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ARALYSIS OF THE IRAG COMPONENTS
OF THE ANGLED ARRCY PROJECTILE

Prepared bdy:

V. Halbmillion

ABSTRACT: This Report presents an analytical study of the drag components

of the Angled Arrow Projectile under wind-tunnel testing conditions., Numeri-
cal results have been obtained for a range of Mach numbers between 1.5 and
4,5, and comparisons made with experimental data,

The estimated results are in goad agreement with experimental data, but
similar studies on other missiles will have to be made before it can be
ascertained that the method of analysis is fully reliable. Of the drag
components for the bare body, the contribution of the base pressure seemns
to be subject to the greatest uncertainty. In the case of wind-tunnel
tests, the importance of the wave drag increases rapidly with the Mach
pumber and contributes close to one-half of the total drag coefficient at
M =L4,5, The behaviour of the base pressure drag is complicated by a
strong Reynolds number effect, but its contribution drops rapidly at high
Mach numbers, As the Mach number increeses, the nature of the boundary
layer around the missile changes from turbulent to laminar, with a corre-
sponding drop of the skin friction coefficient, but once the boundary

layer has stabilized, the contribution of the skin friction increases with
the Mach number,

In the casse of the finned body, the base pressure drag is again a very
important factor, presently intractable analytically, and for which very
few experimental data are available. The increase in drag due to the
presence of the fins is considerable, varying from 50 to 70 percent of
the bare body drag within the Mach number ranse considered (1.86 to 4.50).

U, S, NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYIAND
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The present Report is the first step in an ettempt to predict analytically
the drag characteristics of & finned missile, It considers the missile
drag components at zero angle of atteck of the missile relative to the

air stream and zero angle of incidence of the fins relative to the body.

The method presented in this Report is used to estimate the drag of the
Angled Arrow Projectile under wind-tunnel testing conditions.

This Report is for information only. It should be considered ass of a
preliminary nature, and the method presented will probably be modified
and improved as the work proceeds.

The work presented in this Report falls under the task number
NOL-Re3f-614-1-52,

EDWARD L., WOODYARD
Captain, USN
Commender

H. H. KURZWEG, Chief
Aeroballistic Research Department
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ANALYSIS OF THE DRAG COMPONENTR
OF THE ANGLED ARROW PROJECTILE

INTRODUCTION

1. The general purpose of the task, of which this Report presents the
first part, is to determine the various components of the drag of a finned
missile under both wind-tunnel and free-flight conditions. The final

goal is to establish an analytical method of predicting the total drag
under any flight or test conditions, and the influence of the Reynolds
number on the final result. It is hoped in this way to get the answers

to problems such as the following:

a. Given a certain finned missile, to determine the relative
contributions of the wave drag, the skin friction, the base pressurs,
the fins, and how the ratios are affected by a change of scale.

b. Knowing the drag experimentally from, say, vwind-tunnel tests, to
predict the drag on the fullw.scale missile.

ce To permit the rapid estimation of a change in drag due to a minor
change in the missile configuration, like a change in the leading edge
sweep angle of the fins.

d. To draw conclusions on the possible means of reducing the drag of
a given missile,

e. To establish a basis of comparison between the drags of different
mnissiles.

2. The total drag coefficient of a finned missile is composed of the drag
coefficient of the body alone (assuming the fins nonexistent) and the

drag coefficient due to the presence of the fins., The latter drag is a
complex combinsation involving:

a. The wave drag.
b. The skin friction.
c. The drag due to the normal force, also called 1lift drag.

d. The effect of the fins on the body drag (and especially the base
pressure drag).

1
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¢, The effect of the body on the drag of the fins.

f. The cross-flow over body and fins, existing only when the missile
flies with a certain angle of attack.

Part 1

Drag Components for the Body Alone

3. The present report limits itself to the calculation of the drag components
at sero angle of attack. These components for the body alone are as follows:

a. The wave or pressure drag, resulting from the pressure distribution
created elong the bdody.

b. The skin friction drag, due to the viscous forces in the boundary
layer.

c. The base drag, resulting from the partial vacuum created in the
wake behind the body.

These various components will be examined in detail and estimated separately.

4, The original body shape of the Angled Arrow Projectile (AAP), as tested
in the NOL wind-tunnels, is composed of a tangent ogival nose of 16.25
calibers followed by a cylindrical afterbody. In the geometry of missiles,
the diameter of the body is often taken as a unit of length and called a
caliber. A "caliber number” of 16.25 indicates, therefore, that the radius
of the arc of the circle generating the ogival nose is equal to 16.25 times
the missile diameter. There is no boat-tail at the end of the cylindrical
portion, so that the base area is equal to the maximum cross-sectional

area of the bare body. The length of the cylindrical portion is six caliders,
It can be shown from simple geometric considerations (reference (a)) that if
No is the caliber number of an ogive, its axial length is given by \/Nd—ia
Therefore, the length of the ogival nose is four calibers, and the total
length of the missile is ten calibers.

The Body Wave Drag

5. Of all the drag components, the wave drag is the one wvhich is the most
susceptible of a rigorous analytical treatment. In order to compute the

wave drag, it is necessary to know the pressure distribution over all the
surfaces whose normal is not perpendicular to the direction of motion,

Thie results from the definition of the drag itself. In the case of a non-
yavwing missile, which we are considering here, only the pressure distribution
on the ogival portion of the missile is required, up to the point of tangency.

2
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6. There is no simple analytical way to determine the pressure distribution
around a given ogive at a given Mach number, But just as in the case of
other pointed bodies of revolution, the pressure distribution can be
determined with practically any degree of accuracy required by using the
method of characteristics, The main drawback of the method is the very
considerable amount of work involved, which makes it necessary at present
to resort to one of the three approximate methods listed below.

Approximate Methods for the Determination
of Pressure Distributions on Ogives

7« One method of obtaining a fairly rapid approximation of the value of
the drag of an ogive is given by E. R, C. Miles in reference (b). Miles
assumes that the pressure at the tip of the ogival nose is equal to that
on a cone of the same nose angle, and therefore calculable by the classical
theory of Taylor-Maccoll, He also assumes that, along the ogive, the 4P/
varies linearly with the axial distance x . In other words,2P/q, is of the
form ax+b, where a is obtained empirically from experimental data, and b
is the value of the wave drag coefficient for a cone of the same angle as
the ogival angle at the nose tip, as computed by the method of Taylor-Maccoll,
The formila for the wave drag offered by Miles is then

