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BALLISTIC RESFARCH LARORATORIES
MEMORANDUM REPORT NO. 546

Hitchoook/kls

Aberdeen Proving Ground, M.
31 May 1951

ON ESTIMATING THE DRAG COEFFICIENT OF MISSILES

\X ABSTRACT

A method of estimating the head, base and friction drag coefficients
of a missile is outlined. This procedure pertuins to roockets and artillery
projeotiles, with or without fins, and is a combination of theory and
empirfoal data, gathered from numerous sources, '

AN




INTRODUCTION

A procedure for estimating the drag coeffioient of rogkets and:
artillery projeotiles, with or without fins, is stated briefly. It
is based partly on theory, partly on emrirical data. Since the effeet
of yaw is neglected, the results apply only to amall yaws,

The drag ooefficient KD is assumed to oonsist of three prinocipal
parts: tho wave drag oveffiocient KT)W' the base drag coefficient KDB’
and the friotion drag coeffioient KDF' Besides, there are interference

M‘f'eots,1 whioh may be represented by an interfersnos drag coeffioient
KDI' The whole is the sum of its parts:

K = Epw * Epp + pp * Kpre )

JIf p deuotes the air demsity, d the diameter of the oylindrical
part of the body (or the caliber) and u the velooity of the missile
relative to the air, the drag is -

D= KD’dzﬂza (2)

WAVE DRAG COEFFICIENT

ap Conioal Head. The wave drag coeffioiezét of a conical head is
oomputed by the theory of Taylor and Macoolle“?Y This coeffioient is
tabulated in Part II of Kopal?!s "Tebles of Supersonio Flow Around Yaw
ing Cones";4 the values multiplied by 4/» may also be found in Part II
of his "Tablesof Supersonio Flow Around Cones"s® The arguments of these
tables are the se.d=apex angle es of the oone and the radial velooity u,

along the solid surface, In both tables, the Mach number M = w/a is
tabulated; if M is assumed, it is inore oconvenint to find the corresponde
ing velue of u_ in Pert IIT of the latter volume, Although the velooity

of sound a in the undisturbed air is a funotion of temperature and wvaries
with humidity, we teke its standard value as 1120427 fps.

In order to obtain u in fps, Kopal's values must be multiplied by

the velooity of discharge into a vaouum o, which may be oomputed by the
formula

o = ali(1 + 4.93827/1(2)'5'. (3)

The semi-apex angle of the oone may be found by the formula

tan 0= d/zh, (4)

where h is the height of the head.




b, Ogivel Heads Tho wave drag coeffioient of a hody of revolution
oan be computed Witn ~ariain restrioctions as a perturbation of the wave
drug cceffioient of a cone., Van Dyke6 has derived a secama-order theory
of supersonic flow, using the partiocular solution for & ocne with the
same vertioal '‘angle as the prinoipal te:m and adding other terme which
make the flow satisfy the boundary oonditions at a finite number of points.

Although this theory a;{peara to be quite acourate, it requires more
exverimental aonfirmation; besides, its use has the disadvantage of reguire
ing a large amount of computation,

L
£ ’ Tho effect of curvature may be estimated from exporimental results,
; For exaiple, the form faotors of British 5-inch Shell with 7¢6 /0¢38-02l,
boattail and three hegd shapes wore determined from the observed ranges
at an elevation of 40 and a mursle weloocity of 2500 fps. The heads
wore all the same height: one was oonieal, ocne was & secent ogive with
a 16-oal. radius, and one was a tangent ogive with an 8=cale radiuss
The results indicate that, at 2500 fps, thc drag coefficient of the
secant ogive is 0,0043 less than that of the core, and the drag coeffiocient
of the tengent ogive is 0,0018 less than that of the ome,

Some wnpublished data obtained by the Free Flight Asrodynamios Branoh
for ouliber 0,50 bullets with conical and ogival heads 2,¥2 celibers long,
rounded at the tip with a radius of 0495 oaliber, at a Mach number of 2,44,
alego indioate oorreotions to be applied for ogives of various radil, The
following table gives the drag soefficient for ogival heads less that for
n osonical heed of the same height; R denotes the ogival radius, and RT

the radius of a tangent ogive of the samo height.

