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PRE FACE

This report is written to record selecteçi d~ ta from fire control
wor k connected with a large caliber gun (air—to—surface) study. An in-
formal and sometlmes .outline format is used for convenience and to min-
imize report preparation time and cost.

This limited fire control study was directed towards identifying
problem areas and a more promising fire control system for this appli-
cation. The primary risk of developing the required very accurate fire
control is in (a) keeping system accuracy in the service (par ticularly
combat) environment and (b) the probability of this in—service accuracy
requirement leading to a high lifecycle cost. 
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INTRODUCTION

Figure 1 shows the coordinate system used in this report. Notation ,
with units normally used are as follows:

a angle of a ttack , m i ls
• B angle of skid , mils

6 initial gun projectile angle , degrees
e pitch angle , degrees
$ roll angle , degrees
X gravity drop angle, mils
A elevation lead angle (aircraft coordinates), mils

- . . A azimuth lead angle (aircraft coordinates), mils
p air density, equivalent pressure altitude in feet

gun angle relative to aircraft axis (elevation), mils

gun angle relative to aircraft axis (azimuth), mils
target LOS inertial angular rate (e1ev~ition), mils per sec

w target LOS inertial angular rate (azimuth), mils per sec
D projectile deaccelera tlon , f t per see per sec
R slant range to target, fee t
V~ muzzle velocity, ft per sec

true air speed, knots

tf time of flight of weapon, seconds

horizontal rangewind and target motion, knots

horizontal crosswind and target motion, knots

1

£ J
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Figure 1.

In air—to—surface gun fire control major factors which can cause
errors are listed below.

1. Alignment

a. gun—sight boresight

b. sensor boresight

c. parallax

2. True airspeed effects

a. as effective initial velocity direction change

b. magnitude effect on gravity drop and time of flight

3. Gravity drop computation (or estimation)

a. slant range

b. dive angle

c. air density

d. muzzle velocity

e. true airspeed

• .. f. dreg coeffic ient (and variation)2
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g. roll resolution into sight coord inates

4. Wind and target motion

a. time of flight accuracy (dependence functionally similar
to gravity drop)

b . angular rate of target  LOS

c. range rate

d. true airspeed (magnitude and direction)

e. inertial velocity (for wind only)

5. Miscellaneous factors

a. pilot aim error

b. sight unit error

c. computer and interface errors

d. other

In this report , except where specified otherwise , a gun system hav-
ing approximately the muzzle velocity and projecti le  characterist ics of
the Rif le , 106mm, M40 firing standard ammunition is assumed . Appendix
A gives the approximate ballistic data used in the error analysis and
Appendix B gives data more firmly based on the above round . The varia-
tion between these two sources is minor and does not affect the error
analysis. In an actual system, of course , the true ballistic character-
istic must be known very accura te ly .

Figures 2—5 show in block diagram form five candidate fire contrOl
systems. Brief comments on these are given below. Later sections give
a preliminary sensitivity error analysis on two selected concepts (The
first is chosen to give a general feel for the probl em and the las t is
directed toward specific problems of the more likely candidate scheme.).

Fjgure 2. This block diagram represents two concepts. The first
accounts for only angle of at tack (and perhaps skid) effects on direc-
tion of the effective firing line. The second system would add gravity
drop based on baro—altitude , target altitude , angles , air density , and
true airspeed . The latter would be the least expensive approach to give
a full continuously computed impact point (CCIP) solution. It would not
include wind or target motion and would require target altitude and at-
mospheric knowledge not generally known in changing combat conditions.

Figure 3. Here laser range replaces baro—ranging. Additionally a
wind and target motion solution can be obtained by using the gyro sta-
bilized laser pointing platform in a lead computing circuit. The accu—

• racy of this wind solution depends on the pilot—aircraft tracking preci-
sion and time. While this crosswind lead computing has given acceptable

I’.3
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accuracy for shor t times of flight (short range, high velocity , low drag),
it is not suitable for extremely accurate systems.

Figure 4. The addition of an automatic target tracker to furnish
accurate angular rate data (as well as angles) gives the necessary infor-
mation to use with laser slant range (and other data) to compute wind
and target motion effects and thus the complete fire control solution.
Only the variation in wind over the flight path is unaccounted for in
this concept , and if the projec tile drag Is designed tc be low this wind

• variation* (unlike wind at release) Is a relatively small e f f ec t .

Figure 5. Doppler—inertial velocity can be bused to compute wind
effect——but not target motion. The wind information is there continu-
ously (if there was time to align the platform). If this navigation
and vertical information is available on the aircraft it ’s very stable
data should be utilized even if an autotracker is also included .

I

*The wind does often vary by large amounts over the flight path (par—
ticularly at NWC , see Appendix C). Thus the projectile must be designed
to have low drag characteristics for use with any extremely accura te
fire control.

4
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F I R ST ORD E R ERROR AN ALYSIS  - GENERA L CASE

The error analysis of t h i s  sect ion is intended to show what sensors
and quantities are the more critical factors in this  app l i ca t ion  of gun
fire control. -~~~~ .i b as is  ~or d i s c u s s i o n  a sy s tem  such as shown in Fig-
ure 3 was t seJ;  however , i~~~ I caJ c om p u t in g )  w ind  so lu t ion  is included .

Table 1 g Iv e s  m a j o r  t i r s t  order  e r ror  s en s i t i v i t i e s .  N~~t included
are c omp u t er  er r o r , i n te r f a c e  e r ror s , u n c e r t a in t y  of b a l l i s t i c  computa-
t ion , e t c .  Tab le  2 .tp~~l ics Ld ’lt~ I t~~ a hvpo~ h ot  ica l sy stem case .  The
assumed errors are t o t a l  q u a n t i t y  e r rors  wheth er  bias or r ando m . Con-
cise comments on va r ious  inaccurac ies  a:~d the use of the Tables 1 and 2
follow : (t~i t h  fe~s excc; ’ t iOns  the co~~~ r t  s ap~’i v to Tables .3 , .

~ , and 5
of the next section .).

Gu n boresight is present in any gun sy stem . The error ra t io  varies
from 1:1 depending on the muzzle  veloci ty  and aircraft speed .