C _ bl _ 20492%16) |
Dw ! ’7(M+18);\f

In this formula, M is the free-stream Mach number, and A 1s the "slenderness”
ratio, which is implicitly defined by Miles as the ratio of the axial length
of the ogive to the radius of the body at the point of tangency between ogive
and cylinder., A is then equal to twice the axial length of the ogive
expressed in calibers, The factor b can be obtained from the original curves
of Taylor-Maccoll (reference (c)). These curves give b as a function of the
Mach number, with the semi-nose-e.n%le of the cone as the parameter, They
have been reproduced in reference (b). Miles limits the practical use of

his formula to Mach numbers between 1.5 and 4, and to half-cone-angles between
10° and 28°, which covers all ogives likely to be found in practice,

8. Though the assumption of the linear variation of A%lwith the axial
distance along the ogive could be subject to argument, comparison of the
wave drag values obtained by Miles' formula with results calculated by other
methods as well as with experimental data, seems to indicate that within the
limitations stated by Miles, the formula given by him is sufficiently
acocurate for most practical purposes,

3
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9, Another way of determining the pressure distribution on the ogival

nose is to use the method presented by the author in reference (a). It

is based on the fact, noted by Powler and French in reference (d), that
conditions along an ogival nose can be approximated by taking the condi-
tions at the point in question to be the same as those along a cone which
is tangent to the ogive at that point, and determining the pressure dy the
Taylor-Maccoll method of reference (c). Reference (a) presents a complete
set of curves enabling one to determine the pressure ratio R/p, as a func-
tion of the tangent cone angle. These curves are based on experimental
data and values calculated by the method of characteristics, but the methods
of correlation and extrapolation took into account the form of variation of
the pressure ratio as a function of Mach number and cone angle, as computed
by the Taylor-Maccoll theory. A typical pressure distribution on a
l4-caliber ogive determined by the method of reference (a) is shown in
Figure 1 of the present report.

10, Because it is more closely related to the actual experimental data,

this method should prove to be more accurate than the one previously
described, except perhaps for ogives of high fineness ratio at low Mach
numbers, So far, all checks against other experimental date as well as
results computed by the method of characteristics indicate a very satisfactory
correlation in the range of Mach mambers between 1,5 and 5. Not enough data
are available to check the method at higher Mach numbers.

1l. A third method of getting the pressure distribution around the ogival
nose is based on the hypersonic similarity rule, wvhich states that for
hypersonic flow about slender, pointed, similarly shaped bodies® of different
fineness ratios, the pressure distridution depends only on the similarity
parameter K, vhich is the ratio of the Mach number to the fineness ratio L/D.
Enounced first by H. S. Tsien in reference (e), this rule wvas later found

to be applicable to a wide range of Mach numbers, even in the low supsrsonic
range. (See in particular references (f) and (g)). The hypersonic similarity
rule applies to rotational flow, and therefore the pressure distridutions
with rotation effects included are a function of the similarity parameter X
only. This result has bdeen specifically demonstrated for the case of the
cylindro-ogival body. The influence of rotation, due to the existence of an
entropy gradient normal to the streamlines, has been discussed in reference (g).
The error in drag due to neglecting rotation increases rapidly with the
similarity parameter K, ‘being negligible at X = 0,5, but amounting to about
30% of the total drag at X = 2 (reference (g)). For our present AAP missile,
K is equal to 0.375 at a Mach number of 1,5 and 1,125 at M = 4,5, The
contribution of rotation at M = 1,5 is therefore negligidle, but may be of
the order of 10¢ of the total wave drag at M = 4,5,

*Similarly shaped bodies are defined as those having the same thickneass
distribution along the length.

L
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12. The hypersonic similarity rule represents a powerful instrument for
the calculation of pressure distribvutions. It actually implies that, if
the pressure distribution or drag is known for a given body, the same is
known for all similarly shaped bodies having the same value of the
similarity parsmeter. References (f) and (g) indicate how this similarity
rule can be used to caloulate the pressure on the ogival nose as & function
of the similarity parameter K and of the axial distance from the nose tip.
Honce, one may odtain the curves presented in Figure 2 of this report and
rsproduced from Figure 8(a) of reference (g).

13. The similarity method, taking the rotational effect systematically
into account, should prove the most accurate of the three methods at high
Mach numbers. It is not applicable, however, in the low Mach number range.
Its range of applicability has been plotted as a function of the fineness
ratio of the ogive in reference (g). It can, however, be grossly expressed
thus: the hypersonic similarity rule can dbe applied to any ogive with a
fineness ratio larger than 2.5 and for Mach numbers larger than 2, As the
fineness ratio of the ogival nose of the AAP, (being equal to its axial
length expressed in calibers), is equal to 4, the wave drag can be computed
by the similarity rule for any Mach number above 2,

Determination of the Wave Drag from the Pressure Distribution

14. Consider on the ogival nose of the missile (Pigure 3) a very thin
anmulus limited by two neighboring parallels. On that annulus, two neigh-
boring meridians wiil determine with the parallels a small elemental area,
If dc is the length of the element along the parallels, and dm its length
along the meridians, the elemental area is equal to dm.dc. The pressure
exerted on this element has a component p;, in the direction of motion (see
Figure 4) and 1f ¢ 1is the angle of the elemental surface with the
direction of motion, the drag component on the elemental area 1s

dD=p-siné¢-dm- dc.

If the radii of the parallels delimiting the annulus are r and r + 4r
respectively, the following relationship holds (see Figure 5):

dr =dm-sin ¢ .
Therefore: dD= p-dc-dr,and the totsl wave drag,Dy,on the ogive is
given by: R awr

D, = J; L(p-dr)dc =I;vr'p-dr = Trf::i(r’) '

° °

where R is the maximum radius of the ogive.

5
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It can be seen, therefore, that if 2 is plotted on a grsph in abscissas
and the corresponding value of the surface pressure is plotted in ordinates,
the valus of the wave drag may de odtained from & determination of the area
under ths curve. In practice the surface pressure is given in the form
Pe/1 oF in & similar form, (py~p1) / Py, vhere py is the surface pressure
and p1 the pressure of the undisturdbed strean. Tﬂc radius r is given by
the function representing the ogival contour, i.e.:

r=9= —(Nc—%8) + V Ne* = (x— Ne-8)

where N, is the caliber number of the ogive, and x and y the coordinates

of one of its points expressed in calidbers. If the tangent cone angle
method is used, the procedure is then the following: several values of x
are chosen 8o as to cover the axial length of the ogive with equal intervals.
Yor each value of x, the corresponding valus of the equivalent half-cone-~
angle © is obtained either from the tables of reference (a) or from the

equation:
VNe—t4 —X

For each value of O thus obtained, a value of the pressure ratio pg/p

can be determined from the curves of reference (a). A4lso for each value

of x selected, & value of y and of y° is obtained, and p,/p; is plotted
against ,2. The procedure is analogous if the similarity method is used,
and in both cases a curve of the shape illustrated in Figure 6 is obtained.
It will be observed that a partial vacuum exists near the junction of the
ogive with the cylinder. As only a surface pressure above that of the free
stream can contribute positively tc the wave drag, the procedure will then
be to measure the area ABCDA and subtract from it the area of the rectangle
CDEY. The value of the integral wultiplied by Tpy will then give the
value of the wave dreg.

tan e =

Fumerical Results for the Wave Drag Coefficient
15. Calculations for the AAP were made uling the tangent cone method to
obtain the pressure distribution, and measuring the areas with a planimeter.
The results obtained for the wave drag coefficient Op, are as follows:
Table I

Wave Drag Coefficient at Wind-Tunnel Mach Numbers

CONFIDENTIAL
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This coefficient is referred to the maxiwum diameter of the ogive, i.e.,
the diameter of the tangent cylinder. The skin friction and the base drag
coefficients will be referred to the same area. Being independent of the
air density and of the Reynolds mumber, the above results are valid for
full-gscale fres-flight tests as well as for wind-tunnel and aerodynamic

range tests.

