
1H!3 REPORT HAS BEEN DELIMI7ED 
AND CLtARED FOR PUBLIC RELEA8E 
UNDER D l RECTI VE 5200, 20 AND 
NO RESTRICTIONS ARE IMPOSED UPON 
ITS USE P.ND D I SCL.OSURJ:, 

DISTRIBUTION A 

APPROVED FOR PUBLIC RELEASE; 
DISTRIBUTION UNLIMITED, 

' 



_,_,—�. g   , i iimaiiup ii �� QB^B^59Bn^^^SS9E^^^HH^BHtt^ 

jr 

SECURITY 
MÄRKING 

I 

- 
��

The classified or limited status of this report applies 
to each page, unless otherwise marked. 
Separate page printouts MUST be marked accordingly. 

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF 
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18 
U.S.C., SECTIONS 793 AND 794.  THE TRANSMISSION OR THE REVELATION OF 
ITS CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY 
LAW. 

NOTICE: When government or other drawings, specifications or other 
data are used for any purpose other than in connection with a defi- 
nitely related government procurement operation, the U. S. Government 
thereby incurs no responsibility, nor any obligation whatsoever; and 
the fact that the Government may have formulated, furnished, or in any 
way supplied the said drawings, specifications, or other data is not 
to be regarded by implication or otherwise as in any manner licensing 
the holder or any other person or corporation, or conveying any rights 
or permission to manufacture, use or sell any patented invention that 
may in any way be related thereto. 

_.__ --,.��~, i '"" 



CVJ 
i—* 

ex. 
—i 

CO 

0^ 
CO 

^4 

AD 

REPORT NO.  1295 

THE EFFECT OF VARIOUS BOATTAIL SHAPES ON 

BASE PRESSURE AND OTHER AERODYNAMIC CHARACTERISTICS 

OF A 7-CALIBER LONG BODY OF REVOLUTION AT M = 1.70 

by 

B. G. Karpov 

AUGUST 1965 

U. S. ARMY MATERIEL COMMAND 
BALLISTIC RESEARCH LABORATORIES 
ABERDEEN PROVING GROUND, MARYLAND 

ID DO 
•.r 

TiS^ 



Destroy this report when it is no longer needed. 
Do not return it to the originator. 

DDC AVAILABILITY NOTICE 

Qualified requesters may obtain copies of this report from DDC. 

Release or announcement to the public is not authorized 

The findings in this report are not to be construed as 
an official Deparxment of the Army position, unless 
so designated by other authorized documents. 



�M^^^^^M—Mi^MwnirT-w �lll�^�^^^^�^M^^^M^^^^M^^^^^^�^^^^i^MBBaHM^ijBMaayjai�l^^^ |  

BALLISTIC      RESEARCH      LABORATORIES 

REPORT NO.  1295 

AUGUST 1965 

THE EFFECT OF VARIOUS BOATTAIL SHAPES ON BASE PRESSURE AND 
OTHER AERODYNAMIC CHARACTERISTICS OF A 7-CALIBER LONG BODY 

OF REVOLUTION AT M = 1.70 

B.  G.  Karpov 

Exterior Ballistics Laboratory 

RDT&E Project No.  1P011+501A33D 

ABERDEEN.   PROVING      GROUND,     MARYLAND 



HHM^H^H^HBiHHHnHIBHHBHHai^HaMH': 

PREVIOUS PAGE WAS  BLANK,  THEREFORE NOT FIIMBD 

BALLISTIC      RESEARCH      LABORATORIES 

REPORT NO.  1295 

BGKarpov/blw 
Aberdeen Proving Ground, Md. 
August 1965 

THE EFFECT OF VARIOUS BOATTAIL SHAPES ON BASE PRESSURE MD 
OTHER AERODmAMCC CHARACTERISTICS OF A 7-CALIBER LONG BODY 

OF REVOLUTION AT M = 1.70 

ABSTRACT 

Models, 7 calibers long, with a variety of conical, ogival (convex) 

and concave boattails were free-fligbt tested at M = 1.70, for drag and 

other aerodynamic characteristics. The total drag decreases monotonically 

for boattails longer than 0.5 calibers. For shorter boattails, the 

drag is higher than that of the square based body. For boattail lengths 

between 0.5 and 1.5 calibers, conical boattails have lower drag than 

either the ogival or concave configurations. 

