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I. Introduction

The Modified Point Mass Trajectory Model 1.2 is the primary method of trajectory
simulation used in the preparation of Firing Tables. This model requires three types
of input data: projectile mass properties, aerodynamic coefficients and the performance
parameters determined from experimental range testing. This report discusses the sig-
nificance of the Magnus force coefficient and a method of determining the Magnus force
coefficient for trajectory simulation using the Modified Point Masc Trajectory model. It
also compares the Magnus force coefficients of the 155mm, HE, M107 and the 8-Inch, HE,
RA, M650 projectiles with results based on aerodynamic testing reported by MacAllister
and Krial 3 and by Piddington,* respectively.

II. Discussion and Results

The 1535mm, HE, M107 projectile fired with propelling charge M119A1, cha:i ge 8 (684
metres per second muzzle velocity) is used as an example to show the cffect of the Magnus
force on trajectory time of flight. Figure 1 shows th~ trajectory height versus range for
projectiles fired with quadrant elevations of 400, 800 and 1290 mils. Figure 2 presents
the Modified Point Mass Trajectory model estimate for the yaw of repose versus time of
flight for the three trajectories. The yaw of repose is the steady-state angle of attack due
to gravity-induced curvature of the trajectory.® The nose of a epinning projectile is to the
right of its flight path; therefore, the Magnus force, which is perpendicular to the yaw
of repose, results in an acceleration in the vertical plane with the acceleration increasing
proportionally with the yaw of repose.

Artillery projectiles fired at quadrant elevations up to approximately 1300 mils will
normally function properly; however, projectiles fired at higher quadrant elevations exhibit
erratic flight performance, such as drift to the left, base first impacts, large range and
deflection dispersion, etc.6 A yaw of repose limit of .6 radian (34.4 degrees), based on
experimental range firings, has been included in the Modified Point Mass Trajectory model

to determine the maximum firing quadrant elevation used in the preparation of aiming
data.?

The form factor, a multiplier on the total drag term, is the parameter used.in the
Modified Point Mass Trajectory model to achieve a match with the experimental range
firing impact data. Therefore, to obtain the same range with and without the Magnus
force coefficient, the form factor was varied. Table 1 presents trajectory simulations to
the same range, with and without a Magnus force coefficient (— .75), for the 155mm, HE,
M107 projectile. The same range was obtained by increasing the form factor by 1.0, 1.2
and 1.3 percent for the quadrant elevations 400, 800 and 1200 mils, respectively. The value
of the Magnus force coefficient was determined from experimental range firing impact and
time-of-flight data for the projectile fired with propelling charges: M3A1, charges 1G,
2G, 3G, 4G and 5G; M4A2, charges 3W, 4W, W, 6W and 7TW; and M119A1 charge 8
at quadrant elevations from 200 mils to 1250 mils. The inclusion of the Magnus force




coefficient increases the time of ﬁight .15, .35 and 1.11 seconds for the charge 8 simulations
at quadrant elevations of 400, 800 and 1200 mils, respectively.

The precision probable error in functioning time for modern mechanical and electronic
time fuzes is less than .30 and .05 seconds, respectively. Therefore, the Magnus force
coefficient is included in the Modified Point Mass Trajectory simulation model.

Table 1. Significance of Magnus Force Coefficient (Cw,_ ) for Projectile 155mm, HE,
M107 Fired with Propelling Charge M119A1.