The Skin Priction Coefficient

16. TYor the sake of simplification, skin friction analyses are usually
made by assuming that the missile is replaced by a flat plate of the same
over-all length. We shall consider separately the cases of the laminar
and the turbulent bdoundary layers.

Iaminar Skin Friction

17. The laminar skin friction on & flat plate can be obtained by the
following simple formula, presented on page 8 of reference (n):

C;YRe = 1328 — 00217 M*,
where Cy is the skin friction coefficient referred to the unit area of
wotted skin. The skin friction is affected by 2 change of scale or a
change in density conditions. The present numerical calculation will refer
to wind-tunnel tests only.

18, The length of model used in wind-tunnel testing was 13 in. The
Reynolds number per foot of model, and hence the Reynolds number for the
model, are given by the following table, the Mach numbers being those of
wind-tunnel tests:

M 1.86 2.5 3.2 4.5
Re (millions)
| per foot 4.10 3,10 220 1,20
Re for model bk 3,36 2,38 1,30 |

In order to convert the skin friction coefficient into a drag coefficient
referred to the cylindrical cross gection, it is necessary to know the
area of the ogival nose.

Determination of the Ogival Nose Area

19, The surface area,A,of any body of revolution of axial length L is
given by:

A = ZWILB \jl+(d3/dx)z dx
° 7
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In the case of the ogive, we have

y= -(Nr'/z)+ VNE- f-NeR) and d4 = /NVJ-\-I‘(S;-—AN; :

As shown by Charles J. Kulishek, the integral hss a simple analytical
solution.

let L= yYNc'a dnd b= —(Ne—"2) . Then:
L
A= Z“f [b+ /N (LY ] [j, ]dx ,
° Nz (x L)
L
A= 21w bNe[ dx ___ + ZWNCS dx,
Jo JNCI—(x-L)" °

- 3k
A = 2TbNc Sm-'(x—l.ﬂ + ZTTNG(I): y

— °

—

A = 2wbNc Sm.l("‘ﬁ')] + 2T Nl

Tor a 16.25 caliber ogive, it was found that the surface area is B.465

sqguare-calibers, i.0., 8.465 Dz. vhere D is the maximum cross-sectional
diameter of the ogive.

20. The cylindrical portion of the body being 6 calibers long, its surface
area will be 61T square-calibers. The total area of the ogive-plus-cylinder

. is then 27.315 square-calibers. The maximmm cross-ssctional area of the

missile to which the varicus drag coefficients are referred is /4
square-calibers. The ratio of the wetted area to the cross-sectional area
is then 34,778, which is the factor by which the skin friction factor
should be multiplied in order to get the skin friction drag coofﬁ.cient,ol)s 7

The latter is given in the table bdelow:
TABIE 11

Isaminar Skin Friction Drag Coefficient at
¥ind-Tunnel Mach Nambers

po Jaes | 25 | 3. | ws
|°js.r. 0.021 | 0.024 [ 0,027 | o0.034
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Turtulent Skin Friction

21. The case of the turbulent bdoundary layer lends itself to a consideradbly
less reliable 2nalysis than the laminar case, and the numerical results
obtained by various theoretical analysts differ consideradly. This is, of
course, mainly due to the fact that not only the real nature of turbulence
is unknown, but no successful model describing this phenomenon has deen
presented. Among the various analyses available, some, like Van Driest's
and Ferrari's, assume with Prandtl that the mixing length 2 1 proportional
to the distance y along a direction normal to the surface of the missile;
others (Frankl and Voishel, Wilson, etc.) essume with von Karman that L is
proportional to (du/dg) (dh/du"). wvhere u should be taken as the component of
the free-stream velocity parallel to the surface of the missile, at a given
distance from the nose. The methods also differ from each other in the way
compressibility is taken into account, and in the mathematical approximations
used. A critical review of these various analyses has been made in the
excellent report of Morris Rubesin and his co-workers (reference (h)) which
includes & representative bibliography. Therefore only the major conclusions
that may be derived from this study will be presented here.

22, In the analysis made by Frankl and Voishel, the limiting case for
M = 0 leads to the formula derived by Schlichting:

C. — 0472
=8/
f (, 04 .Rﬁ)z'“
where He is the Reynolds number of the undisturbed stream., The other analyses
do not lead to the same limiting value, but, for comparison's sake, it is

convenient to refer all the results to the Schlichting equation, which yields
the following nmumerical values:

Table III

Schlichting's Priction Drag Coefficient at Wind-Tunnel Mach Numbers

1.86 2.5 3.24 4.5

M
sy, | 0,126 | 0,230 | 0.138 | 0.1

23. Trom the results calculated by Rubesin, the author constructed the
following table giving the value of Cf‘cr) , (where the demominator

represents the Schlichting value), for Mach numbers between 1 and 4, and
for several representative analyses made. The entry of the last line,
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labelied "Extended Frankl-Voishel Analysis®, follows the nomenclature used
in reference (h). This analysis, however, was made by Rubesin, along the
lines indicated by Frankl, but assuming a linear variation of viscosity -
with tempersture, and solving the momentum integral mumerically to avoid
certain simplifications made by Frankl which would have reduced the
applicability of the method to the range of low supersonic Mach numbers.

Tabdle IV

Ratio of Priction Drag Coefficients Calculated by Various Theories
to the Schlichting Value for M = 0

Mach Number | 1 1.5 2 |25 |3 3.5 b

Van Driest | 0.950 | 0,900 | 0.845 | 0.780 | 0.735 | 0.680 | 0.650
Wilson 0,930 | 0.860 | 0,790 | 0.725 | 0.660 | 0.600 [ 0,560
Extended P-¥ | 0,925 | 0.845 | 0,760 | 0.690 | 0.625 | 0,560 | 0.515

'!he comparison between these analyses is also represented graphically in
Pigure 7. It is seen that, at a Mach number of the order of 4, the

discrepancy betwesen the numerical results of the three methods mentioned
here is fairly high.