The base pressure decreases with boattail length but increases with 

the boattail angle at the base. 

Among other aerodynamic characteristics, the boattailing appears to 

cause the most significant change in the Magnus torque coefficient. For 

certain boactails, this change may be sufficiently large to make the 

configuration dynamically unstable. 
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1.  INTRODUCTION 

The data contained herein were obtained some twelve years ago but, 

for one reason or another, have never been published.  The program was 

designed to study the effect of various boattail configurations on drag 

and base pressure. Its inauguration was stimulated by a memorandum written 

by J. Sternberg to R. H. Kent, then Chief of the Exterior Ballistics 

Laboratory, suggesting a semi-empirical method for estimating base 

pressures of boattailed bodies of revolution in supersonic flight. Because 

of its historical interest, this memorandum is reproduced in toto in the 

appendix. 

It was well known tbat, in general, boattailing of a spin-stabilized 

projectile reduced its drag. At subsonic speeds the drag decreases 

monotonically with increasing boattail angle, at least for a reasonable 

range of boattail lengths and angles, until separation of the flow off 

the boattail takes place. At supersonic speeds, for conical boattails, 

there is an optimum boattail angle, of about 6 to 7 degrees which appears 

to persist to relatively high Mach numbers . 

The question of whether other than a conical boattail might be more 

effective in reducing drag is intimately connected with the effect of 

boattail shape on base pressure. Thus, to teso this and also Sternberg's 

suggestion, this program was fired. However, unavoidable delays prevented 

its execution in a reasonable time. Meanwhile, other investigators, notably 

Chapman, had developed reliable methods for estimating the base pressure 

of bodies of revolution in supersonic flight. Thus, interest in the 

original purpose of the program waned and pressure of other work effectively 

terminated this effort. Nevertheless, while interest in the base pressure 

per se might have decreased, analysis of the firing data uncovered interest- 

ing effects of boattailing on other aerodynamic coefficients ana in partic- 

ular, on the dynamic stability. Therefore, in view of recent enhancement 

of interest in long projectiles, the publication of these results may 

still serve a useful purpose. 

Svpersaript numbers denote references found on page 40. 



2. PROJECTILE DESIGN 

The solid aluminum projectile was a body of revolution 7 calibers in 

overall length. The head was 2.5 calibers long and consisted of a conical 

nose one caliber in length of l6 k.3    semi-apex angle which was joined 

by a circular arc to �ehe body. To facilitate theoretical computations 

of pressure distribution over the body; the circular arc was tangent 

both to the cone and to the cylindrical body. A schematic drawing of 

a model is shown in Figure 1. 

2.1 Boattails 

Three types of boattails were used:  conical, ogival (or convex), and 

concave. Conical boattails were of two types: (l) the length of the 

boattail was kept constant at i = O.69 calibers and the angle varied in 

Increments of two degrees from 0 to 12 , Plate 1^ (2) the base diameter 

was kept constant at d = 0.703 calibers, and the angle was varied by 

varying the length of the boattail. Ogival and concave boattails also 

had the same base diameter of 0.708 calibers. The ogival boattails were 

tangent to the cylindrical body and their angles were also varied by 

changing their lengths. The angle at the base of such a boattail is 

always twice the corresponding angle of a conical boattail of equal length. 

Concave boattails approached the base at zero angle, their breakaway angle 

was equal to that of the ogival boattail of the same length. 

All models were fired at M = 1.70 from 20mm gun tube having a twist 

of rifling of one turn in ten calibers of travel. All were gyroscopically 

stable in flight. The Reynolds number, based on overall length, and free 

stream conditions, was 5-30 x 10 .  The aerodynamic range where these 

firings were done is fully described in Reference 2, and the method 

of analysis of the observed motion is given in Reference 3- One 

model, in flight, is shown in Plate II. 

10 
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3. THE DRAG 

All total cLrag coefficients were reduced to M = 1.70 by applying 

small corrections due to some scatter of actual velocities about M = 1.70, 

and to zero yav. The jaw drag coefficient, as defined by the equation, 

CD = S " CD^ ? M o o 

showed some slight trend with the boattall length, but no discernable 

difference whether the boattail was conical or ogival. The observed 

dependence of CL-ä- on boattail length is given below: 

2 
B. T. Length, Calibers       Cn~p" P61" rad-ian 

0 6.6 

0.5 6.4 

1.0 6.1 

2.0 5.1 

3.0 k.3 

The total drag coefficients are plotted vs. boattail length in Figure 2. 

