are given in

detail in many references (see for example, Reference 17). Worthy of note, however,

is the fact that Equation (I1) is an integral equation for which the wing loading

[{ E2261 Ii LI ...... ..
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ACp is to be found as a linear function of the induced angle of attack, py/V_.

Once the span loading ACp(x,y), due to roll, is known over the entire

wing, the local rolling moment coefficient at a given spanwise airfoil section, y, is

XTE

c y (ACp)pdx (12)

Tref xLE

where the subscript P indicates the loading due to a roll velocity P. The total

roling moment on the entire wing is then r ;

CXJ ,cc dy (13)
Sref~

Assuming the rolling moment is a linear function of roll rate, the roll damping

moment coefficient derivative is

C2
Cp = p (14)

P R Pref/ V.

2. Supersonic Flow (M_ > 1.2) 1

For supersonic flow past thin wings, Equation (1) is still applicable

along with the associated boundary condition (3b). Since the flow is supersonic, .

disturbances in the flow-field are not felt upstream of the point of disturbance.

Thus, the boundary condition (3a) can be modified to,

227
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u(O-,,,z) = v(O-.y z) w(O-,y,z) = 0V (15)

where it is assumed the disturbance occurs at x = 0. It will be assumed the wingii E trailing edge is supersonic (Mach number normal to wing trailing edge is greater than

one) so that the Kutta condition need not be applied. The solution to Equation (1)

is: 8)

O( x0, = 1 *" dyx0,Y0 ) 16

I where S, is the wing planform. The lifting pressure coefficient, due to a constant] L' roll rate p, is then related to the velocity potential ,P through the relation

(AC )p 0 (17)

The limits of integration of Equation (16) are dependent on whether

the leading edge is subsonic or supersonic. Each of these cases will be considered

F separately below.

a. Supersonic Leading Edge

t. VBy supersonic leading dge, one means the Mach number normal

. to the leading edge is greater than one. Referring to Figure 4, this implies the Mach j
I _. line emanating from the root chord, OA, lies behind the wing leading edge. If the 4

ffA Mach line intersects the wing tip, &q shown in Figure 4, there are five distinctdisturbance regions present and hence, five different perturbation solutions. If the

228
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Mach line intersects the wing trailing edge, the disturbance created by the Mach line

OA impinging on the wing tip is eliminated so that only four perturbation solutions

Jare needed.

7The generalized formulas for the lifting pressure distributions on a
r wing in steady roll are derived in Reference 21. For convenience, the final equations
L are repeated here. For region 1, the flow is two-dimensional and the resulting lifting

pressure is

P] 4pm2 x(m 2 U- 1)

(ACp)p= ' 2V(M2 1 )3/2 1

1 In region 2, the total lifting pressure is:L
(AC 4prmnx -, 1I ++m)°Coj L (AC ) P = [(ACp) 2  = .32V* - 1)3/1 +m 2 o)cs rn -+ J

§ 1 / (19)

4 ,'! I -(1- m20)cos '  1 -

I L L m(l-u)J

The induced pressure caused by the tip Mach line DF is:

L, x2: "-"LI
4o mix b + y.(2m +1

-2y -(M 
Cos-(a+'yaI

' " [ ~~( A C P ) P 3 = V' - -( 2  1 ) 3 / 2 L- m y a 2 -1 o s r x
WVPM17 

Ya-/

(20)a

t n ( x,+ ZYa)(m + )
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The total lifting pressure in region 3 is then:

( = [(AC,)p I + (ACp)P 13  (21)

'The lifting pressure in region 4 is a combination of that in Regions 2 and 3. Thi', -4

in Region 4:

(ACP)P= (AC()P 12 + I(ACP)P 13  (22)

Again, if the Mach line OA intersects the wing trailing edge, Equations 18 through -

22 allow one to determine the complete lifting pressure distribution over the wing

surface. If the Mach line OA intersects the wing tip, another perturbation is induced

in the flow field. The total pressure differential in region 5 is then:

" I

= 4p+ y + (b , -y(1 - 2m) + b " :
12' 2

,rW (m2 - !)3 2 3 + n(m+lI Cos-l4 a~/ y~

~~-~-2 d j3xl + yly 'laI a + b

__ _ _ (23)

'1 -2m -y.(m- l)(mx. +mYa +b).

b. Subsonic Leading Edge

If the Mach number normal to the leading edge is less than one

(and the trailing edge Mach number is greater than one), there are only two flow

regions to consider. However, the solutio,, is complicated somewhat ly the leadingIedge singularity where the velocity goes like 1 /x.2 2) Referring to Figure 5, the

pressure differential of upper and lower surfaces in Region 1 is:(22)
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(ACp)p- 21mv" (24)

where

11(m) 2(1- n1 )[

(2- m2 )E(m) - m 2F(m)

~.,/2JE(m) =i - k sin 2 OdO

' 09

~~F(m) =-k 2 si2 0 i

J0  fl--ksinoJ

k =

Values of the complete elliptic integrals of the first and second kind (F(m) and K
E(m), respectively) have been tabulated and appear in standard mathematical

handbooks.

Region 2, which is affected by the wing tip Mach cone, has a

lifting pressure differential given by:

§PM 3mx/ + yUl-2m) -b/20 m)]
7Tj3VL 3(1 +m)A(1+mXfx0fix +y0

For a flow with a subsonic leadinge edge and supersonic trailing edge,

Equations (24) and (25) determine the complete pressure distribution due to a

steady roll, p.
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The local roll moment, total rolling moment, and roll damping

moment for both the subsonic and supersonic leading edge cases can then be

m determined by Equations (12), (13) and (14), respectively.

3. Transonic Flow (Mfb < M. < 1.2)

1 ,I There are currently no simple, accurate analytical methods available

for calculating transonic roll damping. With the increased emphasis on transonic

jaerodynamics in the last few years, it is envisioned a simple theoretical method will

become available within a reasonable time frame. Until that time, one must resort

to the full Navier Stokes equations of motion or empirical techniques. Since the

former approach is beyond the scope of this work, the empirical approach will be

followed.

b u Without a theoretical model to calculate transonic roll damping, it has

been current practice by some engineers (2 3 ) to estimate roll damping in direct
proportion to the lift. That is

(CN
(Cp)M = (C2 pM =Mfb (CN)M=Mfb (26)

)M (C' )M

711 This means that if the roll damping is known at say M. = 0.85 and CN is known ,
throughout the transonic speed regime, then the roll damping can be estimated .

according to Equation (26). This is the procedure used in the present analysis for

Fcalculating roll damping.

One of the main problems inherent in calculating transonic

areodynamics is a need to account for thickness, and in some cases, aeroelastic
effects. An empirical technique proposed by Edmondson(24 ) to correct for thickness

and aeroelastic effects on rectangular wings is I

i 1 , C'I' = (C (Ithcory( I - t/C)2: A / 3  (,-)
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wher, t/c is the overall thickness to chord ratio of the wing planform. However, the

present values of (C p)theory in transonic flow are calculated based on the lift

curve slope which has already accounted for thickness. In addition, intuitively, one

would expect a Mach number effect to be present in Equation (27), since thickness

is most important in transonic flow. For these two reasons, Equation (27) was not

applied in the present analysis.

4. Interference Effects

There are two types of interference effects which need to be

examined in the process of predicting roll damping. These are the body-fin and

fin-fin interference effects. The first arises due to the presence of the body and the

latter as a result of fin shed vortices.

Using slender body theory, the effect of the body has been calculated

by Adams and Dugan (25 ) for both planar and cruciform wing-body combinations.

The results of their calculations are presented in Figure 6 as a function of the

parameter 4e

4
. . = rb / (rb + b/2),, }

It is seen that there is little difference between the planar and cruciform wing

configuration and furthermore, that the body has little effect on the roll damping

for values of t up to 0.4. Although these results are analytical, they have been

',rified qualitatively by the experimental results presented in Reference 26.

7 The effect of the number of fins on roll damping has also been

determined using slender body theory. ( 27 ) The results are presented in Figure 7 as a

function of the number of fins, n, where the basis for comparison is C2 of a
QP

planar wing configuration. It is seen that the addition of fins to a missile adds to
the damping in roll at a decreasing rate, as expected.
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C. Magnus Force and Moments

There have been several analytical attempts at predicting Magnus

(References 28 through 31) characteristics as a lbnction of the main variabies of

r' interest; that is, Mach number, Reynolds number, body shape and various properties

of the boundary layer. All of these methods have given some success for given

conditions but as of yet, there is still no accurate analytical method by which one

can calculate Magnus as a function of Mach number and body shape for typical

-- projectile ordnance. The latest of the theoretical attempts to predict Magnus is due
J
A ],to Vaughn.3 1) To evaluate the capability of Vaughn's method, several projectile

configurations were considered in which his method was compared with experimental

L data and an all-empirical prediction model "SPINNER".( 4 ) Figures 8a, 8b, 8c and 8d

present the results of these calculations. As seen in the figures, the empirical model

is better for predicting Magnus than the theoretical model of Vaughn. It thus

appears that there is still much analytical work to be done before Magnus forces

t L, and moments on projectile and missile ordnance can be predicted.

For the near term, it appears more promising to revise the empirical
methodology for estimating Magnus than to develop a new theoretical approach to

the problem. Along these lines, the "SPINNER" predicts Magnus to be a linear

function of body length without regard to boattail shape or nose shape. It has been

shown by theory and experiments that nose shape has a second-order effecf on

Magnus in comparison to body length. However, the Naval Surface Weapons Center,

Dahlgren Laboratory, through wind tunnel tests on low drag shapes at AEDC, has

m U. found that boattail shape has a first-order effect on Magnus. (3 2) This result was

later confirmed by Platou (3 3 ) with tests on similar shapes. In order that boattail

effects might not be confused with the effects of other projectile parameters, a

wind tunnel program was initiated in which only the boattail shape was varied.

From these results, it was hoped to correlate Magnus as a function of boattail shape

and total projectile length.
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Test Program

Wind tunnel tests were conducted at AEDC in which the boattail shape was I
I systematically varied in length, boattail angle and base diameter (Figure 9). The

ii . projectile nose was typical of recently designed ordnance. (32 ) Overall projectile

length remained a constant 5.2 calibers in keeping with Naval gun mount constraints

and previous observations (Reference 34) of the dependence of the Magnus forces

and moments on length. Magnus force and moment coefficients were measured over

a range of angle of attack from -20 to 8°, of non-dimensional spin (pd/2V.*)
variation from 0.3 to 0, and variation in Mach number from 2.5 to 0.5. In order A

to avoid variations in Magnus due to changes in Reynolds number, a free-stream

Reynolds number of 4.0 million per foot was selected for all the Magnus tests to

A insure fully developed turbulent flow on the boattail section.

D. Pitch Damping Moment

The pitch damping moment will be generated in FY 76 to complete the

matrix of aerodynamic coefficients. It is envisioned that supersonic thin wing theory,

lifting surface theory, and empirical techniques will be used for the calculation

procedures.

. Figure 10 summarizes the methods used for the calculation of the dynamic

aerodynamics. At present, the prediction program is available in terms of the static

j. aerodynamics only. 8 ) By the end of FY 76, the total prediction program along

with a design handbook, should be available.

III. RESULTS AND DISCUSSION

A. Static Aerodynamics

I I Three cases are presented to show comparison of the present static

aerodynamics methodology with experimental data. These cases consist of a spin

I stabilized projectile (body alone configuration), an unguided missile (body-tail

configuration), and a guided projectile (canard-body-tail configuration). These cases

are sufficiently different and complex to test all the individual theoretical and

empirical procedures of Figures 2 and 3, and to indicate typical results to bet expected from the prediction of static forces and moments.
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1Figure I1 gives the static aerodynamic coefficients for tie improved 5"/54

projectile. The improved round has a 2.75 caliber nose and a 1.0 caliber boattail
t I with a discarding rotating band. Excellent agreement with experimental data is

obtained for the drag coffiifzeni throughout the entire Mach number range. Fair

; agreement is obtained for normal force coefficient and hence pitching moment and

center of pressure. The comparison for the lifting properties is Mach number

t T' dependent: in the low supersonic region the theory is consistently about ten

percent low on normal force whereas at high supersonic speeds it compares very

A i"well with experiment. The reason is the failure of the inviscid theory to predict

h afterbody lift correctly at low supersonic Mach numbers. At subsonic and transonic

I "Mach numbers, the theory does about as well as could be expccted considering the
I. amount of empirical methodology in that region.

The second case is a ten caliber missile with clipped delta t.-ilfins. The

experimental data are taken from Reference 35, which gives the static aerodynamics
|" for 0.8 < M.* -< 1.3. Figure 12 compares theoretical drag coefficient, normal force

.coefficient derivative, and center of pressure with the experiment as a function of

Mach number and for a = 10. Recall from Figure 3 that for M_* > 1.2, the lift and

i drag (except for base drag) was c.ilculated numerically whereas for

- 0.8 < M. < 1.2, the theory consists of mostly empirical procedures. For
1.

IM*_ < 0.8. the wing lift is calculated analytically but most other force components

are computed empirically. With the exception of the normal force coefficient slope

S.aat M_ = 0.8 and 0.85, the theory is well within ten percent of experiment. The

m.-ximum error in center of pressure for this configuration is five percent of the

length or half a caliber.

The final example chosen is a complex canard-body-tail configuration. The

, L. body nose is sixty percent blunt with two ogive segments and a 0.7 caliber boattail.

The canard has an aspect ratio of two with a sweepback angle of 150. Its shape

consists of a sharp wedge leading edge with a constant thickness section following.

The trailing edge is truncated parallel to the leading edge. The tail has an aspect
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I-7
ratio of four with cylindrical leading and trailing edges and where A1 = 300,

A2 = 22.50, A3 = 37 , and A4 = 30' . The tail thickness to chord ratio also varies

along the span. The detailed canard and wing geometry listed above is not needed
in calculating lift, but it must be known for drag computations. The results of the

calculations for this configuration are shown in Figure 13. Figure 13A gives the

normal force and center of pressure for M_0 = 1.6 and at various angles of attack.

Four curves are shown in the figure: canard-body-tail with canards deflecte ,:p by

ten degrees, canard-body-tail with no canard deflection, body-tail, and fir..', body I
alone. Several points are worthy of note in this figure. First of all the body alone

solutioi agrees very well with the unpublished experimental data up to 1 = 16.

Above a = 160, the theory is low which is probably due to not taking into account Aa

Reynold's number effect in the body crossflow drag coefficient. The next paint is

that foi this configuration, the tail lift is about ten percent too high and the AA

canard lift about 15% too low so that the total lift agrees almost perfectly with the

experimental data up to the point where stall begins to occur (a 140). This in

turn causes the center of pressure to be more rearward than the exper;niental data

suggest by about up to 0.75 calibers. It is suspected that the theory being high for i
the high aspect ratio tail and low for the moderate aspect ratio canard is due to

the flowfield interaction effects from the complex configuration and will not, in 2

general, be true for other cases. However, it does indicate that th, theory can be

used quite effectively in design, even for quite complex wing-body-tail geometries. N
The final point to be emphasized from Figure 13A is the fact that no attempt has

been made to predict stall characteristics. As seen in the figure, for this

configuration, stall occurs around ai = 15* at M. = 1.6. However, if the wing

thickness or freestream Mach number is changed, the stalling angle of attack will

also change.

The drag characteristics for this same missile are shown in Figure 13D. The

drag is shown as a function of Mach number and again 'he total force is broken
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down into its components: body alone, body tail, and canard-body-tail. The body

alone drag is acceptable in supersonic and subsonic flow but is unacceptable in

transonic flow where the empirical nature of the theory does not account for nose

bluntness correctly. The wing alone drag shown at the bottom figure, includes the

increase in base drag due to tails. This causes the tail drag to be high because the

theory predicts this base drag increase to be significantly higher than the

experimental data suggest. However, the body-tail drag is still within the ±10%

category. Finally, the canard drag shown at the bottom figure, is added to the

body-tail drag and the overprediction of tail drag is compensated somewhat by the

under prediction of canard drag.