Angle of attack er ror  include boresight and corrections to convert
local sensor angle to a i r c r a f t  ang le of attack as well as pure sensor
error. The magni tude  of lead error depends dir ec : lv  on the magnitude
of muzzle velocity and the  airspeed . Ang le of attack (and skid) is a
difficult quantity to measure accuratel y both in ieneral flight and in
flight calibration tests. Table 2 assumes the aircraft is very stable
in yaw, and not requiring measurement . Thus in t~is type of a system
the pilot should not skid the a i r c ra f t  to correct aim error .

Slant range error includes pointing error , etr. In theory laser
range can be bet ter  than shown in Table 2 , however , it is not n eeded
here.

In gun f i r e  control pi tch angle Is not a critkal  f~’ctor , however ,
for large lead angles roll errors can result in m~deratc error  in azi— - ‘

muth due to incorrec t roll resolution. Often usei f l i g h t  maneuvers in
test and repeated at tacks can result in large roll error in the stan—
dard type vertical  re ferences .  Proper f lying to Jrevent this is neces-
sary.

• Air density is not a major problem as long as its measurement is
included . - J

Baring major air flow problems , true airspeed measurement is not a
maj or problem. (True airspeed is somewhat more sfnsitive a measurement
in Tables 1, 4 , and S .)

S
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If maj or errors are eliminated , muzzle  velocity can cause a sizable
error. It is par t i cu la r ly  impor tant  in computing time of flight. In-
cluded in this error are eff ects of barrel wear , barrel tempera ture ,
propellant variations, etc.

Variation in or incorrectly used drag charac teristics have also a
maj or af f e c t  on on time of f l i ght , and thus many second order e f f e c t s .
The gravity drop is little affected .

Wind (at a i r c r a f t  posi t ion) and target  motion that  is not included
in the lead computat ion causes an error  d i r e c t l y  proportional  to time
of f l i g h t .  This Is not only a large error source , but also gives a b ias
type error.

BUD errors are often two or three mils; however , here it is assumed
only limited angles are used and that the sight (e.g. electromechanical
servoed type) can be calibrated to a mil or so.

Pilot aim can be almost any value depending on experience , wind
gusts, aircraft , comba t cond itions , etc., etc. On test range the aye—
rage can be about three mils.

S
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BASIC SYSTEM

(Error Required to Cause one Millirad ian Lead Angle Error3t

• CONDITION (400 Knots & + l0°/3000 Ft 25°/6000 Ft 45°/7500 Ft

Error Source , Units +

Elevation -r
• Gun Boresight , v , mile 1.4 1.4 1.4

• Angle of Attack , ~~~, mile 3.4 3.4 3.4
Slant Range , R , feet 220 160 170
Pitch Angle , ~~, degrees 25 6.2 1.9

• Density, P, 1000 ft p. a l t i tude  14 2.6 1.9
True Airspeed , v5, kno ts 63 26 24
Muzzle Velocity , V , f ps 100 43 40
Drag Variation , D ,mpercen t 83 8.0 5.7
Rangewind 2 , Wx~ 

knots 6.3 2 .2  1.3
HUD , A , mils 1 1 1
AIM , A

e mile 1 1 1
e

Azimuth
Gun Boresi ght , ~‘ , mils 1.4 1.4 1.4
Angle of Skid , B, mils 3.4 3.4 3.4
Crosswind 2, W~, knots 1.2 1.0 0.9
Roll Ang le, 0, degrees 5.3 2.3 2.1
BUD , A , mile 1 1. 1
AIM , A , ails 1 1 1

Table 1. Inverse Lead Angle Error Sensitivities. 1More correc tly
the inverse of the sensi tiv ities, ‘-wind includes target
motion, no vertical wind is assumed .

