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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE COWFIDINTIAL REPORT

TTVATION OF PRESSURES ON COCKPIT CANOPIES, GUN
TURRETS, BLISTERS, AND STMILAR PROTJBERANCES

By Ray H. Wright

SUMMARY
Methods &re described for estimating oressure dis-
tributions over protuberances such as cocknit canopies,
gun turrets, blisters, scoops, and sighting domes.
hhesp methods are ao)L*,i to

2

the estimation of the pres-
sure distributions over spherical-segment and faired

gun turrets and over the Qrotubersnces on the

Brewster SB2A-1 airplane. The effecits of Compressibilisty,

interference, and flow senaration are discussed. G sits
shown that, by a combination of experimental data with

theoretical methods, limiting pressures for use in deter-
mining maximum loads can in many cases be satisfactorily
estimated. fuch systematic experimentation is needed,
however, to 1n0rove the accuracy of estimation.

The purvose of the present report is to de
methods by which pressures snd hence loads on
D

ances, such as cockplt canopies, gun ﬁu“rets,
secoops, end :Jcktlné dOV's, mey be roughly e
In particular, the poszibility of determining mitin
values of the D’DSﬂJPb coefficient - wvalues which cannot
be exceeded in practice - is demonstrated

The investigstion was initiated by a request from
the Bureau of Aeronautics, Nevy Devartment, for load
data on, gull turre sl No applicable experimental data
were available and, as the NACA 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 protubsrances are dom,rlbed 1n the present report,
These methods ares apnlied and, where possible, the
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results are compared with experimental data. The
methods are necessarily only spproximate. Even 1f the

potentyal flow could be exactly calculated, the actual
flow would likely depart so widely from the calculsted
flow as to rernder the results invalid. The exercise

of Judgment, besed on experience, and the use of experi-
ment In evaluating ths effects of boundary layer, separa-
tion, compressibility, interference, and departure of

the shape from that for which pressures cen be computed
are necessary in order to arrive at useful results,

Although 1little opportunity for systemstic experi-
mentation is likely at: present, the study presentsed
herein is being applicd to turret shapes on particular
airplane models being investigated at LMAL with a view
toward improving the methods of gatimation of pressures.

SYMBOLS
o) pressure
Vv velioei by
P mass density
q dynamic pressuvre, free stream unless otherwise
/«
stated \iﬁvz
= /
=N /bZ Pg
P pressure coefficient {—————
\ q
i Mach number, free stream unless otherwise stated
AV veloclty increment
AV/V, velocity-increment coefficient
Skt AV
V/V, velocity coefficient /3 + :m\
\ ’q/
N ratio of specific heat at constant pressure to
specific heat at constant volume —ﬁ\

CONFIDENTTIAL
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Zst complex variables

Subscripts:

i incompressible or low speed
0 in undisturbed stream
1 Toegl.

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

METHODS FOR CALCULATION OF VELOCITIES

OVER PROTUBERANCES

)')

Al though the *rgl“ne with its canopy, turrets,
blisters, and other protuberances 1s & co molicated
three-dimensional form about which even the potential
flow cannot now be computed, an estimate of the pressures

T

on the protuberances can be obtained. The airplane
presents the general appearance of a wing, fuselage,
and tail with thse protuberances superposed. These

protuberances are usually of small length relative to
the length of the fuselage or to the chord of the wing
and ere very often quite thick 1n relation to their
length. The loads cver these protuberancestherefors
are agsumed to be determined largely by the shapes of
the protuberances and to be modified by the interfererice
of the wing and fuselages. 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 1is assumed to be equal to the sum of the veloclity
over the protuberance without intvLﬁ erence and the
induced velocity increment V due to the interfering
bodies orj,r in coefficient form,

7 Vv {AV
. 2 flm + {5 {1}
Vs Vs Ot i

¢ “/ protuberance alone interierence

CONFIDENTT AL
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Methods of determining the velocity increment due to
interfsrence ars given in the appendix of reference 1.
In man3 cases, the Interference is sufficiently small
that it may 0@ neglected.

It 1s convenient and sufficiently accurate to apply
the compressibility correction to the pressure coeffl—
clent estimated for incompressible flow

2
P, =1 - (=1 (2)

where V;/V, 13 the value of equation (1) for incom-
pressible flow. The pressure coefficient for com-
pressible flow is then obtained from an approximation
given by fFrandtl in reference 2 as

) 2 s (Z)

= L4

where M 1is the stream Mach number. An approximation
that in specific instances has bheen found to describe
experimental results more accurately than Prardti'q
method has been given by von Kdrmén in referenc € 45 as

P = it (L)
NEPy

S Ma)

Equation (3)

i ntly accurate, however, for the
estimations de i

it en
d herein.

The pressure distributions obtained up to this
point epply in potential flow. The effects of departure
from potential flow, which include dcvelo“W“nt of the
boundarv layer on the surface forward of the protubers
aneer scpa”dt"on of the flow, which occurs regularly on
the rear of blunt bodles, and interastion of these
effects with compressibility must now be estimated. Al-
though the boundary layer and the point and existence of
separation might be a1culat1c, at least for low speeds,

by the methods of references L ¢ 5 (with modification

Ho
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LS

of the momentum equation for the three~dimensional flow),
no method is known for caleunlating the corresponding
pressures nor ls any theory available for estimating

the nwm.re*v;b 1ity interaction. From the meager
experimental data availabls, these effects can be st
least qualitatively estimated. (These data are
presented and discussed in the section entitled
WApplications.!) In brief, the procedure is as follows:
(1) Estimate the velocity-coefficient distri-

bution for incompressible votential flow over the pro-
tuberance shape

' r.,

Estimate the interference velocity coef-
C tential

( -
ficients for incoworasﬂible Do

and (2) as

(1) 3v use of step (3), compute the pressure
coefficients for incoupressible flow (equation (2))

5
(equation (3) or (L))

The rest of this
the determination of th
potential flow over spe
interference.

Protuberances often avnpear as bodles that are
aboroA;matm]* half of symmetrical forms cut by an infinite
plane &s indicated in figure 1. The flow without the
interference is then theorstically eoﬂ“ox.dutg to the
corresponding half of tha* over the nﬁl te )\ﬂ] In
many cases the half-body : caches tr nensional

r»m

form (airfoil), for which thc OTE 881 strioution is
always calculable; then, as fhe pressure changes, are
larger in the two-dimensional than in the three-
dimensional ¢ Sielg E e uOJbGTVQtiVB to consider the

CONFIDENTT LT,
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flow two dimensional. In othe
gspproximate simple three-dimens
spheres and prolate or oblate
flow is known nd the corrss

s 2
3 W 2]
tions may be assumed.

:
< 3
Pal fwras, such as
.
;)

n

e
o w

Tf the form of the body or half-body is such theat
the flow cannoct be directly calculated, it may be approxi-
mated by various devices. If the shapbs of the front
and rear edges of a protuberance are different, inasmuch
as the flow over one > 13 often 1ittle affected by
Thabt over bhe olther, ay be possible to compute the
pressure distributions over front and rear edges sSepa-
rately and to joln the distributions at the centar.

i~

oody, for which the
calculated, may be
to approximete a

(

=1
o
0]
> O
3
®
)
[45)

» flow
o

e e (2
=
O

O Qo

9
[0 IR 1]
e
!_,l) :f
<

L »
DJ ¢
el

shape ‘ depends upon the assumption
31 : Lecel the radius of a body of
revolut? roduce two-dimensional effect.

