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BALLISTIC RESEARCH LABORTORIES 

HEPORl' NO. 927 

LCHaeAllister/psg 
Aberdeen Proving OE-cnmd, M:l.o 
Jamary 1955 · 

THE DRAG OF A 1/6 SCALE PllDEL OF THE ~LB. 8:1MB Ml.l8 FROM A Mlal 
HUMBER OF O. 7 '1'0 1.2 AS OBTAINED FlrlM FREE FLICIIT FIRINGS 

AH!TRACT 

The drag coetticients ot a 1/6 scale model ot the )OOO.pound Bolllb 
Ml.l8 as obtained troa tree night firings and. tull scale values as in
terred trom range drops are given tor a Mach mmtber range of o. 7 to 1.2 o 
Q:)aparison ot the lilodel and the tull scale drag data indicate that the 
two are 1n good ap-eeMnt only 1t the prii'YaUing 11111 J.'!I'Yels of the tull 
scale bomb are taken into account. 
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IN'ntODUCTION 

The pertinent aerodynamic information on bombs which is necess1117 to 
pl"epare bombing tables is usual~ obtained from full scale drops. This 
pl"Oced\ll"e is both costly and lengthy. Hence it was thought i.alportant to 
explore the possibility ot obtaining the necessary information by model 
firings. It should be noted that the ~ariables that enter into the de
tel"lllination ot the trajectory ot a dropped bomb are pl"obably too numeroue 
and too interrelated with launching conditions to permit a highly accurate 
solution from lcnbwledge et the bomb's basic drag pl"Operties alontr,• A JDiel 
program should be able to ):IZ'ovide ths basic drag information that could 
permit si.alplitication ot the necessary full scale program. 

A ]ll"imcoy question to explore is the importance ot Reynolds. nllllber 
effects in the scaling ot the bomb shape to a model sile sui table tar 
tiring in tbe range. Therefore a model JIZ'Ogram to JIZ'Ovide intormat:Lon on 
ths aerodynamic Jll"Operties ot the 3,000-pound Ml.l8 bomb sh~pe at tran-
sonic velocities was carried out in the Transonic Range tacility(l). 

The test considered ot launchings ot apprc:otimately one-sixth scale 
models through the range in.strumeniation to determine data that would 
yield the drag, .. tability, and danping properties ot the models. 

Since drag determinations are usually completed well in advance o t 
the more complex yawing motion paruieters only ths drag results and their 
]ll"eliminary evaluation is given here. 

'l'BST !ROORAM 

The test pl"ogram consisted ot two .firings ot twlve models each. 
Models ot two types (Table I), differing in the position ot tiB center of 
mass (Figs. 1, 2) wre launched in wood-plastic sabots (Figs. 2, 3) (2) 
trom a tank mounted l55mm smoothbore gun tube (Fig. 4). The sabots wre 
so constructed as to hold the models at one and a halt degrees angJA t.o 
the borelins ot the launching tube. ,This arrangement insured. that 
sufficient yaw would be developed to permit analysis ot the yawing motion. 

The mo~l bomb disengaged from the sabot within the distance •epa
rating the gun from -ehe blast shield protecting the range building. The 
trap~ented parts ot the sabot were collected and deflected by the shield; 
the model then passed thzoough a series ot eigJlteen-inch ports into the 
instrumented portion ot the range. 

At each ot tbe range's twepty-tive spark stations horizontal 8Jld 
vertical pl"Ojections ot the mocSel were obtQned. At twlve stations the 
respective times ot flight were recorded by' 1.6 megacycle CDunters. 
Twenty-two undamaged models success!~ traversed the full range. Two 
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or the mcidel.a were duaged b7 sabot faUure1 in launchi~·, although one 
or these new through the r~ satisfactor117. 

All models were provided with an inch-wide aUt band on the nose to 
usure earl.T development of a turbulent boundary ~er. This was 'done 
since the tull scale bomb usuaU,. operates at Reynolds I1WIIbers where a 
turbulent lqer can be expected. 