24, The various theoretical analyses were compared by Rubesin with available
experimental data. It appears that within the ranges of Mach numbers and
Reynolds numbers presently considered, the extended Frankl-Voishel theory
predicts the skin friction coefficient bdetter than the others. The accuracy
is better than 5§ at Mach numbers up to 2.5. In general the agreement
between theory and experiment would seem to be very good, but a comparison
of a typical experimental doundary-layer velocity distribution with a similar
distribution calculated by Rubesin according to the Frankl-Voishel extended
analysis revealed that the velocity profiles were not coincident., A similar
study made by Wilson, following his own analysis of the boundary layer,
showed a similar discrepancy in the profiles (reference (1)). This seems

to indicate that, as far as the skin friction coefficient is concerned, the
agreement between theory and experiment mey be fortuitous, and that none of
the present theories should bde considered wholly reliabdle.

25. Trom comparisons between predicted and experimental valuss of the
drag coefficient, the author arrived to conclusions similar to those of
Rubesin, and consequently the extended Frankl-Voishel analysis was used
in the present study. Advantage was taken of the interpolation formla
derived by Rubesin and given below:

C = %471 A 3
f (Iog,.Ro,)’" . (|+ I_ELMZ‘)““"
10
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where Re and ¥o are the Reynolds number and the Nach mumber related to
the free-stream conditions. This formula represents the results computed
numerically to within 4 2% in the range OKML 4.

26. The valus of the turbulent skin friction drag coefficient corresponding
to the vind-tunnel tests of the AAP is then given by the tadle below:

Nble Vv

Batimated Turdulent Skin Friction Drag Coefficient at Wind-Tunnel Mach Fumbers
(Extended Frankl-Voishel Method)

. 1086 205 30* b05
Ong.y. | 0.0970 | 0.0891 | 0,081 o.o'/zj

27. Using the results of Pigure 7, the following tadble, giving the turbulent
skin friction drag coefficients obtained by various methods can be computed:

Tabdble VI

Turbulent Skin Friction Drag Coefficients Caloulated by Various Methods

' 1.“ 205 302“ u.s
Schlichting
for M=o~ | 01280 | 0.1300 0.1380 0.1540]
Yan Driest | 0,1066 0.1015 0,0978 0.09%
Wilson 0.1005 0.0942 0.,0872 0.0770
Bxt, P-V 0,0970 0.0891 0.0814 0.0720

Mixed Boundary layers

28, Having determined the skin friction drag coefficient for turbulent
boundary layers at the various Mach numbers ocourring in the wind tunnel,
the next problem is to predict the nature of the boundary layer as a
function of the nossle Mach number. This prodblem cannot at present bde
solved analytiocally, and we have to base our estimated guess on the
observation of a number of wind-tunnel schlieren photographs. Though the
determination of the nature of the boundary layer from a schlieren picture
is by no means always precise, it appears that, at a Mach numdber of 1,86,
the ogival head only is in laminar flow, while at Mach numbers of 2.5 and

11
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higher, the boundary layer is laminar over the whole model. If part of the
boundary layer only is laminar, calling C; and C, the skin friction drag
coefficients for the laminar and turbulent doundary layers respectively,
the total ODB.I. for the model will be:

C. = Ki& Ca
Qe , +Ka g

vhere k; and k, are the areas of the body wetted by a laminar and turdulent
boundary layer, respectively. If the laminar flow is localized to the
ogive, we have: k) = 8.465 and ky' = 18,850, Hence the following table
which gives our estimated values of the skin friction drag coefficient:

Table VII

Final Bstimated Values of the Skin Friction Drag Coefficient at Wind-
Tunnel Mach Numbers

N 1.86 2,50 3.2k 4,50
Cps. g, 0.073 0,024 0,027 0.034

The variation of the ikin friction drag coefficients calculated in this
chapter hags been plotted as a function of the Mach number in Figure 8.

Bagse Drag

29. The component of the drag which is the most difficult to evaluate is,
without much doubt, the base pressure drag. No analytical evaluation of
this drag has been made yet, even in a simplified form. The Reynolds
number effect on the base drag is very important insofar as it affects the
boundary layer, but so are the influences of a variation of the velocity
or the temperature distributions. A correct prediction af base-pressure
values requires a full knowledge of the boundary-layer profiles.

30. The base drag coefficient,cpn ,is given by:

C. = 2(""Pb/Pt) y
Os ¥ M2 ' :
vhere is the base pressure, py the pressure of the undisturbed stream,
and M the free-stream Mach number. It is therefore necessary to kmow the
value of pb/pl for a given missile as a function of the Mach number and
Reynolds number in order to determine its dase drag.

32
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31, JFortunately, certain simplifications can be made. The experimental
results presently available seem to indicate that the head shape has little
influence over the base pressure. Dr. A. C. Charters remarks that the
flows over conical heads with slightly different cone angles should reach
about the same condition over the body. When the cone angle at the nose
tip is decreased, the head pressure is also decreased, but at the same time
the drop in pressure around the shoulder to the body is decreased, and the
two should tend to ocauncel, By application of the tangent cone method
presented in reference (a), similar considerations may be applied to the
ogive., The interference between head and base seems to become worthy of
consideration only when the length of the attached cylinder is of the order
of one caliber or less (see reference (J)). It can therefore be inferred
that, at least in first approximation, all square-based missiles of about
the same over-all length, tested under the same atmospheric conditions and
at the same Mach number, will have the same base dreg coefficient.

32, Some conclusions on the Reynolds number effect on base pressures
were drawn by the anthor from a study of base pressure measurements by
Dr. H. B, Kursweg (references (k) and (1)). From his results the following
table may be drawn.
Tadble VIII

Pp/p) Values Obtained by H, H, Kursweg in NOL Wind-Tunnel Tests

Re ber in millions | 1 2 3 b S
N=1,56 0.50 0.61 0.67 0.68 -
M=1,86 0.45 0.56 0.61 0.62 -
N= 2,48 0.45 0.46 0.45 0.50 0.52
M=2,87 0.50 0,42 0.39 0.41 -
M= 3,24 0.62 | 047 0.39 - -

The reader is reminded that the Reynolds number of the model at the various
Mach numbers corresponding to the wind-tunnel tests of the AAP may be found
in paragraph 18,

33. The results of Table VIII are plotted in Figures 9 and 10. It may be
seen that the curves giving the pressure ratio pp/p; as a function of the
Mach number first decrease almost linearly, reach a minimum and increase
again toward an asymptotic value, At low Mach numbers (below three), the
curves corresponding to Reynolds numbers of three million and above are

13
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elmost perfect straight lines, but the curve corresponding to a Reynolds
mamber of one million already presents a minimum at a Mach number of the
order of 2. As the Reynolds number increases, the minimum value of the
curve seems to shift slightly toward higher Mach numbers. It is unfortunate
that no information is available on base pressures in ths ranges of high
Mach numbers and Reynolds numbers to confirm this hypothesis. At present,
the portions of the curves above a Mach number of 3.25 are no more than
plausible guesses, but their general shape is prodadbly correct.