£ body of revolution becomss
umotion becomes more nearly correct.
For example, the pressures over the lin of an open eng

larger, this as
ne

l
cowling eporoach the nressures over an airfoil with the
profile shape of the lip and L*th the same effective
angle of attack, An exanmpl an oblate snheroid
modified to snproach the 2] the Maxson turret on

he Brewster S32A-1 airpl given in the sectlon

entitlsd ”Aa)‘lcqt‘mpg.”

Arbitrary forms.- The two-dimesnslonal potentlal
flow past symmetriceal 3Wﬁf‘1n“ tgat correspond to given
half-bodies can be obtained by the method of Theodorsen

and Garrick (referesnce 5). ?n many cases, however,
less laborious methods suffice. The graphical method
of Jones and Cohen (reference 7) is well suited to the
computation of potential flow over bumps,

Forms for which notential f‘ow is known.- In certain
cases, the foim of ‘he orctuberance approaches that of
some two-din @Wb¢ﬁn profile for which the pressure

distribution or corresnonding velocity dis tr*unt;on 3,
already known and can Dbe d““L ed without ruch further
"omhuf t*on. Three such slmple profiles are the
infinitely long circular n“11nxg‘, Ghe ellilipge, and thie
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double- cirnulur-wvc profile. For the circular cylinder
moving normal to its axis, the veloclty distribution
with potential flow is given by

V =2V, sin 6 {59

where 6 1is the polar angle measured from the stream
direction and V, 1s the forward or stream veloci ty.

The vplocﬁfy distribution about the el]lntio
cylinder moving narallel to its major axis is given
by zahm in reference 5 and may be exor@ssrd in the form

where

a semimajor axis

b semiminor axis

4 distance along major axis from center

The forward nortion of a symmetrical airfoil shape
with zero 1lift can often be approximated by an ellipse
as in figure 1(c). 105 R 18 the distance from

Imax
the nose at which the maximum ordinate y,,, occurs,

the equivalent ellinse can usually be determined from

b :‘TL": EX
a " x
Imax
The velocity distribution over the forward portion of

the airfoil mey then be taken the same as that on the
ellipse.,

Another very useful shape is the double-circul ar-
arc symmetrical airfoil, of which the upper and lower
surfaee profiles are ares of the same circle. The

CONPTIDENTIAT,
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conformal transformation into a circle is gilven by
Glauert in referencs SG. The weloclity distributions,
obtained by potentlal theory, are given for different
thicknesses by the solid 1lines in figure 2.

Thin bodles by slone method.- A simple anproximate
two-dimensionel method that has proved Pytrom~ly useful
has besn included in a publi“"tloﬂ by Goldstein (ref-
erence 10). This method, which gives the vslocity
distribution as an integral funct*ﬂn of the slope of a
symmetrical profile, may be called the "slops method.

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

(1) The profile is sufficisntly thin that the
i fferent IP? stream v

l—l-

(2) The slove of the profile is esverywherc small

These assvmptions preclude the existence of stagnation
points.

The symmetrical profile mey be assumed to be
reﬁresenued by a distribution of sources d&3/dx along
the chord <. The veloecity increment 4(AV) at -any
point (x,;,7,) on the profile (fig. 3) due to the
L \ . :
source elemsnt OS2 dx at x 1is

dx
ag
A(AV) = = (7)

20
Because the profile is thin, the velocity at Xo3¥0)
cannot be very different from the veloclty at x.,; thus,

1A

E:& dx

A(AV) =

CONFIDENTT AL
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The- total induced velocdity therefore 1is

C’F
G AX

CX

For unit len
g = % is

gth of the profile, the cross :sectil

gmd o il e V121 the Volume flow is

e;@ﬂL Pon 1@V ST Rhe 0
ey j

on, howev

dny GIrreS SNy
output of the

&)
o
N

(o)

with sub .f d3/dx from equa-
tien (10 kitn efficient of the induced
velocity beccmes

5%

eXpresse

o B e

o

33!
-~%twaﬂ*f 58, the
1 v

velo

8¢
1

T
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is usually finite; the infinite pos sitive and negative
strips cancel. Tf the integral approaches infinity at
a glven wownt Xy, & finilte integral that yields a
velocity increment which approximately agrees wlth the
actual flow cen usually be obtained for a slightly
different value of x,.

The slope method is more useful than might be
supposed from the restrictions imposed in the deriva-
tion., Although the results are not exact, they provide
a reasonably gnod anprorimation even for relatively
thick forms, especially over regions of the profile
having small sglowne. The method is not applicable in
the vicinity of a sta;natlon noint or where the 5
slope dy/4dx 1is large. This d11f1u4Lfy may, however,
be circumvented. VMany protuberance shapes 1nvolve no
very large values of ov/iy and require no stagnation
point. If a QLafnat*on point does occur, the velocifty
distribution over the rest of the pralﬂle at some
distance from the nose may be spproximated provided the
rounded nose or tail, which 'rVOWVrs infinite slope,

15 extended in a cusp or otherwise is slightly altered
to prevent very large valuss of ﬂ y/dx.

A reasonably accurate velocity computation can be
made if the slove method 1s ap:lig’ not to the glven
profile but to the shape obtained es the amounts Ay
by which the ordinates of the given nrofils exceed those
of a similar profile, such as ellipse or Joukowski air-
foil, for which the velocity distribution is known. The

velocity increments are simply superpnosed; that is, the
required velocity distribution 1s the sum of the velocity
distribution on the similar profile and the increment AV
found for the differsnce shape. Three-dimensional
shapes may be slightly modified in the gsame way.

an often be

series of arcs
vely simple
e

o)
&
3w
ar
o
IO o)

Given rrotu)@raqﬂ profil
apprOXLmat,d by the juxtaposit
for which the slopes are given &as 5
algebraic functions - for example, rcular, elliptic,
and parabollc arcs. The induced-veloclty coeffi-
cient AV/vV, may then be obtained from eqdatlon (11)
by direct 1ntegr~t10n. This nrocedure yields approxi-
mately correct velocity dis tributions even thmugh. the
curvature at the jun,tlon. may be discontinuous The
slope should obviously be made continuous; t“at jigy ‘the
arcs should have the same slope at the juncture.

@
2]
n O

2

s
Q)
= e ==
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: 12 may have the approximate shape
of a such as the cireular arc, in which
case ion is easily calculated.
Thus

el - ans g

X =lp s lines

dx = r cos 8 46
and equetion (11) becomes
- -~ el . -
AV 3 in B de
=S A e
Vo / sin § - sin 8
7 -
9,
= =

s
<o

; /)Vl 2
=1 3 + sin 8 G q o
v dg - CQ : i (13a)

4 y

fein 6o tan ﬁ%4~cos G o I\

oo

1

A aat " 3

v ! sin 8, tan Hhete SO B2 1 &
T = —'T-, 561 + tan @ 9 1o g 3; s s (-Lz/b)

0 i\ 8in 9. tan ‘*é* - COS8 Gj + 1 /

for the velocity distribution as a function of 8,.