RIDUCTIOR W DAllA 

The wo photograptd.c plates of eech tiUng station wre aeasured on 
optical comparators. ~atial position of the center of mass - de
termined from these measurements geometrically. These data, together with 
the time or night data, were fitted to the follaring fo;z:m em h1&h speed 
el ctroni c computers • (.3' 4) ' 

8 tt>·-·· 

t - to • ai + bi2 
+ ci.3 

- * Wheres•z-s 

* . and z is an arbitrarr point approXillateq in the 

center or timing data. The drag coefficient 
' * evaluated at the Mach llWIIber associated with s 

is given b7: 

Ill 2b 
~ ·-· pd a 

Drag For,ce • ~ L 
~ 2 11-ll 

.e.!:_ nd 
--r • T 

The values f?r the drag coefficients obtained are given in Table II 
togeth~. with the statistical error, the Mach DWIIber, and the prevaUiJII 
1111.11 levels. The raw drag coefficient is defined by1 

~ • ~ + lz> 2 • 62 
0 6 

1 Both failures occu.nd in the plastic base elements of the sabot. This 
probabl.T wu due to variabilit,. of properties 1n the init.ial plastic 
castings (used for the first tillle) since failures occwnd at 111ediUJ111 
rather than ux1••m, teet loadings. 
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In :>rder to estlblish the zero yaw drag curve, values of the drag 

coetncient obtained for lbwer yaw l8Vels1 wre fitted as a function 
of Mach Number alone. This curve was used to adjust blocks of the data 
to a common Mach DUMber so that the variation ~th yaw could be determined. 
This variation was, in turn, used to correct the data to zero yaw con
ditions so that a final variation with Mach number could be determined. 

RESULTS 

M:>de 1 Dr as: 

The model drag coefficients are given as a function of their Mach 
nunbers in Tlble II and Figure 5 tor zero yaw. A curve representing a 
corlstant yaw level of follr degrees (sixteen squared degrees) is also 
given (accelerometer drop data indicated full scale yaws of 3 degrees or 
less). The effect of this level of yaw was to increase the drag coef
ficient about 14% at the lower subsonic test speeds. This percentage 
variation generally holds through the earq part of the drag rise until 
approximately M • 0.97. In this latter region the yaw effects appear to 
decrease and between Mach numbers 1.0 and 1.075 the yaw drag coefficient 

was not clearly determined but appeared to be small2• Above M • 1.10 
the percentage change of drag due to yaw effect was about halt that at 
subsonic speeds and decreased with increasing Mach number. A plot of 
the yaw drag coefficient as a function of Mach number is given in Figures 
3, 6 and 7. 

Flow Pattern 

The nature of the variation of the drag coefficient relates quite 
closely to observable features of the flow patterns about the projectiles. 

The dr·ag coefficient rises sl01ly tl'om the lowest test Mach nwnber 
of 0.7 up to approximate:!¥ M • 0.65 with no observable disturbance in 
the flow field (Figs. 8, 9). This trend is probably due to flow com
pressibility effects and alters. near a Mach number of .655 when local 
shocks appe,ar on the corner of the ogive and at the boattail (Fig. 10). 
The onset of local shock patterns appear to disturb the viscous l~qer. 
The boundary layer and the wake seem more pronounced in the shadovgraphe, 
although the former does not separate under any of the observed yaw 
conditions. The dissipative effects of the shock formations and the 
disturbance of the viscous layer produce a higher rate of change of the 
drag coefficient with Mach number. The drag coefficient curve. increases 
almost linearly with Mach number as the local shook formations grow 

Mean squared yaws less than 3°2. 
2 This behavior is determined from models with an average yaw level of 

2 degrees. Since relatively lrge variations in the now character
istics occur for minor changes in yaw or Mach number near sonic speeds 
it is . questionable whether this trend pan be extrapolated to yaw 
conditions other than those achieved :!.n the test. . 
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(Fig. 11) untll a Mach number of 0.97 is reached. At this latter point 
the curve steepens sharply, coinciding with a general development of 
supersonic flow behind the ogive. A waist shock occurs about the body, 
the flow reaccelerates on the afterbody and a shock s,rstem is established 
ahead of the fins. Local shocks also begin to appear, associated with the 
fibs and the wake (Fig. 12). It appears that the local flow about the 
model is mainly supersonic and the shock system seems general rather than 
localized. 

A bow wave appears in the shadowgraphs a~ a Mach number of 1.00 
(Figs. 13, 14) and the slope or the drag curve decreases with increasing 
Mach number to the end of the test data at M • 1.25 (Figs. 15, 16). 

Two further points, or rather suppositions might be noted: The fin 
shock pattern appears to stabilize at M • 1.09 and the data might support 
a minor break in the slope of the curve at this point; secondly the aft 
and bow shock formations appear to stabilize at the highest test Mach 
numbers indicating that the drag curve m~ be near a maximum~ 

This discussion is summarized in Fig. 16 a. 