B. Roll Damping Moment

1. Comparison With Exact Linear Theory

The present method of computing roll damping moment in supersonic_: I. .
flow is to compute the pressure coefficients and integrate these numerically over the

entire wing planform. This is as opposed to computing C, for simple planforin
p

geometries using very lengthy closed formed solutions. The advantage to the former N

approach is that if one is interested in pressure coefficients and local wing loadings,

in addition to roll damping coefficients, it is easier to numerically integrate the

known pressure coefficients than to program the lengthy equations for C , and

C + C
Mq M

In subsonic flow, closed formed solutions are not possible so no

comparisons with exact theories can be made. However, the methodology used is

basically that of References 17 and 36, with minor modifications, and extensive

checkout has been performed ill those references.

Empirical metliods are used for the damping moment calculations in

transonic flow so that comparison with experiment will have to suffice for check-out

of the approach.

Three cases are considered as test cases to compare the numerical

solutions with closed form analytical solutions such as presented in References 21
and 22. These include a wing with subsonic leading and supersonic trailing edges
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and a wing with supersonic leading and trailing edges with the Mach line intersecting

the tip and then the trailing edge. Each of these cases is sufficiently different so as

to check the present numerical results with tht; closed form analytical solutions.

These cases are presented in Figures 14, 15, and 16. The results are shown as local

wing loading, ccnp, as a function of the position along the wing semispan. The local

wing loading is defined by:

cc =JXTE (AC) dx (8

X LE Pref/V,. (28)

As expected, the numerical results duplicate the analytical solutions in all cases.

2. Comparison With Experiment

Much work has been done in measuring roll damping, both vith
rocket powered techniques in the early fifties and in the last few years with the ""

wind tunnel. Comparison of these experimental results with the 3-D thin wing

theory in supersonic flow and lifting surface theory in subsonic flow has, in general,

shown reasonable agreement. The theory typically overestimates the actual

experimental results, particularly in the transonic and low supersonic speed regimes.
Two examples in which roll damping have been calculated are show.n

in Figuires 17 and 18. Figure 17 is a comparison of theory and experiment for the

delta wing configuration of Reference 37. As seen in the figure, the present

methodology gives rea.onable agreement for wing t/c values of 0.04.
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F A second comparison of experiment and the present methodology is

-] ,shown in Figure 18. This case is for the cruciform wing-body Army-Navy finner so

the interference theory procedures can also be employed. Considerable experimental

data exists for this case at supersonic speeds. In addition, the quasi-two-dimcnsional

approaches of Nicolaides( 3 8) and Oberkampf (39 ) are shown for comparison. The

} theoretical approaches are all within the experimental accuracy, lending support to

the linearized supersonic flow theory. There were no data available for this case in

subsonic flow to compare the present theory with theoretical estimates of roll

damping.

J ,In general, theoretical estimates of roll damping compared with

experimental data is similar to Figure 17. That is, the roll damping is overestimated

by linear theory. The reasons are several. (40 ) , (4 1 ) First of all, aeroelastic effects can

contribute as much as 25-30% loss in roll damping. Thickness effects can contribute

I at least that much again in the transonic speed regime. The other reason sometimes

given, mutual interference between wings and between wing-body, seems to be of

't }" lesser importance in the present work due to accounting for these through slender

body theory. The thickness effects are also accounted for empirically in transonic

flow but not in subsonic and supersonic flow. It thus appears that if an accurate

estimate of roll damping (±10%) throughout the Mach number range is desired,
i 1, thickness a.nd aeroelastic effects must be accounted for. On the other hand,t

neglecting these variables gives accuracies within 25% for most cases.

C. Magnus

1. Wind Tunnel Results

Results of the wind tunnel testing program are shown in Figures 19

and 20. These figures reveal a strong Magnus dependence on boattail length and

angle. Furthermore, it is shown in Figures 21a and 21b that the effects of boattail

length and angle are interrelated. Figure 21a reveals an apparent sharp peak of CnP

l ~at a boattail length of 0.85 calibers (0 BT 100). However, in comparison with

2601 I
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Figure 21b and 21c, it is seen that the previously shown peaking phenomena is due

mainly to nonlinearities associated with large boattail angles (0 BT > 100). In

Figures 21a, 21b, and 21c, it is also shown that the transonic dependence of the

Magnus force and moments on the boattail parameters is itself a strong function of

Mach number. Supersonic results, on the other hand, indicate consistent increases in

Cy P and Cp with boattail angle and boattail length; and weak dependence on

Mach number. §

2. Magnus Prediction Methodology

From Figures 21a and 21b it can be seen that the functionalization

of the Magnus coefficient derivatives would be difficult in terms of the simple

boattail variables 0 BT' B T and dB.

Another geometrical parameter was developed from the Magnus theory

of Vaughn and Reis. ( 3 1) This variable is based on the boattail geometry and is

given by: N

(29)77= I
rref I

which for conical boattails integrates to:

=.5774 [1+ +(30)

Plots of the Magnus coefficient derivatives versus 77 are shown for various Mach

numbeis in Figures 22a, b, c, and d and Figures 23a, b, c, and d. The linearity of

the Mangler correlation is quite 'evident (,ith the exception of the moment

derivatives near M = 1.0). The very linear variation of Cyl and C.p, with 17

suggests an empirical correlation of magnus force and moment with the

Howarth-Mangler variable. This can be expressed in the form:
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Cn p c + di? (32)

7 1 : - 4

where a, b, c, and d are based on least square fits of C. and Cn_ with 7.

F !Values of a, b, c, and d and the standard deviation of each fit have been calculated

and are given in Table 1.

4 ": 4ff TABLE 1

Mach No. 0.5 0.8 0.9 1.0 1.5 2.0 2.5
r a -4.411 -4.410 -4.268 -6.766 -3.125 -2362 -1.889.4 i b 4.134 4.001 3.820 6.409 2.446 1.658 1.228

O(Cyp) .036 .074 .118 .221 .032 .030 .036
c 4.475 5.412 5.479 10.710 4.107 2.60 2.020d ld -4.650 -S.644 -5.721 -11.108 -4.066 -2.133 -1.526
o(Cn ) .089 .152 .197 .501 .064 .050 .069

Ii
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The current empirical method is employed as follows: (1) for a given boattail

geometry, the value of q would be calculated (2) values of Cyp and C,, would

be calculated using Equations (31) and (32) in conjunction with Table 1 resulting in

CYPC and C.p, for a configuration 5.2 calibers in length (3) CyC and Cnp, for

projectiles of different length are calculated according to Equations (33) and (34)

Cnp (2) = "-" Cp (2 = 5.2) (33)

52

Cn, 5.2(2) n (f 5.2) (34)

3. Comparison of Magnus Predictions on Other Shells

Comparison between wind tunnel derived Cyp t data and predictions

based on the Mangler correlation (Figures 24a, b, c and d) reveals general agreement

within experimental error. The sharpness of the Magnus force and moment spike for
some configurations (r - .9) indicates the possibility of missing the spike in wind All

tunnel tests if data is taken at too few Mach numbers between 0.9 and 1.05.

Excellent correlation between the Mangler paraimeter and the peak Magnus force and

moment coefficient derivatives from the wind tunnel data of the Army-Navy spinner

boattail variation study( 3 3) is shown in Figures 25a and 25b. Data in this study

were taken at the transonic Mach numbers: 0.9, 0.94, 0.98 and 1.02. The slopes

and intercepts of the Mangler lines (based on the data of Reference 33) were then

2 included in the set of lines upon which Magnus predictions were made for other

projectiles. Peak predictions based on these lines are represented by crosses in

Figures 24, 26, and 27.

:1.
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Comparison between wind tunnel data, spark range data (Figures 26

j and 27) and prediction demonstrates agreement within experimental error and

scatter. However, several spark range tests (Figures 27a and 27b) reveal negative

Magnus moments, larger than any observed in wind tunnel testing. Two factors
regarding the spark range tests quoted should be noted. All spark range data

gathered in this report predate ChapmanwKirk data reduction and the data in

References 44, 45 and 46 are given without likely error margins. Also, most of the

spark range models considered herein have rotating bands as opposed to the wind

tunnel models.

Therefore, based on the comparisons made to date of the current

empirical technique for predicting Magnus with experiment and other procedures, it

is concluded that the current method works at least as well if not better than other A

methods. However, additional comparisons need to be made before any conclusive

! f statement can be made concerning accuracy.

IV. CONCLUSIONS AND RECOMMENDATIONS

- 1. A general method has been developed consisting of several theoretical and

empirical procedures to calculate lift, drag, pitching moment, magnus moment, and -A3

roll damping moment on wing-body-tail configurations from Mach number zero to -15

[I three and angles of attack up to stall. The pitch damping moment will be added to j
-the calculation procedure in FY 76.

2. Comparison of the overall methodology with experiment for several configurations

indicates that accuracies of ±l0% can be obtained for static force coefficients of

- - most configurations. Roll damping moments are within 25% of experimental data for

most cases. This is at a cost of less than $10 per Mach number for the entire set I

of aerodynamic coefficients.

3. A new empirical method for predicting magnus forces and moments as a

It. function of body length and boattail shape is developed. It relies on the linearity of

L -the Magnus force with body length and with the Howarth-Mangler variable.
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I ' Comparisons with experimental data and other techniques show thi3 m"ethod to work

at least as well as any available for spin-stabilizied projectiles.

4. If roll damping is desired within ±10% for most configurations, thickness and

aeroelastic effects should be accounted for.

5. It is recommended the magnus correlations with the Howarth-Mangler variable be

extended to higher angles of attack and also that the effect of fins on Magnus

force and moments be exar-'r..;d.

6. The prediction methodolozy in tansooiie flow is almost entirely emp'rica' due to

4 the current state-of-the-ari in sir.pit (bout yet accurate) analytical methods for use in

flow computations. It is thtij rcornrmeted that work be continued in this Macb

number regime -,th reasonable I:: tsis ,.. simple techniques.
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VI. NOMENCLATURE

4R Aspect ratio'.

b Wing span (does not include body radius).

c Chord length at any point along span.

CD 0 Zero lift drag coefficient.
~lzI

C2  Rolling Moment Coefficient of wing planform.

C2  Local rolling moment of a given airfoil section.

Cev Roll damping moment coefficient [C2I(PRref/ 2V**)J.

CM Pitching moment coefficient measured about nose tip (positive nose up).

C Pitching moment coefficient derivative (dCMt/do ).

C + Cm Total damping in pitch derivative.

CN Normal force coefficient.
CN= Q Normal force coefficient derivative (dCN dot).

C - Local loading of an airfoil section at a spanwise station y due to rolling
velocity p.

, d dCn

Cn p d(PRTef/2,V.)

CnpI I Magnus moment coefficient derivative.

[ C Magnus force coefficient derivative.

iCr  Pressure coefficient.

(AC) Difference in pressure coefficients of upper and lower surfaces of wiig

planform.

(W-,)p Difference in pressure coefficients of upper and lower surfaces of wing
planform due to a rolling velocity, p.
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d Body diameter.

2 ref Reference length (body diameter for wing-body configuration).

:. T Boattail length. I-
M Mach number.

m Pcot A.

n Number of tailfins. I

p Roll velocity.

q Pitch velocity.

rb Body Radius.

Body nose radius.

u,v,w Perturbation velocities ii x0 , Y0 , Zo directions, respectively. -

V Total velocity. r

x,y,z Transformed coordinates.

x0 , Yo, Zo Rectangular coordinate system with x at nose tip, y out right wing, and
z positive up. If configuration consists of wing only, x begins at wing
root chord.

xa, Ya Coordinates of wing tip. .

at Angle of attack.

'N~-M2 - 1. -..

a Canard deflection (degrees).

71 Howarth-Mangler variable.

OBT Boattail angle.

A, Sweepback angle of a wing generator (i = 1,2,3,4) with i = 1, the wing
leading edge, and i = 4 the wing trailing edge.
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PAPER NO. 10

1A

A REVIEW AND STATUS OF WRAP-AROUND FIN AERODYNAMICS

by

C. Wayne Dahike
US Army Missile Command

Redstone Arsenal, Alabama

ABSTRACT

Results of investigations into many of the geometric and flow

parameters influencing the aerodynamics of wrap-around fins are pre-

sented in this paper. Particular emphasis is placed on defining

static and dynamic roll characteristics between Mach numbers of 0.3

j vto 3.0. Among the geometric parameters highlighted are fin span, :

aspect ratio, leading edge sweep, leading edge shape, fin opening

Sangle, and afterbody geometry. Comparisons of static stability,

dynamic stability, and drag are made between the flat and the wrap-

I around fin. Problems associated with measurement of wrap-around fin:4 rolling moments are also discussed. An overview of the wrap-around

fin roll moment characteristics are presented as an aid for making

estimates and establishing testing techniques.

L 2
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l. INTRODUCTION
1i

During the last (9th) NAvy Symposium on Aeroballistics a paperI-I
was presented on wrap-around fins (WAF) with particular emphasis on

data from WAF panel pressure tests. This paper presented a discussion

of the general need the military services have for more knowledge of

the unique behavior of the aerodynamics for WAF. It also noted that

this iLterest was stated by members of the Techiial Cooperation I

Program (TTCP) Panel 0-7, and through encouragement by this panel the

various organizations represented were to take part of the task for

studies of the WAF. As part of this study, the US Army Mis.-ze

Command (MICOM) and the Air Force Armament Laboratory (AFAL) took the

task of obtaining static force measurements for the agreed upon 6.1

standard configuration WAF. The Army has been interested in missile

designs that have tube-launched applications. It was found that the -

need was much broader than the TTCP configuration. The TTCP standard

configuration was used as the basic configuration from which many fin

geometric variations were made. The immediate needs were considered,

and while it would be useful to have an analytical model to describe 4

the flow phenomena defining the unique WAF aerodynamic fozces, it would

be more beneficial to define the characteristics through more of a brute

force parametric investigation. It was hoped that this study would pro-

Ivide sufficient data, along with the Navy pressure data ard data from the

other agencies involved, to begin development of an analytical model.

However, the tests used for this study were designed primarily to uncover (

i28
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characteristics and provide trends that can be used in missile design

where the analytical models are not available.

" I| This paper contains a condensed sunmary of the findings from

T wind tunnel tests conducted, with important characteristics and trends

S! highlighted. The data are presented with comparison of several of

i j the parameters in an attempt to illustrate those parameters that have

the largest effect upon the WAF rolling moment coefficient. Problems

I |associated with measurement of WAF roll moment coefficients using

conventional techniques are mentioned. The overall objective of this

WAF effort has been to provide the weapon designer with adequate

information to make confident aerodynamic estimates for preliminary

design studies. Based upon present data, the intermediate objective

is to provide the missile designer with aerodynamic guidelines for

estimating WAF effects and the direction for improving experimental

approaches.

L 2. MWDELS AND EXPERIKENTAL TEST

MICOM and AFAL undertook the study of fins and afterbody geo-

metric effects on the static rolling moment characteristics of WAF,

Lt asgeometry agreed to in the initial planning of the cooperative program. Fin 7
i . geometry was varied around the standard WAF shown in the Arnold I:

Engineering Development Center's (AEDC) 4-T wind tunnel in Figure 1.

The models consisted of a 2-caliber secant ogive nose with an 8-caliber

L. cylindrical afterbody with 3 afterbody shapes and fin configurations.

i i /The basic body configuration had a straight cylindrical afterbody,

(4 inches in diameter) and two alternate afterbody shapes stepped

--
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down to a diameter of 3.6 inches over a length of 7 and 4 inches,

respectively, from the base (Figure 2).

The exposed semispan b/2 for the WAF was chosen to be approxi-

mately the chord length for the arc that encloses a quadrant of tubu-

lar body cross section or 0.707D (Figure 3 and Table 1). These vari-

ations (Table 1) included two larger aspect ratios (same span as

standard WAF with shorter chords of 2.0 and 4.0 inches), two smaller

thickness ratios, four different leading edge shapes, seven leading

edge sweep angles, one tip alteration, two shorter span fins, one fin

body gap, and several fins tested on a step down body configuration

(Figure 2). Also, for the standard WAF, and investigation of fin

opening/closing angle was conducted for seven opening positions

ranging from fully closed to 100 beyond the standard fully opened case. F

Static aerodynamic measurements, including total airframe and indi-

vidual fin force and moment characteristics, were conducted in three

wind tunnel facilities. The majority of transonic tests were carried

out in the AEDC 4-foot transonic wind tunnel, while the majority of

supersonic tests were conducted in the NASA Langley 4-foot unitary i
plan wind tunnel. Limited transonic ans supersonic tests were conduc- I
ted in the McDonnell Douglas Aerophysics 4-foot trisonic wind tunnel.