CONFIDENTI AL
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'—JA
3]
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(618
@)

°

= 2ia = -

D
|

n equation (13b)

Substitution of squation
ndue vV/V, as a
o)
£
L

glvés the-i
function of the chord

o AL
s

\/

o0 >

an i
ness ratio Z%, whe re ure rom the center
as shown. The veloeidt YF circuler-are
profiles ranging in ¢l ‘rom Q.1 to CLYS are
shown in figure 2, in v ts of the slope
method are compared wi of the accurate i
conformal-transformat figure 2, =/c 1is
measured from the end rather than from the
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contien Up to a thickness ratio of 0.2, the slope
method gives & fair approximation of the velocity dis-
cributiens over cilreular arecd. As was to be expected,
the error ls greater in regions of greater slope. e
velocities at the center of the profile, where the
slope is zero, are approximately correct even for the
B0-percent-thick profile,

Three-Dimensional Shapes

Methods available for the calculation of flows in
three dirmensions are less general than the corresponding
two-dimensional methods because, except in the speclal
case of the ellipsoid with three unequal axes, they
apply only toc bodlies possessing axial symmetry, that is,
to bodies of revolution. Many protuberances sere
approximately axilally symmetr¢cal, however, and the
three-dimensional theory may prove useful in estim
velocity and corresponding pressure distributions
thiegecases,

The sphere.- The simplest body of revolution is ti
sphere, for whieh the V@lO”LTV distribution is given by

v ’
ci e S Rl G (18)

Vo

where the angle 6 1s measured along any meridian
starting from the stream or flight direction.

The oblate spheroid.- A body of revolution resembling
a gun turret is the obhlate spheroid obtained by revolving
the ellipse about its minor axis, Motion in the direc-
tion of a majior axls of the ellipse as shown in figure 5
corresponds to that of the gun turret. The potﬁn*laW
is given by Lamb (reference 11) in terms of the ellintic-
cylindrical coordinstes ¢, p, and ®, At the surface
of the oblate spheroid, °{ = (o, 8n8@ §, "1s'pivell B

D
AP 7 T { L)
./1_/ e
v \a/
where & and b ‘are the 'semima jor and semimiborsaxes,
lvely, of the corresponding ellipse. From the

CONFIDENTT AL
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C?'

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

Around the rim in the Yi-plane (line 1, fig. 5)

<%L = L sin ® (18)
O Jrim
vhere
)
L = - (19)

§02 + 2 - QO(EOZ o+ l)cot“l Co

and ® 1s the angle with the plane containing the direc-
tion of flow and the polar axis as shown in figure 5 and
is related to the distance along the Y-axis measured
from the center by

The velocity over the top in the XY-plane (line 2,
fig. 5) 1is

” /2
v /502 + 1 %
(7;) Sl (20)
T Jw=0 \.Co“ 3 LI

whers

The velocity across the meridian lying in the
XZ-plane (line 3) is
v\
(:\,—- ! =1 (21)
O/(Jv—— |f//¢,

which, for a given thickness ratio b/R, 1s constant:

CONFIDENTIAL
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that is, the velocity at the surface across the nerldilan
perpendicular to the motion of an oblate spherold 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 distribution is more easily obtalned than
for the oblate spheroid, is the prolate spherold 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

i/

L (L + kg)
T\fo a\ X2 b‘2(x2
AECRCTE
~&1 a \a

where

where the eccentricity

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 alrfoil. (See fig., 1l.) 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 the equivalent prolate spheroide.

CONFIDENTIAL
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Body of revolution represented by axial source
dilgtribn tilon. =" The We'l 1ty"77°tY¢ﬂutlon about a body of
revolution with flow 4381¢PL to the axis can be obtained
by the method of -von VeraD (reference 12), providec the
body can be repres ented by a distribution of sources and
sinks along the axis, This wethod is useful for a Very
regular body for wh ch the shape of the meridian profile

can be given by anly a few ordinates. If the meridian
profile 18 dirregular, tlietmethped is tedioudiand perhaps
impossible. It 18 described in detail in reference 1l2.

Body of revolution represented by doublet distri-
bution along 6¥15 Lor7ai to Tlow.- The Girculer egylinder
projeccing from & plane surface A-A (fig. 6) is considered
a half-body of which the other half is shown by dashed

ines, At the pl&ane of qj1m¢urj A-A, the velo,~ty
must lie parsallel to the plane and tangential to the

surface of the cylinder, Rt o Fhiert ol ane gl ro 38
velocities occur and reduce the pesks; the maximum
veloecity changes consequently occur at the plane A-A,
except y0<5L01v over the sharp corners at the ends for
which the ve locity distributions csnnot be computed.

By a mathod dcscribed by von Kdramdin (reference 12), the
part of the polar sxis occupied by the cylinder is
covered with a doubl: per unit length equal
to that obtained if the cy were infinite in length,
The ends of the cylinder 2 esponding to this ma*kee"
matical device ars rounded rather then plene’ ag shown;
the influence of the rounded ends on the velocity dis-
tribution at the planz A-A must be small, however, and
the ends of actual gun turrets are more likely to be
gsup
A
e

rounded than plans. The pressure éistribu**onq ﬁn
planes parallel to the plane

but the peaks are lower &s the end of tn ﬂv71rdb
approached except thet, in the reglon of small radi
of curvature near & blunt ené, high peaks may occur.

fi

The velocity at the surface cf the cylinder in the
nlane A-A 1

l
|
i
=
G
o
O]
0
D
3]
’_Jn
=
=
no
\N

¥ ngl° measured from the plane
flow direction and the polar axis, 8 18

where ¢ 1is the po
containing the
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the angle shown in figure 6 for which

COSIE = =

1
v/£2 S L2

r 1is the radius of the cylinder, and 117" is the length
of its projection from the surface. An example for
which i 1is not constant is treated later. The method

is Gé2i3cribed in reference 12.

revolution by method of Kaplan.- A method
vy Lee.l ceveloped oy Kaplan (reference 13) by
which the notential flow about any body of revolution

moviung in the direction of 1ts pol.r axis may be calcu-
latsd to any desired degree of approximation. By this

method, the flow is obtained wlth orthogonal curvilinear
coordinates for which the surface of the body ltself 1s
a ccascant. The coordinate system, which 1is different
for each body, is obtained by means of the: conformal
transformation

a a-: 8z A

g =g 4 el —l¢+ W 4T g TR (2l)
Z gE" 5

which transforms thé circles m = Constant and the

radial lines & = Constant in the plane 2Z = Rele”
into the corresnonding orthogonal coordinate lines in
the z-plane, where 7 =0 1is the meridian profille of
the body of revolution. The potential is given as a
series of terms involving the Legendre functions: P

T
. (e

n
eand Q, and the constants a, apvearing in the series
in equation f2l).

The derivation cof the necessary functions has been
extended in refergnce 13 only far enough to teke account
of the term 42/7) in equat.on (2li). Tf additional
terms are neyessary to describe the meridian profile to
a sufficient degree of approximabion, the corresponding
functions must be derive The method of derivation
is described in detail in reference 13. Fewer terms of
equation (2l) are required as the profile is more regul ar
and more nearly anpnroximates the ellipse. For irregular

COWFIDENTT AL
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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 much
greater for regular bodies - such as alrship 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 ol revolution and corresponding to the
slope method in two dimensions has been suggested by

vunk {reference 1ll, »n. 269). An sttempt to use this
metnod indicated that, with usual fineness ratios
(1638 than 10), the accuraey was insufficient for
estimating induceu velocities over protuberances.

Aoproximate body of revolution for use with method
n.- 11 the transformation (2l) 1s known (1T can
always oe obtained by the method given in reference 6)
and if the given meridien vrofile can be sufficiently
well anproximated by the first three or four terms of
this transfornation, the flow about a body of revolution
moving in the direction of the polar axis may be cal-
culated by ¥aplan's method w1th no more labor than is
required by fhe thin-profile method. The potential
flow thus calculated is the potentiel flow about the body g
that corresponds to the terms retained in equgtlon (2l).