It is interesting to note that the drags of models with very short 

boattails and large boattail angles are higher than that of the square 

based projectiles. This is due to a marked reduction in pressure over 

the short boattail. As boattail length increases the total drag rapidly 

diminishes but beyond a boattail length of about 1.5 calibers further 

decrease in drag is very slow. For boattail lengths shorter than 1.5 

calibers, the ogival and concave boattails have higher drags than conical 

ones, the latter markedly so. As boattail length increases beyond 1.5 

calibers, the ogival boattail shape approaches the conical and the two 

drags become similar. 

At M = 1.70, for a constant conical boattail length & = 0.6$ 
caliber, as the angle is varied, minimum drag appears to be somewhere 

between 6 to 8 degrees. Figure 2. 
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3.1 Base Pressure 

The total drag can be considered as composed of several component drags: 

head drag, hoattail drag, skin friction drag, and base drag. In principle, 

if the first three drags are known the base drag may be obtained by- 

subtraction, i.e., 

CDB = CD " CDH " CDBT " CDSF  ' ^ o 

The base drag coefficient can be expressed as the ratio of base 

pressure to free-stream static pressure 

^=1.-^|^) C� (3) 

where cL is the base diameter, D is the model diameter, M. =1.70 and 

7 = l.ko,  or in a form of base pressure coefficient, 

Pb = " (^)  CDB  . ik) 

This technique has been used successfully before .  The base pressures 

so obtained were in good agreement with directly measured values in 
5 

wind tunnels . 

3.2 Head and Boattail Drags 

The head and boattail drags were computed by integrating the axial component 

of pressures. These were obtained from theoretical pressure distributions 

over the models computed by the method of characteristics. The graphs 

of pressure distributions and of Mach number are shown in Figures 3-5. 

Theoretical head drag, so computed, is probably quite reliable. The 

boattail drag is much less certain. There are some indications that 

actual pressure distributions over the boattails may differ significantly 

from the theoretical ones. 

16 
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3.3 Skin Friction Drag 

This drag component contributes another uncertainty to the evaluation of 

"base drag by subtraction. Somewhat surprisingly^ an application of the 

Incompressible subsonic flat-plate formula for skin friction coefficient: 

c .  0-^      1700 
F  (log^R^yiT^ " Re 

to supersonic  cone-cylinder projectiles led to evaluations of base drags^ 
by the method of subtraction,  which were in good agreement with directly 

k measured values  in the wind tunnel   .     Since in this report,  we are interest- 
ed primarily in the relative values  of the base drags as a function of 
base geometry,   an application of the above formula should give adequately 
reliable results   .     All drag components are shown in Table  I.     If,  at 
a later date, it becomes desirable to change the skin friction coefficient 
to a more appropriate value,  the new base drags could be readily obtained. 

The base pressures are plotted in Figure 6.    The dashed lines are 
suggested trends.     The correlation appear to be somewhat more  consistent 
with boattail angle than with boattail length.    The conical and ogival 
boattails with the same boattail angle at the base have essentially the 
same base pressure.    Concave boattails have significantly lower base 
pressure if plotted vs. breakaway angle. 

It is well known,  of aonrse, that aompressibility reduces skin friction. 
For a turbulent boundary layer at M = 1. 70,   the compressible turbulent skin 
friction coefficient is 0, 78 times its incompressible value as given by the 
Karman-Schonherr formula 6,    For our models the transition from laminar 
to turbulent boundary layer occurred,  on the average,  1.3 calibers from 
the nose.     Using,   therefore,   the  laminar skin friction coefficient for 
the first 1.2 calibers,   (Ree = 1 x   106,  wetted area A( = 1.59 sq.   cal.), 
and a turbulent for the remainder 5.7 calibers  (Re. =' 4.36x   10°, wetted 
area At  =17.50 sq.  cal., with 0.78 as a aompressibility factor),  one 
finds an overall skin friction drag coefficient of Cncp = -062.    This is 
to be compared with CQSF * •'^ obtained using the incompressible formula 
above and as given in Table I. 
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3.4 Sternberg's Method of Estimating Base Pressure of Boattalled Projectiles 