In addition, limited roll damping characteristics were conducted in

the AEDC 4-foot transonic facility and both subsonic and supersonic

free flight tests were conducted in the Jet Propulsion Laboratory

(JPL) 20-inch supersonic wind tunnel for the standard WAF configuration

and its equivalent planar fin (Figure 4). Test variables for the

22
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static aerodynamic tests are listed in Table 2 for the varying geometry

tests. In addition to these MICOM/AFAL sponsored tests to specific-

ally study the WAF effects, several projects have considered use of

1.the WAF, some are listed by Holmes and others are briefly mentioned

in this paper. A more complete description of the models and testing

ccniducted by MICOM is contained in other reports.2-5

V
3. TESTING TECHNIQUES AND ACCURACY

There are questions concerning the accuracy and repeatability of

I. the rolling moment coefficient data. The magnitud,. of the self-

induced rolling moment coefficients of the WAF are small in relation

to the size of the coefficients of fins with large cants. The only

ready means of obtaining force data in a wind tunnel is with a strain

gage balance. The balance must be sized to meet special requirements,

L but it must be capable of handling the forces and moments of the corn-

plete model in the test facility to be used. To obtain sensible rol-

ling moment ccefficients induced by WAI, wind tunnel dynamic pressure

and fin sizes must be made large within practicable limits. Both

cause larger aerodynamic loads on the model which results in require-

. ments of larger strain gage balances. To date, strain gage balances

and associated instrumentation are not ideal for measurement of these

small rolling moments; however, from the available balances one can

1111 be chosen that is optimum for given requirements. A composite plot

of rolling moment data precision is shown in Figure 5. At transonic

speeds, the rolling moment gage was large because of the requirements

dictated by normal force and pitching momeat loads. As a result the

U283
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data precision, as quoted by AEDC 2,3 are larger than desirable; how-

ever, as shown later, the repeatcbility from duplicate points during

the same test and from separate entries show that the data are repro-

ducible well within these precision limits. An attempt was made to i
measure the cant of each fin during the transonic testin 2,3. These

.1

measurements of 76 fin installations had a mean cant of 0.0110 with a

standard deviation of 0.1420, with a quoted measurement accuracy of i

+0.10. If all four fins for one configuration have a 0.10 cant, the 3

rolling moment coefficient would be 0.004 to 0.010 which is within

the quoted (Figure 5) data precision for the subsonic/transonic test. L
Because of the uncertainty of the cant measurements and the small 4R

magnitude of fin cant-induced rolling moment relative to the data

precision, corrections to rolling moment coefficient caused by fin

cant are not presented.

Several comparisons were made from the numerous duplications and

other geometric similiarities. Figure 6 shows a comparison of the "

1.0-caliber chord WAF configuration tested on the straight body with

four main balances and in three different facilities. A separate

5 ~
test was conducted explicitly to check the rolling moment obtained in

2
an earlier test at transonic speeds. This test was conducted with a .

balance that had a l00-in./lb roll moment gage. The normal force and -,

pitching moment gages were also low capacity and angle of attack was I
4

restricted to less than 20. The main purpose of this test was to
j I

observe the self-induced WAF rolling moment coefficient at zero angle

of attack, and compare these to previously obtained coefficients with

294
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the less sensitive balance. Comparisons of this repeat test are shown

_ j; in Figure 6 by the square symbol.

Another method used to validate the rolling moment data was to

I [ compute rolling moment coefficient from the four fin panel balances.

4 These are shown by the flagged symbols on Figure 7 along with the main

'balance data for the TTCP standard WAF. Fin cant can produce roll

moments equally as arge as any WAF-induced roll moment observed dur-

ing all tests. Included on Figure 6 is the roll moment coefficient

L {for a typical tactical hardware fin tolerance of ±0.10. The overall

~ value of this analysis is to indicate the difficulty in obtaining the

|f 1 precise magnitudes that a WAF may exhibit with flight hardware; how-

[j fever, the trends shown and those in the following sections are realis-
tic. To obtain the accuracy of the magnitudes desired will require

ilL extreme care in model fabrication and sophisticated measurement
II

techniques tailored for precise roll moment measurement.

4. COMPARISON OF WAF TO FLAT FIN STABILITY AND DRAG

The major concern of the effects of WAF has been the self-induced

rolling moment; however, a comparison of static stability parameters

was made for a flat fin and standard WAF. The flat fin had the same

II Itotal exposed span and projected area as the WAF. These two fins were

tested through the Mach number range of 0.3 to 3.0 on a body of revo-

lution. The normal force coefficient slope at zero angle of attack

and the center of pressure are shown in Figure 8 for the flat fin and

WAF. Any difference in total configuration static stability coeffi-

clents appears to be within the uncertainty of measurement accuracy.
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Included on the center of pressure data are points from the. JPL free

flight bi-blanar results at Mach 0.86, 2.0, and 3.03. Similar results )- s

were obtained from a comparison of data for the flat fin and WAF tested

on a splitter plate at transonic speeds and from body mounted fin

panel data. Al

Drag coefficient comparisons between the flat and WAF configura-

tions are shown on Figure 9. The upper portion shows the drag force

coefficient for body alone, the WAF and body, and the flat fin (of

equal projected area to the WAF) and body. The lower portion shows the

same data with the body alone (drag subtracted out). The WAF is I
approximately 107. higher which corresponds to the additional frontal

area that the WAF has because of the curvature. The other geometric

parameters (leading edge sweep, thickness, leading edge shape, and

aspect ratio) shown their influence on drag to be es expected for flatj

fins with the same geometric changes. il
5. ROLLING MOMENT COEFFICIENT

The main objective for this study was to investigate the effects I }AI on WAF rolling moment due to the various geometric and flow parameters.

The variation of rolling moment is considered for three flow param-

eters: Mach number, Reynolds number, and angle of attack for several J
6 7

geometric variations. Featherstone et al. have shown the WAF to

have self-induced normal forces at zero augle of attack. The most

significant effect with Mach number appears to be at transonic speeds

where, in general, a change in sign occurs for rolling moment. In

initial studies, Featherstone has suggested the self-induced force is
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directed toward the center of curvature at subsonic speeds and away

+ +from the center of curvature at supersonic speeds with the crossover

occurring close to Mach = 1. This was demonstrated for those fin

configurations on smooth body with a C /D = 1.75 with the exception of
R/

the fin with maximum thickness t/C = 0.045. This trend exists for

fins with rectangular and trapezoidal planforms, tor leading edge pro-

4j file modification, and for modifications to the root chora (gap fin)

and the tip chord.

The various parameters are 4rranged into two groups: those of

most importance as determined from analysis of existing data, and those

that show lesser effuct over the range and within the constraints of

data available. It is difficult to isolate and illustrate many speci-

fic parametric effects without pointing out the influence of another

[ parameter. There is also the case of the influence of Reynolds

numbers which, at this time, is not clearly shown to be an important

[I par,3meter with the exception of the otherwise unexplained difference

between the crossover point shown by the JPL free flight data and the

results from static test. Grit was used as boundary layer trips on

the body of JPL models, but grit was not used on fin leading edges

which Mr. Jaffe (JPL) and this author agree may have been a mistake.

The effect of three parameters are shown on Figure 10 for the standard

6TTCP WAF. The Reynolds numbers var-, ftom 7 to 40 x 10 based on body

length for the static test and for the JPL models was 2.5 X 106. As

can be seen, the effect of R on smooth and step down body, except for
L

JPL, show differences well within data accuracy. Illustrated on this
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same curve is the variation of rolling moment with Mach number and the

difference of trends with a smooth body and a step-down body which I
may more realistically simulate flight hardware hinge recesses. More A

information will be presented for the Mach number and body with step

down later in this paper.

Other parameters which appear to have lesser influence on the

WAF rolling moment are leading edge sweep and fin thickness (Figure 11).

The surprising result from the leading edge sweep data is the level

of magnitude, and the trend with Mach number appears very much the

same as the rectangular fin with the same root chord length. The i

effect of modifying the Leading edge shape is shown in Figure 12.

There is a large change in roll moment, as expected, with the unsymmet- I

rical leading edge. This may be related to regimes of subsonic and

supersonic leading edge due to detached and attached shocks over the

curved fin, which is neither an axisymmetric body of revolution or a

two-dimensional surface. The symmetrical leading edge variation witi

included angles of 20.00, 45.00, and blunt shown an effect, but is

1incomplete at this time. Navy WAF pressure data have shown the lead-

ing edge pressure difference between the convex and concave side to be I

larger than any other chordwise location except M = 1.3 data which

show the largest difference to occur at approximately 31% chord from

leading edge. Unfortunately neither the 200 or blunt leading angles

have been tested supersonically. However, as presented by

6
Featherstone , this leading edge pressure effect may be an inlet .4

phenomena due primarily to fin curvature and not influence j

288
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significantly by leading edge shape of fin thickness. Figure 13 pre-

sents the rolling moment coefficient for three rectangular planform

WAF's with different chord length, therefore, having different aspect

ratios. The primary influence seems to be the fin body juncture

geometry and/or boundary layer, which in this case is fin root chord

length rather than aspect ratio. Aspect ratio was also varied by

sweeping the leading edge. The leading edge for the C ID = 1.75 was
R

swept up to 600, and for C /C = 0.0, a delta planform. From these
W~T R

2A
variations it is shown that data with like chord length tend to look

,similar and that the effect seen in Figure 13 is a subsonic fin-body

LI juncture (chord) length effect.

One of the most significant changes in WAF rolling moment coeffi-

cient occurs with variation of angle of attack. The roll producing

force increases with angle of attack at all Mach numbers and missile

roll orientation and is directed toward the fin away from the fin center

of curvature. Figure 14 presents the WAF compared to the flat fin at

supersonic Mach numbers from the Langley and McDonnel tests. This

trend was shown to be essentially unchanged with missile roll attitude

with fins of equal exposed span and to a lesser extent at subsonic

Mach numbers3 . Navy Zuni data have also demonstrated this phenomena

and it has been shown by Stevens8 that this driving moment may be a

useful design tool for avoiding roll-yaw resonance problems during

missile flight.

47The span for all but two WAF's tested had nearly equal exposed

semispans of 0.66 body diameters. These two had shorter spans of
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0.54 and 0.35, respectively. The zero angle of attack rolling moments

are shown at supersonic Mach numbers (Figure 15). Significant reduc- 4

tions in induced rolling moments occur at Mach numbers above two for

WAF's with spans less than a quarter circle. Th'is suggests the possi-

bility of tailoring the induced rolling moment variation with Mach

number by varying the fin radius of curvature. This design procedure

is only allowed when adequate space exists around the rocket nozzle

to the fin curvature to depart from the body surface. The variation

with angle of attack and missile roll attitude are shown in Figures 16

and 17 for the three spans. There are two significant effects that I

should be pointed out. There appears to be much less variation with

angle of attack induced with shorter span WAF (Figure 16); however,

at the supersonic Mach numbers, roll moment will be dominated by body

vortex and spai (Figure 17). The interaction is not necessarily unique

" ~to the WAF but is related to the relative position of the body vortex .

core at angle of attack, fin span, and missile roll attitude, where

the fin arrangement is not symmetrical at angle of attack (e.g.,

S=22.50). "

111
The step-down body effect is probably the most significant trend

that must be considered in WAF designs requiring a hinge recess and/or

body step-down geometry. The standard WAF is shown on the smooth and

step-down body in Figure 10. All symmetrical leading edge fins on the

smooth body show only one crossover point for Mach numbers less than

3.0, but the step-down body demonstrated an additional crossover at J

low supersonic Mach numbers and is opposite to the Featherstone
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postulation that the force at supersonic Mach numbers is directed away

from the WAF center of curvature. Two additional fins that show this
, are shown in Figure 18. These fins have a 1-caliber root chord, one

is rectangular and the other has a 20.60 swept leading edge. The Navy :7
Zuni missile has a fin recess that resembles the MICOM step-down body.

The available Zuni aero-roll moment coefficients from the Naval Ship!

Research and Development Center (NSRDC) and Ames Research Center are

shown compared to the standard WAF on the step-down body (Figure 19).

The sign on the Zuni data has been reversed because of the 1800 fin

!i curvature difference. The flow mechanism that causes this trend may

be the key toward development of supersonic analytical methods.

6. SIDE FORCES AND MOMENTS

4 7It has been suggested that in addition to induced rolling moments,

the WAF causes side force and moment variations with pitch angle of i

attack. A typical comparison between flat and WAF at supersonic Mach

numbers is shown as a function of angle of attack in Figure 20.

"- Nothing was observed during this series of testing that substantiates

the generation of cross derivatives of significant magnitude over the

angle of attack range ±60 contributable to cruciform WAF at subsonic

and transonic Mach numbers. Small variations with angle of attack may

been seen at supersonic Mach numbers as shown in Figure 20. Zuni data

at Mach 3.0 are shown to have a similar trend to the MICOM data at

~ Mach 2.86. The step-down body Ooes not show any significant differ-

ences in side force or moment with angle of attack variation.
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The same mechanism that causes large roll moment changes with

short span fins at roll orientation and angle of'attack also induces

large yawing moments (Figure 21). This trend is not considered to be

unique to the WAF and may be, as expected, a function of roll orienta-

tion especially at angles of attack at supersonic Mach numbers that

cause body vortex cores to rise to fin tip and for fin arrangement "

such a3 three fins. Missile roll rate will tend to average out this

phenomena and usually will not present a problem in flight. Outside

of this effect, cruciform WAF's do not appear to have significant

cross derivatives except possibly at Mach numbers above 2.5.

7. OPENING ANGLEi

The standard WAF was tested on the smooth body for seven

opening/closing angles defined as fully open when a line passes the

body center, the fin pivot point, and tip chord. The fin is fully

closed and conforms to the body surface at e = 1350. The test matrix J
is shown in Table 3. Most transonic data were obtained at AEDC, and

all supersonic data were obtained at McDonnel Douglas Aerophysics

Laboratory. Figure 22 presents the model with three opening angles

of 0, 45, and 900. Fin lift effectiveness (Figure 23) is shown for

three Mach numbers over the range of closing angles tested. Lift

effectiveness is defined as the ratio of the fin normal force at a

4 given closing angle 0 to the fin normal force at the fully open case

e = 0.0. The fin center of pressure appears to be essentially inv,.ri-

1 ant with closing angle and is a function only of Mach number as for

the fully open case. A geometric fit of COS 2/3 e is shown in

292 - V

.~* -,



10th Navy Symposium on Aeroballistics

Vol. 1

comparison to the fin lift effectiveness. Figure 24 shows the zero

angle of attack rolling moment variation with closing angle for Mach

i 0.8 to 3.0. No large influence was noted for small variations and,

jat any given angle, appear to follow the roll moment variation with

Mach number as the fully open case does.

8. WAF ROLL DYNMAICS

Tests were conducted where roll damping was measured for several

fin configurations. Included in this was a comparison between a flat

fin and the standard WAF. These data are in a MICOM report9 . The

model was spun up in the wind tunnel by an internal hydraulic motor.

1 ~ At a prescribed roll rate, the motor clutch was released and the model

was allowed to free spin until the steady state roll rate was reached.

Roll damping for one of the WAF's and one flat are shown to vary little

(Figure 25). Theoretical calculations of C by modified slender body

theory are shown to be good except at transonic speeds.

A three phase investigation was conducted by JPL. Several small

scale models were flown in the JPL 20-inch wind tunnel. Some were

flown solely for obtaining rolling moment and roll damping coeffi- i

cients, others were flown for a bi-planar dynamic investigation. A

sting-mounted free spinning test was conducted initially to observe

the roll direction of models with WAF as a function of Mach number.

~~Data for the standard WAF and equivalent flat fin from tile AEDC i

spinning test, theoretical estimate, and the JPL free-flight data for

the flat and WAF are shown on Figure 26. The JPL data points have too

much scatter for a thorough analysis. Even though some had initial M1i

;'
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roll rates with and against the fin fold direction, the scatter prohib-

iits definition of roll damping for spin in any given direction.