If the given body of revolution does not depart too
gleJt]“ from an “lliose, the required transformation
may be approximated by a method of superposition.

The series of eguation (2}) can be written in the
form

-~ 74
é €, Ra e,Rda €E;R7a
SR W R s o i 1! (25)
Z 1 7 72 25
where
7 = Re~1¢
foie 2% In :

R={(1 + €)a
CONFIDENTTAL
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and a 1s a constant depending on the size of the body.
On the profile (n = 0), equation (25) becomes

x, *1ly, = {1+ ¢}alcosZ -1 alng )+ (cos £ +'1 &in &)

1+ €

+ ¢y - €jalcos £+ 1 sin g)

- eza(cos 2& + 1 sln 2%)

|
m
ol
-~
Q
o]
0]
N
ifve
+
I_l
n
e
B
N
(frs
no
o

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

~N
X 1 .
-2 s 0% cos &
a 1 + €
- (27)
v 15
=2 -f]l £+ ¢w T j8in &
a 1 + ¢
>
and the remaining terms give
-4—)-(: —_ ~ o Ane 2 '
& Toq % eq 008 & - €, COS 2F - €3 cOS )g...L
(28)
& €y, 8in&- ¢, 8in 2¢& gin 3
a 1 (> 10 5 o 2 i 6 4 < 63 ———— é T

The coefficients ¢, and €3 may be so determined

62)
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

CONFIDENTTAL
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chosen thast the required modification is as small as
pogssible. Thied valte wfl Jic c:rrospondiug to a given
thickness ratio ?/ﬁ, where B 1s the minor axis and A
the major axls, is obtained from equation e« Thus ,
(-‘j)
L= }—3 = ————-Q NELX
A (y)
4 /max
il
1 + € - —
- 1 + €
op 5}

1 + €

and solution for € give

7

An examnle will clarify the method.

In figure 7(a) is shown a meridian profile to be

anwr yximated. The ellipse with € = 0.20, also. shown

in figure 7, %s determined to be a satisfactory basic
nrof le for the approximation. The reaq: modificetion
of the ellivse is shown in figure T(e). r convenience
in bhis modification, the values of -0.1 sin ¢,

-0.1 sin 2&, and -0.1 sin 3% are plotted against x/a
as computed from equation (27). Tt is seen from fig-
ures T(b) t 3) that changes

o 7(d) with eguatien (23]
s the profile while the "mﬂe%rv 1s re=

D e glne : forward and rearward,
creases the ordinate at the ends wnile the

center is depressed. Tnasmuch as the main adjustment
required is the introduction of asymmetry Cfte s "Tle ¥y
€2 must be given some value. It is seen that a value
of €. = 0.1 accounts for a large part of the modifica-

2
tion required. Further a
tion of both ends while the

CONFIDENTIAL
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Tf one-half the elevation is accomplished with el and
one=half with €5 +he desired modificatlion is achieved.

Because the required elevation Ay/a 1s -0.05, the
values of these coefficients are

m™
1

0.025

™
N
1]

0.025

The resulting coordinates from equations (27
shown as the first spproximaticn in figure 7
therefore

) and (28),
(a), are

§ 0.1 cos 2& - 0,025 cos 3¢

w fd
|

The failure of the first spproximation near the nose
of the given profile is due largely to the reduction
in x/a produced by €,. Tt is further evident that
(=8

the forward nart of the p: e i3 mors nearly approxi-
mated 1f the wvelue of €5 . 13 reduced from 0.10 to DC
and if the effect of € 1in reducing the value of x/a
at the nose 1s neutralized by giving cq 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 7(a). A still better approxi-
mation is obtained if the value of ¢y 1is increased

.0 . 108, The whole forward part of the given profile
is then very closely anproximated, and substitution of
the values

5 Gt o O«108

CONFIDENTTAL
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in equation (25) gives the required transformation

N 0.97a2  0.1008a3 0.0L3z2alt
Z 72 72

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 shave somewhat different from the given pro-
file, it is considered quite satisfactory for use in
estimating loads. The approximate shane is likely to
show slight bumps where none occur on the given profile,
but the resulting pressure distribution is conservative
In that 1t shows larger pressure variations than would

be obtained for a more regular profile. On account of
manufacturing irregularities, this conservatism may be
desirable. Over the rear of a body, morsover, the

actual flow always departs more or less from the poten-
tial flow, and little loss in accuracy may therefore be
expected from any small fsailure of the approximation in
that region. The method here employed should not be
assumed the same as a simple harmonic analysis.

Corresponding bodies in two- and three-dimensional
flows.- If the velocify distribution about a two-~
dimensional shaps is known, a rough estimation of the
veloclty distribution about the body of revolution of
which it is the meridian profile may be obtained from
the ratio of velocities in three-dimensional flow to
those in two-dimensional flow about corresponding bodies.
The velocity distributions about the corresponding bodies -
elliptical cylinders and prolate spheroids with motion
parallel to the major axes - have been calculated by
equations (6) and (22), respectively, and have been
plotted for comparison in figure &(a). Similarly, in
figure £(b), the velocity distributions obtained for
approximately circular-arc bodies of revolution by the
method of Kaplan are compared with the velocity dis-
tributions about the corresponding two-dimensional
shapes. In fizure £, x 1s the distance from the
nose of the body and 1 1is 1ts length.

Division of eguation (22) by equation (6) gives for
the ellipse and prolate spheroid

CONFIDENTT AL
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v TR
D : 9,
v5 ‘- 3 (30) |
20 1 + g

where 3D indicates three-dimensional flow and 2D two-
dimensional flow about corresponding bodiles. Tnasmuch
as kg 1is 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 1s its meridian profile. The constant

b D

g“— given by equation (30) is plotted in figure 9 as a
2D '

function of the thickness ratio d/1. 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.

v
The velocity ratio GQQ is not generally constant
2D
along the length, however, as may be seen from fig-
ure G(b). In particular, the velocity over the tail

of a three-dimensional body departs less from stream

veloclity than the veloclty over the tail of the corre-
v

: . “5D

sponding alrfoll; the ratie ji— therefore increases
2D

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) Fit an equivalent ellipse to the profile as

Sat \oileaigas) diy With the thickness ratio of this ellipse,
V
find the corresnonding velocity ratio 622 from fig-
2D
ure 9.

CONFTIDENTT AL
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\ssume that the correspondling ellipse is the
one which has the s¢me pesk velocity as occurs on the
rafilel L ILE) From ejuation (6), the corresponding thick-
ness ratio d/1 or bt/a  then is

1

w|o
g*v‘
©
>

= ( 3

which with figure 9 gives the velocity ratio ~é—

L -

Vg

As a test of the method,’ the wvelocity ratios

v
2D i ;

v+ which were constant along the length for the
2D ;

ellipticel proflle

CJ
o

but generally variable, were com-
m

puted for several pairs of corresponding shaves. : The
variation along the length 1 1is given in figure 10,
{"D -
s o o 2 . ' ‘
in which the valuesof === for the equlvalent elllpses
V 2D ,
obtained »y method (1) are shown for comparison.
Method (2) would give quite similar values. For bodies
of revolution with meridian profiles roughly similar to
: : T 4
K ] don 'o ) Z‘D ¢ 1 ) c ‘
those for which the values of —== - are lmown, these
. V2D :

values may be used to obtain velocity estimstes more
neerly correct than can be obtained LJ use of the
elliptical profiles alone. = Relations similar to squa-
tion (5“‘ can clso be obtained for the oblate spheroid,
but thelr .epplicatlion is less general than for .the
elongated bod es.

