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SUMMARY 

Methods are described for estimating pressure dis- 
tributions over protuberances such as cocVpit canopies, 
gun turrets, blisters, scoops, and sighting domes. 
These methods are applied to the estimation of the pres- 
sure distributions over spherical-segment and faired 
gun turrets and over the protuberances on the 
Brewster SB2A-1 airplane.   The effects of compressibility, 
interference, and flow separation are discussed.   It is 
shown that, by a combination of experimental data with 
theoretical methods, limiting prsssurjs for use in deter- 
mining maximum loads can in many case3 be satisfactorily 
estimated.   Vuch systematic experimentation is needed, 
however, to imorove the accuracy of estimation. 

INTRODUCTION 

The purpose of the present report is to describe 
methods by which' pressures and hence loads on protuber- 
ances, such as cocVpit canopies, gun turrets, blisters, 
scoops, and sighting dome3, may be roughly estimated. 
In particular, the possibility of determining limiting 
values of the pro3Suro coefficient -. values which cannot 
be exceeded in practice - is demonstrated. 

The Investigation was Initiated by a request from 
the bureau of Aeronautics, Navy Department, for load 
data on gun turrets.   No applicable experimental data 
were available and, as the NÄCA testing facilities were 
already committed to other Investigations, It was decided 
to estimate the limiting loads. 

Methods generally useful In the estimation of loads 
on protuberances are described In the present report^ 
These methods are applied and, where possible, the I 
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results are compared with experimental data.  The 
methods are necessarily only approximate.  Even if the 
potential flow could be exactly calculated, the actual 
flow would likely depart so widely from the calculated 
flow as to render the results Invalid.  The exercise 
of Judgment, based on experience, and the use of experi- 
ment in evaluating the effects of boundary layer, separa- 
tion, compressibility, interference, and departure of 
the shape from that for which pressures can be computed 
are necessary in order to arrive at useful results. 

Although little opportunity for systematic experi- 
mentation is likely at present, the study presented 
herein Is being applied to turret shapes on particular 
airplane models being Investigated at LMAL with a view 
toward improving the methods of estimation of pressures. 

SYMBOLS 

p    pressure 

V velocity 

p   mass density 

q    dynamic pressure, free stream unless otherwise 

stated (TPV2) 

P    pressure coefficient f—- —J 

M    Mach number, free stream unless otherwise stated 

AV   velocity increment 

AV/V0 velocity-Increment coefficient 

V/V0 velocity coefficient (1 + ~J 

Y ratio of specific heat at constant pressure to 

specific heat at constant volume 

ft 
x,y  Cartesian coordinates 
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Z,£       complex variables 

„Subscripts:       ...   

i incompressible  or low speed 

0 in undisturbed stream 

1 local 

Other symbols are introduced and defined as needed. 
Insofar as possible, the notations of the references are 
retained in the present report.  For this reason, more 
than one quantity may be designated by the same symbol 
or one quantity may be designated by more than one 
symbol. 

METHODS FOR CALCULATION OP VELOCITIES 

OVER PR0TTJ3ERA1TCES 

Although the airplane with its canopy, turrets, 
blisters, and other protuberances is a comDlicated 
three-dimensional form about which even the potential 
flow cannot now be computed, an estimate) of the pressures 
on the protuberances can be obtained.   Vhe airplane 
presents the general apoearance of a wing, fuseiajre, 
and tail with th.9 protuberances superoosod.   These 
protuberances are usually of small length rslative to 
the length of the fuselage or to the chord of the wing 
and ere very often quite thick in relation to their 
length.   The loads over these protuberances therefore 
are assumed to be determined largely by the shapes of 
the protuberances and to be modified by the interference 
of the wing and fuselage.   As an approximation that is 
usually valid unless the protuberance is located near 
the nose or in the wake of the body, the total velocity 
V is assumed to be equal to the sum of the velocity 
over the protuberance without interference and the 
induced velocity increment AV due to the interfering 
bodies or, in coefficient form, 

V - = (f) + (6 (i> ^ °'protuberance alone   X /interference 
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Methods of determining the velocity increment due to 
interference are given in the appendix of reference 1. 
In many cases, the interference is sufficiently small 
that it may be neglected. 

It is convenient and sufficiently accurate to apply 
the compressibility correction to the pressure coeffi- 
cient estimated for incompressible flow 

ri " 1 •©' (2) 

where Vj_/V0 i3 the value of equation (1) for incom- 
pressible flow.   The pressure coefficient for com- 
pressible flow is then obtained from an approximation 
given by Prandtl in reference 2 as 

> = 

v4 - M2 
(3) 

where    M     i3   the  stream Mach number.     An approximation 
that in specific instances has  been found   to describe 
experimental  results more  accurately  than Prandtl's 
method has  been ^Iven by von Karman in reference  3  as 

P = 

VT-!? + — K2Pi 
(h) 

(i + ,/mp) 
Equation (3) is sufficiently accurate 
estimations described herein. 

however, for the 

The pressure distributions obtained up to this 
point apply in potential flow.   The effects of departure 
from potential flov;, which include development of the 
boundary layer oi the surface forv.'&rd if  the pro tubers 
ance, separation of the flcv, which occurs regularly on 
the rear of blunt bodies, and interaction of these 
effects with compressibility T»-ust now be estimated.  Al- 
though the boundary layer and the joint and existence of 
separation ^ifht be calculated, at least for low speeds, 
by the methods of references li. and 5 (with modification 
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of the momentum aquation for the three-dimensional flow), 
no method is known for--calculating the corresponding 
pressures nor is any theory available for estimating 

• the compressibility Interaction.  Prom the meager 
experimental data available, these effects can be at 
least qualitatively estimated.   (These data are 
presented and discussed in the section entitled 
"Applications.")  In brief, the procedure is as follows: 

(1) Estimate the velocity-coefficient distri- 
bution for incompressible potential flow over the pro- 
tuberance shape 

(2) Estimate the interference velocity coef- 
ficients for incomprasp.ible potential flow 

(5)  Add the coefficients obtained in steps (1) 
and (2) as In eqiiation (1) 

(4) 3y use of stop (3)> compute the pressure 
coefficients for incompressible flow (equation (2)) 

(5) Apply the oompressability correction 
(equation (3) or (4)) 

\                        (6)  Estimate the efforts of departure f rom- 
•^potentie.1 flew  , 

1 

ir practice, es appears in the examples, sone modification 
of this procedure may be nocessary. 

'T'he rest of this section is concerned largely with 
the determination of the velocity distribution with 
potential flow over specific protuberance shapes without 
interference. 

General Considerations 

Protuberances often appear as bodies that are 
approximately half of symmetrical forms cut by an infinite 
piane as indieatod in figure 1.  "he flow without the 
interference i3 then theoretically approximate to the 
corresponding half of that over the complete body.   m 
many cases the half-body approaches the two-dimensional 
form (airfoil), for ^'hich the pressure distribution is 
always calculable; then, as the pressure changes are 
larger in the two-dimensional than in the three- 
dimensional case, it is conservative to consider the 
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flow two dimensional.   In other cases the shapes may 
approximate simple three-dimensional forms, such as 
spheres and proiate or oblate spheroids for which the 
flow Is known, and the corresponding pressure distribu- 
tions may be assumed. 

Tf the form of the body or half-body is such that 
the flow cannot be directly calculated, it may bo approxi- 
mated by various devices.   If the shapes of the front 
and rear edges of a protuberance are different, inasmuch 
as the flow over one edge is often little affected by 
that over the other, it may be possible to compute the 
pressure distrioutions over front and roer edges sepa- 
rately and to join the distributions at the center. 

In some cases a sample oody, for which the flow 
in three dimensions can be calculated, may be modified 
by a two-dimersionnl method to approximate a given 
shape.   Such a modification depends upon the assumption 
that a smell local change in the radius of a body of 
revolut? or. produces a local two-dimensional effect. 
As the radius r of the tody of revolution btcomos 
larger, this assumption becomes more nearly correct. 
For example, the pressures over the lip of an open engine 
cowling aporoüch the pressures over an airfoil with the 
profile shape of the lip and with the same effective 
angle of attack.   An '3xan;ple of an oblate 3oheroid 
modified to approach the shapo of the f-'axson turret on 
the Erewster SL2A-1 airplane is given in the section 
entitled "Applications." 

• Tv/o-Dimension&l Shapes 

Arbitrary forms.- The two-dimensional potential 
flow past symmetrical profiles that correspond to given 
half-bodies can be obtained by the method of Theodorsen 
and Garrick (reference 6).   Tn many cases, however, 
less laborious methods 3uffico.   The graphical method 
of Jones and Cohen (reference 7) is well suited to the 
computation of potential flow over bumps. 

Forms for which potential flow is known.» In certain 
cases"]! the form of the protuberance approaches that of 
some two-dimensional profile for which the pressure 
distribution or corresponding velocity distribution is 
already known and can be applied without much further 
computation.   Three such simple profiles are the 
infinitely long circular cylinder, the ellipse, and the 

i 
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double-circular-arc profile.  For the circular cylinder 
moving normal to Its axis/-the velocity distribution 
with potential flow is given by 

V = 2V0 sin 6 (5). 

where  0 is the polar angle measured from the stream 
direction and V0 is the forward or stream velocity. 

The velocity distribution about the elliptic 
cylinder moving oarallel to its major axis is given 
by Zahm in reference S and may be expressed in the form 

/ b\    / X  "   ft)2 
v = vrt [i + -    /        (6) ( T - r • er©2 

where 

a sernlma^or  uj-i3 

b F.emiml.nor  p.xl s 

x dJstajico   along :aaJor   axis  from oentor 

The  forv-ard porti.on of  a s/rane tr.'.cf.l   airfoil   shape 
with  zero  lift  can often be  approximated  by an ellipse 
as  In  figure  1(c).       If     x. is   the distance  from 

/max 
the no?e  at which the maximum ordirate    7max    occurs, 
the  equivalent  ellipse can usually b9  determined from 

b _   "mix 
a ~ x 

viTiax 

The velocity distribution over the forward portion of 
the airfoil mcy then be talcsr. the same as thit on the 
ellipse. 