Future flight testings are being studied for the Ballistic Research

Laboratory ballistic range. 1%

9. CONCLUSIONC )

The general characteristics of a number of WAF's on a body of

revolution at Mach numbers 0.3 to 3.00 have been presented. The

effects of geometric and flow parameters are summarized in the follow-

ing statements:

a) The static stability derivatives at a = 0 of missiles with

WAF's are essentially the same as with equivalent planar fins and may

be estimated by using the flat fin techniques.

b) Drag of the WAF is larger than the flat fin with the same

projected planform area. This increase is approximately a factor of

1.1, for the fins tested, which corresponds to the increase in frontal

area of the WAF over the flat fin. .

c) The WAF does induce roll moment to the missile at zero angle

of attack and zero fin cant. This self-induced roll moment can change

direction as a function of Mach number shown, from static data, to

crossover near Mach 1.0 for smooth bodies. The parameter appearing to

influence the subsonic roll moment most is the fin root chord length,

U'1 indicating a fin-body juncture effect.
d) Step downs on the afterbody, simulating a fin hinge recess,

I! show additional crossover of the WAF-induced roll moment at supersonic

Mach numbers from 1.2 to 3.0.

294 !iI LIK +



10th Navy Symposium on Aeroballistics
! Vol. I

e) The WAF rolling moment variation with total missile angle of

attack is small for absolute angles of attack less than 20. Above 20

the rolling moment may deviate significantly from the zero angle of

attack case depending upon fin geometry and Mach number.

1 f) Cross derivatives induced by the WAF do not appear to be

significant at Mach numbers below 2.5. This may not be the case for

Mach numbers above 2.5, for three-fin configurations, WAF configura-

tions where fin opening directions are alternated, or higher angles

I of attack.

g) Accurate measurement of WAF rolling moment requires sensitive

roll moment measurement instrumentation and small tolerance on the

individual fin geometric incidence.

h) The WAF moments do not appear to be intolerable, and missile

roll rates can be tailored by proper geometric design and fin inci-II
f dence for many applications.

I
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TABLE 1. FIN CONFIGURATION SUMMARY

A R R 2 R3 b/2
A R.) C T' c R* (d g (it/

Configuration (in.) (dg) (in) (in.) (in.) (in.) (deg) (in.) AR (in.)

F ** 1.900 7.0 1.00 0 0.200 1.900 2.000 1.800 45 0.008 0.75 2.61.

F 4 0 0.114 1.957 1.843 1.30 2.60 IS

F 2.0 0.057 1.929 1.871 2.60 2.60

F!. 7.0 0.200 2.000 1.8000 0.76 2.64

SIT 20 0.76 2.6

F 6 0.76 2.64.

F7 -- 00 .5 .47 45 0.76 2.6.

F8 0.315 2.058 1.743 0.76 2.64

F 9 2.000 0.200 0.75 2.6.
Flo 1.900 1.900 2.000 1.800 2.44!.

Fin "F with tip chord modified 0.73 2.59 "

¥12 7.0 0.9 14.75 0.200 1.9 2.0 1.8 45 0.79 2.63

F13  0.75 33.9 0.86 2.63

F 14 0.60 46.9 0.94 2.63

F 4.0 1.00 0 0.04 0 1.900 1.860 1.28 2.65
15

G- 075 20.6 0.114 1.900 2.000 1.800 1.5. 2.70

F17  7.0 0.36 60.0 0.200 1.11 2.63
FI18 4.0 o.33 46.9 0.120 1.97 2.61
F19  0.00 57.3 0.120 2.55 2.5

F1 9 T. .3 4. .2 .7 26
F20 7.0 1.00 0 0.200 0.61 2.14

F2 TT 0.40 1.39

*Leading edge angle. All trailing edgcs b - 45.
**Stardard TTCP I4AF.

0 Blunt leading edge.

OUnsymmetrical leading edge.

0Rectangular flat planform, exposed span - 2.658 in.

®Cap fin.

@OTip chord parallel to root chord.
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I, ABSTRACT .

The feasibility of using wrap-around lifting, stabilizing,

and control surfaces on tube-launched, bank-to-turn missile config-

urations is being investigated at APL/JHU in the subsonic and transonic 2

ranges. Longitudinal and lateral stability and control data have been

obtained from wind tunnel tests, mostly at Mach Number 0.8, on config-

urations having wrap-around monoplane wings, wrap-around horizontal

tails, and a planar, all-movable ventral stabilizing and control sur-

face. A description of the configurations tested and some of the sig-

nificant results obtained in the analysis of the test data are pre-

sented in this paper. A comparison with planar surface data and with

predictive methods derived for planar surfaces is also shown.
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Some of the significant results are:

1. The aerodynamics of curved surfaces can be predicted from

1theory or empirical methods derived for planar surfaces

provided the projected planforms are the same and provided

that there is no surface-to-surface interference.

1 2. When the curved or planar horizontal tails are in the wake

of the curved wings, the tail lift efficiency is not pre-

dicted well by planar surface methods. An effective tail

j" height parameter has been deduced that, when used with

existing downwash formulations, provides a good prediction

Tof tail efficiency tor all cases of tail concavity orien-

tation investigated.

3. Pitch and roll control effectiveness of the curved tails

is as good or better than that of the planar tails.

4. The pitch control effectiveness is shown to correlate as a

; ,' ~. single valued function with the effectivw angle of attack

at the tail. This effective angle of attack includes the

calculated downwash angle based on the "effective tail

height" parameter found in this study.

5. The use of curved surfaces for lift, stability ad control

of missile configurations appears feasible.
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SYMBOLS AND NOMENCLATURE " q

c local wing (tail) chord inches

C rolling moment coefficient = rolling moment (in-lbs)

C roll control effectiveness; C momet .i!lbs

:i!  ~ ~pitch ing moment (in-lbs) '

C pitching moment coefficient =pitchigm qSd
. ,jnormal force (lb)
C normal force coefficient = n a forc .lb

N qS

AC increment of C due to pitch incidence, i.e.,m m :i;S(Cm at 1 ) - (C at 1 0)

M p m p

d reference length = body diameter = 3.0 inches inches 0

h effective tail height for curved surfaces inches
t(eff) (see Section I.C)

i tail pitch incidence; leading edge up for high degrees
wing configuration is positive

A body length inches

M.A.C. mean aerodynamic chord a mean geometric chord inches

q dynamic pressure lbs/in

I~ 2r2
S reference area =  -- 7.07 in. in.

X longitudinal location of the center of pressure inches
c.p. measured from the nose

Xcg center of gravity location, X = 0.55 ABic.g. c.g.BA

Cx -
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SYMBOLS AND NOMENCLATURE (Cont'd)

a angle of attack, angle between velocity vector and degrees

the body longitudinal axis - body angle of attack

HOW effective angle of attack at the 1/4 chord of th . degrees
M.A.C. of the horizontal tail (see Fig. 16)

8 average differential roll control deflection (see degrees
f Fig. 17)

downwash angle at the 1/4 chord of the M.A.C. of degrees

the tail

efficiency of the horizontal tail (in the presence
of the vertical tail) in producing lift or pitching
moment, e.g.

C -C
I. mBWHV 'BW"IHV = -C

'BHV tmB

where B is body

W is wing

H is horizontal tail, andlA

V is vertical tail

O" W wing elevation angle (see Fig. 2)

L 4
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INTRODUCTION .
Wrap-around finned configurations, WAF, havu been con-

sidered by some investigators for possible application to tube- -1

launched missiles because of the advantages offered by such a con-

figuration in stowage, handling, and launching (Refs. 1 to 4). In-

vestigations using single fins and configurations with spirally ori-

ented cruciform or triform tails have shown that the curved fins

provide about the same normal force and longitudinal stability as a

planar fin whose planform is the same as the projected planform of

the curved fin (Refs. 4 and 5). These investigations used fins having

essentially constant thickness profiles. These fins also obtain a

rolling moment at zero angle of attack (due to the difference in

pressures on the concave and convex sides) which changes sign as the

Mach number is traversed from subsonic to supersonic.

In the present study at the Applied Physics Laboratory/

The Johns Hopkins University, wind tunnel investigations were con-

ducted in the subsonic-transonic regime (mostly at Mach number 0.8)

with the primary objective to assess the aerodynamic feasibility of

bank-to-turn type missile configurations using monoplane wrap-around

lifting, stabilizing, and control surfaces. Corollary objectives were

(1) to evaluate the relative effectiveness of curved and planar sur- A

faco,,s and (2) to seek predictive methods for aerody.namics of curved

surfaces. The most significant results of the investigations are pre-

sented in t!-ts paper. Detailed analyses are contained in Refs. 6 and 7.

Related structural studies conducted at APL are presented in

Appendix A.
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The wrap-around surface project (WASP) configurations con-

"i I sisted of a fineness ratio 10 body upon which were mounted monoplane

I;wings and horizontal tails and a vertical stabilizer (Fig. 1) The

T Ibody had a 2.1 caliber von Karman nose followed by a cylindrical after-

body. Since drag measurement was not a purpose of the test, the body

3: was not contoured nor boattailed. The wings were elevated 300 from the

horizontal plane of the cylinder to obtain the maximum wing span when

unfolded (Fig. 2) without requiring overlap when folded. The profile

1; T of all the surfaces was NACA 64A006. Flexibility was built into the

model design to permit configuring several combinations of wing longi-

tudinal position, tail concavity orientation, tail dihedral and anhe-

* o dral, and to permit component testing. In addition the symmetric profile

, NASA 64A006 permitted us to obtain information on boLh high wing and low

wing configurations by testing at- positive and negative angles-of-attack.

Configurations similar to WASP but with planar surfaces (Fig. 3) were

also tested for comparison. These surfaces. had the same planform as tile

projected planform of the curved surfaces. Other geumetric parameters

are shown in Table I.

The data obtained were normal and side forces and pitching,

ryawing, and rolling moments. The angle of attack was varied from -12'

to 160. The test Mach number was 0.8; this was thp design Mach number

for wing and tail planform and profile selection. A limited amount of

data were obtained to determine the effects of Reynolds number; the bulk

of the data were obtained at a free stream Reynolds number per foot of

L. 7.7 X 106.

The vertical stabilizer is shown 1800 opposite of its position on the
test configuration.
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PRESENTATION OF RESULTS

The results of analysis of the WASP experimental data are

presented in two sections: .1

The longitudinal stability (C and C) characteristics of
N m

curved surfaces mounted on a body are presented in Section I. A

comparison of the results is made with those obtained with planar. -

surfaces and with selected predictive methods. Some geometric effects

on C and C are examined. Finally, the longitudinally stability of kN m

a full configuration (body-wing-empennage) is presented and the wing-

tail interaction obtained on the curved surfaces is analyzed. A
..In Section 11, the pitch and roll control effectiveness of

the curved tails are presented and discussed. A correlation is shown

to exist between the increment in pitch control moment and the cal- I
culated angle of attack at the tail 1/4 chord of the mean aerodynamic

chord.

The reference area for all aerodynamic coefficients is thee

body criss-sectional area (7.07 square inches); the reference length

ir the body diameter (3.0 inches); and the reference center-of-gravity

is at 55% of the body length.

1N

AJ2
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RESULTS

I. Longitudinal Stability Characteristics

A. Curved Surface Performance, Wing-Body Configurations

i Previous investigators have established that at both sub-

sonic and supersonic speeds the longitudinal aerodynamic character-

istics of curved wings, whose cross section was essentially constant

in thickness, are the same as those of planar wings when their pro-

jected planforms are the same (Ref. 5). The test results obtained

on the WASP wing (in the presence of the body) show that planar sur-

face data also provide a good estimate of C N and C for curved surfaces

1. with subsonic profiles (Figs. 4 and 5). At higher angles of attack the

curved and planar surfaces have different values of C and C but these

N m

differences are small.

Other observations noted (but not shown herein) are:

1. The center-of-pressure of the wing normal force

is about the 1/4 chord of the mean aerodynamic

chord, M.A.C., and is not very sensitive to angle-

of-attack.

2. Stall due to angle of attack is not indicated for 1-

the high wing in the range 0 ! a < 160 (Fig. 4).

A limited amount of data obtained at higher angles

shows a mild stall at a P 16.50.

It is concluded from these results that any method for

accurately predicting normal force and pitching moment of planar

wings can also be used to obtain reasonable estimates of these values
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for curved wings provided that the projected planforms are the same

for the planar and curved wings. For example, the method of Polhamus - I
(Ref. 8), although not exactly applicable to the wing used in these

studies, gives a good prediction of the wing normal force (Fig. 6).

Lifting surface theory was found to predict the lift curve slope .
accurately. Based on the test results from this study, a good esti-

mate for the center-of-pressure location is the wing 1/4 chord of the

mean aerodynamic chord.

B. Wing Elevation and Tail Concavity Effects, Body 'Wing or

Body-Tail

Several geometric effects on the performance of curved sur-

faces were investigated in this program. Among these were wing ele-

vation and tail concavity orientation.

The effect of wing elevation on C and C is insignificant for
N m

planar wings (Fig. 4) when the elevation is equal and opposite, =±30,

i.e., high and low wing. Test data are not available to permit a

direct comparison of this effect for the wrap-around wings; the high

and low curved wings tested have opposite concavity. The CN and C At.
m

data for these curved surfaces however show no significant difference

up to a = i0*.

The effects of concavity orientation were investigated using

the body tail configuration. This surface has the plane containing its

projected planform at midbody and hence elevation effects are eliminated.

The results show (Fig. 7) that up to a 80, CN (or C) is the same for

N 1I
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concave side windward and concave side leeward. Above a , 8', the C

data indicate that the tails that have the convex side to the wind

I are less effective stabilizers than the ones whose concave side is

to the wind. Analysis of the body tail minus body data show the onset

of tail stall at a Fd 100. This stall shows up in the C data of Fig. 7.
m

T It is surmised from the body-planar wing and body-curved wing

data of Figs. 4 and 5 and the body-tail data of Fig. 7 that when the

wing elevation is equal and opposite for curved surfaces which have

the same concavity orientation the CN and Cm would be the same up to

a 8 .

C. Full Configuration (Body-Wing-Empennage) Aerodynamic Performance

For the full configuration, wing-tail interference is present.

When the wing is high, the curved and planar surface configurations have

( the same value of CN (or Cm) up to a- 100 (Figs. 8 and 9). Above

a l 10' there are differences in the aerodynamic characteristics of the

17 two configurations, e.g., at a = 160 the curved surface configuration

has a value of j C I that is about 107 higher than that of the planar

surface configuration. When the wing is low, CN is different for the

" planar and curved surface configurations above a F 80; C differs con-

siderably above a w 4'. Both low wing configurations have a highly non-

linear C m and become unstable~ (ac M> 0 at low angles of attack (Fig. 9)

because of the interference from the wing vortex to the tail. This

wing-cail interference also results in the low wing configuration having

a lower value of C N than the high wirg configuration (Fig. 10).
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The combination of reduced C, non-linearities in C and
N nn nates m'

instability at low angles-of-attack of the low wing configuration makes

the high wing configuration more desirable from an aerodynamic view- j
point.

The magnitude and persistence of the instability noted above

for the low wing configuration was found to be different for the

various tail and wing configurations tested (Fig. 11). These geometric

variables produce the following six different low wing configurations: 14

curved wings and tails; planar wings and tails; c.urved wings and planar

tails; curved wing- and tail-surfaces with tail concavity reversed;

curved wing and tail surfaces with tail anhedral; and curved wing and

tail surfaces with the tail having dihedral and its convex side windward. -' "

All high wing configurations (with the exception of the last one mentioned I
above) obtained a C within 10% of each other up to a = 160 (curve not

m

shown). The low wing configurations however show a significantly dif- I r

ferent C curve for every configuration (Fig. 11).