Time of Flight (Seconds)
Quadrant
Elevation
(Mils) Cnp, =0 | Chp, = -.75 A
400 39.31 39.46 18
800 67.91 68.26 .35
1200 89.75 90.86 1.11

" The Magnus force coefficient is difficult to determine by aerodynamic testing and is
not normally aveilable. Therefore, an alternative method based on experimental range
. firing impact and time-of-flight data has been developed to determine the Magnus force
coefficient for use with the Modified Point Mass Trajectory model. The Magnus force
coefficient is determined by varying the coefficient until the overall difference between the
simulated and mean observed times of flight is acceptable for the applicable propellant
charges (muzzle velocities) and quadrant elevations. The Magnus force coefficient (=~ .75)
was determined for the 155mm, HE, M107 projectile using this iterative process. Figures
8 through 8 show the difference between the mean observed and simulated time of flight
(mean observed minus simulated) versus simulated time of flight when a constant Magnua
force coefficient is used in the trajectory model. The figures present results for projectiles
fired with propellant charges: M3A1, charges 1G, 3G and 5G; M4A2, charges 5W and
TW; and M119A1, charge 8. The approximate muzzle velocities for these charges are: 208,
276, 876, 397, 568 and 684 metres per second, respectively. Each point represents the
difference between the mean observed and simulated time of flight for a group of five to
ten projectiles and each symbol represents a different firing program. The variation in the
' results is probably due to the difficulty in measuring the time of flight with stop watches,
since it is dificult to determine the zero time and impact time needed to manually start and
stop the watches. Figures 3 through 8 demonstrate that the method can be used to obtain
an acceptable mean difference between the observed and simulated time-of-flight results
for the M107 projectile. “Acceptable” here implies that this mean difference has no overall
bias and that individual charge bies can be compensated for by a simple correction to the

2




computed time-of-flight. This method seems to have the capability of extracting a good
approximate value for the Maguus force coefficient from the data, even though there are

large occasion-to-occasion differences between the observed and simulated time-of-flight
results. '

Figures 9 and 10 show a comparison of the Magnus force coefficieni determined from
experimental range impact and time-of-flight firings with values of the Magnus force co-
efficient determined from aerodynamic test data. Figure 9 is Figure 26 of reference 3
and Figure 10 is Figure 9 of reference 4, showing the Magnus force coefficients based on
aerodynamic testing for the 1556mm, HE, M107 and 8-Inch, HE, RA, M650 projectiles,
respectively, Also shown on the figures is the Magnus force coefficient for the projectiles,
based on the experimental range impact and time-of-flight firings. The comparison shows
that the value of the coefficient determined from the range firing data is in good agreement
with the subsonic results obtained from aerodynamic range testing for the 155mm, M107
projectile as reported by MacAllister and Krial (Reference 3) and the 8-Inch, M850 pro-
jectile as reported by Piddington (Reference 4). The Magnus force coefficient determined
from the experimental range impact and time-of-flight firings would be expected to repre-
sent the subsonic value. This is because the effeci of the Magnus force on the trajectory
is proportional to the yaw of repose and normally subsonic velocities and large yaws of
repose occur simultaneously for artillery projectiles.

Table 2 presents a summary of the Magnus force coefficients contained in the Firing
Table data base for artillery projectiles. These values are based on ballistic analysis of the
experimental range firing impact and time-of-flight data.

Table 2. Firing Table Data Base Magnus Force Coefficients (Cn,,_ ).

Projectile Shape
Projectile
Diameter M1 Long Range Cargo
Projectile | Cn, | Projectile [ Cn, | Projectile | Cn,_

105mm M1 -.76 M548 - 40 - - |
155mm M107 - .75 M548Al - .50 M483A1 - .50
176mm - - M437A2 - .66 - -
8-Inch M106 - .38 M660 - 1.00 MG09A 1 - .50 l]




III. Conclusions

The inclusion of the Magnus force coefficient significantly improves the trajectory
time-of-flight results of the Modified Point Mass Trajectory model. The Magnus force
coefficients for the 155mm, HE, M107 and 8-Inch, HE, RA, M650 projectiles based ou the
-experimental range firing impact and time-of-flight data are in good agreement with the
results based on the aerodynamic testing, The Magnus force coefficienis determined from
the experimental range firing impact and time-of-flight data are of similar magnitude for
the different shapes (M1, long range, and cargo) and sizes (105mm, 155mm, 175mm, and
8-Inch) of artillery projectiles.
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Figure 3. Difference between observed and simulated time of flight (A time of flight)

versus simnulated time of flight for projectile, 185mm, HE, M107 fired with
propelling charge M3/ I, charge 1%
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' Figure 4. Difference between observed and simulated time of flight (A time of flight)
versus simulated time of flight for projectile, 185mm, HE, M107 fired with
propelling cherge M3A1, charge 3G.
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Figure 5. Difference between observed and simulated time of flight (A time of flight)

versus simulated time of ﬁight for projectile, 155mm, HE, M107 fired with
propelling charge M3A1, charge 5G.
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propelling charge M4A2 charge TW.