Another very useful   shupe  1.3  the double-ciroultr- 
arc  symmetrical   afrfoil,   of v/hlcVi the u'rper and lower 
surface  profiles  are   arcs of  th-3   same  circle.       The 

/ 
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conformal transformation into a circle is given by 
Glauert in reference Q.  The velocity distributions, 
obtained by potential theory, are given for different 
thicknesses by the solid lines in figure 2. 

Thin bodies by slope method.- A simple approximate 
two-dimensional method that has proved extremely useful 
has been included in a publication by Goldstein (ref- 
erence 10).   This method, which gives ttae velocity 
distribution as an integral function of the slope of a 
symmetrical profile, may be called the "slope method." 

For the derivation of the slope method, the following 
two simplifying assumptions are necessary: 

(1) The profile is sufficiently thin that the 
velocity is nowhere very different from stream ».-•: 
velocity V0 

(2) The slope of the profile is Bverywhere small 

These assumptions oreclude the existence of stagnation 
points. 

The symmetrical profile may be assumed to be 
represented by a distribution of sources d^/dx along 

The velocity increment A(AV)  at any 
on the profile (fie- 3) due to the 
£3 dx  at x is 
dx 

the chord c. 
point  (x0,y0) 
source element 

A(AV) = 

£3 
dx dx 

2trr 
(7) 

Because the profile is thin, the velocity at  (x0,yo) 
cannot be very different from the velocity at XQ; thus, 

A(AV) £ 

d§ 
ex dx 

2iT (xo - a) 
(8) 
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The total induced velocity therefore Is 

AV z     I   —a*  (9) s   r° i 
Jn    2* C 

For unit length of the profile, the cross section 
at x Is 2y and, with V = VQ, the volume flow is 
approximately equal to 2V0y.  The volume flow through 
any cross section, however, must be equal to the total 
output of the sources upstrosm and, therefore, 

3 = 2V0y 

or 

~X- =  2V0 ^ dy. ° dx 
T/ = 2V0 7* (10) 

With substitution cf the value of d^/£x from equa- 
tion (10) In equation (9), the coefficient of the induced 
velocity beccme3 

Vo  V„ *o - 
s (11) 

The integrand in equation (11) can he expressed In 
trigonometric form but, for the present purooses, the 
algebraic axpression is retained.  The velocity 
coefficient 1s given by 

V      AV ,  „ 
7- = 1 + — (12) 
'o      'o 

If the slope dy/dx is known as an algebraic 
function of x,  the velocity distribution can usually 
be obtained without much trouble as a function of x . 
The integrand In equation (11) approaches inrinity 
or becomes Indeterminate at x -  x ,  but the integral 
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la usually finite; the Infinite positive and negative 
strips cancel.   If the integral approaches infinity at 
a given point  x0,  a finite Integral that yields a 
velocity increment which approximately agrees with the 
actual flow can usually be obtained for a slightly 
different value of xQ. 

The slope method is more useful than might be 
supposed from the restrictions Imposed in the deriva- 
tion.   Although the results are not exrct, they provide 
a reasonably good approximation even for relatively 
thick forms, especially over regions of the profile 
having small slo->e.   The method is not applicable in 
the vicinity of a stagnation point or v;here the 
slope dy/dx is large.  This difficulty may, however, 
be circumvanted.   Vany rrotuberanco shapes involve no 
very le.rge values of dy/dx and require no stagnation 
point.   If a stF.^nation point does occur, the velocity 
distribution over the rest of the profile at somo 
distance from the nose n.ay be approximated provided the 
rounded nose or tail, which involves infinite slope, 
is extended in a cusp cr  otherwise is slightly altered 
to prevent very large veluss of dy/dx. 

A reasonably accurate velocity computation can be 
made if the slooo method L3 tpolied not to the given 
profile, but to the; sha-.Ts o'otainod ES the amovnt3 Ay 
by which the ordinatss of the given profile- excaod those 
of a similar profile, such as ellipse or Jjukowski air- 
foil, for which the velocity distribution i* known.   The 
velocity increments are simply auperposed; that is, the 
required velocity distribution is the sum of the velocity 
distribution on the similar profile and tho increment AV 
found for the difference shape.  Thrfoe-dimensional 
shapes n:ey be slightly modified in the se.-ne wBy. 

fi-iven protuberance profile sheces can often be 
approximated by the Juxtaposition of a serlos of nics 
for which the slopes are giver, a-9 relatively simple 
algebraic functions - for exarr.ply, circular, elliptic, 
and parabolic arcs.   The i-iriuced-•velocity -.oeffi- 
el ent  AV/V0 ma;; then be obtained from equation (11) 
by direct integration.  T?iis oroceduri yields approxi- 
mately correct velocity distributions even though the 
curvature at tho functions nay bo discontinuous.   The 
slope should obviously be müde continuous; that is, the 
arcs should have the auxr.e  elope at the juncture. 
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A protuberance profila may have the approximate shape 
of a single simple arc,-- such, a« the circular arc, In which 
case the velocity distribution is easily calculated. 
Thus, in figure 7 

Ä = - tan 6 
dx 

x = r sin 9 

dx = r cos 9 d9 

and equation (11) becomes 

AV _ v;r pin 9 de 

TT 

1 

r 
-fi- 

de + sin 9. /   £i  
/   ein e - nln 9 (13a) 

Integration end substitution of the limits #Ive 

AV    1^. 
— =^<291+ tan eo lofe 

el \ rsin 90  tan •—• + cos 90 -  1\ 

sin 90  tan ~ - cos  G0  -  1 
 £  
sin   9C  tan -•*• - cos   90  + 1 

.sin 9r>  tan —-+ cos   9-  + li 

>(15b) 

V 

for the   velocity distribution as  a function of    90. 

<. 
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Prom figure h, 
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and 

9n   =  sin"'1    .2- 
1 2r 

Go =  sin"1   ^2. 
o j* 

or 

from whlch 

®-  2 

r = 

r*  -  (r - h)' 

2h 

0,   = SJTT* 
*t 

l + L (I)1 

6« = sin 
n*0   h 

_1       °"c~ c 

1 + 
*$ 

dU) 

(15) 

Substitution of equations   {lb.)   and   (15)   in equation  (13b) 
give3  the   induced-velocity coefficient    AV/V0     a3  a 
function of the  chord position    x0/c     and of  the  thick- 
ness  ratio    2«-,     v;here     x0/c    is  treasured from the  center 
as   shown.     The  voloclty increments   for circular-arc 
profiles  ranging in thickness ratio  from 0.1   to G.5  are 
shown in figure  2,   in v/hich  the  results  of  the   slope 
method are  compared with  the  results   of  the accurate 
conformal-transfonration method.     In figure 2,     x/c     is 
measured from, the  end of  the profile  rather than from  the 
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center.  Up to a thickness ratio of 0.2, the slope 
method gives a fair'approximation of the velocity dis- 
tributions over circular arcs.  As was to be expected, 
the error is greater in regions of greater slope.  The 
velocities at the center of the profile, where the 
slope is zero, are approximately correct even for the 
50-percent-thick profile. 

Three-Dimensional Shapes 

Methods available for the calculation of flown in 
three dimensions are lens general than tre corresponding 
two-dimensional methods because, except in the special 
case of the ellipsoid with three unequal axes, they 
apply only to bodies possessing axial symmetry, that is, 
to bodies of revolution.  ircny protuberances are 
approximately axifilly symmetrical, however, and the 
three-dimensional theory may prove useful in estimating 
velocity end corresponding pressure distributions In 
those cases. 

The sphere.- The simplest bod;? of revolution is the 
sphere, for which the velocity distribution is given by 

—-  = 1.5 sin 0 vo 
(16) 

where the an^le  9  is measured along any meridian 
starting from the stream or flight direction. 

The oblate r.pheroid.- A body of revolution roeembling 
a ftun turret 3 s the oblate spheroid obtained by revolving 
the ellipse about its minor axis.  Motion in the direc- 
tion of a ma.*or axis of the ellipse as shown in figure 5 
corresponds to that of the gun turret.  The potential 
is given by Lamb (reference 11) in terms of the elliptic- 
cylindrical coordinates  £, |i,  and co.   At the surface 
of the oblato spheroid, ••A and t0    i3 given by 

bo  a 

\Mtf 
(17) 

where a and b are the ser.ilma.1or and semiminor axes, 
respectively, of the corresponding ellipse.   Prom the 



14 «•••••*   NACA AGH No. lJ+310 

potential, the velocity distributions at the surface 
relative to the body may be derived. 

Around the rim In the YZ-plane (line 1, fig. 5) 

ftX r-\        = L sin a: (18) 
lm 

where 

L= to2+ 2 - t0(£0
8 + i)oot-i £0     

(19> 

and (i) Is the anf;le w'.th the plane containing the direc« 
tion of flow and the polar axis as shown in figure 5 and 
Is related to the distance alonn; the Y-axis measured 
from the center by 

y/a = cos co 

The velocity over the top In the XY-plane (line 2, 
fig. 5) Is 

2   .   -  vl/2 
H— 

/OJ=O \t0
Ä +  n< GL" ^'-^' 

where 

= \Rff 
The velocity e.crosp the meridian lying In the 

XS-plane (line 3) Is 

(jf-) .    = L (21) 
'o/ü)=Tr/2 

which, for a given thickness ratio b/a,  is constant; 
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that "is, the "velocity at the -surface across.the meridian 
perpendicular to the motion of an oblate spheroid moving 
normal to its polar axis is constant. Although velocity 
distributions along other lines on the surface may be 
obtained, those given by equations (18), (20), and (21) 
are of greatest interest and are most simply derived. 