The elWLnﬁﬂﬂJ wlth three unegual axes.- A pro-
tuberance shave not possessling axial symmetry - a
flattened blister, for instance - may be approximated by
an ellipsoid with three unegual axes. The necessary
elliptical coordinates and the.potentigl are given and

explained :in . reference 1l -on pages 293-302. The mathe-
matical complexity is such that, in many cases, & less
accurate egppreximation by means

s of the simpler body of
revolution is nreferred.
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Estimation by Comparison

hane for which pressures are

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

The only existing systemetic investigation gifrpEe 8=
sure distributions over protuberances at high speeds is
thet for windshields and cockpit canopies given in ref-
erenge .0 If a given shape aporoximates 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. TIf the canopy has no tail of 1ts
onbut is faired directly into the fuselage (as in the
case of the P-LO airplane), the pressure distribution over
the forward part mey be assumed independent of that over
the tail and may be faired into that for the fuselage.

In compering canopies, the angle between the nose section
and the hood is assumed &n 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 heve not been thoroughly and systematiceally
tested but, when applied to the estimation of the pres-
sure distribution sabout the cocknit canopy of the pP-10D
airplane, gave results in substantial agreement with
messurements subsequently obtained in the NACA 8-foot
high-speed tunnel (unpublished).

0]

The results of experiment may also be used to esti-
mate the difference in pressure distributions between
nearly similar bodies when the theoretical pressure disitri-
bution can be calculated for one of the bodies. Tew data
suitable for this purnose 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

uitable adjustment applied.

- APPLI C ATIONS

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 pressure 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

Martin turret.- Complete low-speed pressure-
distribution data for the Martin turret on a model of
the North American R-25 fuselage are given in refer-
enes 15, The location of this turret on the fuselage
is shown in figure 1l1l(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 = 0.67.

The thecretical estimation of the velocity dis-
tribution about this turret is particularly simple.
The shape 1s that of a body of revolution almost ellip-
tical in cross section and mey therefore be represented
by an oblate spheroid moving normal to its polar axis.
The formulas for the velocity dlstribution 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 are 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 msasured values should therefore be good.
Figure 12 shows that the estimated negative pressure
pesk, in particular, is almost exactly the same as the
value obtained from the measured pressures. Over the
top of the turret in a plane pernendicular to the direc-
tion of motion, the theory indicates a constant pressure

CONFIDENTIAL
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and the measured values show almost constant pressure.
Failure to reach stegnation 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 1is not
attained owing to separation.

Tnasmuch 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 Dby the factor

,
it
Y1 = M

Turret A.- The two locations of turret A on the
fuselage are shown in figure 11(b). Its shape and
dimensions are given in figure 135. Pressure measupe -
ments en this turret are given in reference 16 and are
plotted for comparison with estimated values in fig-

Ny

ure 1l. Turret A is a spherical segment in form and
1s large compared with the fuselage, having only slightly
smaller radius than the fuselage readius. About a

third of the radius 1is projected above the fuselage.

The turret is located back on the fuselage where the
interference cannot be large. Tn consideration of this
geometrical configuration, it is estimated that the
pressure pcaks cannot be greater in absolute valuse than
would occur on the sphers and that, because of the
interference of the fuselage and the development of the
boundary layer along its surface, the peaks are probably
lower. The change with Mach number up to M = C.70 1s
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 (16) with equation (2), 1s shown as the solid
line in figure 1l.

tde

A velocity distribution of approximately the correct
shape but with peaks higher than actually occur is obtalned
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 cealculated by eguations (2) and (12),
can be obtained by interpolation for the proper thick-
ness 1ln figure 2, In this case, the veloclty incre-
ments corresponding to the more accurate method of

CONTDT DENTT AT,
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conformel transformation from a circle are used. The
pressure distributions obtained by this method for the

S-percent-thick circular arc on the top and for the -
approximately 27-percent-thick circular arc on the side
are shown in figure 1l.

The pressure on the rear of the body departs from
the estimated values but, without the experimental data
shown, the 1limlts could havdly be fixed more closely
than -0.l5 for the circular chLnder ( from unpublished
data nbta;ned in the NACA 3-foot high-speed tunnel) and
0.16 for the sphere (reference 17); however, a value close -
to zero would seem likely.

Turret B.- Turret B is described in reference 10.
Its 10catlon on the fuselage is shown in figure 1i(c)
and the shape and dimensions are given in figure 1F5.
A pressure distribution over the central profile (l¥ne 1,
fig. 15), with peaks larger than are expected in prac-
tice, may be comnuted by the two-dimensional slove
method. The integral indicated in eguation (11) is
made up of three parts, designated integrals I, IT,
and ITI, that cor“esoand to the thres 61v¢s*ons of the

profile shown in ngure 16 The integral I extending
from x =0 to x = 2.68 inches is obtained from equa-
tion (]5) '1th the upper limit equal to O and the lower
limit egual to 61. Tntegration and substitution of
limits give

CONTIDENTTAY,
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The integral TII from x = k.79 inches to
x = 8,16 inches as obtained from equation (11) with upper
and lower 1limits of 8§.16 and L.79, respectively, and with
dy/dx = ~0.3%349 1s

-0.%%9 - 14.79
11T = 1 o4 =
T* R e
Then, for =x < 6.L8 inches,
N
= = 1 # IT + IIT
\’T
o
and, for =x > 6.18 inches,
\,f
?—-: T8 # 1Y £TEis
\70

calculated values have been converted to pressure coef-
ficients, and the resulting distribution has been
plotted as the solid line in figure 1o0. The coeffi-
cients then obtained are considered limiting values

and are assumed sufficiently high in absolute value to
allow for commressibility effects un to a Mach number
of 0.70 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 thrse-dimensional flow to those in two-dimensional
flow as given for ellipses and prolate snheroids in

figure 9. The corresponding pressure coefficlents
are shown as the dashed curve in figure 16. The shape

of this turret is between the two-dimensional shape and
the vody of revolution and, conseguently, 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 cockplt canony
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
CONFIDENTTIAT




32 COFFIDEITIAL 4CA ACR No. LLE1C

shape of the Maxson turret approximatss ar oblate
svheroid moving normel to the Qola¢ axis. The other
turret is svherical An shepe; The theoretiosl welcelty
distributions are computed first for the turret shapes
alone without interference. The meridian profile of
the Yaxson turret is shown with nertinent dimensions in
figure 18. Inasmuch as the shape is symmetrical, the
ﬂ?ﬁSSu;- distribution 13 @wymmetrical from front to back
and only one-half the half profile need be considered.
Me axses of figure 1€ are arranged to correspond with
those of figure 5. The turrel -prefile is.seen Mo be
only slightly different from the ellipse with thickness
ratio b/a = 0.67. The difference is shown as the
short-dash line plotted along the y-axis. Thils di fi=
ference can be gpproximated 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
hailit thickn@ss of the double circular arc of thickness
ratic t = 0.1, The corresyonding veloclty ratio \VVO
is obtained by dirﬁotly superposing the increments AV/VO,
as found for the circular arc by interpolation in fig-

1 : ;

ure 2, on the values ¥LN ovey the elliptical pro-
/
O/w:O ‘

file of the oblate spherold. wWith b/a = 0.67, equa-

tion (17) gives ¢, = 0.91 and the velocity ratio over

the cllwntwcal section in the xy-plane is given by
equation (20) for velues of u. The computation form
is indicated in the following table:
| v/v, for| AV/V, for L
B y/a | obvlate |lli-vercent |V/V P =1 - (==
snneroid! cireular arc K Vo
i
0« 121,00 0 0 1.00
Woelo § 8 e Y Lo O 2 o3l
A0 1t 00 .75 05 .80 .36
L1000 | kBl 150 lh 1 o ¥ -.37
0 1.12 J1& 1.32 -.7h
280 T:60]  2:2h 15 1w%9 -.9%
<0t el -, 550 .06 1+:30 -.90
vO5% 8. 73140 . 1lebb 0 1.25 =+ 0e
La@a i 'o 1588 | 0 1.3%9 =93
I 1 ! B
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The velocity increments AV/V, obtained by the two-
imensional method are likely to be somewhat large, and
some small adjustment in the corresponding pressure coef-
ients must therefore be made. The pressure coeffi-
1te with these and other adjustments to be discussed
er are plotted along the turret (line 1, fig. 19).