A full description of Sternberg1s suggestion is to be found in his 

memorandum to Kent, which is reproduced in Appendix 1. Essentially, as 

far as the present problem is concerned and as a first approximation, 

Sternberg assumes that the base pressure will be determined by the local 

flow conditions at the base. The local conditions are described in terms 

of an "effective Mach number, M „ " and a static pressure corresponding 

to M f . The effective Mach number is the Mäch number of parallel flow 
which would reach the local Mach number at the base of a boattailed 

projectile when expanded to the surface angle two dimensionally. If one 

has, moreover, an experimentally determined relation between the ratio 

of base pressure to local static pressure at the base of square based 

projectile for various "effective"Mach numbers, i.e.. Mach number at the 

base, then the base pressure for boattailed projectiles can be readily 

estimated. Fortunately, such a relation is available in Reference {k). 
There we are given a ratio of base pressure to free-stream static pressure 

for various free-stream Mach numbers. The projectile was a square based 

cone-cylinder, 5 calibers long with 19 included angle conical head. For 

this projectile, at Mach numbers in the vicinity of 1.7; the base Mach 

number and static pressure were very nearly those of the free-stream. 

At M ~ 1.7; the entropy loss thru the conical shock is negligible, hence 

the total pressures at the base and in the free-stream are nearly the 

same. Therefore, one can regard the data given in Reference (k),   i.e., 

the observed ratio of the base pressure to the free-stream static 

pressure vs M, as a relation between the base pressure and the local 

static pressure vs local Mach number at the base, or M „. The observed 

relation can be well fitted by the following expression 

ph 2 
-2 = 1.108 - O.309 M _. + 0.02^1 M ^ p* r eff        eff 

where p is the static pressure at the base. 

27 



To illustrate the application of the method., we shall apply it to 

the projectile type 25 which has a conical hoattail length of O.69 calibers 

and a boattail angle of 10 . From Figure 5"b we find that the Mach number 

at the end of this boattail is I.92. 

Using, for example, WACA's "Equations, Tables and Charts for Com- 

pressrVble Flow," Report 1135 (1953) we find: 

a. Prandtl-Meyer angle corresponding to M = 1,92 is 24.151 . 

b. For the 10 boattail angle, the effective Mach number 

(v = 211.151° - 10°  = 1 if.151° ) is M   =1.58 with corre- 

sponding static to total pressure ratio 

J- = .2^37 
pt 

c. The ratio of free stream static to total pressure at 

M = 1.70 is 

Pi 
2026 

d. The "observed" ratio of base pressure to local static 

pressure at M „ , Equation (10), 

Thus we have 

4= .68 

Pn 

= (-^(fÜ)--82- 
By subtraction of drag components from the total drag, the same ratio, 

see Table I, is 0.80. The base pressures for all models, as estimated 

by Stemberg's method, outlined above, are given in Table I. The 

agreement between the subtraction and Sternberg methods, at this Mach 

28 



number, is very good. The average disagreement, as measured by the 

standard deviation is lrss than 3 percent. However, this agreement might 

be fortuitous. If one were to use a compressible skin friction coefficient 

in the analysis of range data, than the agreement with Sternberg's, as 

expressed by the standard deviation, would be 7 percent. On the whole, 

therefore, neither the method of subtraction nor Sternberg1s method should 

be considered as to give an estimate of base pressure to better than, 

say, 10 percent. 

3.!5 Wind Tunnel Measurements 

Two models with boattail length of 1.39 calibers, one conical, Type  11, 

and another ogival (convex). Type 18, were recently tested in the wind 

tunnel at Mach numbers of 2.00 and 1.73- Extrapolated to M = 1.70, the 

Reynolds number, based on overall length, was adjusted to be the same as 

in free flight, i.e., 5.36 x 10 .  It was found necessary, however, to 

induce an artificial transition of the boundary layer by a narrow band 

of fine sand so as to simulate the position of the transition in free- 

flight. At M = 1.70, and reduced to zero roughness, the results are as 

follows: 

0 
V pl 

B. T. Conical Ogival Conical Ogival 

W. T.       .307 .322 .86 .88 
Range      .310 • 311 .81 .88 

The agreement is reasonably good, i.e., within 5 percent or so. 

k.     OTHER AERODYNAMIC CHARACTERISTICS 

k.l    CT 
La 

Lift coefficients were determined from the swerving motion of the center 

of mass. It is well known in range work that this method is not as 

accurate as the two center of mass positions, for example. Nevertheless, 

they show a generally decreasing trend both with the increasing length 

of the boattail and boattail angle. Figures 7a and b. 
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k.2    C,, + C,, Mq   Mj^ 

The yaw damping moments show an increasing trend at shorter boattail 

lengths^ but seem to recover at lengths in excess of 1.5 calibers. 