The prolate spheroid.- A related body, for which 
the velocity distributio~n is more easily obtained than 
for the oblate spheroid, is the prolate spheroid moving 
parallel to its polar axis. The velocity distribution 
at the surface along any meridian as given by Zahm 
(reference 8) may be expressed as 

E  

= (1 + -(-? 
-ef-(aP0 

(22) 

where 
1 + e 

loge 2e &e 
ka = 

1 - Q 

log€ 

1 + e 

1 - e 

2e 

1 - e2 

where the eccentricity 

1^& 
and a and b are the semimajor and semiminor axes of 
the corresponding ellipse.  The equivalent prolate spheroid 
can be employed to approximate the forward portion of 
a body of revolution in exactly the same way in which 
the ellipse was used to approximate the forward portion 
of a symmetrical airfoil.  (See fig. 1.)  The velocity 
distribution over the forward portion of the body of 
revolution may then be considered the same as that over 
the corresponding portion of tho equivalent prolate spheroid, 
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Body of revolution represented by axial source 
distribution.- The Velocity distribution about a body of 
revolution wi th flow parallel to the axis can be obtained' 
by the method of von Karman {reference 12), provided the 
body can be represented by a distribution of sources and 
sinks «long the axis.  This rrethod is useful for a very 
regular body for which the shape of the meridian profile 
3an bs £iven by only a few ordinates.   If the meridian 
profile is irregular, the rrethod in tedious and perhaps 
impossible.   It is described in detail in reference 12. 

3ody of revolution represented by doublet distri- 
bution" along ayi3 normal "€o flow.- The circular cylinder 
projecGing from a plane surface A-A (fig. 6) is considered 
a half-body of which the other half Is shown by dashed 
lines.   At the plnne of symmetry A-A, the velocity 
must lie parallel to the plane and tangential to the 
surface cf the cylinder.   At other planes, cross 
velocities occur and reduce the peaks; the maximum 
velocity changes consequently occur at the plane A-A, 
except possibly over the sharp corners at the ends for 
which the velocity distributions cannot be computed. 
By e method described by von  Ka'r^'m (reference 12), the 
part of the polar axis occupied by the cylinder Is 
covered v:i th a dDublet of roirent per unit length equal 
to that obtained if the cylinder were infinite in length. 
The ends of the cylinder corresponding to thfs irathe--" • 
matical device arc rounded rather than plene as sho?:n; 
the influence of the rounded ends on the velocity dis- 
tribution at the plan? A-A mist be s.rall, horever, and 
the ends of actual gun turrets aro more likely to be 
rounded than plans.   The pressure distributions in 
planes parallel to the plane A-A generally are similar, 
but the peaks are lower as the end of the cylinder is 
approached except that, in the region of small radius 
of curvature near a blunt end, high peeks may occur. 

The velocity at the surface of the cylinder in tho 
plane A-A is 

;V~ = (1 + cos e) sin $ (23) 

where 0    is the polar angle measured from the plane 
containing the flow direction and the polar axis,  6 is 
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the angle shown in figure 6 for which 

cos 9 = 

^ r2 +• 

r ia the radius of the cylinder, and I    is .the -length 
of its projection from the surface.   An example for 
wh?ch r is not constant is treated later;  The method 
is 6/i ".c-:ribed in reference 12. ' 

Body of revolution by'method of Kaplan.- A method 
has recently been developed'üy Kaplan (reference 15) by 
which the potential flow about any body of revolution 
moving in the direction of. it's polar .axis may be oalcu- 
latad to any desired degree of approximation.   By this. 
method", the flow is obtained with .orthogonal curvilinear 
coordinates for which the surface pf:the body itself is 
a constant.   The coordinate system, which is different 
for each body, is obtained by means' of the coriformal 
transformation 

a-j' • •  &1  a2 •  *?3 z = Z + c, + — + -= + -*•+ ... 
1   Z   Z2 z3 

[2k) 

which transforms'the circles 
radial lines  £ = Constant in the plane 

Tl = Constant and the • 
TU-1& Z = .Re'le 

Into the corresponding orthogonal coordinate lines in 
the z-plane, where t) = 0 is the meridian profile of 
the body of revolution. The potential is given as a 
series of terms Involving the Legendre functions P  - 
and ^ and the constants  a^ appearing in the series 
in equation (2^).   ...      \ '„ 

The derivation of the necessary functions has been 
extended in reference 13 only far enough to take account 
of the term a*/z*  in equation (24)•   If additional 
terms are necessary to de^o/ribe the meridian profile to 
a sufficient degree of approximation, the corresponding 
functions must be derived.   The method of derivation 
Is described in detail in reference 13-   Fewer terms of 
equation (21+) are required "as the profile is more regular 
and more nearly approximates the ellipse.  For Irregular 
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bodies, additional terms are required and the labor 
necessary to calculate the flow Is greatly Increased. 
The practical utility of the method is therefore mutfh 
greater for regular bodies - such as airship shapes, 
fuselages, or nacelles - than for irregular shapes. 
For such regular bodies, the labor required Is not 
excessive. 

Approximate thin body.- A thin-body method appli- 
cable to bodies of revolution'and corresponding to the 
slope method in two dimensions has been suggested by 
Vunk (reference lii.,-.p. 269).  An attempt to use this 
method indicated that, with usual fineness ratios 
(less than 10), the accuracy was insufficient for 
estimating induced velocities over protuberances. 

Approximate body-of revolution for use with method 
of Kaplan.- If the transformation {'dk)   Is known (It can 
always be obtained by the' method given in reference 6) 
and if the- given meridian profile can be sufficiently 
well approximated by 'the first three or four terms of 
this transformation,'the flow- about a body of revolution 
moving In the direction of the polar axis may be cal- 
culated by Kaplan's method with no more, labor than is 
required -by;-the thin-profile method;--  The potential • 
flow thus" calculated .is the potential flow about the body 
that corresponds .to the "terms-retained In equation (2lj.). 
If the given body of revolution does hot depart too 
greatly from an ellipse, the required transformation 
may be approximated by a method of superposition. 

The series'of equation (21).) can be written in the 
form 

z = x +   iy 

_2' enRa       CpF^a       e,p3a ' 

Z 1 z nZ *3 

where 

Z. = Re -It 
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and- a is a constant..depending .on ;the.size of the body. 
On the profile (r\  = 0), equation (25) "beeoimes 

xn +17o = Cl + «)a(cos£ -i sin £ ) + 
1 + e 

+ c, - e1a(cos £ + i sin £) 

(cos § + i sin g) 

- e2a(cos 2£ + i sln,2g) 

- e,a<cos 32. + i sin 3£) (26) 

The first two terms of equation (26) give the 
elliose 

- = n + e + -—=—) co 
a   \ 1 + V 

> (27) 
v 
a 

in g 
>> 

and the remaining terms give 

Ax 
= C-, - €n COS ? - Co COS 2j - £, cos 3J . a " ul " el 

Ay 
-£• = - c1 sin £ - c2 sin 2 £. - e, sin 3 £ ... 

>   (28) 

The coefficients  c, , e-, and c, may be so determined 

as to yield a slight modification of the ellipse- 
approximating a given meridian profile.   For a small 
modification of the ordinates, the abscissa x/a is 
only slightly changed and, as an approximation, the 
required modification Ay/a may therefore be determined 
at the values of x/a for the ellipse.  The ellipse to 
be used as a basis for the approximation should be so 
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chosen that the required modification Is  äs   small  tie 
possible.       The  value of    £    corresponding to a given 
thickness ratio    3/A,     where     B    is  the minor  axis  and  A 
the major axis,   i3  obtained from equation  (27).       Thus, 

4. _ S __ V 'max 
* " A " 

'max 

1 + e - 
1 + c 

1 + £ + 
1 + £ 

and solution for  £ gives 

An examole will clarify the method. 

In figure 7(a) ls shown a meridian profile to be 
approximated.   The ellipse with  £ = 0.20, also shov-'n 
in figure 7» -s determined to be a satisfactory basic 
profile for the approximation.  The required modification 
of the ellipse is 3hov/n In figure 7(e)«   F°r convenience 
In this modification, the values of -0.1 sin £, 
-0.1 sin 2£,  and -0.1 sin 3£ are plotted against x/a 
as corrouted from equation (27) •   It is seen from fig- 
ures 7(°) to 7fd) with equation (23) that  E-,  changes 
the thickness of the profile while the symmetry Is re- 
tained, €p     uroduces an asymmetry forward and rearward, 
and  £* Increases the ordlnate at the ends while the 
center is deoressod. Inasmuch as the main adjustment 
required Is the Introduction of asymmetry (fig. 7(e)), 
£p must be given some value.  It Is seen that a value 
of e„ = 0.1 accounts for a large part of the modifica- 

tion required. Further adjustment requires the eleva- 
tion of both ends while the center remains unaffected. 
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If one-half the elevation Is accomplished with 
one-half with € 

and 

y 
Because  the  required elevation    Ay/a 
values  of  these coefficients  are 

the desired modification is achieved. 

is  -O.O5,  the 

^  = 0.025 

e3 = 0.025 

The resulting coordinates  from equations   (27)   and (28), 
shown as   the first  approximation  in figure 7(a)>   ai"Q 
therefore 

- =  [1.2 + —   O.O25J  cos §   -  0.1  cos  2£  - 0.025  cos  3£ 

= - (1.2 — + O.O25J  sin  £ - 0.1  sin 2£ - 0.025  sin J£ I 
a 

The failure of the first approximation near the nose 
of the given profile is due largely to the reduction 
in x/a produced by  c2*   It is further evident that 
the forward part of the profile is more nearly approxi- 
mated if the value of Cg is reduced from 0.10 to 0.07 
and if the effect of  fig in reducing the value of x/a 
at the nose is neutralized by giving c-,  the value 0.07a. 
The resulting profile, which is a satisfactory approxi- 
mation to the given profile, is shown as the second 
approximation in figure 7fa)«   A still better approxi- 
mation is obtained if the value of c^ is increased 
to 0.10a.   The whole forward part of the given profile 
is then very closely approximated, and substitution of 
the values 

€ = 0.20 c2 = 0.07 

e = e • = 0.025 c-j^ = 0.10a 
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In equation (25) gives the required transformation 

0.97a2  0.1003a?  O.OU52a^ 
z = Z + 0.10a . _   -    _ 

z      z2      z5 

from which the flow may be calculated without great 
difficulty by the method of reference 13• 

Although the approximate method yields the potential 
flow about a shaoo somewhat different from the given pro- 
file, it Is considered quit9 satisfactory for use in 
estimating loads.   The approximate shape is likely to 
show slight bumos vhera none occur on the given profile, 
but tho resulting rrressure distribution Is conservative 
in that It 3hows larger pressure variations than would 
be obtained for a more regal&r orofile.   On account of 
manufacturing irregularities, this conservatism maj be 
desirable.  Over the rear of a body, moreover, the 
actual flow always departs jfiore or less from the poten- 
tial flow, and little loss In accuracy may therefore be 
expected from any email failure of the approximation in 
that region.   The irsthod here employed should not be 
aseumed the 3ame as a simplo harmonic analysis. 