Around the cirsular rim of the turret, velocities
somewhaet higher than those about the rim of the oblate
spheroid may be expected because of the departure of the
turret from the true spheroidal shepe and because of
interference from the leln(rl”dl sides of the turret

extending down onto the fuselags For use in the esti-
mation, the velocity around the fim of the oblate
spheroid is computed. With go = 0+91, the velocity

distribution (V/Vo)rim is obtained from equation (10)

£y -

as a function of « and 1s shown in the following
table

w | . 18 v 2
(hok) y/a = cosw! V/V, T 5;

0 1.00 Q 1.00
10 .95 B2l .9l
20 .9l %0 S8
Eo .87 . 69 .52
0 T .89 2i
:o n 1.06 -.12
.50 1,20 - Ll
go .3l 1.30 -.69
.17 00, i -.88
0 1.329 -.93

Again because of symmetry, this pressure distribution
holds for negative values of y/a, « thab-is, "Eor @
betwaen 92° a"d BE0°.

For the spherical turret, shown in profile in
figure 23 t” theorstical velocity distribution over the
meridien lying in the plane with the forward velocity was
lculoteﬂ frow “quat1mn (16), and the pressure coeffi-
cients were obtaired »y CQlatlol C2y, The values of y/a
are obtsined from J/‘ = cos 8, where again y 1is taken

&3
AW S
in the dirsection of motion.
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For the cockpit canopy, the pressures over the nose
and the general pressure distribution forward of sta-
tion 121 {figs. 17, 19, and 22) were estimated from the
data for the O-l-5 windsnlcld given in flgure 22 of Pref-
erence 1. The angle between the nose piece and the
hood was L9 for the SB2A-1 W1nth1e¢d as compared with
:8° for the 38-L-5 windshield; otherwise, the two wind-
shields appeared similar. The data for a Mach number
of about 0.70 were used, but the nsgative pressure pegak
was elevated slightlv to allow for conservatism in regard
to the somewhat sharper nose angle of thes SBE2A-1 wind-
shield. The use of this pressure distribution involves
the assumption that the d:fference between wing and fuse-
lage interference in the two cases (airnlane and model
tested) 1s 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 LQ is intended e reprcsent the slight daiscon-
tinuity at the rear of th sLiding haeteh cover. The
dimensional data availa D; do not permit the exact
determination of the shane of the offset and, even if
the shape were known, the calculated pressure distribution
would be of questioneble accuracy. The magnitude of the
bump above the general pressure distribution was talzen
instead from the results of tests of a cockpit canopy
similar to that of the SB24-1 airplane.

1

The thecretical pressure distributions for the
turret shapes are modified by interference, for which
certain assumptions must be made. The turret 1s tco
close to the canopy and too large in relation to it for
a ready estimate to he 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
fuselege in the reglon of the turret 1s such that the
induced velocities must be small and in addition 1t may
be assumed that, because the wing is ahsad 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
eand 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

2 (D
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would appear very similar to the half-sphere or half-
spheroid on the tall. 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, and 20, either turret contour is charsase-~
terized by a circular-src profile of apbout 50-percent
thickness retio supervosed 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 mast lie somewhere 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 3, and the pesk is assumed to
be about the same as the theoretical peak Ifor the
sphere. The resulting curve is gquite similar to that
for the sphere and is taken to be the same for both
sunprets;

The pressures at line L. 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 veloclties, howewver,
and it therefore seemed reasonable to assume induced
velocities one-half those at line 3. The corresponding
pressure coefficients have been so calculated.

0
s not attained. The pressure’ recovely
ures 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.

=

Mo adjustment of the pressure peaks has been made
for the effect of compressibility beoause, for Such
blunt bodies, at least up to a Msach nusber' of O00),” the

CONFIDENTIAL
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conservatism of the methods used is assumed sufficient

to eover the changes. compressibility may, however,
cause the sevaration 901nt to move forward and thus lower
the negative peaks anc decrease the pressure pehind the
tur ruth. The negative pressure pesalts therefore may be
b#padensd backwerd, and zome account of this effect has
been taken in uroadchlnN the peaks in figzures 19 and 20.
In no case, however, ot least up to a ¥ach number of 0.70,
can the oressure on the reer of the turret decresse below
the negative pressure peak that would bs obtained in
potential flow at the same Mach number, The negative
pressure veak in fignres 16 and 20 is thus indicated as
the 1limit 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 peals in the
oressure distribution from being as great as predicted;
in this respect, the estiration 1s therefore ﬂnnservatlveq

Average velues of pressures obtained over the gun
turret of the Brewster XSB2A-1 sirnlene in flight at
speeds below 225 miles ner hour (JdDh lished) are pre-
sented for comperisorn in figure 19. For obtaining
loads, the estimation eompares satisfeactorily with the
measured values though, for the top of the turret, it
appears to be unconservative. From the data available,
however, the turret on the XSB2.-1 airplane appears to
project higher above the canopy than was assumed in the
estimations and larger nressure peaks might therefore

")

be expected. The irregularities in the measured pres-
sure distribution may be ceaused by the ribs and other
irregularities on the surface. Severe separation is

indicated behind this turret, where the pressure recovery
is 1little greater than that behind the circular cylinder.

Lower gun turret on Douglas XSB-2D-1 airplane.- As
a further exadple that anolve the method of distribu-
tion of doublets along the axis of a body of revolution
moving normal to its axis, the pressure distribution
over thv lower gun turret of the Douglas XS3-2D-1 air-
nlane is estimated. The form and location of this gun
turret are shown in figare Z21. The pressure dwstrlbu-
tion over the central nrofile (line 1, figs. 21 and 22)
is obtained and the distributions over other lines from
front to back are assumed to be quite similar, Tor a
shape that does not dlff r too greatly from a body of
revolution, this assumption 1is 7

reasonable and has in
other cases beer found to agree wall with exveriment.
(See reference 1, for instance.)

CONFIDENTT AT,
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The turret was dividsd for computational purposes
into front and rear parts. The pressures were assumed
to be the same as if the turret were a half-body on a
plane containing the surface of the fuselage immediately
forward of end to the recar 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 approxl-
mated by an arc of the parabola

1 g o
8 c\ Cy

7ith substitution of the slope

a(x/c) i o . c

in equation (11), the velocity distribution
X
. 0
Voo~ l VA ‘X'o e P l
— o — RIS ( L = D8 ® c
N Ll.LSu (3.(&'4 1.1,38 C) logg \ X

shown in figure 23 is easily obtained.