S

11

--



- - -~~~ -~~~ -~~~ - 
~~~~~~~~~~~~~~~ — ~~~~~~ -~~~-~ -~~~~~~~~~~~~—- — -.- - - ~~~~• •~~~ •

- 
- TN 4070—51—74

NOVEMBER 1974

BASIC SYSTEM

CONDITION (400 Knots & -
~~ 10°/3000 Ft 25°/6000 Ft 45°/75 00 Ft

Error Source +

Eleva tion
Gun Boresight , I nil 0.7 0.7 0.7
Angle of Att ack, 8 ails 2.4 2.4 2.4
Slan t Range , 30 feet 0.1 0.2 0.2
Pitch Angle , 1 degree 0.0 0.2 0.5
Density ,  ~OO ft p. altitude 0.0 0.0 0.1

• True Airspeed , 5 knots 0.1 0.2 0.2
Muzzle Velocity, 25 fps 0.2 0.6 0.6
Drag Variation , 2 percen t 0.0 0.2 0.3

• Rangevind* , 10 knots 1.6 4.5 7.9
HUD , 1 mu 1.0 1.0 1.0
Pilot Aim , 3 ails 3.0 3.0 3.0

Azimu th
Gun Boresight , 1 all 0.7 0.7 0.7
Angle of skid , 4 ails 1.2 1.2 1.2
Crosswind*, 10 knots 8.5 10.1 11.0
Roll Angle , 1 degree 0.2 0.4 0.5
BUD , 1 mu 1.0 1.0 1.0
Pilot Aim , 3 mIle 3.0 3.0 3.0

Table 2. Sample System Accuracy. These errors all optimistic values.
*Wind includes target motion. Second order terms not in-
cluded . Since these errors are part bias and part random
they must be combined accordingly.

12
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FIRST ORDER ERROR ANALYSIS - ANGULAR RATE CASE

If accurate target LOS iner t ial  angular rate and LOS slant range Is
available two of the major errors discussed In the last section——ang le
of a t tack  (and skid) and wind and target  motion are nearl y eliminated .
Of course , an error dependence on a n g u l a r  r a te  and a change in other
error sens i t iv i t i e s  occurs.  Table 3 and 4 shows the results of this
type fire control concept.

The primary error sources in an autotrack system for a fixed forward
gun are: (1) boresight , particularly between MU!) and gun; (2) BUD pip
placement; and (3) pilot  aim.

The BUD error can be eliminated , the aim error reduced , and the bore—
sight made an easier task by using a direct (mechanical and/or optical)
coupling between a trainable gun and the aut o t racker . * This allows the
pilot (or observer) to lock the tracker on the target  and the gun aimed
independently of small a i r c r a f t  steering variations . If extreme accuracy
(I .e. a few ails) is required this approach is the most feasible concept
for the g u n — f i r e  system. (Table 5). More comments on this are in a
later section .

*With a fixed gun the e f f ec t  of the BUD errors and the pi lot aim error
can be decreased by firing automatically (if the trigger is depressed)
as the eleva tion lead ang le is approached . This lets the pilot concen-
trate on azimuth steering. (The tracker must be locked on the target.)

I

13
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AUTOTRACKER-LASER SYSTEM

(Error Required to Cause One Mi l li r adi an  Lead Angle E r r or ] 1

CONDITiON (400 Knots & -, 100/3000 Ft 25°/6000 Ft 45°/7500 Ft

Error Source, Units +

Elevation
Gun Boresigh t , v,  ails 1.4 1.4 1.4
Angle of Attack , a, nil 20 25 30
Slant Ran ge, K , fee t  310 250 233
Pitch Angle , 6, degrees 25 4.2 1.9
Den si ty ,  p , 1000 ft p. altitude 14 2.6 1.9
True Airspeed , va, knots 74 11 7.3
Muzzle Velocity,  V , f~~ 100 43 40
Drag Variation, D, percent 83 8.0 5.7
Range Ra te , R, f ps 110 36 25
Angular Ra te, we~ 

ails/sec 0.66 0.28 0.21
BUD , ), , mils 1 1 1
AIM , X~ , mile 1 1 1

Azimu th
Gun foresight , ~, ails 1.4 1.4 1.4
Angle of Skid , ~3, ails 0.0 0.0 0.0
Roll Angle , 0, degrees 1.2 1.0 0.9
Angular Ra te , s~ , ails/sec 0.66 0.28 0.21
HUD , X , mils 1 1 1
AIM, ~:, 

ails 1 1 1

Table 3. Inverse Lead Angle Error Sensitivities. 1Mor e correc tly
the inverse of the sensitivities.

S
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tWTOTRACKER—LASER SYSTEM

CONDITIONS (400 Knots & -, l0°/3000 Ft 25°/6000 Ft 45°/7500 Ft

Error Source 4

Elevation
Gun foresight , 1 nil 0.7 0.7 0.7
Angle of ~\ttack 8 ails 0.3 0.3 0.3
Slant Range. 30 feet 0.1 0.1 0.1
Pitch Angle , 1 degree 0.0 0.2 0.2
DensI ty , 100 ft p. altitude 0.0 0.0 0.1
True Airspeed , S knots 0.1 0.5 0.7
Muzzle  Velocit y ,  25 f ps 0.2 0.6 0,6
Drag VarIation , 2 percent 0.0 0.2 0.3
Range Rate , 30 fps 03 08 1.2
Angular Rate , 1/4 all/sec 0.4 0.9 1.2
BUD , 1 all 1.0 1.0 1.0
Pi]ot Aim , 3 ails 3.0 3.0 3.0

Az imu th
Gun foresight , 1 mu 0 .7 0.7 0.7
Angle of Sk id , 4 ails 0.0 0.0 0.0
Roll Angle, 1 degree 0.2 0.4 0.5
Angular Rate, 1/4 mu /sec 0.4 0.9 1.2
BUD , 1 all 1.0 1.0 1.0
Pilo t ’s Aim, 3 inils 3.0 3.0 3.0

Table 4. Sample System Accuracy. These errors all optimistic values.
Second order terms not included . Since these errors are
part bias and part random they must be combined accordingly.
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TRA~NAB1 E N— AU TOTKA CKE R DIRECT COUPLED SYSTEM

CONDITiONS ~4OO Knots & -‘ 10°/3000 Ft ~5°/6OOO Ft 45°/7500 Ft

Error Source 4

Elev~ t1ou
Gun foresight , nil 0.7 0.7 0.7
Angle of Attack , 8 ails 0.3 0.3 0.3
Slant Range , 30 feet  0.1 0.1 0.1
Pitch Angle, 1 degree 0.0 0.2 0.2
Density, 100 ft p. altitude 0.0 0.0 0.1
True Airspeed , 3 knots 0.0 0.3 0.4
Muzzle Velocity, 25 fps 0.2 0.6 0.6
Drag Varia tion, 2 percent 0.0 0.2 0.3
Range Rate, 30 fps 0.3 0.8 1.2
Angular Rate, 1/4 nil/sec 0.4 0.9 1.2
Pilot Aim , 0.3 all 0.3 0.3 0.3 - =

Servo, 0.5 all 0.5 0.5 0.5
AzImuth

Gun foresight , 1 all 0.7 0.7 0.7
Angle of Skid , 4 ails 0.0 0.0 0.0
Roll Angle, 1 degroe 02 0.4 0.5
Angular Rate, 1/4 mil/sec 0.4 0.9 1.2
Pilot ’s Aim , 0.3 all 0.3 0.3 0.3
Servo, 0.5 mil 0.5 0.5 0.5

Table 5. Sample System Accuracy. These error values are not
necessarily representative , instead they represent a
goal such as to approach the desired system results.
Computer, Interface , etc. errors must be similarly
small. (Second order terms not included.)

H
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EXPLORA TORY DEV ELOPMENT SY STEM CIThfl ’IENT S

The general ized system shown in Figure 4 wi th  a trainable* gun
directed d i r e c t l y by an au t o t racker  is the only  apparent concept which
could approach the desired accuracy in a t i r e  cont ro l .

The in i t ia l t racker  lock—on technique cou ld be s i m i lar  to those used
with the A—4M IWD S (ARB S) f i r e  cont ro l .  For example , a roi l  in towards
the target and us ing  the MUD (hores igh ted  to  the t racke r axis )  lock on
to the t a rget  ~r nearby ; then using the hand control  icr and v i ew i n g  the
TV monitor  change the lock on point  to the desired locacion .**

A f t e r  lock on the computed lead angle  is inser t  e~i bet ween the t r acke r
axis and the e f f e c t  ive gun axis  by servo con tro l  of the t ra inab le  gun .
Then the pilot may fire at w i l l .

Accuracy is the pr imary problem in th is  f i r e  cont ro l  design . Thus
as seen in the e~~or sens i t iv i t i e s  sections , al l  sensors must  he chosen
or des igned with this a prime concern, foresight , p a r t i c ul ar ly  l etwe en
the autotracker and gun, must he insured at all times. This wi l l  require
special automatic or semi—automatic optical techniques desi gned into the
equipment.

Self test and service test equipment must be a basIc part of the de—
sign from the start of development if service use is to approach test
results.

• Gun—projectile ballistics must be known very accurately and the pro—
jectile must have low drag characteristics. Service use muzzle velocity
variations will likely represent a major error source . - 

-

*
An alternate system is one using a fixed gun (again, directly coupled to
the tracker) which Is f i red  in like manner as bombs are dropped in automa-
tic release from A—4M IWI)S (ARBS) or the A—7E. The firing is automatic
(if allowed by pilot trigger depression) based on elevation lead . Azi—
auth lead is presented on the Hill) as an error signal which is nulled .
If the target is being tracked (by the autotracker) this scheme elimi-
nates the BUD errors (position & boresight) and allows the pilot to con-
centrate on azimuth steering. This approach would avoid the complexity
of a trainable gun at the expense of some loss of azimuth accuracy.
The CCIP symbol can be displayed for alternate use. Its use gives the
advantage of tracking one point and shooting at a nearby target (no
target motion correction).

If a laser spot tracker (LST) is used the pilot ~~uld not adjust lock
point unless he wished to switch to TV mode.

17
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APPENDIX A

TRAJECTOR Y DATA USED IN ERROR ANALYS IS

Traj ectories were computed on a HP 9lOOA/9 101A calcula tor  based on
d rag data of the 20mm M56 round and a multiplicative factor 0.4. This
factor was determined by fitting trajectories to table values for ground
firing for the Rifle , 106mm , M40 , f i r i n g  ca r t r i d g e , HE P— T , ~114t.  This
method was used because it was avaIlable immediately, and was suffi-
ciently accurate for error analysis use. Table A— i compares one case
computed this way and by more precise methods used for Appendix B.
Table A—2 gives the trajectory data used in the error analysis.

METHOD R V 5 v A t
_ _ _  

m a 
_ _  

f

HP 9lOOA 7575 1650 45 400 27.4 4.88

1108 7575 1650 45 400 27.2 4.83

Table A— i . Comparison of Appendix A and Appendix B data.
The derivatives used in error sensitivities
vary less than the angle and time of flight.

I
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TN 4070—51— 7-’.
NOVEHBFR 19- 9

r J ~:cToi~x ~1A rA