Whether^ at these lengths, the observed difference between ogival and 

conical boattails is real or due to scatter is difficult to say. For 

constant boattail length models; up to boattail angles of 6 , the yaw 

damping moment appears to remain the same as for the square base and 

then increases. Figures 7c and d. 

 pa 

The most significant change with boattail length and angle occurs in 

Magnus torque coefficient, Figures 8a and c. This is especially 

startling for very short boattails, Ji =  0.33 to £ =  0.U5 calibers.  Such 
large changes in the Magnus torque coefficient have a profound effect 

on the yaw damping properties of the models. 

Some of this change may be due to a slight forward shift of the 

center of mass position as boattail lengthens. The change in the center 

of mass position,  ^'n )   is about 0.1 per one caliber of boattail 

length for conical boattails and is slightly less for ogival boattails. 

The Magnus force coefficient. CM , is about 0.6. Thus the Magnus torque 

coefficient may be expected to increase by about .06 per caliber of 

boattail. The observed changes are considerably in excess of this rate 

suggesting a real effect of the boattail. 

The influence of the boattail on iyfe,gnus torque coefficient is 

shown even more clearly for models with constant boattail length, O.69 

caliber, but variable angle, Figure 8b.  In this case, the center of 

mass position changes only at a rate of .006 calibers per degree of 

boattail angle with an expected rate of increase in the Ivfegnus torque 

of about .00^ per degree of boattail angle. The observed rate is about 

ten times as great. 
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Ij.k  The Center of Pressure 
The center of pressure of the normal force is moving forward with in- 

creasing boattail length and boattail angle, Figure 9- 

h.3  Yav Damping Rates 
For a rigid shell the yaw damping rates, per caliber of travel, are 

3 given by the following expression : 

ai,2 '  ^ W|H^-^D 

wnere 

H = pSd 2m 'L ' CD ' kt a. 'M 07 

T = pSd 2m L    a   M a       pa 

D = pSd 2m D   a 

a-~/ZTI v2 
gyroscopic stability factor 

M=P#k+-
2CM 2m  t  M k -2  md 

a 

-2  md 

I        I 0 I  . —   x „ —   x 2TT   x pd 
I        I n I u 
y      y    y 

TTd 

and   p = air density 

S = cross-sectional area = -r— 

n = twist of rifling in calibers per turn 

p; u = axial spin and velocity respectively 

m - mass 

1,1= polar and transverse moments of inertia. 
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In range firings^ the yaw damping rates are determined as logarithmic 

decrements of measured amplitudes of oscillatory motion of each component 

of yaw. For dynamic stability the condition 

"1.2 >  0 

must be staisfied. 

Plots of a and ou for models with various boattails and angles are 

shown in Figures 10 a and b. The results are somewhat startling. The 

behavior of the damping rates definitely reflects the behavior of the 

Magnus torque coefficient. The nutational component is progressively 

becoming less stable because of the increasing value of the T term due 

to an increase in the Magnus torque. The dominating influence of this 

term is clearly shown in Figure 10 b where the trend of the damping 

rates is very similar to the trend of the Magnus torque coefficient, 

Figure 8 b. 

h.6    A Comparison of 7 Calibers AN Rocket Model with Present Square Base 
Model 

Finally, it is of interest to compare the relative importance of varying 
head shape and boattailing on aerodynamic characteristics. 

In Reference (7), aerodynamic characteristics of 5 ,, 7 ^ and 9 caliber 

long models of the "Army - Navy spinner rocket" are given for various 

Mach numbers. The models consisted of a 2-caliber long head, defined 

by a secant ogive of minimum drag, and a cylindrical body. The present 

model has a 2.5-caliber head and ^5-caliber body. 