L

The rear of the turret was approximated by a
quarter-body of revolution with polar axis normal to
the stream in the horizontsl 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 Tef~
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 2, The doublets

of constant strength are indicated by the short, heavy
lines along the axis; and, from equatiocn (3) of refer-
ence 12, the notential for one doublet is

% = 2~ (cos 8" - cos 8') cos ¢
Limr
CONFIDENTI AL
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By symmetry, the velocity on t'ie surface at 1 = 0O must

lie along the central 5roflle (fig. 2L(b)) in the plane

of the stream velocit Because the largest and smallest
velocities on the bo“” ocecur along this profile,this distri-
bution is of greatest interest The velocity dae to

one doublet, thc i doublet, 1s

KO

AV, = 2. 88 - B, {cos B, " ~ com 8,1) sin o}
4 I‘O é()f LLTTI’02 B &

Reference 12 shows that as an apwroximation the doublet
intensity p; can be written

By = Zﬁr42V

i Q
1 C

The velocity increments AV, are varallel and, with the
J

2

substitution for y;, can be added to give

t

e l’ 2
A l\ i
— —_— { noc ! - AAc ) o
Vv, 2/ _\o \cos 84 cos §;") sin ¢

The component of the stream velocity V., in the direction
of the profile is 'V, sin ¢ end the total velocity is

therefore

1~J

i 2
ol 1 BBy T . } F o
;; =1 + 2;41_ ;;) (c0b eiv =GOS “i”/i81n il

From the dimensions given in f{izure 2L~ the com-
putation of AV/V., 1is *ndvﬂqteﬂ as follows:
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. \2 T, “
: -+ Cog g, 1 cog @M -—— (eos G ' "= o8 €,%)
8 5 B ™ X /
0 . 0
-31 0.3L47 | 0.717 e 503 0.0L3h
-2 .T779 .392 Luz ,1Lga
-1{ 1.000 0% wkils .258
0} 1.000 .1L5 —.1u5 .290
1]11.000} -.1L5 -.)03 . 258
2| .779| -.Lo3 &, B0 107
21 L2347 -.592 | -.T717 | 0Lzl
)
\\ el § / t 187
¢ ;: (eos Ge' =ugoe 8,%) 2.1 .10
The wveloelty isg thezefere

v Y1 . .
e = gl @ ;—%—Z gin'¢g = 1.594 sin #

n comparison with the value
€. The position along the
whieh the veloclty occurs is

which seems reascnable i
1.5 sin ¢ for the svher
stream direction x at

x
obtained with — = sin ¢.
o '

From the velocity distributions thus calculated
for the front and rear portions of the turret, the
corresponding nressure distributions were obtained by
equation (2) and were then Joined at the center to gi
the solld 1line 1n figure 22. Some adjustment of pre
sures was necessary to ‘effect this JunctLon.

ve
S

For the turret in the guns-abeam position, the
pressure distribution ‘over the cylindricalisurfEce
(line 2, fig." 219 was estimated by assuming a circular

cylinder projecting from a wall. The dimensions are

such that cos § = 9°L52. Substitution of this value

in equation (23%) gives the velocitv on the surface of

the cylindrical gun turret near the fuselage. The

pressures are thereby determined and are shown as the
e

]L) g‘)

dashed line in figure

CON
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The remarks concerning the effects of interference,
boundaery layer, and sevaration on the SB2A4-1 turret also

apnly to the XSB-2D-1 turret. For the reasons discussed
in reference to the &32A-1 airplane, no compressibility
correction has been applied. The turret does not project
from the fuselage so fer as was assumed in the calcula-
tions. For this reason, the sstimated pressures should
be more conservative than would otherwise have been the
case. o exnerimentel data are availaeble for comparison.

Analysis and Discussion

The agreement beswsen estimeted and measured.pres-
sures generally is better than had been expected and 1t
sppears that, if allowance is made for the effects of

interference and separation, calculations based cn the
potential-flow theory give a satisfactory indication of
the meximur loeads. The agreement is good for the “artin
end Maxson turrets, which approach forms for which the
potential flow can be &ccurately calculated. In other
cases, the actual pressures may denart widely from the
theoretical values. The reasons for this divergence

from the calculated velues - 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 comnared with thecretical values to determine, at
least qualitatively, the modifications that should be
made to calculated pressure distributions in order tc

approxirate more closely the actual values. The appli-
cation of pressure distributions to the estimation ok
loads is briefly considered. The following additioneal

figures are introduced:

Pressure data obtained in the NiCA 8-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 velocltie
approaching the maximum should occur. The variation of
pressure coefficient P with stream Yach number M

is compared with the theoretical variation given Dy the
1 g F o8 :
factor ———, in figures 25 to 27, the curve of
Vi - M -

cilent P - that is, the

critical pressure coeff:
o




NACA ACR No. LLElO CONFIDENTIAL L1

pressure coefficient 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 M,,, is the Iach number at
which the pressure-coefficient curve intersects the
P -1

P.p-curve.

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 1l(b)
and projecting different portions of the radius above the

Tuseliaces These pressures are compared with the theo-
retical pressures for the sphere including the variation
with Mach number given by the factor S . :

S sy

A comparison is given in figure 27 between pres-
sure coefficients at various positions on the faired
turret B of referencs 16 and those on a thicker faired
turret F, both in the location of turret B shown in
f1egure 11fe): The variation with Mach number is shown
and compared with the theoreticsl 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 7-3-li, which is characterized by a sharp
corner at the nose and by a long, faired tail; and the
X-1, 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.

CONFIDENTT AL
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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 be taken as that on

the sphere. ;

Compressibility.- The effect of compressibility on
the pressure coelficlents over protuberances cannot be
accurately estimated although a qualitative estimate of
the nature of the change of pressure with }Mach number
may be obtained. The theoretical variation shown in
equations (3) and (L) and derived in references2 and 3,
resnectively, strictly applies only to potential flow.
The actual variation may be greater or less than the
theoretical variation and may even be onposite in sign.
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 whick the flow genereally
anooroacines more nearly the potential. As shown in fig-
vres 1L, 16, and 25 to 28, the peak negative pressures
generally increass with Yach number more rapldly on well-
fa‘red bhodies located on the forward part of the wing or
fuselage than cn >lunt bodies located near the tail. A
deteiled examination of the experimental data available
indicates how and why the pressure coefficients in 4dif-
ferent positions on rrotuberances change with Mach number.

On tre low-cambered turret A »>f fig
nressures change with Mach number approximately &s pre-
dicted by the Glauert-Prandtl theory. At the rear of
such a body, the oressures decrease because of an increase
in severity of senaration - 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 2 the positive pressure coefficient at the rear,
which should theoretically have increased, was maintalned
constant by the slight separation of the flow or
thickening of the boundary layer. The effective change
in shape cf the form was apparently sufficient to cause
a slight decrease in the negative pressure cosfficient
at the 5~inch station.

~ure 1li., the peak
=9 o

Figure 25 shows different comoressibility effects
on the »nressures at the top and side of approximately
hemi spherical turrsets that depend on interference and
the boundary-layer dsvelopment ahead of the turret.

CONFIDENTI AL
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Turret C is subject to considerable interference from the
windshield just downstream. This interference deereases
the velocitles and prevents the increase in negative
pressure coefficient with Mach number that would other-
wise oreur. Turret DO, on the other hand, is placed in

a region in which the _nbprferevoe may be expected to
increase the velocities; and the 1n~rnas with Mach
number of the top negative pressure coefficient approxi-
mates the Lheoretlcal increase up to tbe critical speed,
after which it increases sharply for a short Mach number
ranges Turret: B, which is:located far back on, tihe fuse-=
lage and therefore subject to considerable interference
from the boundary 1ayer, shows small change in the pres-
sure coefficient with Mach number.

xa‘

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 nossible effect of interference 1n
increasing the change of pressure coefficient with Wach
number is diseussed in reference 1. The peak negative

: pressure coefficient on the approximately hemispherical
turret D increased with 'ach number about according to
theory up to the critical speed and more rapldly there-
after. The increase on the lower-cambered turret A
approximates the theoretical increase.