ESTIMATES OF FULL SCALE PERFORMANCE AND 1XlMPARI90NS1 

In order to obtain estimates for the drag of the tull scale boab 
the difference 'in the surface skin frictional effects between the model 

and the full scale were computed using subsonic flat plate f'onllll.ae(5). 
Two conditions }lere considered: l) the full scale bomb at zero yP, 
equivalent Mach numbers and at essentially sea level atmospheric con
ditions; 2) the full scale bomb at zero yaw, and at the atmospheric 

conditions as recorded on a particular drop( 6). CUrves representing 
these esti:nates are given in Figure 17 together with' the model drag 
curve for 4 degrees average yaw to indicate the relative magnitude of 
yaw and scale effects. The curve corresponding to the atmospheric 
conditions prevailing for the drop is approximately 15% below the model 
curve in the lower subsonic portion and about 3% below it at M • 1.2. 

Three determinations of the drag properties of the bomb are given 
in Figure lB. One is the drag curve obtained from accelerometer measur -
mente on a full s.cale drop test. The yaw records for this drop :l.ndicat d 
yaw levels of about two degrees just after launching and when the bomb 
neared sonic speed. The second is the drag curve being used for prepa
rations of bombing tables by the Computing Laboratory. This latter 
curve was deduced, initially, from all forms of drag data on models and 
on full scale configurations and was then adjusted to a best match of 

l D:l,scuss;l.ons with Mr. B. S. Martin, Bombing Tables Branch, Computing 
Laboratory, Dr, A, s. Galbraith and Mr. L. Maynard., Theory Branch, EBL, 
have be n very helpful in this s ction. 
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of iJIIpact and time of flight data for a wide variation of drop conditions. 
The full scale estimates obtained from the firing range model data are 
also replotted in Figure 18 for·aver~ge yaw levels of zero and four 
degrees. 

It ,appears that the model curve is comparable with the curve used 
for bombing tables up to a Mach of one if average yaw levels of one to 
two degrees are probable. Above M • 1 the bombing table curve disagrees 
with the model curve unless average yaws of about four degrees are 
assumed. The accelerometer data curve is best determined at the higher 
Mach numbers and in this region it essentially agrees with the model 

curve. Estimated errors(6) for the lower portion of the accelerometer 
curve are such that it may be compatible with either of the other curv s. 

In comparing overall results the source of the data should be con
sidered. The 'free flight range test provides a highly accurate drag 
determination for +.he model fired; drag is usual~ determ:l,ned for zero 
(or small) Yfllllo These results JIIUSt be corrected for scale effects. The 
full scale drop test utilizing direct measurementB, while frequently 
subject to inetrumentational difficulties, gives a direct measure of the 
drag for the conditions of a partirular flight. The curve finally 
utilized for the preparation of bombing tables is the result, generally, 
of all available data but is final~ adjusted to give the best fit of 
illpact an:i time of flight measurements of a large series of drops in
volving maey release cpnditions. Hence, it is an average of some sort 
tha.t represents, possibly, a wide variety of flight conditions. 

The evidence indicates that the model data agree with the bombing 
table rurve 2.!J.lz if certain yaw conditions can be assumed. The question 
is tt:en raised as· to whether the actual bomb drops used in the trajectory 
calculations exhibited sufficient yaw, on the average, to explain the 
difference between the model data an:i the bombing table drag curve, I! 
yaws of• a proper level existed the data are compatible; if not, there 
would be an essential disagreement between the model and the full scale 
data that would seriously reduce the usefulness of model data· in assisting 
the preparation of bombing tables. 

The evidence of several accelerometer drop tests ( 6) appeared to show 
that the prevailing yaw levels in a drop could explain, at best, onlJr the 
discrepancies in the subsonic portion of the drag curve (it Should be 
noted that thesl' drops were made without bomb bS¥ doors and with the bomb 
semi-externally slung). However a series of Askania yaw and drag 
determinations from drop tests which were used to determine the bombing 

table curve1 were available, The results of 18 drops from B-36 an:i B-45 
aircraft at altitudes of 25,,000, 35,000, 401 000 and 45,000 feet were 

1 This material was furnished by Mr. E. S. Martin of the Bombing Tables 
Branch of the Computing Laboratory. 
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investigated, The measured yaw vas converted to plots of ~ as a function 
of time; the drag coefficients and a 'function of the total drag ware also 
plotted. These records indicated a higher yaw level than vas anticipated 
from the accelsro11111ter data, piiZ'ticularly in the higher Maoh number regions. 
Yaw data of this nature hall an accuracy level of, sq, ~wo degrees. 

2
The 

sample curves (Figs. 191 20) show levels of yaw from 2° to over 10° along 

large portion~~ or the trajecto~. 

Figure 21 showa a comparison of the me~ured drag function (11!pv2) 
on several full scale bod! drops; the bollbing table ourveJ and the model 
curve with a yaw correction for 4 degrees, average yaw, It appeiiZ'S that 
either the table curve or the yaw corrected model curve represents the 
general trend of the actual drags quite well. 