Corresponding bodies in tro- and three-dimensional 
flows. - "Jf the velocity äistrlcufTbn about a two- 
dTmensional phapa i? knov/n, a rouyh estimation of the 
velocity dlstriba'-ion about the body of revolution of 
which It Is the meridian profile mc.y be obtained from 
the ratio of velocities in three-dimensional flow tc 
those in two-(?imensio*ial flow ebout corresponding bodies. 
The velocity distributions about the corresponding bodies - 
elliptical cylinders and prolate spheroids with motion 
parallel to the major SMS - have been calcalated by 
equations (6) end (2.2),   respectively, and have been 
plotted for comparison in figure tie).       Similarly, in 
figure LCb), the velocity distributions obtained for 
approximately circular-arc bodies of revolution 07 the 
method of Kaplan are cohered with the velocity dis- 
tributions about the corresponding two-dimensional 
shapes.   In figure 5,  x is the distance from the 
nose of the body and I    is Its length. 

Division of equation (22) by equation (6) gives for 
the ellipse and prolate spheroid 
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^=; IT (30), 
V2D       1  + - 

where 3D indicates three-dimensional flow and 2D two- 
dimensional flow about corresponding bodies.  Inasmuch 
as ka is a function of the thickness ratio b/a of the 
corresponding ellipse, equation (30) shows that the 
velocity distribution about a prolate spheroid is a 
constant times the velocity distribution about the 
ellipse which is its meridian profile.  The constant 

Z3D rp- given by equation (30) is plotted in figure 9 as a 
V2D 
function of the thickness ratio d/l.   This relation 
suggests the possibility of using the corresponding two- 
dimensional shape to design a body of revolution 
similar to the prolate spheroid with a given velocity 
distribution. 

V3D The velocity ratio -p— is not generally constant 
V2D 

along the length, hov:ever, as may be seen from fig- 
ure bfb).   In particular, the velocity over the tail 
of a three-dimensional body departs less from stream 
velocity than the velocity over the tail of the corre- 

V3D 
sponding airfoil; the ratio ~-f—    therefore increases 

V2D 
and exceeds unity as the trailing edge is approached. 
It is nevertheless reasonable to suppose that figure 9 
could be used to estimate the velocities on bodies of 
revolution over the parts of the meridian profile that 
are roughly elliptical In shape.   The following methods 
are suggested as alternatives: 

(1)  Pit an equivalent ellipse to the profile as 
in figure 1.  With the thickness ratio of this ellipse, 

V3D find the corresponding velocity ratio rp— from fig- 
2D 

ure 9« 
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(2)     Assume  that  the  corresponding ellipse  Is  the 
one which has  the   seme peak velocity as occurs  on the 
profile.       Prom equation  (6),   the  corresponding  thick- 
ness  ratio    d/l    or    b/a    then Is 

t = 1 = ^-1 (3D 

V2D 
which with figure 9 gives the velocity ratio 

As a test of the method, the velocity ratios 

zf—$    which were constant elon/v; the length for the 
V2D 
elliptical profiles but generally variable, we-re com- 
puted for several pairs of corresponding shapes.  The 
varietion along the -length I    is riven in figure 10, 

in which the values of T?— for the equivalent ellipses 
y2D 

obtained by method-(1) are shown for comparison. 
Vethod (2) would give quite similar values.   For bodies 
of revolution with meridian profiles roughly similar to 

those for which the values of —^—    are known> these 
V2D 

values may be used to obtain velocity estimates more 
nearly correct than can be obtained by use of the 
elliptical profiles alone.   Relations similar to equa- 
tion (30) can also be obtained for the oblate spheroid, 
but their aoDlicatlon is less genera] than for the 
elongated bodies. 

The ellipsoid v/j th three unequal axes.- A pro- 
tuberance shape not possessing axial symmetry - a 
flattened blister, for Instance - may be approximabed by 
an ellipsoid with three unequal axes.   The necessary 
elliptical coordinates and the potential are given and 
explained in reference lL on pages 293-3^2.   The mathe- 
matical complexity is such that, In many cases, .a less 
accurate approximation by means of the simpler body of 
revolution is preferred. 
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Estimation by Comparison 

Comparison of the shape for which pressures are 
required with a somewhat similar shape for which the 
pressure distribution has been experimentally deter- 
mined should prove very satisfactory if sufficiently 
extensive systematic experimentation had been com- 
pleted; for the most part, however, only scattered 
data are available. 

.The only existing systematic investigation of pres- 
sure distributions over protuberances at high speeds is 
that for windshields and cockpit canopies given in ref- 
erence 1.   If a given shape approximates one of the 
shapes tested, the corresponding pressure distribution 
may be assumed.   If a shape lies between two of those 
tested, its pressure distribution may also be assumed 
to lie between the two measured, provided no critical 
change in flow occurs - for example, separation or com- 
pressibility burble.   If the canopy has no tail of its 
own but is faired directly into the fuselage (as in the 
case of the P-kO airplane), the pressure distribution over 
the forward part may be assumed independent of that over 
the tail and may be faired into that for the fuselage. 
In comparing canopies, the angle between the nose section 
and the hood is assumed an important variable because, 
for the small radii of curvature often found at the junc- 
ture between these two sections, the theoretical pres- 
sures, which are large negatively, are not attained; it 
therefore seems reasonable to suppose that the peak 
negative pressure coefficients are determined largely 
by the angle through which the stream must turn.  These 
assumptions have not been thoroughly and systematically 
tested but, when applied to the estimation of the pres- 
sure distribution about the cockpit canopy of the P-i+OD 
airplane,  gave results in substantial agreement with 
measurements subsequently obtained in the NACA S-foot 
high-speed tunnel (unpublished). 

The results of experiment may also be used to esti- 
mate the difference in pressure distributions between 
nearly similar bodies when the theoretical pressure distri- 
bution can be calculated for one of the bodies. .. Few data 
suitable for this purpose are available, however. 
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Experimental data used for comparison may include 
interference and compressibility effects; in this case, 
the difference In these effects must be estimated and a 
suitable adjustment applied. 

APPLICATIONS 

In this section of the present report, certain of 
the methods described In the preceding section are applied 
to the estimation of pressures over various protuberances, 
for some of which experimental oressure distributions are 
available for comparison.  These and other experimental 
data are analyzed to determine how the methods should be 
applied and what modifications and adjustments are re- 
quired to bring the estimated pressures into agreement 
with the experimental values. 

Examples 

ffartln turret.- Complete low-speed pressure- 
distrroution data for the "-artin turret on a model of 
the North American B-25 fuselage are given in refer- 
ence 15.  The location of this turret on the fuselage 
Is shown In figure'11(a).   The pressure distributions 
are compared In figure 12 with the calculated values 
for the sphere and for the oblate spheroid with thick- 
ness ratio b/a = O.67. 

The theoretical estimation of the velocity dis- 
tribution about this turret is particularly simple. 
The shape is that of a body of revolution almost ellip- 
tical in cross section and may therefore be represented 
by an oblate spheroid moving normal to its polar axis. 
The formulas for the velocity distribution over the top 
of the body in the direction of motion, across the top 
of the body in a plane perpendicular to the direction 
of motion, and around the rim of such a body sre given 
in the section entitled "Methods."  The interference 
from the fuselage should be small and, except for bound- 
ary layer and separation effects, the agreement between 
estimated and measured values should therefore be good. 
Figure 12 shows that the estimated negative pressure 
peak, in particular, is almost exactly the same as the 
value obtained from the measured pressures.  Over the 
top of the turret in a plane perpendicular to the direc- 
tion of motion, the theory indicates a constant pressure 
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and the measured values show almost constant pressure. 
-Pal-lure to reaoh stagnation pressure in front of the 
turret is due to the boundary layer developed over "the 
fuselage; behind the turret, where the pressure coeffi- 
cient approaches zero, stagnation pressure is not 
attained owing to separation. 

Inasmuch as the pressures were measured at low speeds, 
no allowance has been made for compressibility effects. 
A rough estimation could be obtained by multiplying all 
pressure coefficients P by the factor 

Turret A.- The two locations of turret A on the 
fiiselage are shown in figure 11(b).  Its shape and 
dimensions are given in figure 13.  Pressure measure- 
ments on this turret are given in reference 16 and are 
plotted for comparison with estimated values in fig- 
ure lk.   Turret A is a spherical segment in form and 
is large compared vith the fuselage, having only slightly 
smaller radius than the fuselage radius.   About a 
third of the radius is projected above the fuselage. 
The turret is located back on the fuselage where the 
interference cannot be large.   Tn conalderation of this 
geometrical configuration, it is estimated that the 
pressure poaks cannot be greater in absolute value than 
would occur* on the sphere and that, because of the 
interference of the fuselage and the development of the 
boundary layer along its surfacs, the peaks are probably 
lower.   The change with Mach number up to M = O.70 is 
assumed insufficient to cause the pressure coefficients 
to exceed in absolute value those calculated for the 
sphere by the potential theory.   The theoretical pres- 
sure distribution for the sphere, as obtained from 
equation (l6) with equation (2), is shown as the solid 
line in figure llj.. 