~~~ ~~ ~~~ ~~~ ~~~~~~~
‘‘ 

~~~~~~ ~~~~~~

67 ’. 10 3,000 10.91 l.S2l 1,~ 82 42.1
675 10 2,800 10,0.’ 1.40.’. 1,7.’O 3Q .2
t~75 12 - . 000 10.8 1 1. S _’i)  1,t,$ 1 .‘.~ .8
700 10 1,000 10. o.’ 1. 60., 1, 10 3  .4 1 .~~~

h7 ’ .  .‘S b ,000 ~~~~ 3.599 1 ,222 78.6
67 S 25 5 ,800 .~....‘1 1... ~$ l , 2’~0 S .8
67’. 1.~ b .000 2 ...99 3.5% 1 , . . ‘S .

700 15 t’, 000 ~~~~~ 1~ 5~~• 1 , 21’

b7~ .
~~~~ 7 , 500 17.t ~0I •..St ’o l,0t1 77.7

67 S 45 .300 2~..4i 4 .oSi  1, 084 76 ,4
675 4.’ 7 , 500 2~ . So ...8t~l 1 ,065 74 .9
700 45 7,500 .~-..97 4.809 l ,o?~

675* 10 3.000 1O.~~7 l. S0~ 1,716 4 1 .9
25 3 ,000 ° .85 1.50.’ i,72t~ 38.6

675* 25 t~,0O0 .‘4 . 71 3.5.~4 1,27 0  78.4
675* 45 7 ,500 ~ ..5.’. 4. 73t ~ 1,118

675 0 3,000 11.13 1.524 1,675 42 . 7
675 0 ~ ,0O0 18.91 3.651 1, 181 88.2

Table A—I. ~ and n are velocity components a long and p er— ‘ - I

pendh’ular t o  the i n i t i a l  projt’ct lie veloc it .
The muz: l~’ velocity was used as 1, t.2 S f ee t  pt’r
second .* These computed for an air density ch ang e
of 2 ,000 feet in pressure altitud e or a .07 per-
cent drag decrease.

19 
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TN 4070—51—74

NOV EMBER 1974

I

APPENDIX B

TRAJECTORY DATA FOR RE FERENCE

This data was comp iled by John Peterson , NWC , Code 5115. it repre-
sents more precise data than that of Appendix A. It is included here fc’r
later convenience. The round Is the 106mm M346A1.

S
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TN 4070—51—74
NOVEMBER 1974

L E G E N D

TI M E TIME OF FL IGHT, SECONDS

X HORIZO N TA L RANG E , F E E T

D IST SLA NT RA N G E , F E E T

V VELOCI TY, FEE T / SECO PID

D II G R A V I T Y  DROP. F E E T

CMA STA TI C M OMENT C O E F F I C I E N T

ENG ENERGY . FOOT- POUNDS

THETA IM PACT A N GLE , DEGREE S
- I -

U-

1 - A L TITUDE , FEE T 
-

DRA G DRAG , POUNDS

YAW YAW OF REPOS E , DEGREES

MACH MACH NUM IIER - •

SPIN REV O L U T IO NS/S E CON O

SG GYROSC OP IC ST A B I L I T Y  FA CTO R (disregard)

TEMP SURF ACE (M SL ) TEMPE RA TURt .