A comparison of the aerodynamic characteristics of the two models 

is shown nn the next page. 
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Square base, 7 cal. models,  M = 1.70 

D, 

Pb/Pl 

CLa 
CP cal,   from nose 

p      + r • 

m  Rocket Present Model, Type 

•395 • 378 

.6^ •67 

2.U3 2.37 

1.6l 1.67 

-29 -28.5 

pa 
��38 

cm.,   cal.  from base 2.90 2.90 

The higher drag coefficient for the AN rocket model is due to its 

shorter head of 2 calibers vs.  2.5 calibers of the present model.     Although 

the head of the present model is not that of the minimum drag shape,   its 
increased length reduced its overall drag.    The general agreement is 

quite good,   suggesting that the indicated differences in the head shapes 
produce relatively minor differences in their aerodynamic character- 

istics.    Boattailing causes much more significant variations. 

* It was customaxy in earlier works at BRL to report the results of aero- 
dynamia tests in terms of the ballistic ooefficients3 K^  K^ eta.3  rather 
than the aepodynamta aoeffioients,  C-Q,  C^ , eta.    For some years now,   the 
practice is to use the aerodynamic nomenclature.    Unfortunatelys  there is 
a difference between earlier and present practices in use of the conversion 
factors from one system into another.     For certain coefficients3  and these 
are marked by an asterisk below,  the conversion factor used earlier was 
16/TI; in present practice it is  S/TT.     Thus,  care should be exercised in 
comparing earlier with more recent results.    The following current system 
is used in this report: 

cD = (8/^ 

CIa =  (8/TT)KL 

J% 
(8/TT)KI M 

(8/")(KH KMA) 

C^ - - ^K Mpa 

(8/TT)KA 
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5.  CONCLUDING REMARKS 

a. Conical boattails still appear to be superior to either ogival 

(convex) or concave shapes. Slightly higher drags of models with ogival 

boattailSj for boattails shorter than 1.5 calibers^ are largely due to 

higher boattail drag component. 

b. The base drags., for conical and ogival boattails., appear to 

correlate better with the base approach angle rather than with the boat- 

tail length. But in either case, whether conical or ogival, the base 

drags for these two types of boattail shapes do not appear to differ 

very much. 

c. For bodies of high fineness ratios, care should be exercised 

in designing boattailed configurations because of significant effects 

of boattailing on aerodynamic characteristics relative to square based 

designs.  I^fegnus torque coefficient appears to be particularly sensitive 

to boattailing, so much so that an improper design of the boattail may 

make the configuration dynamically unstable. 
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APPENDIX 
COPY 

FROM: J.   Sternberg 28 May 1946 

TO: R H.  Kent 

SUBJECT:    Effect of boattail on the base pressure 

Summary 
A qualitative analysis of the effect of boattails with turbulent 

boundary layer (species-finis) has engendered an experimental wind tunnel 
and free fljght program. Employing a simplified flow mechanism,, the base 
pressure for a two dimensional model appear independent of the boattail 
angle for a sizable angular variation. As a first approximation, this 
result is utilized to estimate the base pressure for axially symmetric 
flow, while the flow features insisting on a more sophisticated approx- 
raation are described in detail. 

1. Viscous Effects 

Experimental data on bodies of revolution with turbulent boundary 
layers shows a relatively small variation of the base pressure with 
Reynold's number. For example; for a R. N. variation of 5^ over the 
range of values obtained in the wind tunnel, the change in base pressure 
is of a smaller order of magnitude than the changes which might be 
expected due to boattailing.  In order to compare the base pressure for 
dissimilar models, suitable boundary layer parameters, such as the dis- 
placement and momentum thickness referred to the model base diameter, 
should be chosen. For similar models, including both square bases and 
boattails, an increase of R. N. by a factor of 5 would change the ratio 
of such a defining length approximately l.k  times.  It is both reasonable 
and convenient to assume that in going from the squre based bodies to 
the boattailed bodies, this ratio would not change by more than a factor 
of 1.5, which, in effect, means that R. N. influences on the comparisons 
can be approximately neglected. However, if the base diameter is small, 
such a defining length would be increased both by the decrease in base 
size and the divergence of the boundary layer streamlines and its changes 
can no longer be neglected. Rough estimates of variations in base 
pressure from this source can be made if desirable. 

2. Some Observation on Flow Stability 

The wake flow has been disturbed in two different ways. First, objects 
of a two parameter family have been placed in the model wake. Constant 
diameter rods attached to the model base, if of sufficient length, decrease 
the base pressure, unless the diameter of the rod approaches the diameter 
of the model, when the base pressure must increase towards the pressure 
on the s ids of the model.  The flow appears stable for changes in rod 
size, changing with reasonable uniformity. Yet, if large objects, of 
the size of the model, are moved towards the base, the base pressure 
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increases abruptly at a critical distance. The wake flow is almost cy- 
lindrical and for further advance of the obstacle^ the base pressure 
changes relatively little. Evidently the convergent wake flow can 
become unstable under certain circumstances. 