" A Time of Flight (Seconds)

2.0

+5

0.0

-5

-1.0

"‘1 -S

~2.0

F
J
J
e 2
Y Y
H . J Un 1
D
§ R L Y
A |V g Y
BC £
{ H@
{ .
' W
f-
C

The symbols represent different firing programs.
j I ol I [

20 40

80

a0

100 120 {40

 Simulated Time of Flight (Seconds) |

Figure 8. Difference between observed and simulated time of flight (4 time of ﬂigh_?
ersus simulated tiine of flight for projactile, 1588mmn, HE, M107 fired with

v g
propelling charge M119A1,charge 8.

12




"POppE USR03 3010] SNUSER ANDPP I [ (§ PURPY
3o gg aandiy) appelord “JQTW “JH “WWGGT ) IO} JUDYFICO 3030] SNUFNR -6 3Ly

FH

b

|

i

da b
1

R RN

)
Cl

TR
™
]
}
L

bl L

[N A
NN
RN
[
L I

Lot

P

bl

[T
[
[
RN

IR

|
]

| S

T N (D A

RN

4o

LB v

FRrein]

el

[N

LI

]

bo -

!

| SR

e

e

| )

o o s 5 o

b=+

O¢

ol-

13

©

4]




1

POPPT 1UPD00 010§ snuTFepy AP o Yia (§ PWRPY IO
6 2m317) apeaload ‘0COW Vv “IH WPl 8 U 30§ JODER0O 3030) snudely ‘o1 2mIry

T R I
) T.m!i.... ] i
! R
JI4L 3l 1311 1L |
E 1
R AT R
- H L : .1—.r H.ﬁ_f%.
2o § m ||I_.|" L.Fl-cq.-* - -1 —_nl -1 11 4
o e T
S 1T H K N
” R
2l
- - -t "
—ejep jdijj Jo awny pue Pedun Juny Sdues Wwod) PIVIULINR(Q
144 I U
E e 1
I il MG HAE
= S -
“ .- “ :““.. H MR N --L I i
3 L [ |-|L m[ I O A A
- ]llr 1371 - -4
R T
_ _l . R 4 141- i
RERY N ﬁ% SRk HH- T
L]
o iiesgy oo HHHH
I H-H A I T L .
M w“.»lu. 1 ;. |||_ . I:I.-_IAI..Ill 1 Oﬁ.
: e nnnt i MASE Ty Aans A Vs i i B T
s kamamin v IERSRE 11 ERNES HT) RRARARERENN TH
..l..t-o|ln!vh...m“_ “—“..ﬂ..mm 4 .— ._. 3 |H 14 ] 1141
Rl et o o f i i A & A Ll N KR N 11 HiH-




References

. Lieske, R.F. and h.  ier, M.L., “Equations of Motion for a Modified Point Mass Tra-
jectory,” BRL Report No. 1314, U.S. Army Ballistic Research Laboratory, Aberdeen
Proving Ground, Maryland, March 1966. (AD 485869)

. NATO STANAG 4355 (Draft Edition 1), The Modified Point Mass Trajectory Model,
February 1988.