RT/R oK,

Coniocal head 0,00 + 0000
Je2b -~ 40033
0,50 At .0044
0.87 - 40031
Tangent ogive 1.00 + 00565

1111017 derived a semi~empirical relatiun hetween the wave drag
veofficient of an ogival hoad and thet of a conical hoad of the same

] apex angle. e obtains the former by multiplying Kopal's tabulated
drag ocoefficient by the factor

1 - (96 - 82 tlnzea)/(TM + 126), (5)

However, ‘his relation does not agreo with the results given abowve, since
it ylelds an inorease in KD for suy inorease in R‘I/R" Its use ie not

recommended unless it is oonfirmed by additionul experiments,

I 8. Joettail. The Airflow Branch has conputed t%c pregsure distr:bue
tin over oorie~oylinders with boattails varying from 4 to § at lach
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nunbers from 1.72 to 5 79. These data are available in graphioal form
in a report by Carter. 3% The wave drag coeffioient is found by the

rolation
r
= Te
Eow = ﬁ (1- Pr/P]_) r dr, _(6)
rvure
™

where 7 is the ratio of speoific heats, ry the radius of the base, ry
th_o radius of the ovlinder, Pr the pressure at a point where the radius

is r, and P; the atmospherio pressure. If 7 = 1,405, 21/)’ = 444724
If The variation in Pr is small, an average value may be used, but, if

Pr is a linear funotion of r, the intogration is easy to perform.

Y

d. Fins. - The wave drag coeffioient of a fin dopends on its shape,
Most aerodynamioists define it by the formula

Dy = CofS'/2, (1)

where DW is the wave drag and S is one surface of the fin, The relatiom
between this coefficient and the ons based on the missile diameter is

K = O /24 (8)

For a rectangular wing with a single wedge profile of wodge angle
,6 » Graham and Lagortstrom8 derive the formula

Cow = (,62/‘5) (1 <1/mB), - (9)
where A is the aspest ratio and
B= (u? - 1)%. (10}

The aspect ratio is, by definition,

A= 3/09 (11)

where s is ths span and ¢ the ochord.

Graham and Lagerstrom also derive formuleg for wings with swept-
back leading edges. Sinse those formulas are long and oomplicated,
they will not ke given hore.

For a rectangular fin with a double wedge or a biconwex (double
oircular aro) profile, Bonnoy? dorives the formula

Cow = KK %/, (12)




where T is the thickness ratio: if t is the root thickness,
T= t./co (13)
Ir tz is the thiockness at the tip, the taper in thiokness is

A= tz/t (14)

and K= (1+ A+ 2)/s. (15)

If the profile is a symmetrinal double wedge, K, = 4, If the middle
third of tho profile is oonstant in thickness ard the outer thirds are

wedge-shaped, Kl = 6, If the profile is bioconvex, Kl = 5433,

For a delta, fin with a trisngular planform und a dotble wedge
profile, Puckett” dorives thren expressions which depend on the
swaep-back angles of the leadinz edge and the maximm thiockness iine.
The choice of the applicable expression depends on the magnitude of B
relative to the tengents of the two angles. Puckett and Stewartll
oextend this thoory to inolude delta fins with swept~back and swept-
forward trailing edges. BeanelZ extends it further to inolude delta
fins with bioonvex sections. He presents results pertaining to beoth
profiies in graphiocal form.

(hapmanls made a thecretical and experimontal investigation of
fins with a blunt trailing edge, a rectangular planform, and varicus
modifiocations of wedge and biconvex profiles. The results are given
in graphical form.

BASE DRAG COEFFICIENT

The basze drag coefficient is found by the rvlation
' 2
- / 3
Kp = (1 Pb/Pl)Lb,d ruz, (16)

whore P, is the base pressure, P, the atmospherio (or froe stream)
prossure, Lb the base area, d the ocaliber,” the ratic of specific heats,

and M the Mach number. For air, ¥ is approximately 1.406. PFor a sholl
body of base diameter d.b. the bave area i

2
&, = /4)e (17)
and tho base drag coefficient may be expressed

Xy = 0.569 (1 - Pbﬁl)d:/azu?‘. (18)

— i i bl




14
8. Square Base. Charters and Turotsky deduoed the ratio Pb/Pl for

several cone-cylinder models of different lengths, which were fired in
the Tree~flight range at Mach numbers from 1.2 to 3,8, The total drag
was moasured, the pressw-e acting on the oone was computed from Kopal's
tables, the skin friction was estimated from a subsonic formula, and the
base drag waa obtained by subtraotions The pletted results lie olose to
the ourve defined by the queuratio equation

1- P /P = 0.5086M - 0,1085 = 0.024111°, (18)

This equation should be used only for liach numbers betwven 1 and 4, At
low subsonio velocities, the base pressure is nearly equal to the atmos=
phoric prassure, and the base drag may be neglectede At very high Mach:
numbers, experiments indicate that the basys pressure deoreasss with in-
creasing Mach number, approaohing the ounditica of a vaouum at the base.
Under certain oonditions, therefore, it may be aatisfactory to approx-
imate the base.pressurs with a vacuum for engineering caloulations.