Relatively large quantities of air have been withdrawn from the 
region of the wake with consequent smooth decrease in base pressure. The 
addition of moderate amounts of air in the same region gradually increases 
the pressure. 

Except for large objects placed near the model base, the wake flow 
shows no obvious instability. 

3. A Flow Mechanism 

We might imagine the base pressure as being determined by the amount 
of air present in the low velocity region of the wake. Some detailed 
measurements show that air is being removed along the mixing regions 
and is being added from the zone of convergence in the wake. Then it 
might be supposed that the base pressure will be established by a balance 
of these two factors. As the R. N. decreases, the boundary layer at the 
model base will increase in size, causing the shearing action of the flow 
to decrease. Unless this decrease in angle decreases the quantity of 
air from the convergence zone, the flow would be obviously unstable. 
Since the base pressure increases smoothly as the R. N. decreases, this 
stability is present over a fairly wide range of wake angles. The 
effects of an addition and subtraction on the base pressure are of course 
consistent with this picture. 

Then we shall assume that there is an equilibrium configuration for 
each Mach number of a parallel stream at the model base. 

k.    The Two Dimensional Boattail 

A square based, two dimensional body is shown in Figure 1. 

>l    4 

M -** M. 

10 

FIG. 

a 
FIG. 2 
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M-]_ is the uniform parallel approach velocity, Mj and a  are the velocity 
and direction of the air just past the model base.  Over a range of M^s 
from say Mi = 1 to ifj, a function relationship exists between Mp  and a. 
For bodies of revolution, this function is single valued, and, lacking 
any evidence to the contrary for 2 dimensional models it is shown accord- 
ingly in Figure 2. 

Based on the hypothesis of 3>  all the flow phenomena involved in 
establishing the required air balance occurs downstream of planes P and 
H. Furthermore, for this two-dimensional flow, events upstream of the 
planes P and H will not affect the flow downstream (Reynold's Number 
effects have already been discussed). Apparently then, a flow entering 
the wake at some Mp and a will adjust Mo and a  until the flow quantities 
lie on the curve of Figure 2 and consequently the base pressure is un- 
affected by the boattail angle.  In Figure 1, if B. T. 2 slopes at the 
wake angle, the flow should enter the wake unaltered. B. T. 1 requires 
an expansion fan at the base and B. T. 3 develops a shock. Clearly, for 
large angle B. T.s of type 3; a strong shock at the base may affect the 
boundary layer probably changing the base pressure. Even including the 
possibility of shock effects, the base pressure should be constant over 
a significant range of boattail angles. 

6. Axially Symmetric Flow in the Wake. 

Application of these ideas to flows with axial symmetry encounters 
prompt difficulties since the Mach Number is no longer a unique function 
of the boattail angle.  The trouble is fundamental and derives from the 
difference in the source distributions for the two flows. As before, a 
uniform flow Mj_ follows a Prandtl Meyer expansion at the shoulder, but 
in order to maintain a constant pressure, the angle of the discontinuity 
surface must increase.  In itself, 
this flow curvature would cause little 
difficulty, if the curvature for a / ^^CODStant 
given Mo and a, were the same. Un- is pressure 
avoidably, the free stream Mi, model 
shape and conditions obtained at the 
base affect the shape of the constant 
pressure region so flows with identical 
Mg's would enter the convergence zone 
at different angles producing different 
pressures. 

FIG. 3 
7. Effect of the boattail (Neglecting the Different Curvature Effect), 

Obviously the shape of the boattail for a given approach flow determines 
its M distribution and it is generally true (at least for convex b.t.) 
that for any point along the boattail the local M will be lower than if 
the flow expanded to that local angle from the approach M-^. The parallel 
flow M which would reach the local M when expanded to the surface angle 
two-dimensionally will be defined as Mg-^f. Experimentally determined 
values of the wake angle a, for various M.  s are shown in Figure h. 
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FIG. 4 
Neglecting variations in the curvature of the wake hounding stream- 

line is equivalent to assuming that the hase pressure will be determined 
by the local flow conditions at the model base. The local conditions 
are described in terms of Mgff which is taken as the equivalent approach 
flow so that the base pressure can be rapidly estimated using the static 
pressure corresponding to Mg-p-f and Figure k. 