Although it has been established from stability considerations A

that the high wing configurations are preferable to the low wing con- j

figurations some maneuvering at small negative angles of attack would be

expected for high wing configurations. Thus some understanding of the

causes for such varied stability of the low wing configurations (or

equivalently high wings at a < 0) would be useful. A search into possible

geometric and/or aerodynamic causes for the different C trends of them

51 low wing configurations resulted in arriving at a "tail height" parameter,

J3

336

_____________________ LAY



10th Navy Symposium on Aeroballistics N

jt" 1Vol. 1

-t i- h , for the curved surface configurations which provides an im-
(eff)

proved prediction of tail efficiency for curved surface configurations

" over that obtained by using the usual tail height for planar wings

r (Figs. 12 and 13). This parameter was used in Decker's downwash formu-

lations (Ref. 9) to calculate the vertical displacement of the vortex

core and from this the lag of downwash, 6/da, and tail efficiency, rH.

In the region of maximum wing tail interference, where C of the low

wing configurations has the most positive value (Fig. 11) and the tail

efficiency is lowest (Fig. 13), neither NV calculated using ht nor
t(ff)A

SIH V calculated using the projected planform height provide a good pre-

,-i ~-,diction of the test data. Further refinements of the predictions in

this region were found possible using correlation parameters involving

h , C and angle of attack. These correlations are detailed in ,It mt eff- -,
Ref. 6. i

This parameter h is the vertical distance between the centroids 1 A
t (eff)

H of the shaded segments shown below. These segments are formed by the

following two bound4 ries: a) the wing (or tail) plane containing the 1
root chord and tip chord, and b) the profile centerline.

IIl
: /tail

wing
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II. Control Characteristics

A. Fitch Control

In general the curved surfaces provide pitch control that is

equal to or better than that of the planar surfaces (Fig. 14). This is

the case both when the tails are ir. the wing wake (as in the -a data of

Fig. 14) and when there is little or no wing interference (+a or wing V
off). When there is no wing present the tails will stall at I a + i 1 0 0

p I

(wing off data, Fig. 14). The wing downwash, however, enhances the can- 

trol effectiveness of the tail surfaces so that when a < 0 and i < 0 (low

wing configuration), the load on the tail is reduced and stall does not

occur in the range of negative a tested, -10' : a < 00. The result is

that the control moment is fairly constant throughout the angle of attack v
range tested (Fig. 15). For the configuration selected for the control

tests (wing 1/4 chord of M.A.C. at 0.50 1B) , and for the reference center-

of-gravity location of 0.55 body length, the trim pitch incidence is less

than 50 1 for -100 5 a 160 (the missile is trimmed in pitch when C = 0).
m

This WASP configuration which has the wing located at 0.5 AB appears to

be an aerodynamically feasible configuration based on its longitudinal

stability and control characteristics.

B. Pitch Control Effectiveness Correlation

The effective angle of attack at the tail 1/4 chord of the Mean

Aerodynamic Chord, aH(ef,) was calculated by summing the values of the

body angle of attack, aB, tail incidence, i, and the downwash angle, ,

at the 1/4 chord of the M.A.C. The wing downwash angle was calculated

using Decker's formulation of Ref. 9 and the aforementioned effective tail

height for the curved surfaces, ht(
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Sl"It was found, as could be expected a priori, that when the

pitch control effectivenes AC /i is plotted against this value of

GH(eff), the control data for both wing-on and wing-off configurations

collapse into essentially one curve (Fig. 16). This correlation of

pitch control effectiveness with the effective tail angle of attack

(Fig. 16) shows that tail stall occurs at a (e1ff) ' 0 to 120. This

is in close agreement with the tail stall angle observed from the tail

normal force data obtained at zero tail deflection. Since i is linearly

dependent on ht f the magnitude of h used in the calculation
(ff) t(eff)

of i is important. The correlation of AC /i with a is therefore
m p H(eff)

additio7val evidence that the formulated value of h , as explained
(eff)

previously, is a workable correlation parameter and thus is useful in

estimating longitudinal stability and control characteristics for curved

surface configurations.

C. Roll Control Effectiveness

The roll control effectiveness, C2 , of the curved surfaces

is equal to or better than that of the planar surfaces (Fig. 17). At

a > 0, C decreases with increasing a for the curved surfaces but not

I as much as it does with planar surfaces. For example, at a := 160, the

reduction from the a = 0* value is 77% for the planar tails and 42% for

j the curved tails. The importance of ehis reduced value of C art. the

higher angles of attack on aerodynamic performance depends on potential

mission requirements.

I33
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CONCLUSIONS

The use of wrap around surfaces for providing lift, stability,

and control of span limited missiles is aerodynamically feasible. The

aerodynamic characteristics of these curved surfaces can be predicted

accurately using methods developed for planar surfaces. For body-wing-

tail configurations, where wing-tail interference is present, an effective

tail height parameter has been developed in this study for curved sur-

face configurations that can be used to obtain good predictions of tail A

A efficiency.
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TABLE I

GEOMETRIC PARAMETERS OF WING/TAIL SURFACES

, Horizontal Vertical

Parameter Wing Tail Tail

Exposed Semi-Span, in. 2.598 1.760 1.760

Root Chord, in. 3.737 2.514 2.514

Tip Chord, in. I.b68 1.257 1.257

Mean Aero. Chord, in. 2.90 1.956 1.956

Lateral Centroid, in. 1.154 0.781 G .181

Projected Surface Area (one 7.28 3.21 3.21
surface) in

2

Taper in Chord J/2 1/2 1/2

Sweep, deg. (ref.) 35.60 35.60 35.60
It

Aspect Ratio, one exposed panel 0.925 0.925 0.925

Aspect Ratio, tip to tip 2.30 2.44

Elevation angle 30o 0 °

Section Profile: NACA 64A006 all
surfaces

Note: For the curved surface these geometric parameters refer

to the projection of the curved surfac, on the horizomital

plane containing both the root and tip chords. 4A7
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FIG. 2 WASP WING DESIGN
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1.6
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1.2 -- 7J I ] 35 0  PROFILE: NASA 64 A O06

1- Z 3000
t

~0.8-

0.4- 9 TEST
- PREDICTIONS

0

0 2 4 6 8 10 12 14 16

ANGLE OF ATTACK, a DEG.

FIG. 6 COMPARISON OF WRAP-AROUND WING NORMAL FORCE
(INCLUDING WING-BODY CARRYOVER) WITH PREDICTIONS
USING THE LEADING EDGE SUCTION ANALOGY AND
SLENDER BODY INTERFERENCE FACTORS M = 0.80
(REFERENCE AREA IS PROJECTED PLANFORM AREA)
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A SYM CONFIGURATION ip aB

0 BODY-TAIL 100 >0
0 "100 <01
* 100 >0

-100 <0
A BODY-WING-TAIL 100 >0
0t 100 <0

A-100 > 0
* " i-100 <0

aH (eff) =laI - ip - T a<O 
= IaBl+ip- " a>O

; -0.4zw

A ..j -0.3 =
5 0 A A

0 *0 A
Z CC 11 1 0 00~ 0

0 c,-0.2 V

-0.1 APPROX. a A

TAIL STALL 0

0 4 8 12 16 20 24
EFFECTIVE ANGLE OF ATTACK, aH (off), DEG.

FIG. 16 CORRELATION OF PITCH CONTROL MOMENT WITH
EFFECTIVE TAIL ANGLE OF ATTACK M = 0.80
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ET S C APPENDIX A CE

A concurrent structural design study on wrap-around wings

suitable for a subsonic cruise missile has been conducted by APL/JHU

(Ref. A.1). The study included finite-element stress, deflection, and

vibration analyses and a system study on methods for folding the wings

a to permit stowage in a box or tube launcher. The wings were sized to .1
conform to a selected body diameter and to support a selected panel load.

Table AI compares several important design parameters for the wrap-around

wing with those for a swept swing wing which retracts into the body. The

same panel load and body diameter were used in the design of both wings.

It is seen that the total system weight and volume of the wrap-around wings

are respectively 53 and 38 percent of those of the swing wing. On the

basis of these results and the aerodynamic studies it appears that wrap-

around wings warrant further consideration for cruise missiles with fold-

ing surfaces.

TABLE AI

COMPARISON OF WRAP-AROUND AND SWING (RETRACTING)
WING DESIGNS (REF. A.1)

Wrap-Around
Parameter Wing Swing Wing
Total System Weight, lb 263 499

Total System Volume, in3  9,068 23,978

Limit Load Stress, psi 11,800 59,300

Tip Deflection, in 0.94 5.64

First Natural Frequency, cps 172 114IN
Selected Body Diameter: 34 inches

Selected Panel Load: 8660 pounds

REFERENCE

A.1 R. M. Rivello, J. S. O'Connor and A. S. Polk, Structural Studies -A

on Wrap-Around Folding Wings, APL/JHU TG-1274, March 1975. -
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TRANSONIC FLIGHT DYNAMICS OF LONG SHELL

IL by

V. Oskay and W. H. Mermagen4 1 U. S. Army Ballistic Research Laboratories

ABSTRACT

Medium caliber projectiles ofihigh fineness ratio, designed to

satisfy a need for large payload capacities, have proven dynamically

unstable at transonic speeds. Yawsondes were used to measure projectile

sensitivity to launch disturbances and obtain yawing data along the4 tflight trajectory. Nonlinear aerodynamics characterize the flight of

the shell.

Modifications of the projectile boattail and cylindrical sections

L -mproved flight behavior by improving nutational damping. While the
unmodified shell became unstable at six degrees initial yaw, the

modifications allowed stable flight at up to sixteen degrees yaw. The
effect of the design modifications on the projectile's flight behavior

are discussed,
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The U. S. Arn y has been interested in high L/D shapes as means of

delivering large payloads to long impact ranges. Army investigations

of these configurations became active at the end of the Second World

War and several studies were carried out during late 1940's and early

1950's 1. As a result of these investigations, several high capacity,

low drag shell have been designed during the 1960's for various caliber 14

guns. These shell had L/D ratios of 5-1/2 or larger in order to meet

the requirements imposed upon them. The M483 shell, a 155mm "Improved

Conventional Munition" round, will be used to demonstrate the develop-

ment history of a high L/D shell, the testing done to determine its

flight behavior, the detection and explanation of poor flight perfor-

mance, and a solution to the problem.

The M483 shell, shown in Figure 1, is designed to deliver a sub-

caliber ammunition payload to target. It is fired from a 1/20-twist -

155mm howitzer, either self-propelled or towed. In order to accommodate

the maximum amount of payload, the shell has a 2.84-caliber cylindrical

section (one caliber is equal to the shell's diameter). A 2.70-caliber

long ogive and a 0.51-caliber long boattail were used to increase the

impact range of the shell. i

configurations were fired through the Ballistic Research Laboratories' ]

2j spark range facility (Transonic Range) . The design which appeared to

1. F. E. Grubbs, et al, "A Family of Field Artillery," Ballistic Research
Laboratories Report No. 771, September 1951, AD 377101.

2. W. K. Rogers, Jr., "The Transonic Free Flight Range," Ballistic Research
Laboratories Report No. 1044, June 1958, AD 200177.
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be most acceptable was. then subjected to engineering and service tests.

3 Finally, in early 1970's, the shell had gone through proof testing prior

to its type classification.
~21

I The Transonic Range data indicated that at small yaws, below three

degrees, the precessional component of the yawing motion was divergent

for Mach numbers less than 0.9. They further indicated a stable,

subsonic limit cycle and suggested the possibility of a nutational

instability for subsonic Mach numbers at launch yaw levels above 80 to

100. In contrast, the engineering tests did not give any indication of

unacceptable performance. On the other hand, some data possibly indi-

cating flight problems were obtained during the service test of M483

shell in 1968. Unfortunately, the problem occurred during the "Fire for .

Effect" pahse (air burst) of the tests. At the time, it was'decided

that the problem was caused by fuse malfunction although Picatinny

Arsenal (PA) and BRL aeroballisticians disagreed with this conclusion.

About this time, the BRL was developing an on-board telemetry

f[ instrument known as a yawsonde. This instrument had been successfully

used during the High Altitude Research Project3'4. In 1970, it was

decided to use the same device to study the predicted limit cycle be-

havior of the I?483-shell under normal launch conditions. Unfortunately,

-7 thls round flew to the expected impact range. It gave indications of non-

linear Magnus-and damping moment coefficients.

3. W. H. Mermagen, "Measurements of the Dynamical Behavior of Projectiles

Over Long Flight Paths," Ballistic Research Laboratories Memorandum

r Report No. 2079, November 1970, AD 717002.

4; W. H. Mermagen, "Projectile High-G Telemetry for Long Range Dynamics
Measurements," Ball istic Research Laboratories Memorandum Report No.
2133, October 1971, AD 733305.
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In 1970, Chapman and Kirk of NASA had published a paper on a method

of analyzing free-flight data5 . As a result of this paper, it was
decided to repeat previous subsonic yawsonde tests of M483 in 1972 with

the added intention of determining aerodynamic coefficients at yaw

levels higher than the ones observed during Transonic Range firings.

In order to achieve the desired yaw levels, a yaw inducer (Figure 2)

was designed. The shell fired without induced yaw during this test

series confirmed previously observed nonlinear character of the aero-

dynamic coefficients. On the other hand, the shell fired with induced I
yaw fell* over 1,600 meters short. This was the first time that the

4483 was observed misbehaving under controlled test conditions. ,An-

other interesting aspect of these test results was that the nutational

component of the yawing motion was unstable at these yaw levels as

implied by the earlier Transonic Range tests.

In February 1974, a 20-round group of M483 shell was tested at - I

- Nicolet, Canada, at transonic launch Mach number and under severe

atmospheric conditions (below 100 F and more than 110% of standard ICAO

ii air density) 6 . Thirty-five percent of these shell fell short. This

)erfonnance under severe but still within military specification

conditions indicated the existance of an aeroballistic problem. I

5. G. T. Chapman and D. B. Kirk, "A Method for Extracting Aerodynamic
Coefficients from Free-Flight Data," AIMA Journal, Vol. 8, No. 4,
April 1970.

6 R. L. McCoy, J. H. Whiteside, and E. D. Boyer, "155m Cold Weather
Transonic Test (U)hs" Ballistic Research.Laboratories Memorandum
Report No. 2397, July 1974, AD 531-198L, (CONFIDENTIAL).
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Since M483 is a long, spin stabilized shell, it was predicted that

the aeroballistic problem was the Magnus characteristics of this pro-

jectile. The Magnus moment problems generally can be alleviated by

changing the center of mass location, shortening the sholl, or reducing

-. the boattail length to improve transonic behavior especially. Reloca-

tion of the projectiles center of mass would have required a major re- I
design effort. Due to logistic problems, PA decided to reduce the

boattail length of the projectile to improve its transonic Magnus pro-

perties without paying a large drag or payload penalty. A second mod-

ification, to be used only as a back-up, was to reduce the cylindrical

portion of the shell by 0.3 caliber in addition to the shortened boat-

tail. For both imodifications. the removed weight was strategically re-

located to improve the projectile's gyroscopic stability. Due to time

limitations, only these two modifications have been tested at Yuma

Proving Ground (YPG) under the PA auspices and shown to be stable at

first maximum yaw levels as high as 13 degrees. The tests at Nicolet
itr

under high air density conditions also did not show any flight insta-

bilities.

This paper discusses in detail the test procedures used during the

investigation, the aeroballistic data currently available, the charac-

teristic of the flight misbehavior of the M483, the flight improvements

obtained b, the modified designs, and finally the implications of this
investigation for future shell designs. I

II. TEST PROCEDURES

During the development of the 155mm M483 shell, the only available

test data were obtained from a 14-round test of the prototype fired in 1
365
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1964 and a 19-round program of the preproduction shell fired in 1968 at

the Transonic Range. Almost all of these rounds were at small yaw with ]
a minimal coverage of the transonic Mach ,umbers. In 3970 and 1972,

these data were supplemented with yawsonde instrumented flights at the +1
Wallops Island Facility of NASA and at YPG.

In 1974, after the first Nicolet tests, several types of data source

were used to determine the aeroballistic behavior of the M483 shell and

-i its modifications. These included spark range tests, yawsonde tests,

first-maximum-yaw tests, standard time-of-flight and impact-range tests,

and wind tunnel tests. The investigative test program of the M483 and

I - its modifications culminated in January-February 1975 with the second -

Nicolet tests under transonic launch Mach number and high air density

conditions.