. MacAllister, L.C. and Krial, K.S., “Aerodynamic Properties and Stability of the
155mm Howitzer Shell, M107,” BRL Memorandum Report No. 2547, U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland, October 1975.
(AD B007930L)

. Piddington, M.J., “Aerodynamic Characterisiics of the 155mm Model of the 8-Inch
XM650E2,”"BRL Memorandum Report No. 2538, U.S. Army Ballistic Research Lab-
oratory, Aberdeen Proving Ground, Maryland, October 1975. (AD B007751L)

. Murphy, C.H., “Gravity-Induced Angular Motion of a Spinning Missile,” BRL Re-
port No. 1546, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
Maryland, July 1971, (AD 730641)

. Collins, W.Z. and Lieske, R.F., “A Study of Artillery Shell Drift at High Angle of
Fire Using Solar Aspect Sensors,” BRL Memorandum Report No. 2244, U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland, March 1966.
(AD 907598L)

. Matts, B.J. and McCoy, D.H., “Maximum Quadrant Elevation for Artillery r'iring Ta-
bles.” An Appendix to “A Study of Artillery Shell Drift at High Angle of Fire Using
Solar Aspect Sensors,” BRL Memorandum Report No. 2244, U.S. Army Ballistic Re-
search Laboratory, Aberdeen Proving Ground, Maryland, March 1966. (AD 907598L)

15




INTENTIONALLY LEFT BLANK.

16




No of

1 Office of the Sccretary of Defense
OUSD(A)

Direcior, Live Firc Testing
ATTN: James F. O'Bryon
Washinglon, DC  20301-3110

2  Administrator
Defense Technical Info Center
ATTN: DTIC-DDA
Cameron Staton
Alexandria, VA 22304-6145

1 HQDA (SARD-TR)
' WASH DC 20310-0001

1 Commander
US Army Matericl Command
ATTN: AMCDRA-ST
5001 Eisenhower Avenue
Alexandria, VA 22333.0001

1  Commander
US Army Laboratory Command
ATTN: AMSLC-DL
Adclphi, MD 20783-1145

2  Commandor
US Army, ARDEC
ATTN: SMCAR-IMI.]
Picatinny Arsenal, NJ 07806-5000

2  Commander
US Army, ARDEC
ATTN: SMCAR-TDC
Picatinny Arsenal, NJ 07806-5000

1 Director .
Benet Weapons Laboratory
US Army, ARDEC
ATTN: SMCAR-CCB-TL
Watervlict, NY 12189-4050

1 Commander
US Army Armament, Munitions
and Chemical Command
ATTN: SMCAR-ESP-L
Rock Island, IL 61299.5000

1 Commander
US Amy Aviation Systems Command
ATTN: AMSAV-DACL
4300 Goodfellow Blvd.
St Louis, MO 63120-1798

No of

Copies Qrganization

1

(Class. only) §

(Unciass. only) |

17

Director

US Amy Aviation Research
and Technology Activity

ATTN: SAVRT-R (Library)

M/$S 219-3

Ames Research Center

Moffeut Field, CA 94035-1000

Commander

US Army Missile Command
ATTN: AMSMI-RD-CS-R (DOC)
Redstone Arsenal, AL 35898-5010

Commander

US Army Tank-Automotive Command
ATTN: AMSTA-TSL (Technical Library)
Warren, MI 48397-5000

Director

US Amy TRADOC Analysis Command
ATTN: ATRC-WSR .

Whits Sands Missile Range, NM 88002-5502

Commandant

US Army Infantry School

ATTN: ATSH-CD (Security Mgr.)
Fort Benning, GA 31905-5660

Commandant

US Army Infantry School
ATTN: ATSH.CD-CSO-OR
Fort Benning, GA 31905-5660

Air Force Armament Laboratory
ATTN: AFATL/DLODL
Eglin AFB, FL 32542.5000

Aberdecn Proving Ground

Dir, USAMSAA
ATTN: AMXSY-D
MSY'W ’ Hc cm
Cdr, USATECOM
ATTN: AMSTE.-TD
Cdr, CRDEC, AMCCOM .
ATTN: SMCCR-RSP-A
SMCCR-MU
SMCCR-MS!
Dir, VLAMO

ATTN: AMSLC-VL-D




No. of
Copies

No. of
Orgenization Copies
Director 1
HQ, TRAC RPD
ATTN: ATRC-RP
Fort Monroe, VA 23651-5143