Suppose we choose a conical b.t. with an angle slightly less than 
the a, for the M, at the beginning of the b.t. At the corner the flow 
will follow a Prandtl-Meyer expansion, but proceeding along the length 
of the b.t., the M will decrease and the pressure increase.  It is clear 
that if the b.t. is very short, then the surface M will closely 
approximate the P.M. value at the shoulder and an additional expansion 
fan will exist at the base. But as the b.t. gets longer, Mgff decreases, 
decreasing CC-.   until a\  equals the b.t. angle. Now the flow enters the 
wake with no change in direction, while even more extensive b.t.'s should 
produce base shock waves. Evidently then the drag will decrease as the 
length of a constant angle b.t. is increased, neglecting skin friction. 

Similar considerations can be applied to a boattail with an angle 
greater than Q^. Again for a very short boattail where the projected 
area of the b.t. was very small, conditions would be approximately 2 
dimensional and the drag would be slightly greater than the square based 
drag. As the b.t. is lengthened, the surface M decreases, the local 
pressure increases, and the ratio of base pressure to local pressure 
increases, so the drag should then decrease as before. 

8. The Curvature Effect 

Conceivably, under certain circumstances, a difference in wake 
curvature may be a determining factor, so that even some means of 
estimating only the order of magnitude of this effect is worthwhile. 
Again, a discussion of the simpler two dimensional wake first, serves 
to clarify the concepts involved. 
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Shock Introduced to Curve Wake 

The edge of such a two dimensional wake (upstream of the rise in 
pressure produced at the convergence zone) would undergo a direction 
change upon intersection with a superimposed shock (See Figure 5) which 
reflects from the constant pressure streamline as an expansion wave. 
The introduction of this shock produces 

_Mjff. 

Convergence 
Zone 

FIG. 5 
an altered flow pattern which corresponds to the curved boundary streamline 
of the axially symmetric flow. Based on the simplified flow models 
removal of wake air should he the same with both identical speed along 
the wake edge and identical length of mixing region.  (Since the pressure 
in the first portion of the wake is sensibly constant^ the main flow 
speed (designated Mg) will remain unchanged after the shock). Now this 
flow with the shock wave can be compared with a flow without the shock 
which enters the wake at Mg and the angle (a + ) (after the shock)- 
For convenience^ the actual and fictitious flows are designated 1 and 2 
respectively.  Since the mixing region lengths for both flows are similar, 
and the angle of convergence is the same, the base pressure should be 
approximately the same so that flow 2 can be substituted for flow 1.  The 
base pressure will then correspond to the parallel flow Mgff required to 
produce Mg at (a +  ) and not to the actual parallel flow Mg.  If the 
shock had intercepted the surface upstream of the base, Mi would have 
decreased to Mgff thus developing this same base pressure. Different 
shock position gives same base pressure. 

The axially symmetric flow pic _„re is more complicated and does not 
lend itself to the elementary comparison used in Figure 5 unless numerous 
assumptions are made. The method described will still represent an attempt 
to specify a suitable Mgff for predicting the base pressure. A typical 
constant pressure surface for the outer flow of a square based model is 
shown in Figure 6. 

^5 
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FIG. 6 

9 represents the outer flow directioxi at the end of the constant pressure 
region of the wake, and, as indicated, it is always larger than «]_, the 
angle at the model base. The constant pressure streamline (for a b.t. 
model where Mgff(using the method of Paragraph 7) equals MU and the flow 
is required to leave the model base at a-^ (i.e. a-, = Q^) is also shown 
in Figure 6.  It appears most reasonable to assume that the constant 
pressure region for these two flows ends at the same radius, so that 
comparing (a) square based model at Mi, and (b) b.t. model with Mgff =  M-,, 
G = (9, - 62) can be evaluated. A knowledge of dG/dß, would permit 
introduction of a third constant pressure streamline also at Mo but entering 
the wake at a modified os so as to produce 62 at the final radius,  (if 
necessary, tedious calculations could be made to specify the order of 
magnitude of dO/da). Clearly so specifying a,, Meff (corrected would 
be known since the speed along the wake edge Is still M^). 

k6 
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