A velocity distribution of approximately the correct 
shape but with peaks higher than actually occur is obtained 
by applying the two-dimensional theory to the circular 
arcs over the top and side of the turret.   The distri- 
bution of induced velocities, from which the pressure 
distribution is calculated by equations (2) and (12), 
can be obtained by interpolation for the proper thick- 
ness in figure 2.   In this case, the velocity incre- 
ments corresponding to the more accurate method of 
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conformel transformation from a circle are used.  The 
pressure distributions obtained by this method for the 
u5-percent-thick circular arc on the top and for the 
approximately 27-9ercent-thick circular arc on the side 
are shown iu fig are lij.. 

The pressure on the rear of the body departs from 
the estimated values but, without the experimental data 
shown, the limits could hardly be fixed more closely 
than -O.lj.5 for the circular cylinder (from unpuolished 
data obtained in the NACA 0-foot high-speed tunnel) and 
O.16 for the sphere (reference 17); however, a value close 
to zero would seem likely. 

Turret B.- Turret B is described in reference 16. 
Its location en the fuselage is shown in figure 11(c) 
and the shape and dimensions are ^ivan in figure 15. 
A pressure distribution over the central profile (line 1, 
fig. 15)i with peaks larger than are expected in prac- 
tice, may be comouted by the two-dimensional slope 
method.   The Integral Indicated in equation (11) is 
made up of three parts, designated integrals I, II, 
and ITI, that correspond to the three divisions of the 
profile shown In figure l6.  The Integral I extending 
from x = 0  to 7  = 2.58 inches is obtained from equa- 
tion (15) with the upper limit equal to 0 and the lower 
limit equal to 9-, .   Integration and substitution of 
limits give 
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— The integral. Ill. from _x = If.. 79 inches to 
x = 8.l6 inches as obtained from equation (11) withupper 
and-lower limita of 8.l6 and i|..79* respectively, and with 
dy/dx = -O.35U9 is 

I1X = z2JJki loge^J^ 
X - ti.lo IT 

Then, for x < 6.L.8 inches, 

AV 
= I + TI + III 

and, for x > G.hS  inches, 

— = 1(a) vo 
+ II + III 

Calculated values have been converted to pressure coef- 
ficients, and the resulting distribution has been 
plotted as the solid line in figure l6.   The coeffi- 
cients then obtained are considered limiting values 
and are assumed sufficiently hi^h In absolute value to 
allow for compressibility effects uo to a T'ach number 
of O.70 and remain conservative. 

From the calculated two-dimensional velocity dis- 
tribution, the velocities about the corresponding body 
of revolution were estimated by the ratio of velocities 
in three-dimensional flow to those in two-dimensional 
flow as given for ellipses and prolate spheroids in 
figure 9«  The corresponding pressure coefficients 
are shown as the dashed curve in figure l6.   The shape 
of this turret Is between the two-dimensional shape and 
the body of revolution and, consequently, the measured 
pressures lie between the estimated values for the pro- 
file and the values estimated for the body of revolution. 

Cockpit canopy and gun turret on Brewster SB2A-1 air- 
plane.- The shapes and locations of the cockpit canopy 
and  gun  turrets on the fuselage of the Brewster SB2A-1 
airplane are shown in figure 17.   Two alternative gun 
turrets have been suggested for this airplane.   The top 
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shape of the Maxson turret approxirates an oblate 
spheroid moving normal to the polar axis.  The other 
turret is spherical in shape.  The theoretical velocity 
distributions-are computed first for the turret shapes 
alone without interference.  The meridian profile of 
the Vaxson turret is shown with pertinent dimensions in 
figure 13.  inasmuch as the shape is symmetrical, the 

distribution is symiretrical from front to bad: 
one-half the half profile need be considered. 

pressure 
and only 
The axes 
those of 

of figure lli  are arranged to correspond with 
figure 5-   Th0 turret profile is seen to be 

only slightly different from the ellipse with thickness 
ratio b/a = O.67.  The difference is shown as the 
short-dash line plotted along the y-axis.  This dif- 
ference can be approximated by a circular arc; and the 
turret profile shape thus can be more nearly approximated 
by adding to the ellipse in the region indicated the 
half thickness of the double circular arc of thickness 
ratio t = O.lk.   The corresponding velocity ratio V/V0 
is obtained by directly superposing the increments LV/V  , 
as found for the circular arc bj- interpolation in fig- 

ure 2, on the values f~]    over the elliptical pro- 
V%=o 

file of the  oblate  spheroid.       Tith    b/a = C.67,   equa- 
tion fl7)   gives    in = 0.91  and the velocity ratio over 
the  elliptical  section  in the xy-plane  is given by 
equation  (20)   for values of    y,.       The computation form 
is indicated in the followi.n£ table: 

n y/a 
V/Vp for 
oblate li;-percent vA0 ••"G9" spheroid circular arc 

0 ±1.00 0 0 0 1.00 
.20 +.98 .hO 0 

'.to 
.3k 

.60 
+ .92 •75 3 • 3* 
+ .80 l.OJ 

1.1a 
1.17 -•37 

.80 
±.71 
+.60 

.11 1.32 -•7h 
1.2k .15 1-39 -•93 

.90 ±.hh 1.52 .06 1.3b 
•95 ±•31 1.35 0 1-35 -!ö2 

1.00 0 1.39 0 1.39 -•93 
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. The velocity Increments AV/V0 obtained by the two- 
dimensional method are likely to besomewhat large, and... 
some small adjustment in the corresponding pressure coef- 
ficients must therefore be made.  The pressure coeffi- 
cients with these and other adjustments to be discussed 
later are plotted along the turret (line 1, fig. 19)- 

Around the circular rim of the turret, velocities 
somewhat higher than those about the rim of the oblate 
spheroid may be expected because of the departure of the 
turret from the true spheroidal shape and beoause of 
interference from the cylindrical sides of the turret 
extending down onto the fuselage.   For use in the esti- 
mation, the velocity around the rim of the oblate 
spheroid is computed.   With £Q = 0.91, the velocity 
distribution (vAn) *       is obtained from equation (la) w rim 
as  a function of     cc   and is  shov:n In  the  following 
table: 

CO 

(d-eg) y/a = cos a) vAo '•'•©' 
0 1.00 0 1.00 

10 .9? ,2k •9fe 
20 .91» :IS • 73 

.87 • 52 

:ll 1.06 
.21 

-.12 
'51 1.20 -.hh 

£ • 3k 1.30 -.69 
• 17 1.57 -.88 

90 0 1.39 -.93 

Again because of symmetry, this pressure distribution 
holds for negative values of y/a,  that Is, for 00 
between 9O0 and l80°. 

Por the spherical turret, shown In profile In 
figure 20, the theoretical velocity distribution over the 
meridian lying In the plane with the forward velocity was 
calculated from equation (l6), and the pressure coeffi- 
cients were obtained by equation (2). The values of y/a 
are obtained from y/a = cos 0, where again y is taken 
in the direction of motion. 
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For the coclrpit canopy, the pressures over the nose 
and the general pressure distribution forward-of sta- 
tion 121 (figs. 17, 19,. and 20) were estimated from the 
data for the G-k-5 windshield given in figure 22 of ref- 
erence 1.  The angle between the nose piece and the 
hood was lj.90 for the SE2A-1 windshield as compared with 
I4.80 for the 8-ii-5 windshield; otherwise, the two wind- 
shields appeared similar.   The data for a Mach number 
of about Ö.70 were used, but the negative pressure peak 
was elevated slightly to allow for conservatism in regard 
to the somewhat sharper nose angle of the SB2A-1 wind- 
shield.  The use of this pressure distribution involves 
the assumption that the difference between wing and fuse- 
lage interference in the two oases (airplane and model 
tested) is negligible.  This assumption is reasonable 
because the wing and fuselage cannot differ greatly in 
the two cases and because the interference velocities 
are relatively small. 

The bump in the pressure-distribution curve about 
station lj.Q is intended to represent the slight discon- 
tinuity at the rear of the sliding hatch cover.   The 
dimensional data available do not permit the exact 
determination of the shape of the offset and, even if 
the shape were known, the calculated pressure distribution 
would be of questionable accuracy.   The magnitude of the 
bump above the general pressure distribution was talcen 
instead from the results of tests of a cockpit canopy 
similar to that of the SB2A-1 airplane. 

The theoretical pressure distributions for the 
turret shapes are modified by interference, for which 
certain assumptions must be made.  The turret is too 
close to the canopy and too large in relation to it for 
a ready estimate to be made of the effect of the canopy 
on the turret pressures; because the canopy is situated 
entirely ahead of the turret, however, the assumption can 
safely be made that the only effect of the canopy is to 
lower the velocities over the turret.   The shape of the 
fuselago in the region of the turret is such that the 
induced velocities must be small and in addition it may 
be assumed that, because the wing is ahead of and not very 
close to the turret, the induced velocities due to the 
wing tend to be canceled by the induced velocities from 
the canopy.  That these assumptions are reasonable is 
indicated by figure 22 of reference 1, in which the pres- 
sure coefficients.behind the windshield with the tail 
and in the presence of wing and fuselsge approach zero. 
If the canopy of the SB2A-1 airplane were faired out 
with a similar tail in the rear, moreover, the turret 
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.would appear very similar to the half-sphere or half- 
spheroid oh the tail"."  The flow over the part -of the _ 
gun turret not thereby covered should be affected only 
slightly by extending the canopy straight back to the 
turret.   The pressures over the top (line 1, figs. 19 
and 20) have accordingly been taken as those over the 
modified spheroid and sphere, respectively, for which 
the theoretical distributions are given in the first part 
of this section. 