Commander _

TRADOC Analysis Command o1
ATTN: ATRC

Fort Leavenworth, KS 66027-5200

OPM Nuclear
ATTN: AMCPM-NUC 1
Picatinny Arsenal, NJ 07806-8000

Department of Army Office of PM
ATTN: SFAE-AR-SD,
M:. D. Grigge
ATTN: SFAE-AR-HIP-IP,
Mr. R. DeKleine
Picatinny Arsenal, NJ 07806-5000 1

Commander

- US Army, ARDEC

ATTN: SMCAR-AET,
Mr. F. Scerbo 1
Mr. J. Bera
ATTN: SMCAR-AET-A,
Mr. R. Kline
Mr. F. Brown
Mr. H. Hudgins
ATTN: SMCAR-FSA, 1
M. F. Brody
Mr. R. Kantenwein
ATTN: SMCAR-FSS,
Mtr. J. Brooks
Picatinny Arsenal, NJ 07806-5000

‘Sommandant
US Army Field Artillery School
ATTN: ATSF-CCM
ATSF-G
Fort Sill, OK 735603

Director

US Army Field Artillery Board
ATTN: ATCT-FAW

Fort Sill, OK 73503-5000

18

ggmizati_og

Commander
US Army Dugway Proving Ground
ATTN: STEDP-MT,

Mr. G. C. Travers
Dugway, UT 84022

Commander

US Army Yuma Proving Ground
ATTN: STEYP-MTW

Yuma, AZ 85365-9103

Commander

Nava! Surface Warfare Center,
Aerodynamics Branch,
K-24, Building 402-12

ATTN: Dr. W. Yanta

White Oak Laboratory

Silver Spring, MD 20010

Headquarters

US Marine Corps
ATTN: Code LMW/30
Washington, DC 20380

Director

Sandia National Laboratories
ATTN: Mr. A. Hodapp
Division 1631

Albuquerque, NM 87185

Director

Lawrence Livermore National
Laboratory

PO Box 808

Livermore, CA 94550

Arrow Tech Associates, Inc.
Mr. R. Whyte
PO Box 4218 .
South Butlington, VT 056401-0042




No. of
Copies

Organization

Aberdeen Proving Ground

Director, USAMSAA
ATTN: AMXSY-RA,
Mr. R. Scungio
Commander, USATECOM
ATTN: AMSTE-TE-F,
Mr. W. Vomocil

Commander, CRDEC, AMCCOM
ATTN: SMCCR-MUS-T,
Mr. D. Bromley
ATTN: SMCCR-RSP-A,
Mr. M. Miller
PM-SMOKE, Bldg. 324
ATTN: AMCPM-SMK-M,
Mr. J. Callahan
Director, USAHEL
ATTN: SLCHE-FT,
Mr. G. Horley
Mr. J. Wall
Director, USACSTA
ATTN: STECS-AS-H
STECS-EN-B

19




INTENTIONALLY LEFT BLANK.

20




USER EVALUATION SHEET/CHANGE OF ADDRESS
This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes.
Your comments/answers 10 the items/questions below will aid us in our efforts.
1. BRL Report Number ___BRL-MR-3870 Date of Report OCTOBER 1990
2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest
for which the report will be used.)

«t.f lSpeclﬂcmy. how is the report being used? (Information source, design data, procedure, source
of ideas, etc.)

5. Has the information in this repont led to any quantitative savings as far as man-hours or dollars
saved, openating costs avoided, or cfficlencies achieved, eic? If 50, please elaborate.

6. General Comments. What do you think should be changod o improve future reports? (Indicate
changes to organization, technical content, format, eic.)
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CURRENT Organization
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City, Siate, Zip Code

7. If indicating a Change of Address or Address Corrcction, please provide the New or Cnrrect
Address in Block 6 above and the Old or Incorroct address below, '
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OLD Organization
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City, State, Zip Code
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