Q.E.  D I V E  AN GLE , DEG REES

21 F
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‘ TN 4070—51—74

NOVEM BE R 1974

B A L L I S T IC  D a T a

PR O JE C TILE P1 AME T E I~ 106.00 M I L L I M E T ER

PROJ EC TI LE LE N G T H 3.8 C A L I B I R 5

PR OJECTI LE W E I G HT 17.35 POUND S

A X i A L  M OM EN T OF IN L H T I A  ‘ .0091800 PO U N D — I N C H  5’).

TRANS V E R SE MOM E NT OF I N E N T IA  .0675U00 PO U N D — I N C ~j 5’).

A X IA L  R A D i U S  OF GY N A T I O N  .3752bM I C A L I B E R S

TRANSV E R SE R A D I U S  OF G Y R A T I O N  1 .0175775 C A L I B E R S

CENTER OF GR A V I T Y ,  FR OM BASE 1.502 L~~CH (S

MUZZ LE V E L O C I T Y  1650.0 FEET /SEC OND

B A R R EL T~~I51 1M.86000 C A L I R E R S / T U r~N

R IFLI N G E X I T  ANG LE 
• 7 DEGR EE S 3 M I N U T E S

Y A W — D R A G C O E F F I C I E N T , PL~ RA DI AN SQUARE D 5,8

ROLL D A M P IN G  MOM(NT CU E F r l C !LN T , P(R R AD /SEC ,OI~~0

S
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__________ _________ - __________________________________________________ iN , ‘ . 0 ’ o — S 1 - — 7 1

N \’ !~~~ - !- ~ 19 - .

DR AG C O E F F I C IE N T  AND S T A T I C  M O M E N T  C O E F F I C I L N T  Ta B LE

M A C H  COO MACH CMA

.10 .i32 .10 2.970

.60 . 17 M  .90 3.100

I .2s •60’I .97 3.190

•aOM 1.00 3.110

1.60 .591 1.20 2.850

1 . 7 5  . 573  1.50 2 .590

2.05 .532 1.70 2 .M60

2.10 .532 1.~~9 2.290

2.2 o .532 2 .25 2 . 1 6 0

2.3 o .532 2.51) 2 .OMO

2.40 .532 3.00 1.890

2 ,So .532  3 .60  1 .8 3 0

a
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TN 4070—51—74
NOV EMBER 1974

TRA J E TaPv TA R L E  ~~~~~~ i

A L ,I -TUOE : sOo.n FFFT oE : — 10.1 Otr,R,rc

V E L O C I T Y :  ‘4 00.0 ieT~~S TEM P cq ,rl f~(G F

T IM E X !~IST v en (M A f~SV
THE TA 1 ~~ A G M A C H  SPIN 5~.

.00 0. fl. ?325 .6 .c~~2 ~.;q 1~ec~~5~~~.
— 10 .00 500. 31 9 .R OA ,fl~ fl7 7,09 ~&9?• 2.~~

.10 226. 23fl. 2 7 4 Q . 3  ,;314 2.27 I3P~~6Sfl .
‘$40 . ~r lc .q •4 7 •fl375 2 .014  I’86. 2 .7# .

.20 $‘47. ‘~S’~. 2fl~~.s •~~‘41 2 .2 9  J 3 7 0 1 1 9 7 .
‘1,1. 29c~. 3 I A  .0344 1.99 1A7 9.

.30 612. 6~~~. 2160 .7 •çq 7 2 .32 I2c~~1s~~.
.10.24 3112. 2 n c . I ? A  . 0 3 6 4  I . 9 ’ 4  1173 . 2.9~

.40 1172. 8111 . 2109.6 •S5’4 ,.~lS 1 19 Q ’ 4 13 .
— 10.33 3 ’1M . 27~~’27’ ,0311q % .119 1167. 3.t’n

.50 ~fl77. 1095 . 2~~Sr’.q ~,37 3)’4 ’4040,
• — I f l . 4 )  306, 715.774 .0406 I.~~S 1111 . 3.flQ

.60 1277 .  l29~~. 2012.0 .516 7.110 101111132.
.10.50 269. 2SA .6n~ .n~~29 ~~~~ usc.

.70 1’~’3’ 1 4 9 7 .  11166.11 .slI 7.~~2 1047593.
233. 747.7110 •0’453 1.76 1150. 3 ,2 7

.60 16614. 169’ . 1 9 22 .6  .576 ?. ‘~5 9~~t l 3 e .
— 10 .69 197. 23~~.0P’~ .011711 i. 72 I#. ’1’4. 3.3~

.90 185 1.  1811? . Iqlq .n .~~$ I  2. ’7  957379 ,
— $ 0.78 111. 23~~.672 .0504 1.69 IA ~~Q , 3, 44

2t,1’l. 206 R.  1 p 3 R . A  ,c11b 2 . 4 9  ‘ t t n ~~~.-10 .811 127. 22?.60~ .0~~3 1 ~ ,AS 1134 .  3.Sc

1 .10  2 . 1 2 .  7250 .  17 911 .n  .~~9U p .5? 11 7 701 4.
— Io .9 R 92,  2 l ’ 4 . 8 R ~ .0559 1.11 1 A 2 9 .  3.6;

S
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_____ _______________  TN 4070-61-74
NO VEMBE R 1) ;  4

T R A J F C T O R Y  y A v ~Lr ~UpI~~~R I IC ’~N ’T 1

a I t I T UOE? cOo.n FEr T oE .10.0 0(~~R (rs

vEI O C I T Y ~00.fl ~r T &S tEM P : ‘‘fl ,
~E4 P

T I M E  X 01ST V (MA
1 O R A G  YA ~’ M A C H  S PIN SC

;3~~7. 74~~’. % 7 1 r ’.’e .~~93 ~ .S9 11~~c1’s .
58. 207 .207 ,flcA 9 1 .58 IAZ ’4 . 3,7;

~
.3fl 7558. 710?. I72~~.N .598 ‘.~~6 $nr ~’15~~.