Over the section indicated by line 3 in fig- 
ures 17, 19» an<i 20, either turret contour is charac- 
terized by a circular-arc profile of about 50-Percent 
thickness ratio superposed on the surface of the fuse- 
lage.  Figure 2 gives the velocity distribution, which 
may be used with equation (2) to calculate the pres- 
sure distribution. 

Over the rim (line 2, figs. 17, 19, and 20), the 
velocities must lie s-omewhere between those over the 
side (line 3) and those over the top (line 1).   They 
are therefore taken to lie between the theoretical 
velocities over the rim of the oblate spheroid and 
those estimated for line 3i and the peak is assumed to 
be about the same as the theoretical peak for the 
sphere.   The resulting curve is quite similar to that 
for the sphere and is taken to be the same for both 
turrets. 

The pressures at line h.  must be determined largely 
by guess, because the contour itself is only slightly 
disturbed by the presence of the gun turret.  The dis- 
turbance at line 3 must influence the velocities, however, 
and it therefore seemed reasonable to assume induced 
velocities"one-half those at line 3«   ThQ corresponding 
pressure coefficients have been so calculated. 

Behind the turret, because of separation, complete 
pressure recovery as indicated by the theoretical dis- 
tributions is not attained.   The pressure recovery 
shown in figures 19 and 20 is based on the tests of 
reference 15.   The pressures on the rear of the circu- 
lar cylinder and on the rear of the sphere are shown 
for comparison in figures 19  and 20 and are considered 
limiting values for low and moderate Mach numbers. 

No adjustment of the pressure peaks has been made 
for the effect of compressibility because, for such 
blunt bodies, at least up to a Mach number of 0.70, the 
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conservatism of the methods used Is assumed sufficient 
to oover the changes.  Compressibility may, hov/ever, 
cause the separation point to move forward and thus lower 
the negative peaks and decrease the pressure oehind the 
turrets.  The negative pressure peaks therefore may be 
broadened backward, and some account of this effect has 
been taken in broadening the paaks In figures 19 and 20. 
In no case, however, at least up to a vach number of 0.J0, 
can the oressure on the rear of the turret decrease below 
the negative oressure peak that v/ould be obtained in 
potential flow at the same ?*ach number.   The negative 
pressure peak In figures 19 and 20 Is thus indicated as 
the limit of the pressure on the rear of the turrets. 

The development of the boundary layer over the 
canopy ahead of the turret and separation in the rear 
tend to nrevent either positive or negative peaks in the 
pressure distribution from being as great as predicted; 
In this respect, the estimation Is therefore conservative. 

Average values of pressures obtained over the gun 
turret of th9 Brewster XSB2A-1 airplane in flight at 
speeds below 22S miles oer hour (unoublished) are pre- 
sented for comparison in figure 19.   For obtaining 
loads, the estimation compares satisfactorily with the 
measured values though, for the top of the turret, jt 
appears to be unconservative.  From the data available, 
however, the turret on the XS32A-1 airplane appears to 
project higher above the canopy than wa3 assumed In the 
estimations and larger oressure peaks might therefore 
be expected.  The irregularities in the measured pres- 
sure distribution may be caused by the ribs and other 
irregularities on the surface.  Severe separation Is 
indicated behind this turret, where the pressure recovery 
Is little greater than that behind the circular cylinder. 

Lower gun turret on Douglas X53-2D-1 airplane.- As 
a further example that Involves the method of distribu- 
tion of doublets along the axis of a body of revolution 
moving normal to Its axis, the pressure distribution 
over the lower gun turret of the Douglas XS3-2D-1 air- 
plane Is estimated.  The form and location of this gun 
turret are shown in figure 21.  The pressure distribu- 
tion over the central profile (line 1, figs. 21 and 22) 
Is obtained and the distributions over other lines from 
front to back ere assumed to be quite similar.  ?or a 
shape that does not differ too greatly from a body of 
revolution, this assumption is reasonable and has in 
other cases been found to agree well v/ith experiment. 
(See reference 1, for instance.) 
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The turret was divided for computational purposes 
Into front and rear parts.  The pressures were assumed 
to-be-the same-as If the turrq.t„were a half-body on a 
plane containing the surface of the fuselage'Immediately 
forward of and to the rear of the turret, with a stream 
velocity parallel to the plane.   As shown in figure 23, 
the forward part of the turret profile can be approxi- 
mated by an arc of the parabola 

c = °-7W f f - f) 

¥'Ith substitution of the  slope 

df7^c
%

) = O.7J44 - l.kGS*- 
d(x/c) "     c 

in equation (11), the velocity distribution 

AV 1 
IT 1.1-88 - (0.7UU - I.I1O8 ~) loSe 

shown In figure 23 Is easily obtained. 

The rear of the turret was approximated by a 
quarter-body of revolution with polar axis normal to 
the stream In the horizontal direction and with symmetry 
to the right and to the left.  Velocity distribution 
was computed by the method of distributing doublets 
along the polar axis normal to the flow.   (See ref- 
erence 12.)  The cross section normal to the stream, 
the central profile that is the approximation to the rear 
part of line 1 along the stream direction, and the re- 
quired dimensions are shown In figure 2k.  The doublets 
of constant strength are Indicated by the short, heavy 
lines along the axis; and, from equation (3) of refer- 
ence 12, the notential for one doublet is 

Ö = —^—  (cos 8" - cos 9') cos 0 
Jj-Trr 



38 NACA AOR No, li*E10 

By symmetry, the velocity on the surface at 1=0    must 
lie along the central profile (fig. 2l+f b)) in the plane 
of the stream velocity.  Because the largest and smallest 
velocities on the body occur along this profile,this distri- 
bution is of greatest interest.  The velocity due to 
one doublet, the i doublet, is 

ÄVi = ;r~ w = "^A Ccos v1 - cos e1'/ sin 0 ro °P      h-Wo 

Reference 12  shows  that as an approximation the doublet 
intensity    p^     can be written 

Hi = 2Trr±*V0 

The velocity increments AV<  are parallel and, with the 
substitution for \L^ , can bo added to give 

*;-s2-w (0° s 9i' - cos 8L"^  sin 0 

The component of the stream velocity V0  In the direction 
of the profile is  .V0 sin $    and the total velocity is 
therefore 

V, 
1 + (cos B^' - cos B*") sin 0 

From the dimensions given in fi:3ure 2q., the com- 
putation of ÄV/V0 is indicated as follows: 
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cos 0,' cos  6*" 

•3 
•2 
-1 
0 
1 
2 
3 

0.3*1.7 
• 779 

1.000 
1.000 
1.000 

• 779 
• 3U7 

0.717 
• 592 
4o3 

-.1L.5 
-.1*03 
-•592 

0.592 
-up? 
.45 

-.1I4.5 
-.U03 
--5Q2 
-.717 

O.OI1.3U 
.lk72 
.25S 
.290 
.258 
.lL-7 
.ok3li 

rear* os   831'   -  cos  Bj"^   = I.I87 

The velocity Is  therefore 

X = A   + iii§Ij am 0 = I.59J4. sin 0 

which seems reasonable In comparison with the value 
1.5 sin # for the sphere. The position along the 
stream direction x at which the velocity occurs Is 

obtained with — = sin $. 
ro 

From the velocity distributions thus calculated 
for the front and rear portions of the turret, the 
corresponding pressure distributions were obtained by 
equation (2) and were then Joined at the center to give 
the solid line in figure 22.   Some adjustment of pres- 
sures was necessary to effect this Junction. 

For the turret in the guns-abeam position, the 
pressure distribution over the cylindrical surface 
(line 2, fig. 21) was estimated by assuming a circular 
cylinder projecting from a wall.  The dimensions are 
such that cos 8 = 0.i(.52.   Substitution of this value 
in equation (23) gives the velocity on the surface of 
the cylindrical gun turret near the fuselage.   The 
pressures are thereby determined and. are shown as the 
dashed line In figure 22. 
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The remarks  concerning the effects of interference, 
boundary layer,   and separation on the SB2A-1  turret also 
apply to the XS3-2D-1 turret.       For the reasons discussed 
in reference  to  the SB2A-1 airplane,  no compressibility 
correction has been applied.       The  turret does not project 
from the fuselage  so far  as was  assumed in  the  calcula- 
tions.       For  this   reckon,   the  estimated pressures  should 
be more conservative  than would otherwise have been the 
case.       No experimental  data  are  available  for comparison. 

Analysis  and Discussion 

The  agreement between estimeted and measured pres- 
sures generally is  better than had been  expected and it 
appears  that,  if allowance is made for the effects of 
interference  and separation,   calculations  based on the 
potential-flow theory give  a satisfactory indication of 
the maximurr loads.       The  agreement  is  good for the "•'artin 
and Maxson  turrets,  which approach forms  for which the 
potential  flow can be  accurately calculated.       In other 
cases,   the  actual  pressures may depart widelj   from the 
theoretical  values.       The  reasons for thi3 divergence 
from the calculated values  - which are  connected with 
departure of  the  shapes  from those  assumed,  with com- 
pressibility effects, with Interference,  and with sepa- 
ration and other  boundary-layer effects  -  are now dis- 
cussed.       The experimental  data available  are  analyzed 
and compared with theoretical  values  to determine,  at 
least qualitatively,   the modifications   that  should be 
made to  calculated pressure  distributions  in order to 
approximate more closely the  actual  values.       The  appli- 
cation of pressure distributions to the  estimation of 
loads is briefly considered.       The  following additional 
figures  are introduced: 

Pressure data obtained in the NACA S-foot high- 
speed tunnel   'unpublished)   on approximately hemispherical 
turrets at different locations on a fuselage  are shown 
in figure 25.       The  orifices at which these pressure data 
were obtained were located at the tops of turrets    C,  D, 
and E and at  the  side  of  turret C,  where  velocities 
approaching the maximum should occur.       The  variation of 
pressure coefficient    P    with stream T'ach number    M 
is compared with the  theoretical  variation given by the 

factor In figures 25 to 27,   the  curve of 

critical pressure coefficient    Pcr - that is, the 
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pressure,.,o,Qefflaient corresponding outside the boundary 
layer to the attainment' of'"the local'speed-of sound •<-. ----- 
Is shown to Indicate the critical speeds of the turrets. 
The critical Mach number Mcr Is the Kach number at 
which the pressure-coefficient curve intersects the 
Pcr-ourve. 