34, The shape of the curves presented in Figure 10 may explain certain
discrepancies between test values of the base pressures obtained in different
wind tunnels, and also between wind~tunnel and free-flight values, It may
be seen that the pressure-ratio curves for Reynolds mmbers of one and two
million are fairly wide apart. At a Mach mumber below two for instance,
the curve for Re = 1 11 give a much lower value of the pressure ratio
than the curve Rex 2,10°, but the reverse is true at a Mach number of
three and above. The wvind-tunnel Reynolds mumber is therefore an important
consideration. On the other hand, at large values of the Reynolds number,
the curves get very close together, and, as far as full-scale missiles are
concerned, even a substantial change in the length of the bdody should not
affect the base pressure, unless very high altitudes are reached. The
assumption made by Dr. Charters in reference (m) that the base pressure is
independent of the Reynolds number is prodadbly quite satisfactory at high
Reynolds numbers, but the same assumption used in the interpretation of
wind-tunnel data and in correlation between such data and full-soale tests
would be erroneous.

35. TYrom the curves presented in Figure 10, extrapolated when necessary,
the following table was obtained:

Table IX
Base Drag Coefficient vs Wind-Tunnel Test Mach Number

M 1.86 2.5 302"" uos
%, 0,151 0.123 | 0.07% | o0.015

Total Body-Drag Coefficient

36. Now that the thres basic components of the body-drag coefficient have
been estimated, the following table may be set up:

L
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Table X

Body-m-ng Components and Total Body-nng vs. Mach Fumber. Comparison
wvith ¥ind-Tunnel Data.

M 1.86 2.5 3.24 k.5
Estimated GD. 0.051 0.051" 0,048 0,0b8
stimted c”s.r. 0.073 0.024 0,027 | 0,034
timated 0.151 0.123 0,076 0.015 |
e rrtoront O Y 0.275 0.198 0.151 0.097
o?.:.m: in :01- 0.265 0.200 0,145 | 20,080

The variation of the drag components with the Mach numdber is fllustrated
in Figure 17. Over the range of Mach numbers considered, the wave drag
coefficient remains practically constant. The skin friction coefficient
varies substantially only in the region of transition, wvhen a turbulent
boundary layer begins to appear on the cylindrical portion of the model.
The variation of the base pressure drag coefficient parallels that of the
total body-drag coefficient, and below M = 3.5, the base pressure drag is
by far the most significant factor.

Accuracy of the Estimated Components of the Body-Drag Coefficient

37 If u, v, v and y represent the wave, skin friction, base and total
body-drag coefficients respectively, and if r,, ry, r,, and R are their
respective probo.ble errors, then

= WL+V+w , and.

2 2 2

Rz (a&) ru’i‘(a‘%') v +(8 ) r\:v, or

R= r2+r2 +52.
The probadle error in the computed values of the wave drag should de less
than 1%, and could, if necessary, be reduced by computing the pressure
distributions mlyttotny. It should not exceed + 0,001 within the range
of Mach numbers considered here. At Mach numbers of 2.5 and above, when
the boundary layer is fully laminar, the probable error in the skin friction
coefficiént should not exceed + 5§, and it is possible again to take r, = 0,001.

At Mach numbers delow 2,5, the uncertainty bdecomes greater, because the
value of the skin friction for a turbulent doundary layer is not known as

15
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well as for a laminar boundary layer, and because the position of the
transition point is itself subject to a rough approximation. This is
compensated to some extent by the fact that the base pressure coefficient
is best known in this range of Mach numbers. The estimates of the probable
errors in the components and the resulting value for the total dody-drag
coefficient are presented in Table XI. The body drag at a Mach number of
1.86, for example, should then read: 0,275 4 0.011.

Table X1

Estimated Errors on the Body-Drag Components and Resulting Error
in the Computed Value of the Total Body Drag

X 2.86 2.5 3.24 b.5
™ 0,001 0,001 0.001 0.001
Ty 0,009 0,004 0.001 0,001 |
T, 0.009 0.009 0,009 0.014
R 0,013 0,010 0.009 0.01%
R as % of Cp b7 5.0 6.0 14.5

38. As may be seen from the above table, there is relatively little change
in the absolute value of the error in the drag coefficient over the Mach
number range considered. On the other hand, the relative error my vary
from 4 5% to + 15% of the estimated drag coefficient. The importance of
obtaining more experimental data on the base pressure drag at high Mach
numbers under various Reynolds number conditions is obvious.

Comparison with Experimental Results

39. The curves of the estimated and measured wind-tunnel body drag are
shown in Figure 11. It can be seen that the correlation is excellent at
the lower Mach numbers, and fairly good even at a Mach mumber of 4.5,

At this Mach number, due to a poor knowledge of the base drsg, the probabdle
error on the estimated result becomes fairly large. It happens in this
particular case that the absolute value of the proSable error on the
estimated result is almost equal to the difference between the estimated
and the experimental value. But this might well be simply coincidental,

At high Mech numbers especially, the accuracy of wind-tunnel drag measure-
ments is doubtful, and such experimental results cannot be used to determine
the accuracy of the present method of prediction.
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PART 1I
Drag Due to the Addition of Fins

40. The addition of the fins affects the total drag in several ways. The
fius have a wave drag of their own, contribute to the skin friction and
modify the base drag in two different ways:

a. Because of a change in the flow pattern at the rear of the body
and in the wake, the base pressure will be different from the case of the
body without fins.

be The base of the fins contributes an increase of base area as
compared to the case of the body alone.

On the other hand, for the case of sero angle of incidence as treated in
this Report, there is no cross-flow effect to be considered.

41. The original configuration of the finned body of the AAP, as used in
NOL wind-tunnel tests, is shown in Figure 12, Note that the over-all
diameter is twice the diameter of the body alone., The fin thickness was
originally 0,375 in. JYor the wind-tunnel tests, the fin thickness was
0.1096 in. and the body diameter was 1.3 in.

42. The problem of wave drag of a flat plate with beveled edges has not
yet been solved analytically, but it was considered satisfactory as a first
approximation to replace the beveled-edged flat plate by a symmetrical
double-wedge airfoil section, the drag of which has been determined
analytically. The fin configuration was redesigned as shown in Figure 13,

43. The present calculations follow the method@ of reference (o) which is
based on the linearized supersonic theory and assumes that the shock waves

are sufficiently weak to be approximated by Mach waves. Marther restrictions

defining the class of wings to which the charts of reference (o) apply are
as follows:

a. The wings are symmetrical about an axis in the direction of the
free streanm;

b. the wings are of hexagonal planform;
c. the leading edges are swept back;
d. the side edges are parallel to the free stream; and

e. the airfoll section is polygonal and symmetric about the plane of
the wing. .