— — I % s I Q  74, 1 9’’??~ 
.01 19 I .S ’ $  IA I ’ . 3 .$c

T IM E , SEr RAN c4F ,FT vE L ,P P S  ,~~E TA SP$P.I 5~
1.37 2726.11 16 8 7 . 11 .1 1 . 3  1 6 1 9 .  3 . 1 1 ’
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TN 4070—51—74
NOV EM BER 1974

t.~ JErT4 )~~y TA n L E  P 4U MMFR 7

*1 ,-ITUOE: 7000.0 FF r T O~~I .Zn,n n(~~R ç r c

V (tO C I Y Y ?  400.0 KYA S  t!HP 59,0 0(G F

T iM E  X 01ST V CMA rN~c
THF TA Z ‘~RAG y A ~ M A C H  SPIN 5(.

.00 0. 0. 237 5 . 1  .532 ~ .73 $ 4 5 7 5 6 ’ .
.20.00 7001). 3 0 9 . 1 1 1 1 1  .0 3.011 2 , 1 0  1 A 9 2 .  2, $~

.10 716. 730. 2~~71 .5 .512 7.26 $3 9nc~~~,
l~~2 % .  7 9 1 . 5 3 w  •0~~25 7.05 $186 . 2.90

‘20 1 17 7 .  ~$ 5 4 .  2 7 19 . 0  7 .78  $ 3 ~~~9 3 1 .
$11414. 7 1 1 7 ,4 7 9  .03~~7 7, 00 1180 .  2.97

.30 6 ’ 3 ,  67U e 2$ 69.7 •545 ~~~~ 121’ 6111 .
— 20 .23 I7 6 P .  273 . 100  .0360 $ ,96 $1714 . 3, 0;

.140 8314. 81111. 2 1 2 1 . 2  .“ !‘l 7 .33  $ 2 % , c ~95 •
— 2n .3~ 1699 .  265. 126 ,0379 ~.9I 14611.  3 . 17

.50 $03$, 10911. 2~ 7’~.p .55 7 2 .36  11511S0 2 .
— 20.39 1 6 2 1 .  2~~A . R I o .f l ’~~8 $ . 8 7  14 61 ,  3.2n

.40 $ 7 2 3 .  130 ’ .  202 11 .11  • s 62 ~ ,3$ 1 10 9 7 3 7 .
$59,. 2 1 4 1 1 , 7 A ’~ .011),  ) , 83  1457 .  3 .7~

•70 1 1 1 1 $ .  1509.  19 1111 . 11  ,518 ?. ‘$$ 104)69?.
$147,. 7 M f l . 96 ’~ .09140 ~ .7V l A S ? .  3 . 3 ?

.110 IS’S. 1700 . %9 ~~? ’ 2 .573 2 .93  If l l 65 4~~.
•~~~.ê5 11410 . 231.3911 ,096 7 ) .7b  1614 6.  3. 96

.90 $7714 . $1193 . I,00.~ .5711 7.95 9731165 .
.70.7’ . $ 3 9 2 .  775 .119 11  i . 7 $  lS, ’$ I. 3 .511

• 1.00 1,50. 20 11? .  $ 8 6 1 . 1  .~~$2 7.9$ 913”I .
.20.113 275 .  7 % 1 1 . ç 7 9  , f l S$~ $ . A A  1136.

1.10 2 12 2 .  ? 24 ’ $ 8 2 2 .5  ~~~~ ? .SQ $ 9 5 $ 7 * ,
$7 1 0. 211 .5113 •fl*3~ ~,49 $631. 3,7’

- - - 
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TN 4070—51—74
NOVEMBER 1974

TRA JE C T O R ~V YA111( N UM S% F K 7 ((nN’T)