Wind tunnel tests of the M483 were performed at CALSPAN Corporation I
in January 1974 and Arnold Engineering and Development Center (AEDC) in

September 1974. Tests were performed under PA supervision and the data

were analyzed by them. Static moment coefficient from the wind tunnel

tests agree within 10% with the spark range data. Although Magnus moment

data from both wind tunnels agree with each other, neither the magnitude

nor the yaw trends of the wind tunnel data agree with the range data.

In particular, the wind tunnel data would not allow a limit cycle be-

havior. Therefore, the wind tunnel tests will not be included in the

discussions because of this unexplained discrepancy.

A. Time-of-Flight and Impact-Range Tests
_-

Most of the time-of-flight and impact-range tests (for the rest of I.

the report the phrase "impact-range tests" will be used as a shorthand)

were performed at YPG. The only two exceptions were a group of 35 live
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M483 shell fired at Aberdeen Proving Ground (AP^) 7 to determine whether

the results of the February 1974 tests at Nicole could be repeated and

10-round groups of M483 and XM687 shell fired at Dvgway Proving Ground

(DPG)8 to compare their flight performance under similar launch con-h i ditlons.

All impaLt,.6'ange tests measured muzzle velocity (with GE chrono-

o graphs), initial -ell yawing motion (with orthogonal pairs of smear

or Fastax cameras), and 4.". , Lime and range (with observees). Meteo-

rol ical data on ,, ,. ;nd direction as well as air density and

4emp;..ep ture w provided as a function of altitude during the test

f..s. Aaas ueO

During the APG firings, Lwo Hawk doppler radars were used to re.asure

sh-1i's veloc*,v fdpitory. Un the other hand, DPG used a modified M33

tr..i. , r'adar to '.,uine shell trajectory. Since different tipping

F rates were induced oi both the M483 and its modifications during the

YPG tests, yaw cards were used to determine the yaw levels generated.

The YPG i je  ae Hawk doppler radar to measure the shell's

velocity hitory.

The ArG and DPG programs were designed to obtain specific informa-

tion and as such a predetermined number of shell were fired. On the

other hand, the YPG tests were fired to compare the M483 and its modi-

fications under different launch conditions. Therefore, the test firings

7. "est Progra- Request, No. SARPA-AD-D-W 1807," Picatinny Arsenal,
April 1974.

8. C. C. Sterns and J. Martin, "Engineering Design Test (Inherent
Stability) of Projectile, 155mm, GB2, XM687, Data Report," Dugway
Proving Ground Document No. DPG-DR-74-320, June 1974.
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were structured around 20-round groups in order to insure statistical

significance for the results. The only exception to this procedure

I! was for the case of two or more shots before the end of the 20-round

group. Firing was stopped at that point.

B. First-Maximum-Yaw Tests
First- maximum-yaw tests of the M483 were done at YPG and the ii

Transonic Range Facility of BRL at APG. BRL tests9 consisted of firing ,

a 20-round group of inert M483 shell from the M109A1 howitzer used

during the first Nicolet tests approximately at a 15-degree QE in order

to have an active recoil system. Since the flight path through the

Transonic Range is nearly horizontal, the tube elevation was accomplished ii
by raising the rear of the venicle. During this test, the shell were

temperature conditioned and fired at a Maci number of about 0.93. In

addition to the standard Transonic Range instrumentation (see next U
section), an OPTRON was used. The OPTRON is an optical instrument de-

signed to measure the muzzle movement of a gun during the firing cycle.

OPTRON was included in the test program to determine if a correlation

could be found between muzzle motion and the first maximum yaw level.

The first-maximum-yaw tests at YPG were part of Picatinny's

investigation program. To permit use of yaw cards, an M109AI self-

propelled howitzer was fired at a 17-degree QE. The purpose of the

program was to determine the distribution of first maximum yaw for

groups of twenty M483 shell fired at transonic Mach numbers from tubes

at various stages of their lives (new, 50% worn, and condemned). The

9. J. H. Whiteside and V. Oskay, "First Maximum Yaw Tests of 155mm M483 4m
Shell," Ballistic Research Laboratories Memorandum Report in prepa-
ration. H C
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primary yaw measurements during these tests were made with three pairs

of orthogonal smear cameras. The yaw cards provided a fast indication

I of the yaw levels and were used during the remainder of YPG impact-

range tests. The rest of the instrumentation was similar to those

described for the standard time-of-flig t and impact-range tests.

C. Free Flight Spark Range Tests

j IThe BRL free flight spark range facility (the Transonic Range) is

4 a 360-metre long building with a 7.5 x 7.5-metre cross section. The

first 230 metres of Range is instrumented with 25 pairs of orthogonal

N { shadowgraph stations divided into five groups. The five stations within

each group are separated by 6 metres and there is a 21-metre interval be-

I Itween each group. The images of the test projectile on the screens of

the shadowgraph stations are photographed to obtain a record of position

and yawing motion as functions of flight time. The time base is pro-

I vided by 19 timing stations slaved to the shadowgraph stations. From

these data, the aerodynamic coefficients of the projectile are computed.

Deails of the Transonic Range instrumentation and the method for compJtir1-

i i the aerodynamic coefficients are given in Reference 10.

In addition to the shadowgraph data, the Transonic Range can provide

a microflash photograph for metal parts integrity and a composite mosaic,

which is a full-size direct shadowgraph, for sfudy of flow details.
D. Yawsonde Tests

17 A yawsonde is an on-board instrument capable of measuring the solar

aspect angle history of a projectile along its flight path. The solar

10. C. H. Murphy, "Free Flight Motion of Symmetric Missiles," Ballistic
Research Laboratories Report No. 1216, July 1963, AD 442757.
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aspect angle is defined as the angle between the projectile's axis of

symmetry and a sun's ray passing through the shell's center of gravity.

Two silicon solar cells, mounted so that their fields of view form

a V, are used to detect the sun as the shell rotates. Each cell sees

the sun once during each revolution and at that time produces a voltage

pulse which is shaped and amplified by the electronic circuitry of the Z

yawsonde. These signal pulses are transmitted to ground receivers

through an FM/FM link and taped for analysis at a later time.

The yawsonde pulses, which are recorded on analog instrumentation

tape, are later on reduced by a hybrid computer program to determine

spin and solar aspect angle histories of the shell as functions of time

of flight. The time interval between yawsonde pulses is measured by the

106 -bit internal clock of the EAI 680 (the analog portion of the hybrid

computer). The spin of the shell is computed from the elapsed time

measured between two consecutive pulses generated by the same solar

cell. The solar aspect angle history of the shell is obtained from the

phase relationships between the yawsonde pulses. For convenience, the I

complementary solar aspect angle (an) is determined during the cali-

bration and represents the angle between the solar vector and a vector

perpendicular to the missile's axis of symmetry. Complementary solar

aspect angle histories will be presented when yawsonde data are discussed

in the following sections. Details of yawsonde construction and data

analysis are given in Reference 3.

During the instrumented flights of the M483 two types of yawsondes

were used. The ogive yawsonde has solar cells mounted on the ogive itself

and has been used during the 1970 and 1972 test programs. The fuse-type

4 yawsonde is a unit built to be interchangeable with a standard fuse and J $

A370
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does not require any machining of the ogive. It was developed in late
I 1972 and has been the main instrumentation used since May 3973. Basic

construction and use of the fuse-type yawsonde is similar to the ogive-

I type and is described in greater detail in Reference 11.

E. Nicolet Tests

The Nicolet test program was sponsored by PM-SA and managed by MTD.

One of the purposes of the Nicolet test program12 was to determine the

flight behavior of the modified M483 shell under critical Mach number

and high -. m. ,ions. Standard and modified M483 shell were

fired a' ,ie rent Mach numbers, at two quadrant elevations (QE), from

two separate howitzers (one self-propelled and the second towed), and

Ui on several occasions. In order to make the results statistically

7 significant, all shell were fired in 20-round groups or until two or

more shorts were detected. During the test program, several yaw inducers

were used to control the launch tip-off rate rather than depending on

random disturbances generated by weapon/shell interactions.

Similar to other impact-range tests, the usual meteorological data,

muzzle velocimeters, and impact point observers were provided. Due to

the requirement of specifi c meteorological conditions ( ai r temperature
below -100 C and air density above 110 percent of standard ICAO atmo-

sphere), the number of available firing days was very limited. There-

Sfore, redundant instrumentation was used in order to maximize the usage
11. W. H. Mermagen and W. H. Clay, "The Design of a Second Generation

Yawsonde," Ballistic Research Laboratories Memorandum Report No. '~2368, April 1974,, AD 780064.

12. "Test Program Request, No. SARPA-AD-D-W-13833, Revision 1," Picatinny
Arsenal, 5 November 1974.
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of the few available days. Three radar chronographs were used to deter-

J mine muzzle velocity. A Hawk radar was modified so that it could be :
used in combined doppler/tracker mode. P RCA MPS25 tracking radar

was provided as a back-tip to the observers. 1I
In addition to standard impact-range testing, some yawsonde instru- 71

mented shell were fired to obtain first-maximum-yaw and flight dynamics

data. In order to support yawsonde tests, a telemetry receiving station

was provided and manned by BRL.

III. AEROBALLISTIC DATA ON 155MM M483 SHELL

The aeroballistic data available for the 155mm M483 ICM shell can

be divided into two groups, before 1973 and after 1974. Test data prior

to 1973 consisted of some spark range and yawsonde tests. On the other

hand, the data after 1974 included results from spark range firings,

71i yawsonde tests, wind tunnel tests, and large amounts of impact-range

test results. In this section, the data available from spark range and

, yawsonde tests will be discussed. These data are grouped according to

their date of demarcation.
A. Test Data Prior to 1973

1. Spark Range Tests. Prior to 1973, two spark range programs had

been fired in the Transonic Range Facility of BRL for the M483 shell. t
The test program fired in 1964 used a prototype shell. The prototype
XM483 had a fiberglass wrapped boattail in addition to the body wrapping,

see Figure 1. Most of the data were at small yaw and several of the data

rounds had damaged boattails.

In 1968, a second spark range program was undertaken with the pre-

production models of XM483. This model still had the fiberglass wrapping
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I ~ on the body but the boattail was metal. Again most of the data was at

small yaw (under two degrees). A few rounds at higher yaw levels were

fired at a gyroscopic stability factor sg d 1.0. Therefore, some of the

spin dependent results, such as Magnus coefficients, were poorly deter-

mined.

Figure 3 shows the variation of the static moment coefficient slope

I (CM ) as a function of Mach number. The lower curve represents the data

J iobtained with the prototype shell. It shows a peak at M = 0.85. On the

other hand, the preproduction model has a higher static moment. The peak

; of this static moment curve appears tc be at M = 0.93.

An example of the Magnus moment coefficient slope (CMp) as a
I p

function of Mach number is given in vigure 4 for the preproduction shell.

t This curve also has a peak in the transonic region. Although most of

i the data were at small yaw, there was a slight indication that the Magnus

moment may be highly nonlinear function of yaw level.

This combination of high peaks in both the static moment and Magnus

moment curves in the transonic Mach number region portends possible
trouble at those velocities. Details of the aerodynamic properties, in-

Scluding drag and pitch damping (CM + CM.) coefficients, of the proto-

type and preproduction shell are included as an appendix in Reference 9.

The conclusion drawn at that report was that at small yaws the M483 shell

is precessionally unstable with a possibility of nutational instability

at yaw levels above 80 to 100.

2. Yawsonde Tests. The 155mm XM483 was one of the first spin-

stabilized shell which carried yawsonde instrumentation. Figure 5 shows j
i' U373
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an XM483 shell instrumented with a yawsonde installed in its ogive.

In 1970 and 1972, three short test programs were fired with instrumented

XM483 shell using ogive yawsondes13  Two of the three programs were

fired at Wallops Island while the third (in February 1972) was fired

at YPG.

of The first yawsonde program was fired in July 1970 both as a test 3

of yawsonde instrumentation and as a quick look at the limit cycle be- -i

havior of the XM483 shell at subsonic Mach numbers. Three rounds were

j fired with only One of them producing yawsonde data. Figure 6 is a

plot of the yawsonde data from this round. The complementary solar-

aspect angle (an)-is plotted as a function of time of- flight. Although

the plbtted motion is only a onee-dimensional representation of the actual J I

motion of the projectile, it gives a good detailed indication of the

shell's flight behavior. Figure 6 shows two aspects of the flight

characteristics .of an XM483 launched at a fiach number of 0.75. First,

L the shell flies with a yaw level of about three degrees along its entir.

trajectory. Second, the limit cycle of the XM483 shell contains both K
fast and slow modes rather than the expected pure mode precessional

motion. This limit epicycle behavior is another indication of the non- ]
linear aerodynamics of the XM483 shell at small yaw levels and subsonic

Mach numbers. In 1972 it was decided to repeat the 1970 yawsonde tests

to obtain yawsonde flight data at higher yaw levels as a supplement to

the existing spark range data. About the same time, BRL had developed

13. W. H. Mermagen and V. Oskay, "Long Range Dynamics Flight Experiments
with the 155itn Projectile, M483," Ballistic Research Laboratories

-Memorandum Report No. 2396, July 1974, AD 922181L. 1
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a technique for generating intermediate levels of first maximum yaw. The

yaw inducer used for this purpose is hown in Figure Inearly 1972

a 6-round yawsonde program was fired at YPG and partly repeated at

Wallops Island in July 1972. All rounds fired during these two programs

T had induced yaw. Figure 7 shows the flight behavior of a shell fired at

Wallops Island (Round E1-6068) with a launch Mach number of 0.80. This

shell has several differences in flight behavior when compared to the

naturally launched round (Figure 6). With the minimum induced yaw,

Round El-6068 achieved a yaw level of about 70 at two seconds into the

flight. Yawsonde dt it Atat pae damped precession and nutation until

ten seconds into flight. At that point, the yaw amplitud is about I

with precession as the main component. The rest of the flight, the

precessional amplitude grows to about 30 supporting the spark range

predictions for small yaw.

When the induced yaw level is increased to about 12*, the result is

a flight behavior similar to that shown in Figure 8. This round, Y-1284,

was fired at YPG with a launch Mach number of 0.78. It impacted about

1650 metres shorter than the expected impact range. This was the first

time an XM483 shell was observed falling short. At one second into the

flight, the yawing motion was divided almost equally between nutational

and precessional components. By four seconds into the flight, the

nutational component has grown to about 90. The amplitude of the

nutational component at eleven seconds is about 250 and the rate of

divergence is still increasing.

i Other yawsonde data from the 1972 tests indicate that at launch Mach

numbers less than 0.80 the XM483 shell will be nutationally unstable if

ifired with yaw levels above 100.
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B. Test Data After 1974

Between 1972 and 1974, a false sense of well being prevailed with

respect to XM483 flight behavior since no one expected 100 first maximum2

yaws from normal launches. In 1973, XM483 was type classified. In

February 1974, the M483 (the new nomenclature indicates that it was not

an experimental shell any longer) projectile was included in a test pro- I
gram designed to determine the flight behavior of a new 155mm shell

family under transonic Mach number and high air density conditions6. A

20-round group of M483 shell were fired from an M1O9A1 self-propelled A A

howitzer at an average launch Mach number of 0.93. Seven of these 20

rounds impacted 2,000 - 3,000 metres shorter than the mean impact range

of the remaining thirteen rounds. This flight misbehavior led to an K '
immediate flurry of investigative activity. The remainder of this

section will discuss some of the preliminary spark range and yawsonde

data obtained for the M483 shell during 1974.

1. Spark Range Tests. Two spark range tests were fired as part of

the M483 investigative program sponsired by PM-SA. The first program j
was designed to determine the first maximum yaw distribution of the M483

shell at critical Mach number (0.92 - 0.94) under controlled test con-

ditions using. the same weapon as February 1974 tests. The second test

was for obtaining more detailed aerodynamic properties of the shell as .1
functions of Mach number and yaw angle.