Chapman 15,16 derived two semi=empirioal formulas for the base
pressure on cone-cylinders and ogive-cylinders, which fit Charters
and Turetsky's free-flight data and some wind~tunnel measurements. His
bese drag coeffioient consists of two terms: one calculated from the
pressure just upstream of the base, whioh depands only on the body
shape; and another, which depends on visoosity. If the boundary layer
Just upstream of the base is laminar, visocosity has a large effect on
the base pressure; but, if this boundary layor is turbulent, the offeet
of viscosity is smalls On a long missile, with a cylindrical body, the
pressure just upstream of the buse is nearly atmospheric and the beundary
layer is turbulent; therefore, the pgiven free~flight data should be
applicable,

b. Boattuiled base. C!'w.pumn16 shovod that his theory oould be
applied to boattalled bodies providing the boundary layor on the boate
tail is laminar, but not if it is turbulent. Unless appropriate ex-
perimental data are availabls, however, formula (12) should be used to
obtain a rough approximation of the prossure on the base of a boat-
tailed body.

c. Fins. Chapman and Sumnomnround that the base pressure on the
blunt tralllng odge of a fin is not appreciably affectod by Rsynolds
number, providing the boundary laver approaching the base fs turbulent
ar? thin oompared to tho base thicknoss, They sive a base pressure curve
which approximately fits data obtained from wind-tunael and froe-fiight
moasurements on wings of rectangular planform and wvarious prot'iles and
aspeot ratios at ilach numbers from 1,56 to 4 and lteynolds numbers from 2
to 9 millien,
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For estimating the base pressure on wedge typo fins with square
bases, Poor* suggosts taking 0.35 as a mean value df Pb/lPl. This is

based on the limitod data that is available over a range of Mach
number, aspect ratio, and Reynolds numnber,

FRICTION DRAG COEFFICIENT

The fridtion drag coefficient is expressed by the formula -
— 2
Kpp = Cg8'/24%, (20)

whore C, is the skin friction occeffioient for smooth flat plates, S'

‘the supgrfioial area exclusive of the base (the 'wetted area'), and d -

the diameter of the body. :

a. Laminar Flow. For laminar flow in the boundary layer, Blasius'

18,19 0r C, as a fimotion of Reynolds number R is

¢, = 1.528 K2, (21)

formila

To take_account of campressibility, this value should be roduced by a
factor T whioh is a fimction of Mach number. Van Driest20 derives the
faotor

F=(1+0.37- 1) %1%, (22)

whioch is a closc approximation to Ka.’rmafn and Tsien's exact solu‘l;:lon.21
Here, " 18 the ratio of specific heats (1.405 for air)s This factor may
be obtained from Figure 1.
2

(!roc‘.xco“2 shows that the effect of compreorsibility depends on the
ratic of tie enthalpy on the surface of the plate to that in the free
stresn avd also on the enthalpy ratio correspouding to the characteristio
temperaturo of Sutherland's formula for viscosity, as well as on Mach
number., He gives these effects in graphical form.

be ‘lurbulent Flow. For turbulesn.s flow in the boundary layer,
Prandl's ompirical formula for C, is
&

C, = 0.455 (1oglOR)'2‘58.

£ (23)

For logloR between 5 and 9, tnis agrees closely with van Ka'rmé:'s formule

for an inconpressible fluid: 23
= 0.242 ¥ |
log;oR = 0,242 C.* - log,Cp. (24)

& P
-

* Memo from C. L. Poor, 3d, to R. H, Kent on "Base Pressure Measure-
amts’, 18 Jan 50,

11
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‘
Teking account of corprossibility, von Karmen derived tho formulat

- -4 - %
log) B = 0.242 C . (1 +7;2_3_ mz)- - log, C,

+ 1og10(1 +

r-1 ). (25)

2

Van Driestzo cbtained oclosor agreem;nt with experimesntal data with
the following modification of von Karmdn's forrula, which takes acoount
of a variation of density ucross the boundary layer:

log) R = 0.242 C;%(l DY e log, Cp
- 1.26 log (1 = A%, (26)
Y -1
Sl i .
1+ ._7::.._1. uz (27)
2.

The value of C

s caloulated by (26), may be obtained from Figure 2; for

a given value of I, loglocf may be interpolated linearly between ocurves

of oonstant logloR.