A L y I TUOF : 2000.0 FFr T IIEI —20.” r~(GRcrc

V E L O C IT Y : ‘.0~~,fl ~T i S  yfMP~ 59.0 0~~~ F

I ni~~r V (MA
THE TA I OR A G tA -n M A C H  ‘PIN 55

$ . 7f l  7791. 2149’’ $7
~~~.2 

.590 7.52 115n 976.
— Z~~.n2 ll 4 ~~. 704.85? .0c6~ 1 .6$ t 6 7 7 , 3~~ M7

1.30 7456 .  71!?. 1799.7 .‘93 ;~ cq 8 7 4 5 7 % ,
— 21 .1 ; 1 08). $911 .07? .0588 1.;? 1627. 3.’$t

A I 7. 2795 . 171 9 ,3 •596 7.54 7117050,
.21.22 $fl %9. $91 ,52 6 ,0114 1.5~ 161 7 , 9,01

1.50 7775. 7965, 2480.7 .c9Y 7.511 74t ?r 6 .
957, 185 ,246 .0645 t . 1  $613 .

1.60 2930. 3 13 1. 11148.7 .601 7 . 6 $  73 70 7 1 1,
— 21 .142 1197. ~79.2 711 .0675 $ .98 1408. ‘1,70

1.70 30 142 .  329k’ 1616 .7 .6011 ? e 6 3  7 0 9 9 % c ,
037. $73 ,5 47 .0704 1.9~ lAO ’ ., ‘1.29

3731 . 3~~5c .  $ 5 8 4 . 3  .61 114 7 .65  67111 7 9.
7711. 1-A 7 ’9143 .0735 1.’43 *600. 4.39

$.9fl 3377. 36$? . 1557.0 .609 2 . 68  6 5 3 3 5 7 ,
70. 161 .6)6 .0764 ~.40 1596.

2.00 3521 . 3716. 1570 .8 .i09 7.70 4791174,
6 4 3 .  15 6 . 0 93  ,f l 799 $ , 3 7  $S~~~. 14.511

3662 . 39*7 . 1501 .6 .609 7.72 40763% .
~21.97 

£ 136 , 15 0 . 85 4  .0832 $ , 3 b  1588 ,

7,2(1 ~799,  9046 .  1975.3 .609 7 .7 q  5 1 4 6 5 9 3 .
.22.08 550. $115,879 .0847 t .33 1589 .

• . 2.30 3935 , ‘$2$~~. 1 1414 11,9 .109 7.7a 564535 ,
.7 2.20  1495. $ 9 1 , 1 5 7  ,O’f l 2 % . 3 U  1580 . 14,1111
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TN 4070—51—74
— NOV EMBER 1974

T#A JE CTO PY TA n L E  I1Upj l~ :R ; (CnN’T)

A L Y I T I IIE : 2000.0  rrrT ot: —20.0 DES RE FS

vE L O C ITY : 40fl .fl K Y A S  TEMP 69.0 DES F

TI M E * ~ IST V en ~M A çNr,
• THETA 2 0864 y A H  MA C .M SP IN S4

40411, 935~~. 19 25 ,q . 40 4  ~~~~~ 6 4 7 5 3 k ,
— 2~~.32 4 9 $ .  3 3 6 . 6 5 6  .09311 $ . 2 8  $ 5 7 4 ,  14,9P

2.50 9198. ~4911. $901 .7 .609 ‘.110 5 70 47 5 ,
— 72 .49 3~~7. 13 7 .3 7 7  .0975 ~ ,76 $ 5 7 3 ,  5 .0 11

2.61) 9321.  9 637 .  13 7 1 1 .7  ,596 7 .112  S % 2 2 9 ~~,—27.56 3344 , 121 .50) .1023 1 ,214 1569 ,  5.19

7.70 91453. 477~~. 1154, 9 .5112 7 ,8 14  ‘$ 9 4 1 1 1 5 .
— 22 .69 2111. $20 ,018 . 1 05 1  $ , 72 $565 ,  5,29

14577. 99011. 1334.; .c70 7.85 411 1 17 5,
229. 1)4.089 .10119 1.20 $562, 5.39

2.9 0 4699. 509fl. 1326 .6 .558 ~,1111 q~~7% ç9,
—22 .99 177. 108.65$ .112q 1 ,18 ,5$,.

3.00 9 82 0 .  5 $ 7 1 e  1298,0 .5141 7.90 ~~~~~~~~• .23.07 276. 103.690 .115 8 i.1 4 1555 .

3 .10  1 49 3 8 .  5300 .  1280 .3  ,536 7 .92  4 4 1 1 9 - 7 .
.23.20 76. 9~~i036 .1193 ~,lS $ 552, 5.44

3.20 50~~~. 592w . 1;~~~.q .c7è ~•914 143018 3 .
.23.33 75, 914.770 .2227 $ ,13 I ’ 1 4 9 .  5 . 7 7

Ti’.t ,S~~e RA N r,F,FT VC L ,FPS- ,H~~TA SPt ’~ ‘6
3.75 51491.2 12147 .3 .73.5 1514 6. 5.72

I
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TN 4070—51— 76
NOV EMflFR 19/4

T PA JE C Tn Py T~~~L( N U M R r R  3

A L y t y(Ir~E ? 3~ 0O.f’ FIrT 13E .30,0 OESR FrS

VE L O C I T Y ?  qfl O,0 KT~~5 TEM P 59,0 OEG F

* 01ST V #~M A
Y PIF TA 2 0RA6 yA ~ MA(H SP IP~

.00 0, 0•  2 3 2 c . 6  .c3 2 ~.73 $qç ~~5A R ~
3000. 79S.7)P .0294 7.)) 1697 . 2. 97

.10 199 , 231. 277’.7 ,c32 7,7~ $3~~~77l4~
3fl .07 711115 . 2P~~.27’ ,0109 2.06 1604.

.70 3914. 455. 2~~?3.9 .637 7.28 13a’9t?.
27 72. 774 .914 ,0374 7.02 1680. 3, 01

.3fl 5 119s  475. 2176.11 .59 3 ‘ .$ f l  l ? ’ 5 7~~~ .
— 30 .2% 7462, 266.50’ •fl 3M fl $ ,97 1675 , 3 ,13

.40 770. 1190. 2~~?o .p ~;49 7 ,3 3  $ 2 7 1 5 5 9 .
7563. 758 ,927 ,O3S~ %.93 1669. 3.70

.50 952 . 1)01’ 2~ 113,~ 7.35 Ii”‘Ocl .
—30 .36 2997. 251 .956 .0373 % ,89 %449, 3 ,711

.60 (179. 130 7’ 2039.6 .540 7.37 1 3 7 $ $ 3 1 1 ,

23 92, 24~4 ’ ) 7~ .039~ ~.11S lAS$, 3 ,35

.70 I303. ISO’’ 1996.9 .666 7’-~O 10 744116.
30.S2 7290 .  73 7 .0 86  ,0409 1, 14 1 $ 4 5 3 ,  3, ” ’

• ~~~~ - ‘80 34,3. 1706. 1~~r5.s 
• ,s71 7.97 1o’nc4~~.

7I90. 731 .19’ ,0~4?Q % . 7 1  )4 9*.

¶ .90 l A~
fl, $11fl0~ $915 .3 ;,qq 9 4511,

- H •3~~.~~11 709). 773 .317 •099 9 % .7J $443 . 3, 69

1’OO $803 . 208’. 1 1176,9 .ç80 7.16 94*1169,
•3n.7o 19’.’.. 7 1 6 . 4 1 4 0  , fl ’.7fl % , 7t1  1* 3 1 4 , 3 , 40

727’. 10 311 .7 ,ç1414 7 ,99 ‘ % $ $ f l f l ,
$11 ’ .9. 7 $ f l . $ A f l  ,0149; t.Ao 1633 . 3.7*