4 The first-maximum-yaw tests were fired from a horizontal tube with

the rear of the vehicle jacked up to obtain an effective gun elevation

of 150. During the test program, an OPTRON was used in addition to the

full complement of Trarsonic Range instrumentation2. At the present i
time, the analysis of the OPTRON data is still going on and no definite
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conclusions can yet be drawn. The aerodynamic data from this program are

plotted on Figures 9 and 10. Figure 9 shows a comparison of the static

moment coefficients obtained from the 1968 tests of 
preproduction shell ii

1; and the inert M483 shell fired in 1974. The 1974 data are within a Mach ,

number region from 0.92 to 0.95. The new data show that the static

moment coefficient has a very narrow peak about 7 percent higher than

F he previous estimate. The width of the peak is about ± .01 centered

around M = 0.93 which was originally considered to be a small data gap.

The Magnus moment coefficient, shown in Figure 10, exhibits the same

trend as CM. The 1974 data indicate that this coefficient also has a
M

narrow peak centered around M = 0.93. The new data show a peak four

L times as high as the 1968 estimate. This would seem to indicate that

-Lpotential transonic flight problems lie within a very narrow region.

Secondly, the increased peak values of static and Magnus moment co-

efficients determined from these small yaw data would indicate that lowerL

than originally expected values of first maximum yaws would be sufficient

to initiate flight problems.

The second spark range program, designed by PA and BRL aeroballisti-

cians, involved 105mm models of M483 shell. Figure 11 is a photograph

comparing the full scale M483 with its 105mm mode3l. Analysis of the

test data to determine Mach number and yaw trends of the aerodynamic co-

efficients is continuing. Figure 12 is a mosaic shadowgraph of a 105mm 4

model at a Mach number of 0.917. This round and several others within

the transonic region have been analyzed by Whyte of General Electric at

Burlington, Vermont, under a PA cont,-act, using Chapman-Kirk technique

37 I
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adopted for BRL Transonic Range data 14 15. Preliminary results of this

anaiysis support the 1974 data shown in Figures 9 and 10. Some of the
conclusions from Reference 16 will be used later in this paper to ex-

plain the flight behavior of the M483 shell.A

2. Yawsonde Tests. As part of the 1974 investigation of M483 be-

-havior and attempts to eliminate its aeroballistic problems, several

sizeable yawsonde programs were fired at Wallops Island, YPG, and

Nicolet. Standard and modified M483 shell were instrumented with BRL's

fuse type yawsondes (see Reference 11 for detailed description). Earlier

yawsonde data (obtained in 1970 and 1972) were obtained for launch Mach

numbers less than 0.80 which are outside the region of minimum gyro-

scopic stability according to the latest spark range data on M483.

Therefore, a yawsonde test program was instituted at Wallops Island to

determine the yaw level beyond which the M483 shell would become un- J
stable at M = 0.94. It was also attempted to obtain the highest

possible yaw level in order to increase the free flight aerodynamic

1 data base. A small group of modified M483 shell were also tested at

Wallops Island for comparison. The sole purpose of the yawsonde tests

at YPG was to obtain free flight data for the modified M483 shell; there-

fore, no standard M483s were tested with yawsondes. During the Nicolet

14. R. H. Whyte and A. Jeung, "Aerodynamic Reduction of Free Flight
Transonic Range Data Utilizing Numerical Integration," General
Electric Report No. 71APB514, April 1971.

15. R. H. Whyte and W. H. Hathaway, "Aeroballistic Range Data Reduction
Technique Utilizing Numerical Integration," General Electric Report
No. AFATL-TR-74-71, February 1974.

16. G. Craver, W. H. Hathaway, and R. H. Whyte, "Analysis of XM483E1

Transonic Range Data Utilizing Numerical Integration," General

Electric Report, February 1975.

~?rI 378



10th Nan( Symposium on Aeroballistics

jt.l jVol. 1

test in January-February 1975, the standard M483 shell was used as a

I control. As a result, several M483 shell were instrumented with yaw-

X4 sondes. In the following paragraphs, the Wallops Island and Nicolet
test results for the standard M483 shell will be discussed. Yawsonde

j Tdata for the modified M483 shell will be discussed in Section IV.B.3.

In the past, most of the testing under controlled environment

r (both spark range and yawson~e) .dd been done with M483 shell carrying
4

a slug payload designed to simulate the physical properties of the live

shell. More recent tests of the shell at Nicelet in February 1974 were

done with inert payload. In order to determir iF the payload affected

<'jS the shell's flight behavior, four of the thirteen rouras fired at

Wallops Island carried slug payloads. The remainder contained inert

payloads. No changes in flight behavior were detected as a result of

payload variations. Another feature of this program was that all

r. rounds were fired with yaw inducer 1 (see Figure 2). A summary of the

test data is given in Table 1 taken from Reference 17. A study of this

table indicates that at Mach rumaers outside of the critical region the

M483 shell is capable of stable flights. For example, the Round El-7177

(shown in Figure 13) had over 8 degrees yaw level when launched and still

impacted at the expected range. This confirms the result previously ob-

Ii tained from 1970 and 1972 yawsonde tests. Figure 13 shows a strongly

damped precession and a very sluggish nutation. In contrast, Figure 14

shows the yawing motion of a round fired at M 0.94 (E1-7256) with

17. V. Oskay and R. L. Lieske, "Yawsonde Tests of 155mm M483 and XM718
Shell at Wallops Island," Ballistic Research Laboratories Memorandum
Report in preparation.
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approximately the same initial yaw level as Round E1-7177, 7.20 versus

8.20. After the first second of the- flight, the yawing motion of the

shell is dominated by the nutational component which has an increasing

rate of undamping. This~contrast holds true for Rounds El-7160 and,1 1
E1-7166 whose launch-conditions are quite similar. This gives an

indication as to the sharp demarcation of launch Mach numbers between

a well behaved and an unstable M483 shell. Figure J5 shows the yawing LI :
motion of an unstable M483 with the smallest-yaw level (3.7 degrees)

observed. Flight behavior of this shell is quite similar to the other -

unstable M483.

Yawsonde data from 1975 Nicolet tests are reported in Reference 18. Li
In this .paragraph, some of the flight data from those tests will be. -

reviewed. During the Nicolet test program, four different yaw inducers

have been used to study tie flight-behavior of standard and modified M483

shell. A short description of these yaw inducers are-given in Table 2.

The standardoM483 shell instrumented with yawsondes were fired at M =0.92

with a standard muzzle brake and at the critical Mach number region with

yaw inducers 1 and:2. The standard muzzle brake gave yaw levels less

than two degrees. Due to this unexpected behavior of the weapon system,

most of the remaining Nicolet tests were fired with yaw inducers 1 and 2.

Yaw inducers I and 2 generated first maximum yaw levels of nine-and i ..

thirteen degrees, respectively. All yawsonde instrumented M483 shell

with .induced yaw-were unstable and gave a flight behavior similar to

that shown in Figure 14.
-4

18. V. Oskay, W. H. Mermagen, W. H. Clay, and J. H. Whiteside, "Flight
Behavior of 155mm and 8-Inch Shell at Nicolet, Canada, During the

'1 1 Winter of 1974-1975," Ballistic Research Laboratories Memorandum
Report in preparation.J
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C. Conclusions

The spark range data obtained from tests of full scale and 105mm

models of standard M483 indicate that the static and Magnus moment co-

efficients of this shell have high but narrow peaks centered at M = 0.93.

Secondly, these aerodynamic coefficients are highly nonlinear with respect

to yaw angle. L from the yawsonde tests support these contentions.

After launches with small yaws at subsonic speed, the shell flies with

a limit epicycle indicating the nonlinearity of the shell's aerodynamics

at small yaws. It has been possible to cause flight instabilities at

transonic and subsonic velocities by generating sufficiently high first
maximum yaws. The results of 1975 Wallops Island tests indicate that

although 80 - 90 yaw levels would be requit-ed to get short at M = 0.90,

a 4 first maximum yaw can cause flight misbehavior at M = 0.94.

IV. DISCUSSION OF M483 FLIGHT PROBLEMS AND THEIR EXTENT

Ij Since at least 100 of yaw was necessary to produce an M483 short at

YPG when tested at a launch Mach number of 0.80 in 1972, it was a surprise

Uto obtain seven shorts from a 20-round group during the Nicolet tests in

p February 1974. A ten-degree first maximum yaw was not expected from the

combination of the M1O9A1 weapon and the M483 shell and it could not be

LI explained.

In order to determine the effects, expressed as the first maximum
yaw level, of the weapon/shell interaction, two programs were launched.

p The first one was the first maximum yaw test fired at Transonic Range

Facility of BRL as explained earlier. This program indicated that,

under the test conditions, it was possible to obtain 3.50 to 40 first

maximum yaw levels at launch Mach numbers from 0.92 to 0.95.
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jj The second test program to determine weapon/shell interaction was

fired at YPG under the auspices of the Project Manager for Selected

Ammunition (PM-SA). During this program, smear-cameras and yaw cards

were used to measure the first maximum yaw distribution of the M483 t

shell fired from.:an M109A1 howitzer at critical Mach number and 17 QE. j
Another aspect of the tests was that tubes of different ,wear life ,(new,

50 percent worn, and condemned) were used. The -test results indicated

that this particular 50-percent-life tube gave -an average yaw level al- - A

fcst three degrees higher than the other two tubes. The first maximumr

yaws measured from the 50-percent worn tube varied from 2.50 to 6.20

with a mean: Value of 4.70. Figure 16 gives a plot of range loss as-a

function of the f x wTst on-LI£
set of flight misbehavior of M483 shell is quite sharp and delineated ]

by a first maximum yaw level of about 5.5 degrees. Results of this

test and the 1974 Wallops Island yawsonde tests, discussed in Section

III.B.2, indicate that under critical Mach number conditions (from 0.93

0.95) the M483 shell does not require first maximum yaw levels as high

as 100. These tests have also shown that yaw levels as low as 40 to 60

can result in unstable flights under appropriate conditions. These yaw

levels could easily be attained at Nicolet during February 1974.

The second question raised by the 1974 Nicolet tests was whether

even this yaw level would be sufficient to result in a short at the

launch Mach numbers, from 0.919 to 0.928. But a closer study of the

test conditions indicated that during the M483 firings in February 1974 i
a 7-knot headwindexisted. This head wind increased the effective launch

Mach number to within the critical regime (the actual values of launch
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U Mach number ranged from 0.929 to 0.938). With this launch conditions,

j' Jfour to six degree first maximum yaws would have been sufficient to

give the observed shorts.

As was stated above some of the spark range rounds of full scale

and 105mm model of M483 have been reduced by the method of Chapman and
Kirk 15. The Magnus moment coefficient, CM , computed during this

4 analysis is presented in Figure 17 at two different Mach numbers, 0.70
and 0.94. Two stability l1mits, Sd < 0.0 and Sd 2.'0, shown in the

figure are computed for linear aerodynamics and the exact locations of

these limits for nonlinear aerodynamics may not be the same. But they

are used to explain the trend shown by the yawsonde data. When the M483

shell is fired subsonlrally (say below M = 0.80) with an intermediate

yaw level, as shown in Figure 7, the yawing motion is da,;ped to an

amplitude less than about three degrees. As can be seen in Figure 17,

for M = 0.70, the yawing motion is damped for a narrow region abovef L the limit cycle angle (angle at which the CM curve crosses the S < 0.0

boundary). But once the amplitude of the motion is below that boundary,

the shell is in a region of precessional instability and its yawing

motion grows until a precessional limit cycle is reached (see Figure 10

after 16 seconds into the fligoht). On the other hand, if the shell is

launched near the limit cycle amplitude, as was Round E1-5127 shown in

rigure 6, then the limit epicycle behavior of the shell will persist.

Finally, if the shell is launched with sufficiently high yaw levels

(above the value where CM curve crosses the Sd > 2.0 boundary), then

the precessional component of the yawing motion is strongly damped and

jthe jutatiunal mode becomes unstable (see Figure 8).
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The analysis of the spark range data and supporting yawsonde rounds

show that it is possible to obtain unstable flights of M483 shell at any

launch Mach number when sufficiently high first maximum yaw levels are I

generated. This required yaw level appears to be higher than what

col eproduced by the weapon/shell itrconamstMach numbers m

but a small region, between 0.92 and 0.95, where the required yaw levels

are within the capability of the system to produce. Narrowness of this

critical Mach number region and the difficulty of producing a required I
first maximum yaw level by using normal interaction of a gun and shell

combination were emphasized during the Nicolet tests performed in

January/February 19751&. Although seven of the 20-round group had

fallen short during the February 1974 tests, a total of 49 M483 shell I
had to be fired during January 1975 to obtain a short under test con-

ditions similar to February 1974.

From the test results discussed above, it can be concluded that: :1
(a) The M483 shell has a very sharp demarcation between stable

and unstable flights.

(b) Although it is possible to obtain unstable flights of M483

at all transonic and subsonic Mach numbers, only at transonic
Mach numbers are the required yaw levels for flight misbe- I
havior low enough that they can be induced naturally by the

weapon system.

(c) The Mach number region where the M483 shell is sensitive to

launch conditions is very narrow and firing a given number

of shell, even at critical Mach number, may not guarantee LI
that an unstable flight will be observed.
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(d) Due to the peculiar aerodynamic characteristics of the M483

shell, the technique of inducing high initial yaws to guar-

antee unstable flights has been very successful.i:15
V. SOLUTION TO THE M483 FLIGHT PROBLEMS

S.i The unstable flights of the M483 shell were due to the influence

F of the large and highly nonlinear Magnus moment on the dynamic behavior X-N

12 of the shell in the critical Mach number regime where the gyroscopic

stability is near or at its minimum. Therefore, the solution to the A

problem must either increase the gyroscopic stability of the shell or

:If L: reduce the Magnus moment or, preferably, provide a combination of

- both. In order to fulfill these requirements, a large number of

modifications to the M483 design have been considered. Three of the -7T

contenders which have reached testing stage are described in the next 1

section.

jL A. Design Modifications of M483 Shell

Three of the modifications to the M483 shell are described in

Table 3. All of these modifications include a shortened boattail in

order to reduce the Magnus moment of the shell. In addition to shortened

the M483 Mod I design also has O.38-caliber shorter cylindrical

i section to further reduce the Magnus moment coefficient. Reducing the A

magnitude of the Magnus moment will increase the critical yaw level

-- beyond which the shell will become nutationally unstable (see Figure 17) A-4

4 p even if the gyroscopic stability, of the projectile remains the same.

M483 Mod I and M483 Mod II designs increase the shell's gyroscopic

stability by adding metal to the outside of the shell casing thus in-

Icreasing the axial moment of inertia. A summary of representative
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physical properties of the M483 shell and its modifications is given

in Table 4. The values quoted in this table are the averages of the

measured physical parameters for the appropriate shell fired during

Nicolet tests in January/February 1975. The last column in Table 4,

(Ia)2/It, gives an approximate indication of the gyroscopic stability
of the modifications relative to the M483 shell. The value of (Ia)2/I t

for the M483 Mod 13B is about the same as the standard shell with its

center of mass slightly forward. Therefore, these two projectiles are 4

expected to have similar gyroscopic stability factors. On the other

hand, M483 Mod I and M483 Mod II projectiles would have 35% and 11%

higher gyroscopic stabilities, respectively. The gyroscopic stability

is even further increased by a more forward location of the shell's

center of mass.

B. Test Data on the Modified M483 Shell .1

Most of the test data for the modified M483 shell come from the

developmental tests at YPG and proof tests at Nicolet. Some yawsonde
~~instrumented shell were also fired during these tests and results will

be described later on.