The restrictions listed above limit the attitude to nonyawed positions.
17
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bly, The wave drag coefficient at sero lift, OW' is given by the sum of

the wave drag coefficients resulting from the thickness distribution, Opb,
and from the camber distribution, Onc, that 1s

oxV"'c”b"'ol’c'

Since the fin profile as shown in Figure 13 is symmetrical about the chord
line, the wave drag due to camber distribution will be sero and therefore
the total weve drag coefficient at sero 1ift will be the wave drag coeffi-
cient which results from thickness distribution.

45, As shown by Ellis Lapin in reference (o), the wave 4 cosffigient Op,,
due to thickness distribution, may be computed in the form BC, /u" , vhers
is the local slope of the wing surface of an uncambered wing, and £
is equal to VM¥=] , where M is the Mach number. The coefficient pC,./,u"
is computed by considering it to be composed of two parts: the principal
part is B ° / ,«" which represents the drag coefficient at gero lirft.
To this is added an incremental correction fa4, Cg./ /Aa which is the
incremental adrag coefficient at sero lift induced by the presence of side
edges. In addition, another correction ‘BA,_C“/ A‘l’ﬁl“ wust be added to
account for the influence of a subsonic rear edge. s correction is
dependent upon the change in surface slope when proceeding from one element
to the succeeding element. The charts presented in the above-mentioned
reference give P Cp,/ u? and the two inoremental corrections as
functions of the planform parameters m, my/m and ay/m. These parameters
are defined as follows:

m = ratio of the slope of the leading edge to the Mach line slope;

my = ratio of the slope of the trailing edge to the Mach line slope;

ay = ratio of the slope of a ray connecting the fin leading edge vertex
and the tip trailing edge to the Mach line slope.

Numerical Computations of Planform
Parameters and pr

46, The fin profile is divided into elements (I and II as shown in Figure 13)
from vhich the planform perameters are determined:

My
m

ds — _(Es:IEL= 0.8038
KA. -
18
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The quantities s, b, and h are shown graphically in Figure 13 and defined
in the list of symbols found at the end of this Report.

The parameter m is given by the expression

d
m=é =-.£ssI _—_.)[M_Z—L" )
T e 3

where M is the Mach number.

Therefore the basic drag coefficient and the two incremental corrections
may be found from the charts of reference (o), using the above-defined
parameters,

47, A sample computation of the wave drag coefficient, on' for Element I
at Mach number 3.24 is shown:

From the charts of reference (o), the coefficient {5Cq,°/ ,uz at sero

1ift and the incremental drag coefficient PA‘CD‘ ,.4". are then given as
follows:

Table XII

Intermediate Coefficients for Fin Drag Calculations

s4/n Pz | paogu ]
<] o 3.29 0,319
0.6 3.98 : 0,140
0.8 5.50 " -0.053

48, Since m[3>| , that is to say, the leading edge slope is greater
than the Mach line slope, and m = my, the incremental drag coefficient
correction PAZC%//"AN' vhich accounts for the influence of a subsonic

rear edge, is szero.

At Mach 3,24, vhen at/m = 0.8038,
ﬁc /.A" = 5.501
pA' ‘/Pa.-OCOS“Q
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L9« The wave drag coefficient of four fins with respect to the body
cross=sectional area is found to be:

Cy = (54501-0.054) (0.1151)2. Agg , I,
b 3.0818 '%

where App 1s the area of the beveled edge projected on the chord line,
whose sides are a and h and whose included angle is’¥. The area is
expressed as follows:

A BE = a.h.m*
= 1,56811 x 0,3662 sin 18,L3°

A BE = 0,1831 square-calibers.

Therefore:

Cp = 5,447 x (0.1151)2{ | 0.1831 x 16
b 3,0818 ' 3.1416

Cp, = 0.0218.

50, It will be observed that the wave drag at an angle of zero lift of the

AAP fin will be the airwise force resulting from the pressure distribution on
the beveled edge only; the flat plate element will contribute nothing to the
pressure drage Therefore, the wave drag of the AAP fins will be represented by
the wave drag of the beveled edge (Element I in Figure 13), the drag contribu-
tion of Element II being neglected. The following chart shows the results of
the above method of computation, the wave drag coefficient for the four fins
being referred to the body cross-sectional area.

’

I

Table XIII
Fin Wave Drag Coefficient vs Mach Number (by Lapin's Method)

Fin Wave Drag
Mach No. ‘ Coefficient
(Four Fins)
1.86 0,0363
2,50 0,0286
3.2l 0.0218
Li.50 0.0139
20
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51. In the above calculations, the Mach pumber value should be taken not

in the undisturbed stream but in the immediate vicinity of the leading edge
of the fin, The local Mach number at the fin edge can be easily determined if
it is assumed that the static pressure P3 before the shock produced by the
fin is equeal to the free-stream static pressure.

52, The computstion of local Mach numbers was made for free-stream Mach
numbers of 1,80, 2,00, 3.00, 4.00 and 5,00, Knowing the angle of flow
deflection at the nose of the missile (which is equal to the half-nose
angle), the shock angle may be obtained from Figure 8 of reference (p).
EKnowing the shock angle, from Figure 3 of reference (p), one cen obtain
the total pressure ratio po /po » where py, 18 the stegnation pressure
before the shock produced by the fins and Py, is the stagnation pressure
before the shock produced by the missile nose. Assuming isentropic flow
behind the shock waves, the pressure ratio Pl/PO‘o (where Pl is the
free-stream static pressure),is obtained for each free-stream Mach number
from reference (q). The ratio p3/p03 may then be computed. We have:

n P P°1 ,

2 ——— X

Poy Poy Poy

in which py/p,, and p,./p,, ¥ere calculated previously. As it was assumed

that py = p3, the ratid P3/Po, 18 kmown. To this ratio corresponds a certain
local Mach number which, if 12entropic expansion is assumed, may be obtained
from the tables of reference (q).

53. The results of the above calculations are presented in Table XIV,
Table XIV

Local Mach Number at the Fin Leading Edge
vs Free-Stream Mach Number

Free-Stream Local Mach No,
Mach No, at Fin Leadins Fdge
1.80 1,80
2,00 1.99
3.00 2.99
4,00 3.95
5,00 L,88
21
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It may be seen that, except at the higher Mach numbers, the difference
between free-stream and local Mach number is small, and, as a first
approximation, the free-stream Mach number may be agsumed at the leading
sdge of the fin.