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NOVEM BER 1974

TRA JE C TOR Y TA oLE p ,UM11 rR I (CnN ’fl

AL ,I T (IDE : 3000.0 FEF. T QE — 30,0 OE 6R(F5

VE LO C I T Y ?  4 00 .0  ( lA S  ,EMP~ 511.0 0(6 F

TI ME * “I~~T V C1~ (MA
T H E T A  2 ORAG YA ’~ M~~(H SPIN SG

1.20 71)9. 2957 . 3140 2 .1 .5911 7.51 *7c?3~~.
—3n.q ’~ $755 . 7fl* .q9 ’4 .flc lq v. 63 162 11. 3.~~c

1.30 7272. 2634 . 2766.7 .692 7.53 11 9 13 7 6.
• — 3i .02 $6614. 197 ,7C0 .0537 ~.S9 $6214 . 3,93

1 .40 21422. 2 8 1 1. (732.4 .599 7.65 900027 .
—3~~.~~) $ 573. 3 91 .5116 .0562 1.56 1619. ‘4.02

1.50 2518. 79~~7, Ié9’~~2 
,~~97 7,57 770 (36 ,

— 31 .21 11495 . $95 ,663 .0587 i.53 1415 . ‘4 ,17

1.40 ~7I2. 3$ -50. 1667.1 .600 7.59 799000.
—31 .30 1397. $79 ,980 .0613 1.50 1A1 ~~.

3.70 7853. 33%4 . 1436.0 .602 2.61 7?t32~~.
• .33.40 $3)) . )79.S25 .0638 % .147 $606.

4 $.00 2902. 34711 . 2405.9 .409 7.69  ~ 95f l 34 ,
• 

- 
—3,.q9 4 2 2 7 .  $69 ,%5R .066 9 $.95 140?. 14~~3fl

1.90 2 2 2 7 .  3437 .  1574 . 8  .609 2 .4 6  670054 ,
.3$.5 9 43 414 , 1-6~~.5~~-~ ,o~ ’1 ~,q2 $598. 44 . 4 7

2.00 3260. 3793 . 151411 .7 .4014 7.611 ~943RS ,
*062.  * 5 0 . 15 3  .07)9  ~,3t 15 94. 9.54

2.10 33’I. 39147. 1521 .6 .609 7e7 0  4 7 3 9 3 1 1,
— 3 1 . 7 9  ‘~~1. 15 3 .05A  .0796 i , 37  (590.  ‘4 ,65

7.70 3519. 4097’ $495,9 .609 ‘.72 4 0 7 4 l ’ 4 ,
9~~$. $14~~.207 .0777 $.35 $ 6 0 4 ,  14 ,74

7.30 3645. 1 42 4 6 .  t’.7n .n .609 7 7 4  cS~~3 97 .
523 . $93 ,590 .01107 ~,32 15 82.
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TN 4070—51—7.-e
N0VI~%BER 1974

TR A J E C T O R Y  ?~~*LE ~UMn r R 3 ICON ’?)

A L T I ? U O E  3000,0  FFrT  ~~ — 30.0 O f 11 R 4 r S

VF.LOCITY: 1400.0 I(T*S TFMP 5t,fl 0(6 F

T 3 M (  * 0 7 5 y  V t o C~~A
7 I’ RAG Y & ’  M~~CPI

7. 140 37611 .  ‘ 4 3 9 1 .  1s 4 5 . 4  .6014  7 . 7 6  5 4 3 I 5~~.
7’iS. ) 3 9 . % 9 1  .01137 3 ,30 3578 .

7.50 3890, ‘4S35. $~~fl.c ,*fl 9 7.7$ ~ li*~11~~7,
— 37.27 64 9 .  $39.99, .0069 3 , 7 8  3 5 7 9 , 5, Oa

14 00 9 , 44474. 1399.0 ,*014 ‘.00 577933 ,
—37 .33 5944 , 130 .996 .090 1 3 .26 1571. 5 .17

7 .7 0  9 ) 2 4 .  1 4* 1 ” .  13 7 6 .9  ,505 7 ,112 5 3 0 1 1 3 3 .
5 ) 9 .  $ 2 S . 2 1 1~ .0939 3,79 I56~~. 5,27

7.80 ‘ 4 2 4 1 ,  1 4 9 5 3 .  $ 3 5 6 . 6  .5112 7.114 qecP SS.
.37.56 ‘4 14 6 ,  t I o . I 7 ~ ,0967 3 . 22  % 6 4 9 •
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•4e ’20  2 9 1 10 .  3 4 1 1 . 3 4 3  .063s 3 , 5 0  3 6 0 7 , 4 , 411
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APPENDIX C
SELECTED WIND DATA , NWC ARBS FLIGh T TESTS

Table 1 gives wind data t aken before  an ARBS bomb drop f l igh t tes t .
Table 2 gives wind data before and after particular flights (if approx—
linately 1—hour duration). Note the variation in both magnitude and
direction. The rangewind is approximately North—South . This data is a
small sample of sunme r afternoon N~C weather conditions . Good bombing
results were obtained in these conditions with NWC ’s ARBS.

TABLE 1. Wind Components (1 tlsec) as a Function of Altitude.

Date 6—9—71 6-~~ —7 1 6—24 — 71 6—2 5—71 6—28—71 6—29—71

AGL ~~ RW CW R~ C~1 RW CW RW CJ ~W CW

500 NA NA NA NA NA NA NA NA NA ~A -15 10
1,000 — O 24 5 20 37 —5 40 15 0 10 —12 8
2 ,000 —5 16 2 23 30 5 34 11 2 3 —2 —24
3,000 —7 20 0 20 40 —12 20 - —5 5 5 —7 —20
4,000 —7 15 17 22 40 —12 35 —30 4 8 —19 —20

• 5,000 —5 20 17 22 30 —10 35 —22 0 0 —28 —20
6,000 —5 7 NA NA 25 —10 40 —13 —8 5 —29 —21

- 
Ground level altitude 

- 

CW Crosswind
approximately 2 ,200 f t  MSL. 

- 

RW Rangewind
NA Not available
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TABLE 2. Wind Components (I t/st~c) ilefore and Alter an AlIAS
Teat Fb~bt (nominall y 12 bomb drops per I1i~ht).

Date 6—10 —7 1 6—11—71

. 7 NA 7 NA 

B A 1
2,000 —5 6 7 5 5 -3 —25 10

3,000 —15 0 20 9 —5 —6 —20 —4

4,000 —3 4 10 5 —15 —5 —10 0

3,000 —12 —4 13 15 —15 —8 0 —4 -

6,000 —15 —5 10 16 —15 —10 0 —5

Ground level altitude 04 Crosswind
approximately 2 ,200 f t  RW Rangewind

• • HSL. NA Not ava ilable
B Preflight conditions
A Post fligh t conditions
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