1. Yuma Proving Ground Tests. Developmental tests of the modified

M483 shell were done at YPG under the supervision of PA aeroballisticians

to determine whether they would survive the highest possible first maxi-

mum yaw levels which could be induced. In order to obtain various yaw

levels, the yaw inducers described in Table 2 were used. The magnitudes

of the first maximum yaws thus generated were measured with yaw cards. j
A Hawk doppler radar and a GE muzzle velocimeter were used to measure

the launch Mach numbers. The impact ranges of the rounds were determined L

by observers. Since standard M483 shell gave shorts with a standard
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muzzle brake at a critical Mach number launch, only the modified M483

shell were fired with yaw inducers 2 and 3. No shorts similar to M483

(several thousand metres) were detected. Table 5 gives a summary of
I " the data from these tests. From this table, a difference between "!

modifications can be detected. Since the M483 Mod J has the largest

gyroscopic stability, it attains the lowest first maximum yaw levels

for a given tip-off rate. The mean impact range and the maximum range

spread for a given group of shell can be strongly correlated to the

i shell's gyroscopic stability at launch.

i (2. Nicolet Tests under High Air Density Conditions. During

January/February 1975, the M483 and its modifications were fired at

.~ Nicolet, Canada, to determine their flight behavior under high air

density (above 110% of ICAO standard) and critical launch Mach numbers18

Shell were fired with yaw inducers 1 and 2 at a controlled launch tip

off rate. In order to increase the statistical significance of the

test data, modified M483 shell have been fired at two different occasions

J _ j with similar launch Mach numbers. A summary of the test data is given

$1 I in Table 6. Data show that with both yaw inducers the M483 shell gave

shorts. On the other hand, under similar launch conditions all of the

modified shell had stable flights. When fired at 650 QE, both M483 Mod I

and M483 Mod II appear to have similar performance characteristics as

indicated by the observed range probable errors (PE). The tendency of

Ithe M483 Mod II to fly at higher yaw levels is indicated by shorter mean

ii impact ranges. At the lower QE (30 degrees), all modified shell appear

to impact at approximately the same range although a result similar to
YPG test is observed, i.e., the projectile with the lower gyroscopic

stability has the higher range PE. Test site limitations did not

f~ 387
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permit use of any first-maximum-yaw detection devices such as cameras or

yaw cards, therefore, no relative yaw levels could be assigned to the

data given in Table 6. At Nicolet, the only first-maximum-yaw data were I
obtained from yawsondes as explained below.

3. Yawsonde Data from Yuma and Nicolet Tests. Details of the yaw-

sonde tests at Yuma and Nicolet have been covered in References 17 and

18. In this section, some comparative yawsonde data of the modified I
M483 shell will be discussed. Although the yawsonde data for most of

the instrumented rounds exist (some data were lost due to electronic I
failure and others due to noise in the data train), only the Nicolet test , 4

firings included the yaw processor19 as part of the test instrumentation. I
The yaw processor is an instrument designed to measure the time interval IJ
between solar cell pulses and store this information serially. In con-

junction with a desk-top computer, it is possible to obtain preliminary i

plots of yawing motion, permitting the test engineer to obtain yawing

data on site. Table 7 gives a summary of the first-maximum-yaw data J

from Nicolet computed by the yaw processor for the M483 and its modi- I
fications. When these data are compared with those shown in Table 5

(results from YPG tests), several conclusions could be drawn: (a) the

yaw inducers (at least 2 and 3) behaved consistently at YPG and Nicolet,

(b) the induced yaw levels correlate with the shell's gyroscopic stability I
leading to the dispersion data summarized in Table 6, (c) it was impossible I
to obtain yaw levels higher than 12.4 degrees with the M483 Mod I shell,

even with yaw inducer 4, because of its high gyroscopic stability, and I

19. W. H. Clay and W. H. Mermagen, "The Portable Yaw Processor," -

Ballistic Research Laboratories Memorandum Report in preparation.
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(d) the M483 Mod II and M483 Mod 13B shell gave stable flights even at

yaw levels above 16 degrees while the standard M483 flew short with 9.4- i
degree first maximum yaw.

Figures 18 through 23 compare. the flight behavior of the modified

M483 shell at different launch conditions. Figures 18 and 19 show the

effect of the environment on M483 Mod II at two different tip-off rates.

[ Figure 18 shows the shell's flight behavior at Wallops Island and Nicolet

after being disturbed by yaw inducer 1. Both flights show the same

flimit epicycle behavior of about four degrees. But the motion of Round

10C12, fired at Nicolet, has a larger nutational component. Figure 19

1i shows the yawing motion under the influence of yaw inducer 1. Both at

[ I YPG and Nicolet, the induced yaw levels were about 14 degrees almost

equally divided between the two modes.

Figures 20 and 21 show the flight behavior of M483 Mod II and M483

Mod I shell, respectively, at Nicolet under the influence of yaw inducers

L3 and 4. Unfortunately, when these rounds were fired, all the pre-

F assessed charges were used and on site charge adjustments were needed.

As a result, all four test Mach numbers are higher than 0.96 instead of

the desired launch Mach number of 0.93. This will not affect the com-

parison. The M483 Mod II shell has 150 and 10.30 yaw levels initially

under the influence of yaw inducers 4 and 3, respectively. Both motions1are equipartioned between precessional and nutational components. At

yaw levels above 50 modal amplitude, the precessional mode is strongly

damped while the amplitude of the nutational mode has reduced only

slightly during the first 5 seconds of flight. The data for M483 Mod I

(Figure 21) show a different story. Although the total yaw levels ob-

served for these flights are only 15 to 20 percent lower than those
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observed for the 14483 Mod II shell under similar conditions, the yawing

motion-of the M483 Mod-I shell- is dominated by the precessional compo-

nent. Both modes of the yawing motion are strongly damped. The round

fired under the influence of yaw inducer 3 is already approaching limit I
epicycle behavior by six seconds into the flight. The other round still

has about a two-degree nutational component at six seconds and takes at

least another six seconds before it shows a limit cycle behavior18.

Figure 22 shows a comparison of the M483 Mod I and M483 Mod II

flights fired with yaw inducer 4 at Yuma. The early yaw amplitude of .1
the M483 Mod I shell is smaller than that for the M483 Mod II. Under -

Yuma environment (i.e., lower air density than Nicolet), both modifi-

cations show-strongly damped nutational components so that the yawing

motion starts to be dominated by the precessional component at 10

seconds into the flight. ;

A comparison of the flight behavior of the three modifications to

the M483 shell is shown in Figure 23. These rounds were fired at

Nicolet with yaw inducer 3. The first maximum yaw values were 5.80

for M483 Mod I, 10.30 for M483 Mod II, and 11.20 for M483 Mod 13B. All
,1 -

three rounds start with an initial two-arm motion. The M483 Mod I at

the outset shows signs of lin. it motion behavior while the yawing

motions of the other two modifications are strongly dominated by the

nutational mode. The nutational mode of the M483 Mod II shell damps

sufficiently by twelve seconds into the flight so that its limit cycle

behavior begins to emerge . On the other hand, the nutational damping

of the M483 Mod 13B is less thani that of M483 Mod I; therefore, this

shell would require at least 17 seconds of the flight time to approach

its limit cycle behavior under the Nicolet test conditions.
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C. Conclusions

Test data for the modifications of the M483 shell, both from YPG

and Nicolet tests, indicate that any of these designs should be able

to survive the launch and environmental conditions which caused the

standard M483 to fall short.

The M483 Mod 13B design involves the least amount of modifications
to the original concept and has successfully survived first maximum yaw

L levels as high as 17 degrees. But this design still has the largest

range error when fired under conditions similar to those of the other

two modifications. Therefore, this design may be useful only as a

quick fix for the existing stockpile.

The M483 Mod II design requires external changes to the shell body
although it does not involve any loss of payload. It gives stable

"in flights with first-maximum-yaw levels as high as 16 degrees induced by

yaw inducer 4. This design appears to have a higher nutational damping

rate than the M483 Mod 13B. As a result, M483 Mod II shell had range

probable errors less than 0.8 percent at Nicolet under severe environ-

"' mental conditions. This shell's improved flight behavior without

resulting in any payload penalties makes it a viable candidate as a

replacement for the M483.

Best flight behavior was obtained with the M483 Mod I design. It

proved impossible to attain yaw levels above 13 degrees with this shell

under most severe launch conditions. Since this configuration will

0result in loss of payload space and require major body modifications,

it should be considered only as a back-up for the M483 Mod II design.

On the other hand, this design adds valuable information to the data
H base on long shell .
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VI. IMPLICATIONS OF THE MODIFIED M483 SHELL FOR FUTURE DESIGNS

Results of the M483 investiyation program strongly indicate that ii !

L: nitational weaknesses cf a long shell can be partially eliminated by ] I
shortening its boattail at the expense of a slightly increased drag.

This minimal modification may not result in a completely satisfactory

design as shown by the flight data of the M483*Mod 13B shell. Although

th-is projectile is capable of recovering from yaw levels as high as 17 fl
degrees, it gives large range probable errors under severe launch

conditions.

At the other extreme, a shorter shell with reduced boattail length

(the M483 Mod I design) gives very good flight performance with range

probable errors less than 0.5% of mean range under the severest launch

conditions attainable. Unfortunately, this improvement in the flight

behavior is obtained only at the expense of 10% reduced payload capacity

ino addition to increased drag.

A convenient compromise between these two extremes is the M483 Mod

II configuration. This design does not sacrifice any payload capacity

to obtain acceptable flight behavior. Its increased gyroscopic stability

results in smaller' range dispersion than the M483 Mod 13B shell. Anal-
ysis of the yawsonde flights of this shell highlights the dangers of A

modifying and testing shell Without previous, extensive aerodynamic P

data.
Several of the yawsonde data for M483 Mod II tests at YPG were on

L20
analyzed using the Chapman-Kirk technique as modified for yawsondes20.

20. R. H. Whyte and W. H. Mermagen, "A Method for Obtaining Aerodynamic
Coefficients from Yawsonde and Radar Data," Ballistic Research
Laboratories Memorandum Report No. 2280, ,March 1973, AD 759482. f43 292
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The Magnus moment coefficients obtained from this analysis have larger

tz negative values at small yaw than the M483 coefficients This in-
iidicates that the M483 Mod II should have better large yaw behavior than

M483 (as was demonstrated in YPG and Nicolet firings) although it may

fly with a larger limit cycle. Static moment coefficients of the M483

Mod II were also computed from YPG yawsonde tests (see Reference 21).

These results are compared with the 1974 spark range data and the data
4for the prototype XM483 shell in Figure 24. The shaded area represents

4 I' the yawsonde results with + 5% error limits. The roundness of the

static moment peak may be an artifice of the analysis method. In spite

of the fact that the only major physical change in the M483 Mod II de-

A sign was a shortened boattail, the static moment coefficient of the M483

has been strongly affected. First, the magnitude of the coefficient is

A reduced by more than ten percent. Second, the region of minimum gyro-

scopic stability is shifted from its original location of M = 0.93 to

below M 0.9.

This almost unexpected modification of the static moment coefficient

as a function of Mach number makes it important to conduct a thorough

4 ~investigation of the modified shell's aerodynamic behavior, at least in

Ithe transonic Mach number regime, whenever configuration changes are

Iintroduced into a design.

21. General Electric Company Letter Report to Picatinny Arsenal dated

23 April 1975.
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Table 1. Summary of Yawsonde Tests of M483 at Wallops Island (1974)

Launch Impact Range (m) Measured Yaw
Round No. Mach No. Nominal Observed Time (sec) Ampl. (deg)

E1-7158 0.980 8200 8840 0.9 2.3

E1-7160 0.962 8000 8600 0.2 4.8

El-7162 0.980 8200 8750 0.1 5.6 1

E1-7164 0.955 7930 5240 0.1 3.7

El-7165 0.957 7950 4330 --- - -

E1-7166 0.955 7930 5270 0.1 5.2

E1-7167 0.930 7600 4850 0.1 6.4

E1-7169 0.955 7930 5240 0.1 6.6 1
El-7170 0.958 7950 5550 0.1 4.5

:1 EI-7177 0.910 7800 7770 0.1 8.2

EI-7183* 0.920 7550 8050 0.4 5.2
I -I

AEl-7252** 0.950 8000 4880 0.1 7.4

E1.-7256* 0.940 8000 6000 0.1 7.2

*ao

**Yaw inducer I had 1.3-cm plasticine on its lip.

**Y inducer 1 had 2.5-cm plasticine on its lip.

i

' 418

-2 *I



_________10th Navy Symposium on Aeroba!Istics

Vol. 1

Table 2. Yaw Inducers

Yaw Range*
Type (degrees) Description

1 5 - 9 A short steel lip protruding several

inches from underneath the muzzle.

2 6- 10 A standard muzzle brake cut in half.

36 - 12 Type 2 with 2-1/2-inch side plates

between the muzzle and the first

baffle.

4 12-17 Type 2 with 5-inch side plates between

the muzzle and the first baffle.

L *The expected yaw range depends on the gyroscopic stability of the
parti cul ar s hell.
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Table 4. Representative Physical Properties of M483 Shell
,. and Its Modifications

'Weight X cg From Moments of Inertia (kg-m 2
Shell Type (kg) Nose (m).Axial (Ia) Transverse (I t )  /It

M483 46.70 0.571 0.1554 1.8051 0.01338

M493 Mod 13B 46'.21 0.565 0.1510 1.7263 0.01321

M483 Mod I 45.78 0.546 0.1600 1.4186 0.01805

MA83 Mod II 46.94 0.563 0.1590 1.7015 0.01486

Table 5. Summary of Yuma Firings of Modified M483 Shell

Yaw Yaw Level Mach Number Average RangeP Shell Type Inducer (deg) Range (m) Spread (m)

' I M483 Mod 1 2 5.8- 7.0 .947- .955 5439 87

M483 Mod II 3 11.3 - 13.8 .942 - .956 5231 146

' 1 M483ModI 3 8.2- 9.6 .942- .956 5299 97

i M483 Mod 13B 3 12,2 - 13.0 .946 - .956 5078 164

1421
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Table 6. Summary of Nicolet Firings of M483 Shell
and Its Modifications

Range
ShllYaw Mach Number Average Probable
Shell Typ Inducer Range Range (m) Error (m) Remarks

M483 2 .931 - .936 3 of 3 shorts

M483 Mod II 2 .928 - .939 6382 20.0

M483 Mod I 2 .921 - .938 6359 17.1

M483 Mod 13B 2 .934 - .953 6416 53.4

M483 Mod II 2 .919 - .933 6350 34.6

M483 Mod 1 2 .925 - .945 5344 17.4 650 QE

M483 Mod II 2 .938 - .948 5166 21.1 650 QE

M483 Mod 1 2 .936 - .955 5164 26.8 650 QE

M483 Mod I 2 .931 - .947 6242 19.9

M483 Mod 13B 2 .951 .962 6313 21.8

M483 Mod II 2 .923 - .943 5052 20.9 650 QE

M483 1 .928- .937 4 of 6 shorts

M483 Mod I 1 .847 - .860 5506 17.4

M483 Mod II 1 .841 - .865 5447 43.5

r2
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Figure 7. First Maximum Yaw Data from Nicolet Tests of M483 Shell

and Its Modifications

Yaw Mach Fir:t. Maximum

Shell Type Inducer Number YSw deg) -KZ,

L M483 None .911 1.2

M483 None .907 1.8
M483 1 .928 9.4 3300 m short

M483 1 .944 9.4 3500 m short

M483 2 .931 13.0 3100 m short

M483 2 .930 13.5 3300 m short

M483 Mod 13B 2 .945 10.6

* M483 Mod 13B 2 .945 911

M483 Mod 13B 3 .962 8.4

( M483 Mod 13B 3 .968 11.2

. M483 Mod 13B 4 .941 16.9

M483 Mod I 1 .951 5.8

" . M483 Mod 1 2 .946 5.4

M483 Mod 1 .946 6.6

12M483 Mod I1 2 .950 5.8

M483 Mod 1 3 .981 7.0

M483 Mod I 3 .98E 5.8

M483 Mod I 3 .936 7.8

I. M483 Mod I 3 .926 5.3

M483 Mod 1 4 .975 12.4

1 A
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Figure 7. First Maximum Yaw Data from Nicolet Tests of M483 
Shell

and Its Modifications (continued)

Yaw Mach First Maximum *1

Shell Type Inducer Number Yaw (deg) Remarks

M483 Mod II 1 .941 6.6

M483 Mod 11 1 .939 5.0

M483 Mod 11 2 .934 8.0 VU

M483 Mod II 2 .934 7.8

M483 Mod II 2 .937 7.0

M483 Mod II 3 .849 10.3 -

M483 Mod II 3 .889 7.2

M483 Mod 11 3 .917 9.4

M483 Mod II 3 .961 7.2

M483 Mod II 3 .Q69 7.5

M483 Mod II 3 .949 10.3 h
M483 Mod II 3 .961 10.3

M483 Mod II 4 .967 16.2

II
M483 Mod 11 4 .970 15.0
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