6+ Reynolds Number. Charterx;z4 applies the formulas for.C_, to

proJjactiles by taking

R= ul,a//(.,

f

(28)

whore u is the voloqity of the projoectilc relative to the a.:l.r,l the

lemgth of the projectile, pthe density of the air, and st the viscosity
of the air. For this purposo, the length of the eurface of revolution
should be its axis and the length of the fins, *heir_average actual

chord. The standard air donsity is 0,07613 1b/gt3.25 The visoogity

oorrggponding to the standard

temporature of 15 C is 1,199 x 10 ° 1b/ft.-

860, Hence the kinematic viscosity is

p/p = 1.506 x 107% 14%/nec

and log) o(p/p) = 3.787C.

d. Surfaces. The surface whose arcas §is required may be divided
into reglons. <Tho surface of revolution consists, >f oylinders, ocnes,
and ogivos. The noso may alsoc havo a ciroular meplat. The surface of
the fins oconsists of rectanglos and triangles.

Formulas for camputing the area of most of these shapes are well

kmown, but not for an ogivo.

The arca of a ourved ogival surface is

13

] B0

S




8= 2rR(n + B8, « 19,), (29)

where R is the radius of the ogivel arc, h the height of the ogive,
b the distance from the oenter of the aro to the axis of the ogive,
81 and 02 the angles (in radians) botween the axis and the tangent to

the element at the base and the nose of the ogive. If da is the rwell
diameter,

b=Re d/a. (30)

the origin O is on the axis at the bass of the complete ogive
gf diameter ds) end z, end 5, aro the distances fram O to the base

and nose of the actual ogive,

h=3zp=2p (31)
sin €, = ‘1/R" (32)
8in 0, = zz/R. (33)

e. Avorage. The frioction drag ocefficient should be ocomputed for
both Taminar and turbulent flow, and a weighted average taken. The
wolght for the laminar flow on the surface of revolution is that
proportion of the length that is in front of the transition point, which
may be at the base of the ogive or uame rough place on the surface;
this weight should probably bo not more than 1/3. On the fins, the
weight for the laminar flow is the fraction of the surface in front of
a line from the intersection of the leading edge mg the shell body,
ging back and away from the axis at an angle of 10°.27 In either ocase,

e woight for the turbulent flow is the oomplement of the weight for
the laminar flow. '

INTERFERENCE DRAG COEFFICIENT

8. Body-fin Interference. The flow of air over a body with fins
attached Ts diiTerent Irom that over the body alone, and consequently
the drag coefficient is different from that of the body alone plus that
of the fins. The flow of air over the fins is differont after passing
around the foro part of the body than it would be in the undefleoted
stroam. These effoots oould be detormined for particular shapes by
wind tunnel measurements, but at present no data appear to be available
for such a determinatiom.

b, ' Fin Interference. The flow of air over one pair of fins may
also be influenced by the presencs of other fins. The resulting
variation in drag coeffioient can bgsdoteminod by wind tunnel measure-
ments. One set of suoh measurements“" indicategtbat 1/3 of the inorease
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in KD due to 6 fins is more than the inorease due to 2 fins at M = 2.,48.

and at M = 3.25. No interferemce was evident with 6 fins at M = 1,57,
or with 4 fins at any of the three ilach numbers.

DRAG COEFFICIENT

The dx;tg ocoeffioient is a funotion of M and R, For a given
missile in air of oonstant density end temperature, R is a funotion of
M alone. Therefore, for a given projectile, K, may be treated as a

function of M alones Thomas"® has discovered s omvenient: form for this
funotion in the case of a spinning projeotile at supersonic velooities:
in this region, the parameter

a=(1+ it (24)

may be olosely a.pproiimted by a linear funotion of X, which requires
only two empirical ooefficientss N

The ratic of the drag coefficient of a misasile to that of a typiocal
prolectile is oalled its form faotor relative to the typiocal projeotile
and denoted by it’ where t represents the type of projectiles If there

is a typioal projeotile on whioch it is nearly omstant, ite tabulated :

drag ooeffioient multiplied by the average i, may be used as the estimat-
ed dreg oceffioient of the missile, :

Wherever possible, the results should be cheaked by ocomparison with .
experimental datas For spinning projeotiles of moderate length, lgn
semi-empiriocal formulas have been derived fron range firing data129 these
show the dependence of the form factor on length of head, A large number
of form _faotors determined from resistance firings are listed in another
report, The oomtribution of fins to the drag coeffiocient of rockets
ﬁdsé“ii’d missiles has been determined from wind tunnel measurements,

[ »

Bome time-of-flight firings of, caliber 0460 bullets have indicated
that the inorease in drag due to mpht is proportional to the area of
the meplati34 the form factors of bullets with the same head length
approximately satisfied the relation.