Figure 26 shows a comparison between the pressures 
at the top of two spherical-segment turrets A and D, both 
in the forward location of turret A as shown in figure 11(b) 
and projecting different portions of the radius above the 
fuselage.   These pressures are compared with the theo- 
retical pressures for the sphere Including the variation 
with Mach number given by the factor    •*• 

V£VM2" 

A comparison is given In figure 27 between pres- 
sure coefficients at various positions on the faired 
turret E of reference 16 and those on a thicker faired 
turret F, both in the location of turret B shown in 
figure ll'c).   The variation with ilach number Is shown 
and coirpared with the theoretical variation. 

Figure 28, for which the data are taken from ref- 
erence 1, shows the pressure change with Mach number at 
four different points on windshields representing bodies 
of three different types:  the 3-1-1, which has a blunt 
tail; the 'j-J-li,  which 13 characterized by a sharp 
corner at the nose and by a long, faired tail; and the 
X-l, which is well streamlined. 

Departure from forms for which potential flow can 
be calculated.- The shape of a protuberance is usually 
such that the potential flow cannot be exactly computed. 
Experiment is therefore needed to determine the effect 
of systematic departure from forms for which the poten- 
tial flow Is calculable, such as variation in segment of 
a sphere from the half-body or variation in thickness of 
a body.   The effect of these variations Is indicated In 
figures 26 and 27.   The pressures vary qualitatively as 
might have been expected; that Is, larger peaks are 
obtained for thicker bodies.   The data are Insufficient, 
however, to define any quantitative relations. 
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Figures 25 and 26 Indicate that, unless considerable Inter- 
ference is present, the limiting pressure on a spherical 
segment less than a hemisphere may he taken as that on 
the sphere. 

Compressibility.- Hie effect of compressibility on 
the pressure coefficients over protuberances cannot be 
accurately estimated although a qualitative estimate of 
the nature of the change of pressure with Nach number 
may be obtained.  The theoretical variation shown In 
equations (3) ^d {h)   and derived lri references2 and 3* 
respectively, strictly applies only to potential flow. 
The actual variation may te greater or less than the 
theoretical variation and may even be opposite in si^n. 
For protuberances, which are usually influenced by 
boundary-layer development forward of the protuberance 
and by separation of the flow, the theory is less use- 
ful than for airfoils, for which the flow generally 
approaches more nearly t-he potential.   As shown in fig- 
ures lk, 16, and 25 to 28, the peak negative pressures 
generally increase with ?cach number more rapidly on well- 
faired bodies located on the forward part of the wing or 
fuselage than on blunt bodies located near the tail.  A 
detailed examination of the experimental data available 
Indicates how and why the pressure coefficients in dif- 
ferent positions on protuberances change with Vach number. 

On the low-cambered turret A of firure lk, the peak 
pressures change with Mach number approximately as pre- 
dicted by the Glauert-Prandtl theory.   At the rear of 
such a body, the pressures decrease because of an increase 
in severity of separation - a compressibility effect that 
has been observed in other tests "(unpublished).  The 
compressibility effects on the faired turret 3 of fig- 
ure 16 are similar to those on turret A, except that for 
turret 3 the positive pressure coefficient at the rear, 
which should theoretically have increased, was maintained 
constant by the slight separation of the flow or 
thickening of the boundary layer.  The effective change 
in shape of the form was apparently sufficient to cause 
a slight decrease in the negative pressure coefficient 
at the 5~ir-cn station. 

Figure 25 shows different compressibility effects 
on the pressures at the top and side of approximately 
hemispherical turrets that depend on Interference and 
the boundary-layer development ahead of the turret. 
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Turret c Is subject to considerable interference from the 
windshield lust downstream.   This interference decreases 
the velocities and prevents the increase in negative 
pressure coefficient with ^ach number that would other- 
wise occur.   Turret D, oh the other hand, is placed in 
a region in which the interference may be expected to 
increase the velocities; and the increase with Mach 
number of the top negative pressure coefficient approxi- 
mates the theoretical increase up to the critical speed, 
after which it increases sharply for a short *'ach number 
range«  Turret E, which is located far back on the fuse- 
lage and therefore subject to considerable interference 
from the boundary layer, shows small change in the pres- 
sure coefficient with Tfach number. 

The turrets of figure 26 were located in a region 
in which the boundary layer on the fuselage must have 
been very thin.   In addition, considerable interference 
was possible; the possible effect of interference in 
increasing the change of pressure coefficient with ^ach 
number is discussed in reference 1.   The peak negative 
pressure coefficient on the approximately hemispherical 
turret D increased with T,,ach number about according to 
theory up to the critical speed and more rapidly there- 
after.  The increase on the lower-cairbered turret A 
approximates the theoretical increase. 

The comorossibility effeot on the pressures of 
turret 3 has already been noted in figure 27-   The 
variation of the peak negative pressure coefficients 
appears to agree closely with the theoretical variation. 
For the thicker turret r, the separation should be more 
severe; this fact is probably the reason that the pres- 
sure coefficient at the top increases less rapidly with 
Mach number than the theory indicates.   Farther back 
on the turret, the change in effective shape due to 
separation produces a large decrease in negative pres- 
sure coefficient as the Vaoh number is increased. 

The effect of compressibility on pressure coeffi- 
cients at points on bodies of three different types 
(from reference .1) is shown in figure 23.   For the 
well-streamlined X-l body, the pressures at points b 
and d agree with the theoretical change with Ifach 
number; at point a, the peak increases more rapidly 
than the theoretical values; and, at point c, the 
effect of thickening boundary layer in decreasing the 
pressure is seen.  On the 7~3-U body, which has a 
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well-faired tail and a sharp corner between the wind- 
shield and the hood, the pressure at point d agrees 
with the theoretical variation, the pressure et point c 
shows the effect of thickening boundary layer, and the 
negative pressure coefficients at points a and b a short 
distance behind the point of separation decrease before 
they start to rise with ?frach number.   Cn the J-l-1 
body, which has a bl-int tail, the pressures at -points b 
and d change about as theoretically predicted, the pres- 
sure at point a sotrewhat aliefd of the separation point 
fail3 for the most part to decrease as fast as indicated 
by the theory, and the pred."ure at point c on the tail 
decreases greatly behind the point at which separation 
probably occurs. 

The 9ffect on pressure coefficients of change in 
»rach number is seen "-o be different for different 
joints end for different bodies.   For roughly similar 
shaoes in similar locations, the corresponding varia- 
tions with Vach number may be assumed. 

The effect of compressibility cn the pressures 
over a protuberance obviously depends on the Reynolds 
number of the protuberance and of the body on which it 
is placed, inasmuch as the type of flow must be a func- 
tion of the Reynolds number.   Compressibility effects 
also depend on the relative size of the protuberance in 
relation to the body on which it is placed, because 
interference and boundary-layer effects are different 
for different relative dimensions. 

From the eroerimental data, the following principles 
that are useful in a qualitative estimation of the change 
of pressure coefficient with Mach number may be derived: 

(1)  Over the greater part of well-faired bodies 
that are not too thick and are relatively free from 
boundary-layer and velocity interference from other 
bodies, the theoretical change of pressure coefficient 
with Mach number may be assumed.   The factor 

1 
expresses  the  change with sufficient  accuracy. 

J i."? 
The negative pressure peaks may be assumed to increase 
somewhat more rapidly than this factor indicates. 
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•  -...,(?) ..Separation of the flow, which regularly occurs 
from the rear of blunt forms•'- such as the sphere, and .. 
the circular cylinder - and to a less degree from less 
blunt bodies, Is likely to become more severe with In- 
crease In ?*ach number.   The resulting change in the 
effective shape of the body may produce an increase (as 
compared with the theoretical decrease) of the pressure 
coefficients near the beginning of the separated region 
and a decrease (more-negative pressure coefficients) 
near the tail.  Even on moderately .thin faired bodies, 
something of this effect may appear; whereas, on bodies 
with short tails, a large decrease in the negative pres- 
sure coefficients Just forward of the tail and a con- 
siderable Increase in the negative pressure coefficients 
at the rear may occur. 

(3)  Interference that increases the velocities is 
likely to cause a further increase in negative pressure 
coefficients with r*ach number, whereas interference 
that decreases the velocities is likely to have the 
opposite effect. 

(M  If any considerable part of the protuberance 
lies within the boundary layer produced on the body for- 
ward of the protuberance, the change In pressure coeffi- 
cient with Vach number is likely to be different from 
the change that would ocour If no boundary layer existed. 
The pressure rceaks may be smaller and separation effects 
may be Introduced. 

(5)  If a critical Reynolds number occurs within 
the Vach number range or if a considerable change in 
pressure coefficient with Reynolds number is otherwise 
to be expected, the resulting effect on the change in 
pressure coefficient with T-fach number must be accounted 
for. 