54. An approximetion to the wave drag produced by the fine may be obtained
by another method, suggested by Sidney Fagin. As previocusly noted in this
report, the wave drag at an angle of zero 1lift will be the airwise force
resulting from the presaure distribution on the beveled edge only., Omitting
the skin friction drag (calculated later in this report), the fin drag
coefficient may be expressed as the sum of the wave drag coefficient, Onw,
end the base drag coefficlent, Opy, where

Cpy = 2(p2=p3).t.s (por fin), and
Q1A

®py

2(p3 - pyg).t.e  (per fin), where
qloAc

s = fin semi-span,
t = fin semi-thickness;

Ppr = static preesure at the base of the fin;

o
N
1]

static pressure behind the shock;

Py = static pressure in front of the shock;

@ = free-stream dynamic pressure ='§ pl’"i23

A, = body cross-sectional area (see Figures 14 and 15).

Then, excluding skin friction, the fin drag coefficient per fin may be
represented by the expression:

C, = 2(pp-p3).t.s . 2(p3-pye).t.s .

In order to use the above equation, the base pressure at the rear of the
fin must be estimated. An upper value of the fin drag coefficient is
obteined when pye = O. Then, for each fin, '

é _ 2 Pp.tes_ 2 Pput.s 33_) = (P2/P3 33_) .2 %8
C.D qy -4, 3.4, (Ql (q3 P3) (ql Ac
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Therefore, in order to compute the fin drag coefficient, it is necessary
to determine the ratios pp/p3, q3/p3 and q3/q; as functions of the
free-atream Mach mumber.

55. The shock angle o (see Tigure 14) can be determined as a function of
the free-stream Mach mumber and the flow deflection angle (half-cone angle)
from the Oblique Shock Tables of referemce (q). The normal component

of the Mach number in front of the shock is then equal to My,sinx , and the
corresponding values of P,/p,y are found from the Normal Shock Tables for

T = 1,4 in reference (q)?fu,xaer the column heading p,/py). Similarly,

the ratio q3/p; is found from the Isentropic Tables of reference (q) for
Ziven values o 15 (under the column heading q/p). Minally, the ratio

q /q1 may be determined in the following manner: knowing the free-stream
lach number ¥; and the Mach mumber H%ett the lsading edge of the fin, the
pressure ratios q3/p) and q3/p; may be obtained from the Isentropic Flow
Tables of reference (q) (under the column heading q/p). Hence q3/q1 is
readily obtained as a function of the free-stream Mach number, and finally
Cp may be calculated.

56. The values of the drag coefficient, referred to the body cross-sectional

area (excluding skin friction), as calculated by the above method,are
presented in Table XV below:

Table XV
Total Pin Drag Coefficient vs Free-Stream

Mach Number (By the Static Pressure
Assumption Method)

Pree~Stream Mach No. Total Pin Drag Coefficient,
Your Fips |

1,86 0.123

2,50 0.076

3.24 0.049

&.50 0.030

It should be remembered that these values are only upper limits of the
total fin wave drag coefficient, excluding skin friction. Murther investi-
gations of this point are necessary and will be made, but at present the
author doubts that the above method would provide enocugh accuracy for

practical purposes, unless some fairly good assumptions on the value of
the fin base pressure can be made.
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Mn Skin Friction

57. The total longitudinal length of a fin in the original wind-tunnel
models of. the AAP was equal to 3 calibers, or 0.325 ft. The reader is
reminded that the Reynolds number per foot of model in the NOL wind tunnels
varies from 4.1 million at M = 1,86 to 1.2 million at M = 4,5, Farthermore,
the air velocity at the fin is smaller than the velocity of the undisturbed
stream. Hence, except perhaps at the lowest Mach number, the flow along

the fin will be almost entirely laminar, and use may be made of the equation
presented in paragraph 16:

C,VRe = 1.328—0.0217 M2,

vhere Cy is the skin friction factor referred to the unit area of the
wetted surface of the fin. ‘

58. To obtain the fin skin friction drag coefficient, it is necessary to
know the ratio of the total wetted area of the four fins to the cross-
sectional area of the body. The wetted surface of a fin consists of two
beveled edges, two planforms and the fin tip. The area ratio was found to
be equal to 16,10, which is the quantity by which the fin skin friction
factor must be multiplied in order to obdtain the fin skin friction coeffi-
cient. Hence, the following table may be obtained:

Table XVI

Mn Skin Friction Drag Coefficient
vs. Mach Fumber

Free-Strean Skin Priction Factor Mn Skin Friction
Mach Mo, (per unit of wetted area) | Drag Coefficient,
Jour Fins
1.86 0.00110 0.,0178
2.50 0.00124 0.0199
3.24 0.00142 0.0229
4,50 0.00179 0.0289

Contributions of the Fins to the Total Base Drag

59. The base pressure for the body alone, as determined in Part I of this
Report, will be changed by the presence of the fins, due to changes in the
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flow at the rear of the missile and in the wake, This effect does not seem
to be presently amenable to an analytical treatment of practical reliability,
and about the only source of information on this subject would de a judicious
generalization of experimental data. Unfortunately such data are available
only for the lower Mach number range, and even in that range are far from
plentiful. The ratio of base pressures for a given missile with and without
the fins seems to be little dependent upon the exact fin configuration (as
long as the general shape remains approximately the same). It varies
prodably with the number of fins and their specing. And it certainly is
greatly dependent upon the Mach mumber and the Reynolds number (or more
accurately, the characteristic values of the boundary layer near the base).

60. Some interesting values of base pressures on a model of AAP with and
without fins were obtained at OAL and communicated to the writer by

J. E. Greene. The tests were made at Mach numbers of 1.5, 2.0 and 2.5. In
the OAL tunnels, the Reynolds number per inch of model is 5.23 x 109 at
M=1,5 6.22x105 at M= 2.0 and 6.01 x 10° at N = 2,5, The length of

the models tested was 10,52 in, and 13.32 in. corresponding to body diameters
of 1,30 in. and 1.65 in. respectively. Yor each Mach number, the tests were
therefore made at tvo different Reynolds numbers. The results obtained are
presented in the table bdelow.

Table XVII
Comparison of Base Pressure Coefficients for

AAP Model With and Without Pins (OAL
Experimental Data)

M=1,6 M=2 M=2,5
-6 -6 -6
Re x 10 Re x 10 Re x 10
5.50 6.97 6.54 8,28 6.32 8,00
‘Without
. . .50 O, L0 o
fins 0.66 0,97 0.5 98 0 0.82
5‘ VWith fins 006" 0.9’4 0.45 0.7‘5 0030 0.70
& with
Ratio T 10497 0,97 0,90 0,756 0,75 0.854

Correlating the above results with others obtained in the NOL wind tunnel or
determined indirectly from various total drag tests, the approximate curves
presented in Figure 16 appear to be the most probmble. These curves give
the factor by which the base pressure of the body alone ashould be multiplied
to take into account the presence of the four fins.
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61. It is then possible to set up the base drag calculations as in the
table below, using curve (A) of Figure 16.
Table XVIII

Base Pressure Drag of Finned Configuration

Mach Number 1.86 2,50 3.2k 1,50
Re, millions 444 3.36 2.38 1.30
' pu/p) for bare body | 0.634 0.461 0.440 0.

for iy rosence. | 04684 0466 | o072 | 0,97
P/p, for finned body| 0,434 0,215 | 0,208 | 0.766
Op, for finned body | 0,284 0.218 | 0,131 | 0.020

62. The following drag dbreakdown table can then he prepared, and by adding
the various drag components, the total drag of the finned body may be plotted.