CONCLWIOIIS 

Drag data obtained from free flight rqe model firings at reasonably 
high Reynolds nwnbers appear sufficient to serve as the basis for bombing 
tables 1 provided that' scale corrections are applied to the model data, and 
provided that the yaw level in the full seals drops is quite small. 

When full seals drop conditions include significant yaws, agreement 
with model data can be achieved by determining the yaw level and ldjusting 
the model dats accordingly. 

ACKNOWI.EDGE!-ENT 
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f.C.JIIat:a/t..~ 
L, c. MacAllister 

Since the period of the bonil is on the order of a second the graphs 
are drawn to show gross overall variations in the yaw not detailed 
variations. 
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TABLE I 

MODEL PHYSICAL DATA 

Forward 
tenter of Gravit7 

Weight (lbs.) 

Diameter (inches) 

Length (inches) 

)1.)2 (average) 

4.433 ~ .002 

33.Sla • .02 

e.g. (inches from base) 23.11 
2 Axial Moment (lb. -in. )71.50 

Transverse Moment 
(lb. - in2) 

2592.0 

12 

Mean 
Center of Gravi~ 

19.57 (average) 

4.433 !. .002 

33.83 !. .02 

18.79 

48.52 

1779.1 



TABLE II 

RANGE DATA 
2 

Mach No. Ito % %Error "! 
-

1.226 .2091 .5325 .22 2.3 
1.207 .2061 .5248 .07 3.12 
1.!96 .2062 .5251 .40 7.25 
1.189 .2030 .5169. .15 5.12 
1.177 .2010 .5118 1.50 2.76 
1.110 .1938 .4935 .so 5.8 
1.103 .1872 .4767 .24 4.83 
1.096 .1876 .4777 .10 2.2 
1.093 .1853 .4719 .13 3.32 
1.085 .1841 .4688 .02 1.44 

1.077 .1765 .4495 2.3 1.74 
1.067 .1750 .4456 2.6 1.77 
1.058 0 

.1735 .4418 .13 1.12 
1.050 .1739 .4428 ~65 .. , .72 
1.040 .1642 .. 4181 ·.36 .2 
1.024 .1594 .4059 .u .1 
l.Oll .~514 .3855 .59 .os 
1.008 .1463 .3725 .44 3.6 
1.oos .1365 .3476 .23 5.42 
1.001 .1324 .3372 .38 4.14 

.998 .1375. .3501 .49 1.21 
•996 ,:1.269 .3231 1.77 2.77 
.992 .1317 .3354 .15 .89 
.986 .1266 .3224 .78 .59 
.982 .1272. .3239 o79 6.96 
.976 .uss .2941 .71 4.17 
o972 .1064 .2709 .45 2.6 
o971 .1014 ~2582 .54 .7 
.958 .0931 •2371 o93 1.61 
.954 .0918 .2338 .15 .98 

.949 .0915 .2330 \97 .56 

.936, ~0848 .2159 .28 2.82 

.932 .0931 .2371 1.0 11.19 

.928 .0838 .2134 .16 6.80 

.925 .0825 .2101 lio3 3.97 
~911 .0724 .1844 : .3 1.65 
.899 .0665 .168~ o95 3.6 
.88'7 .0604 .153 1.6 2.63 
.884. .OS99 .1525 .22 1.67 
.882 .0599 .1525 .51 1.21 
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TABlE II (Cont'd) 2 .. (''fr·;·;-Mach No. ~ 
. 

~ El'l"or !' 

.786 • 0$65 .1439 .as 6.24 . 

.786 .0$16 .1314 1.35 2.66 

.784 .0$22 .1329 .27 1.80 

.782 .,0518 .1319 1.3 1.25 

.723 .0533 .1357 .28 1.4 

.718 .0578 .1472 1.3 2.16 

.716 .• otm .1266 .26 1.38 

.. n3 .0490 .1248 .24 .9 

.100 .0257 .1342 2.9 5 .• 09 

.698 .0$24 .1334 .47 2.9 

.696 •0512 ~1~04 ·13 1.59 



TABLE III 

DRAG COEFFICIENT AT ZERO YAW 
)( 'no c;,o 

.70 .0500 .1273 

.80 ~0505 .1286 

.84 .0507 .1291 

.85 .0510 .1300 

.86 .0520 .1324 

.87 .0540 .1375 

.88 .0570 ·.1452 

.80 .o655 .1668 

.92 .0740 o1884 

.94 .• 0830 .2114 
o95 .0870 .2215 
.96 .0930 .2368 
o97 .1000 .2547 
.980 .1140 .2903 
o990 .1280 .3260 