The foregoing discussion holds for T'ach numbers 
less than the critical.   Above the critioal **ach 
number, still less Is known about the pressures to be 
expected.   Outside the region of supersonic":speeds, the 
pressure change is much the same as at subcrltical Mach 
numbers.  . The supersonic region commonly spreads rear-, 
ward as the »'ach number is increased, and the negative 
pressure^ peak usually increases and broadens toward the 
rear.   As the shock wave develops with its large un- 
favorable pressure gradient, separation is likely to 
occur and produce the pressure changes already discussed. 
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The negative pressure coefficients cannot In any ease 
continue indefinitely to Increase with Mach number, and 
a tendency to decrease at the highest Mach numbers is 
already apparent In some of the curves in figures 25 
and 26.  An absolute limit Imposed by the condition 
that the local static pressure be zero is given by 
(-F)m  = -=r-.  The experimental data available indi- 

cate a limit less than given by this relation.  Up to 
a Stfach number of 0.1*!,  however, the changes In pressure 
coefficients likely to be encountered on protuberances 
may be estimated by the methods herein presented. 

In order to estimate with quantitative accuracy 
the effect of compressibility on the pressure distribu- 
tions over protuberances, extensive systematic experi- 
mentation is necessary. 

Interference. - "bor  cases In which the Interference 
cannot be expressed by simply adding In the induced 
velocities due to the interfering bodies, an estimation 
at least qualitatively correct may still be obtained. 
It Is reasonably certain, for instance, that a canopy 
in front of a gun turret can have only the effect of 
reducing the velocities and thereby the pressure peaks. 

Figure 25 illustrates the difference In inter- 
ference effects for turrets In different locations on 
the fuselage and for different angles of attack of the 
wing and fuselage.  Turret C is subject to a reduction 
In velocity due to the hump in the fuselage Immediately 
behind It and, In addition, the accompanying unfavorable 
pressure gradient may be expected to precipitate earlier 
seperation than would otherwise occur.  As seen in fig- 
ure 25f the negative pressure coefficients on the top 
of turret C were much smaller than on turret D, which 
was located In a region of Increased velocity due to 
both wing and fuselage.  Turret E Is so located that 
the velocity Interference should be small but, with 
most of the fuselage forward of the turret, the boundary- 
layer interference must have been considerable.  The 
negative pressure coefficients are only moderately large. 
The change in pressure coefficient with angle of attack 
is appreciable.  A rough estimate of the interference 
could be obtained by adding the induced velocities due 
to the wing and fuselage as In reference 1. 
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The velocity interference on the central part of a 

fuselage commonly" amounts'" to about ' =—= 0;10;  -A rough- 
vo 

estimate of the induced velocity can be obtained by 
fitting an equivalent prolate spheroid to the fuselage 
as described in the seotion entitled "Methods" and in 
reference 1. 

The wing la approximately a two-dimensional form 
and thus may cause relatively large interfering 
velocities.  If a protuberance is located near the 
velocity peak on ft wing, therefore, the pressures may bet 
widely different from those on the same protuberance not 
subject to the interference: in addition, the change in 
pressure with change In Mach number or wing angle of 
attack may be large. 

It may be necessary In some eases to determine the 
Interference effect of a protuberance on the loads over 
surrounding surfaces.  The induced velocities generally 
decrease very rapidly with Increase in distance from the 
surface.  The decrease of the peak velocity increment 
Is shown for a wing and for prolate spheroids in fig- 
ures 36 and 37» respectively, of reference 1.   The 
methods given In the appendix of reference 1 can be 
used to estiirate the interference due to a orotuberance. 
If an equivalent prolate spheroid can be fitted to the 
protuberance, the maximum interference velocities can 
be estimated from figure 37 °f reference 1.   If more 
detailed information is needed, however, a veloclty- 
oontour chart such as that of figure 35 of reference 1 
can be prepared for a body approximating the protube- 
rance In shape.   For simple shapes, such as the sphere 
or oblate spheroid, velocity contours are easily obtained 
from the potential theory.   Additional experiment is 
needed to permit very accurate estimates of the effects 
of Interference. 

Surface irregularities.- The theoretical pressure 
distributions are calculated for smooth bodies, but in 
practice the surface is usually broken by ribs, Joints, 
waves, or other Irregularities; as a result, peaks and 
valleys appear In the pressure-distribution curve. 
Such an irregular pressure distribution Is given by the 
experimental data shown In figure 19»   The most obvious 
surface Irregularities In this case were the ribs of the 
turret.   Estimated pressure distributions should be 
made sufficiently conservative to allow for the effects 
of these irregularities. 
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Separation and pressure behind a protuberance.- 
Most protuberances are sufficiently blunt at the tail 
that the flow fails to some extent to follow the sur- 
face.   This separation of the flow is aggravated by 
the boundary layer develoDed on the surface forward 
of the protuberance with the result that separation 
becomes more severe as the protuberance is placed far- 
ther back from the nose of the fuselage or other body 
on which it is situated. 

Although separation does not usually increase the 
severity of the ioads, it greatly increases the drag 
of the protuberance and should therefore be prevented 
by a fairing if conveniently possible.  In the case 
of gun turrets, a method that might be used while the 
advantages of symmetrical turrets are retained is to 
install retractable fairings behind the turrets.  The 
effect of fairing on separation is shown in a com- 
parison of the experimental data given in figures 12, 
lb.,  l6, and 19-   The use of faired turrets appears to 
give little advantage over symmetrical turrets unless 
the fairing is sufficient to prevent any considerable 
separation.   If the flow becomes unsymmetrical when 
the turret is rotated from the stowed position, local 
loads may be substantially increased.   If sharp 
corners are thus exposed, the pressures may be impos- 
sible to estimate and the peak negative pressures may 
become very high. 

At sharp outside corners, the flow separates either 
completely or with a bubble about which the flow later 
closes in.   A method of estimating the pressures near 
sharp corners has been suggested in the section entitled 
"Estimation by Comparison."   It is pointed out in ref- 
erence 1 on pages 12 and 1J that outside corners with 
radii of curvatures less than approximately 25 percent 
of the height of the protuberance may be considered 
sharp. 

Separation changes the effective shape of a body 
in such a way that the pressure peaVs influenced by the 
separation are reduced and the pressure on the rear of 
the original form is decreased.   At the rear of the 
faired turret of figure l6, therefore, the pressure 
coefficient is positive; whereas, on the rear of the 
more severe turret of figure ljj., for which a greater 
pressure recovery is indicated, separation has reduced 
the pressure coefficient to zero.   3ehind the still 



NACA ACR No. iijJElO   ^••••MB k-9 

more severe forms of figures 12 and 19, the pressure 
"coefficients''at1 "the roar are negative.  Prom these 
experimental data and from the.known values of the 
pressure coefficient on the rear of spheres and cir- 
cular cylinders, a rough, estimate of the pressures 
behind protuberances can be made; but it in evident 
that, in order to Judge accurately whether separation 
will occur and v;hat pressures will then exist, much 
systematic experimentation is required. 

The effect of compressibility in precipitating or 
increasing the severity of separation has already been 
noted. 

Estimation of loads.- From the pressure distribu- 
tions, estimated or measured, the loads can be determined 
provided the internal pressures are known.  The 
internal-pressure coefficient may be positive If the pro- 
tuberance is vented to a high-oressure region, as about 
the nose or tail of the fuselage, but Is more likelj to 
be negative because leaks regularly occur to the low- 
pressure region in which a protuberance Is usually 
placed, such as lea>s around the sliding canopy, through 
other cracks, or through holes in the surface.   Because 
the external pressures vary with angle of attack or the 
positions of the leaks change with angle of gun turret, 
the internal pressures also vary.    Since negative 
pre:?nure coefficients up to  P = -O.ILG  often occur on 
a fuselage, similar nressures may be expected inside 
canopies or gun turrets.   In low-speed tests of the 
Grumman XTBF-1 airplane (unpublished), for example, 
internal-pressure coefficients of -O.13 were found in 
the canopy while, in the symmetrical Kartln turret 
tested, the prossurs coefficient varied from -0.02 
to -0.11 depending on the angular position of the 
turret and angle of attaok of the airplane; similarly, 
in the unsyrmretrical Grumman turret with which the air- 
plane was originally equipped, the internal-pressure 
coefficient varied between 0 and -O.06.   For the 
Brewster XSB2A-1 airplane in flight (unpublished), 
internal pressures in the gun turret varied from 
P = -0.20 to P = -O.3Ö:  inside the cockpit canopy of 
the SB2A-4 airplane, very low pressure coefficients of 
-O.3O to -O.kO were found.   Because of differences in 
leakage, the internal pressures are likely to be differ- 
ent from time to time, even for the same airplane, unless the 
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enclosures  are sealed.       It Is evident that, because of 
low Internal pressures,   Jettison may be impossible even 
if a protuberance  Is designed to be released.       An 
.increase  of Internal  pressure  could be realized by- 
venting to the  tail of the fuselage. 

CONCLUSIONS 

1. By the  methods  given in the present  report, 
pressure  distributions  can be  estimated for use In cal- 
culating loads. 

2. Tf allowance  Is made for the effects  of inter- 
ference  and separation,  calculations based on the 
potential-flow  theory give  a satisfactory indication of 
the maximum pressures  to be  expected. 

3. For shapes   ab.out which the potential  flow is 
not exactly calculable,   the pressures may be  estimated 
by various   approximate methods presented or by com- 
parison viith experiment. 

k.     Compressibility and Interference effects  and 
the  effects  of deoarture  from potential   flow,   Including 
separation,   can be  estimated by a combination of 
theoretical methods presented and by comparison with 
experiment. 

5- In order to estimate the loads, the pressure 
inside the body as well as the external-pressure dis- 
tribution must be Imown. 

6.     Further experimental  Investigation is  needed  to 
determine   the  effects  of  interference,   compressibility, 
separation,   and   systematic changes  In form. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee  for Aeronautics, 

T.angley Field,  Va. 
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Figure   3.-  Slope   method for   velocity ca/culat/bn- 
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Figure   4-.- Circular-arc profile . 
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Figur*   19•—  estimated   pressure"   distribution    over    cockpit   canopy     and    Maxson 
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Figure   22.— E sfimated   pressure    distri bution 
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Figure 24.- Approximation of rear port/on   of lower gun turret by method  of 
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