Table XIX

Drag Breakdown of the Finned Missile at Various

i P TEGDL T s e e v o am o

Wind-Tunnel Mach Numbers

Mach Fumber 1.86 2.50 302“ “‘050
On, vody 0,051 0.051 0.048 0,048
L-c;s.r. body 0.073 0,024 0.027 0.034
_553 body + fins | 0,284 0.218 0,131 0.020 |
qu fins 0.036 0.029 0.022 0,014
Ong y. fins 0.018 0.020 0.023 0,029
Cp body + fins | 0,462 0.342 0,251 0,145
|—TOTAL

Cp body alone | 0.275 0.198 0.151 0.097

TOTAL
Ratio Cp Total
body + fins
26
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63. The variation of the various drag components, as well as the total
drag of the fimned missile, as a function of the wind-tunnel Mach number,
has been plotted in Figure 17. The importance of each drag contribution,
expressed as a percentage of the total drag, is shown in Tadle XX,

Table XX

Contribution of the Various Drag Components
Expressed as a Percentage of the Total Drag

Mach Wumber 1.86 2.50 3.24 k50
°nv body 11.0 1%.9 19.1 33.1
gy, body 15.8 7.0 10.8 23.4
CDy (body + fins) | 61.5 63.7 52,2 13.8

Cn, fins 7.8 8.5 8.8 9.7
°Dg,y, fins 3.9 5.9 9.1 20.0
Cp momar | 1 100 100 100 - 100

64, It is interesting to note the very large increase in drag due to the
presence of the fins, as compared with the drag of the bare body, the two
drag curves being plotted in Figure 18. Such an increase varies roughly
between 50 and 70 percent over the Mach number range considered. Comparison
of Tables X, X1X, and XX leads to the following conclusions: The wave drag
coefficient of the body alone remains approximately constant in absolute
value as the Mach number is varied, but as the total drag coefficient
decreases with increasing Mach number, the relative importance of the body
wave drag coefficient increases. The variation of the body skin friction
coefficient, which, of course, is not changed by the presence of fins, has
already been discussed. With regard to the wave drag and the skin friction
of the fins themselves, the combination of the two is roughly of the same
order of magnitude as the drag of the body due to the head shockwave. Just
as in the case of the bare body, the drag dus to the base pressure appears
to be a very important factor, contributing in the lower Mach mamber range
more than half of the total drag. It is interesting to note that, at a
Mach mamber of 2.5, the contribution of the fins to the sum of the wave
drag and skin friction drag coefficients is only 0.049, while the same

fins add 0,095 to the base pressure drag coefficient. It should be noted
again that what appears to be the largest contribution to the total drag
coefficient comes from a component of the drag for which no rigorous
analysis seems possidle, and for which there still exists a great pemury of
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reliable and diversified experimental data. Until such a time when these
unfortunate circumstances are fully remedied, an "engineeoring guess® of
the total drag coefficient and the drag breakdown is the best that can be
heped for.

CONCLUSIONS

65. It is hoped that the method presented may be used to odtain reliable
estimates of the drag coefficients of four-finned missiles in the wind
tunnels, in the ranges, and in free~flight at full scale. The practical
value of this method may be determined only after the results of a number
of computations for different conditions are compared with the corresponding
experimental data., Iike any empirical method strongly based on experimental
information, this method should be improved as more refined experimental
dats are available. The correlations made so far are very satisfactory.
They have not been presented here becauses they are not yet sufficiently
numerous or independent, and might cause the reader to attribute to the
me%hod a greater reliability than it actuzlly deserves.
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List of Symbols

Ps - P1

pressure at the surface of the body
gtatic pressure of the undisturbed stream
dynamic pressure, equal to‘{g Mz

ratio of specific heats of air

Mach number of the undisturbed stream

wave drag coefficient

ogive "slenderness" ratio = axial length of the ogive

radius of the tangent cylinder

axial length of the body

diameter of the body

free-stream Mach number

{mile ‘
similarily parameter = i cness ratio of ogive

angle between an elemental area,dA,on the ogival nose and the
direction of motion

radius of the tengent cylinder, maximum radius of the ogive
caliber number of the ogive
surface area of the ogival nose

component of the velocity parallel to the surface of the missile,
at a given distance from the nose

distance along & direction normal to the surface of the missile,
at a given distance from the nose

mixing length in turbulent boundary layer

skin friction drag coefficient, referred to the cylinder cross-
gsectional area

pressure at the base of the model
29
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List of Symbols (continued)

ODB‘ = base pressure drag coefficient

Ty = probable error on the wave drag coefficient
r, = probable error on the skin friction coefficient
r, = probable error on the base pressure drag coefficient

R = probable error on the total body drag coefficient

Cp = induced drag coefficient of fin

G, = 1ift coefficient of fin

cDb = wave drag coefficient of fin resulting from the thickness distribution
GD = wave drag coefficient of fin resulting from the camber distribution

= local slope of the wing surface

Vi

ratio of the slope of the fin leading edge to the Mach line slope

B " —x
"

ratio of the slcpe of a ray connecting the fin leading edge vertex
and the tip trailing edge to the Mach line slope

0

m, = ratio of the slope of the fin trailing edge to the Mach line slope
ay

Agp = area of the beveled edge projected on the chord line

a, h = length of sides of the beveled edge projection on the chord line

\y = included angle of the beveled edge

p3 = static pressure before the shock produced by the fin

Po3 = stagnation pressure before the shock produced by the fin

p01 = stagnu.tion pressure before the shock produced by the missile nose

p2 = static pressure behind the shock produced by the fin section through

the horizontal plane
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v

List of Symbols ( continued)

= gtatic pressure at, the base of the fin

= fin semi-span; vertiocal length of the fin leading-edge
= £in semi-thickness

= ghock angle

= body oross-sectional area

= angle between the slemental surface and the direction of motion

= angle made by the tangent to the ogival contour at a point (x, y)
with the ogival axis

= Reynolds number
= horizontal length of the fin leading edge
= length of fin tip chord

= chordvise distance from the fin leading edge to the point of
maximum thickness

= gkin frioction factor, referred to the unit area of wetted skin
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