1.000 .1400 .3565 
1.01 .1500. .3820 
1.02 .1560 .3973 
1.03 .1615 .4113 
1.04 .1663 .4235 
1.05 .1705 .4342 
1.06 .1745 I o4444 
1.07 .J:77$ .4520 
1.08 .1810 .4609 
1.09 .1835 .4673 
1.10 .1860 .4736 
1.11 .1875 .4775 
1.12 .1895 .4826 
1.13 .1913 .1871 
1.14 .1930 .4915 
1.15 .1945 .4953 
1.16 .1960 .4991 
1.17 .1975 .'5029 
1.20 ~ 1.22 .2033 .5177 
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FIG. 1. MODEL BOMB 

FIG. 2. MODEL IN OPEN SABOT 

FIG. 3. SABOT ASSEMBLED 

16 



17 



+-r1-c 
...... 

::. ::., ~~t~~J>;· :~:.:h. 44~-lnltr:ry J IS·.~ ..... "'A :· i:· ··-····-··•c- ·, ··············· ............ . 

I~ ' ' IS : •••• ~. ~·- :~ ~- .:. I :~i· •..•.•.... , ..... , ..••• ' •.•... :. ···I~ ........ '··· •.. ·I.. " ' ' • ' . . . . . ' .. : . . . ..,. .. . . . . . . : ' ' 



:.:: "· '!'" ii :t:. .. · .. ·~, '· '·'· · ... '·. :·.·. l~ii"-Ul '!it t;;., ' ' . . .. ........ .. 
•t·•TfqojttTo.,'"'>r-~ "' .. ,.,, ~:: ·:·~:~:~;:::::: ._.;~:·-H•• 
;::j d~~~~-: t:!: "'I "' ''" '" ::,'\..• ' .. ~~' . . . . , . . . . . :r _, :;: 

i , ~ , I : l ! : r • : ! : • : : : : ., : ; : : ~ : : : . : , . 
,1, ii; "'l .. ,. ·• •:• 'I'' '· 
'li' W.J.I ;.u, 'j'J'' "'t 'iti :.:; .. :: :·::: rii7 ;i:: 'i:: :,.;, 
! ':' ':'''1 't'li I : :;, ;.,, ·,.:t :~.: '.. .. .. . ! . : t I • I ' j l ' f : ' : ' : : I : ' . ; : : : : : . : : : ' " : : . " ' : : . 

·· ::" .. ~ ·::' ()·~ H :+ ::,. u: 
,.. •It "' '" 

'
·::: ,·::· :::. ::,~.~._:: :;· .. ·'·· ·v -,,. 
nn 1> ;·;n (: <1 :::: ·::. 

:: ' .. !':" ,.,. 

Hi' illj :;,. 
.l id' f .. 
" ·"· 1". I ' ' ' ' ' I " ' 

' ' ' ' " .I • 

. ' . " . 

' ·.·.:·. · .. ·.··, ·,··.•. ·:·.·.~.:;.;:.· ...... ,. ::; : : '': I: .. :I:; ...... ' ,J'. '.''I.'' 1:,:' ~~ i; I: i: 
:r··· ~:tt·i:1f ~.:.'!~.i f.~.t.;,· ::~;tdttt:~ T~~ ::;j it~;;.;; t!i; 

. :I. , . , ; :': :::: ::I; ::/i :::. ; i.:: '!:: ! , ! 

·.:! :~:: :::· :::i ·;.: ji:: i;:· :;:. ·). ,;:1 .... !i\j :::! !il' 
.::; ~~~ ;~;: ~!;~ :-i.g :4{- ~!ll :::: ::.: ::~ 1''1 f-H 

... , .: ............. ;m .,~ , ..... , :.:.!.:, '.·.·'.'.· '.·· .. '.·'. · .. :".'.· .·.:·: :::·::::::::.:::.;·j. :::::;: :!: 

.. .. 

19 

' ..... "' ::: .. :.: :•,;, :•::::' : :i :.:: 
' : : : : : : ! ! : I : ! ' : I ' I . " I ' : ; f' I I . . I • , I : : ; ' 
·-~.!~ t.;..: · · .:~ · !~n·. · ~ · :~~t7t~·L ., .. .,, · ~,',',:. '·t· ··•· •11 il•· •1· .,, f::: :;:: :!:; ;:1: ::;: 0!.: :::!~· :j.i: 



FIG. 8 M • 0. 70 

• 

FIG. 9 M • 0. 78 
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FIG. 10 M = 0. 855 

FIG. 11 M = 0. 96 
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F1G. 12 M "' 0.98 
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