- 2
12 = 1.25(1 + 0,376 dn) (35)

where dn is the nose diameter expressed in oalibers, valid up to 0.38

otliber, Henoe, if the nose diameter in ess than 0,16 oaliber, the
inoreasc in drag is less than 1%, Stoin has determined the effect
of nose diameter on the dreg of oonioal-head bullets at supersonio
velooities fram firings in ths spark range, and gives the results in
his reéport.
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In this report, the drag coefficient has been defined by formula
(2) in terms of the squore of the caliber, Sometimes it is denoted by
the symbol CD and defined by the formula .

D= GDApuz/z - (36)
whore A 15 the cross-gsectional area. The relation betwsen K.D and CD is
K, = 043927 Cpe (37)
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APPENDIX

( Cc)xnputatian of Drag Coeffioient of 75/32mm Fin-Stabilized Shell

Mach Number {assumed) M= 3,00

Diameter of body ' d = 1,26 im

Height of ogival head h = 3,60 in.

By Bq. (4) tan 0, = 0.17357

Semi-apex angles of inscribed ocone 3‘ =10,126°

Radial velcoity (from Part III of Xopal's ug = 047726
Teoh Rep 1)

Wave drag ooeffioient of the oone (from KD( oone) = 0,0361
Pert II of Kopal's Teoh Rep 3)

Corrocfion for ogival head ED =-0,0044
(RT/R = 10.1/21.6 = 0.47) —_

Wave drag coefficient of body an(body)

«0307

Wave drag on boattail is negleoted. Carter's

report has no data for projoctiles longer than

scven (7) oalibers.
Span of fins 8 = 2,93 ine
Chord of fins e = 5.33 in.
Aspoect ratio A = 0,88
Wedge angle ‘ A= 1.8°
Sweep~back angle 60°

b

Kave drai: coofficisnt of fins (fram

Greham and lagerstrom's roport) Kl)w(fi.na) +0096

for

By Ei. (19) fer base of body 1 - Pb/Pl = 0.600
Base dimmoter d = 0.974 in,

b

>
[

g
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By Bj. (18) Base drag coeffiocient of body K 00226

(body)
Poor's estimate for base of fins ]l Pb/Pl =046560
Base area of fins A.b = 04331 im2
Br Bye (16)
Bas. drag coeffioient of fins KDB(ﬁns) = 00142
Velooity (1120 i) u = 3360 fps
Length of bLody A (vody) = 14297 fte
Length (chord) of fins L (fins) = 042775 fte -
By (28), Reynolds Nn. is given by log R(body) = 7,4362

log R(fins) = 647966
By Fig. 1, Compressibility Faotor f = 049075

By Fige 2, Skin friotion ooefficient for

turbulent flow is givon by log Crt(body) 74207

log Cft(fins) = 7,346

The surfroe of the body oméists of a trun-
cated oone, & cyli:der, and an ogive; 2
the aroa of the ogive is given by Eqe(29) 5'/2d"(body) = 136195

The surface of the fins consists of wi-

angles and trapezoids S'/Zdz(rins) 74553

By Eq. (20), with the help of Eqe(21)
for laminar flcw,
Friction dreg oooffioicnt

of body in laminar flow K (body) = 0,0029

DF2
of body in turbulent flow K )i (P0dy) = 040213
of "ins in laminar flow 'Kpu(finn) = 0,0036
of fins in turbulent flow Kppy(fins) = 040168
Sincuy the distanoe from tho nose to the

threads is mors than 1/3 the Imgth .t wae

body, the weight for the laminar flow on

the body is ¥, (body) = 0433

22




Since the transition line on each fin surface
intersects the body at the leading edge and
nmakes an angle of 10~ with the axis, it interseots
the trailing edge 1.33 in. from the axis, the flow
is laminar in front of this line (neglecting the
effect of the fin pad) and the weight for the
laminar flow on the fing is wy (fin)= 0,F0

The weight for the turbulent flow on the body is w, (body)= 0,67

The weight for the turbulent flow on the fins is w, (fins)= 0,50

Friction drag ocefficient of body K, (body) #0152
F

Friction drag coefficient of fins K (fins) «0102
F

Total drag coeffioient KD 01024

The estimated drag ooefficient of other
fin-stabilized shell at several Mach
numbers greater than 1 is approximately
proportional to KDZ.Z‘ the second revision

of the drag coefficient for projootile type 2.

Form factor 1.18

19,2

In this oaloulation, the fin-body interference
is neglected. Bince thore are only four fins,
the interference between fins is probably
negligibles This result sgpplies to O yaw;
the effect of yaw is not considered in this
report
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