The comnressibility effect on the pressures of
turret B has already been noted in figure 27. The
variation of the peak negative pressure coefficients
avpears to agree closely w1th the theoretical variation.
For the thicker turret ¥, the separation should be more
severe; this faet is probably the reason that the pres-
sure coefficient at the top increases less rapnidly with
Mach number than the theory indicates. ther back
on the turret, the change in effective shape due to
separation produces 8 large decrease In negative pres-
sure coefficient as the Mach number 1s lncreased.

’3

he sffect of compressiblllity on presgurbs coe
clents at points on bodies of three Qlflerent type
(from reference..l) is shown in figure 23. For th
- well-streamlined X-1 body, the prsssures 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 ¢, the
effect of thickening boundary 1de¢ in decreasing the
pressure is seen. On the 7-3-l. body, which has a

CONEFTDENTT AL
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well-faired tail and a sharp corner between the wind-
shield and the honod, the pressure at point d agrees

with the theoretical variation, the osressure at noint ¢
shows the effest of thickening boundary layer, and the
negative osressure coefficients at points a and b a short
distance beshind the noint of separation decrease before
they stert to rise with ¥ach number. On the 3-1-1
body, which has a blunt tail, the pressures at points b
and d change about acg theoreticaily predicted, the pres-
sure at point a somewhat aheed or ths separation point
feils for the most part to decrease as fast as indicated
by the theonry, and the pressure at point ¢ on the tail
decreases greatly behind the point at which separation
probably occurs.

The sffect on nressure coefficients of change in
Maeh number is seen to be different for different
noints and for different bodies. For roughly similar
shanes in similar losaticns, the corresponding varia-
tions with Mech number may be assured.

The effect of compressibility on the pressures
over a protuberance obviously denends on the Reynolds
nurber of the nrotuberance and of the Lody on which 1%
{s 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
reletion to the body on which it is placed, because
interference and boundary-layer effects are different
for different relative dimensions.

From the experimental data, the following principles
that are useful in a qualitative estimation of the change
of pressure coefficient with Yach numoer may be derived:

(1) Over the greater part of well-faired Dbodies
that are not too thick and are relatively free from
boundary-layer and velocity interference from other
bodies, the theoretical change of pressure coefficient

h

with Mach number mey be assured. The factor

i3
7;::::5 expresses the change with sufficlent &accuracy.
Vl - 1

The negative pressure peaks may e assumed to increase
somewhat more rapidly than this factor indicates.
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{2) Separation of the flow, which regularly occurs
from the resr of blun: forms - such as the sphere and
the circular cylinder - and to a less degree from less
blunt bodies, is 1likely to become more severe with in-
crease in ¥ach number, The resulting change in the
effective shane of the body may produce an ingcrease (as
compared with the theoreticsel decrease) of the pressure
coafficients near the beginning of the separated regiocn
and a dscreese (more-negative pressure coefficients)
near the tail. Fven on moderstely thin faired bodies,
something of this effect may appear; whereas, on bodies
with short tails, a large decrcase in the negative pres-
surs coefficisnts just forward of the tall and a con-
siderable increase in ths 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 *“ach number, whereas interference
that decreasss the velocitles is likely to have the
opposite effect.

(L) If any considerabls nart of the protuberance
lies within the boundery layer nroduced on the body for-
ward of the nrotuberance, the change in pressure cosifl~
cient with Mach number is liksly to be different from
the change that would occur if no boundary layer existed.
The pressure peaks may be smaller and senaration effects
may be: introduced.

(5) If a eritical Reynolds number occurs within
the Mach 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 Mach number must be accounted

for,

The foregoing discussion holds for Mach numbers
less than the critical. Above the critical Mach
number, still less is known about the pressures to be
expected. Quteide the region of supersonic speeds, the
pressure change is much the same as at subcritical Mach
numbers. The supersonic region commonly spreads rear-
ward as the Mach number is increased, and the negative
pressure peak usually increases and broadens toward the
rear. As the shock wave develops with its large un-
favoreble pressure gradient, separation 1s likely to
occur and produce the pressure changes already discussed.

CONFTDENTIAL
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The negetive pressure czoefficients cannot in any case
contimie indefinitely to increase with Mech number, and

a tendency to decreass 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
& e Ednn
(-P‘;mav = £, The experimental data available indi-
e A
cate a 1limit less than given by this relation. Up to

a Mach numoer of 0.70, however, the changes in pressure
coefficients 1likely to be encountered on protuberances
may be estimeted by tne methods herein presented.

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

Interference.- For cases in which the interference
cannot De expressed by simply adding in the induced
velocities due to the interfering bLodies, an estimation
at lsast qualitatively correct may s=till 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 end 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 irmediately
behind it and, in addition, the accompanying unfavorable
pressure gradient wmay be expected to precipitate eariiler
seperation then would otherwise occur. As seen in fig-
ure 25, the negative pressure coefficients on the top

of turret ¢ were much smaller than on turret D, which

was loceted in a regilon 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 Dbeen considerable. The
"negative pressure coefficients are only moderately large.
The change in pressure coefficient with angle of attack
1s 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 veloeity interference on the central -part of a

AV
fuselage commonly amounts to about 7. 5 6 3 Yo JE A rough

estimate of the induced velocity cah be obtained by
fitting an equivalent prolate sp hero*u to the fuselage
as dGSCTlDPd in the section entitled "ethods" and in
reference 1.

The wing 1is approximately a two-dimensional form
and thus may cause relatively large interfering

velocities. If a protuberance is located near the
velocity peak on a wing, therefore, the nressures may be
widely different from those on the s ame nrotuberance not

subject to the Interferscnce; in addition, the change in
pressure with change in Wach number or wing angle of
attack may be largs.

Tt may be necessary in some cases to determine the
interference effect of a nrotuberance on the loads over
surrounding surfaces. The induced velocities generally
decrease very rapidly with increase in distance from the
surface. The decrease of the nesk velocity increment
is shown for a wing and for prolate spheroids in fig-

ures 36 and 37, re@oectively, 0l referenceliiy The
methods given in the appendix of reference 1 can be
used to estimrate the interference due to a protuberance.
If an equivalent prolate soheroid can be fitted to the
protuberance, the maximum interfersnce velocities can

be estimated from figure 37 of refsrence 1. If more
detailed information is needed, however, a velocity-
contour chart such as that of figure 35 of reference 1
can be precared for a body n“roywrau?nc the »rotube-
rance in shape. For simple shapes, such as the sphere
or oblate spheroid, velocity contours are easily obtained
from the potential theory. Acditional eV)Cercnt is

needed to permit very accurate estimstes of the effects
of interference.

Surface irregularities.- The thecretical pressure
distributions are a‘“ulqteu for smooth bodies, but in
practice the surface is usually broken by ribs, 301 nts

waves, or other \rr@gularltLe ; 8 a result, peaksg and
valleys apnear in the pressure- u*strw’ut1on curve,

Such an irregular pressure distribution i1s given by the
experimental data shown in figure 19. The most obvious
surface irregularities in tnls case were the ribs of the
turret. Estimated pressure distributions should be
made sufficiently conservative to allow for the effects
of these irregularities.

_Jo
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Separation and pressure b°n~n6 a8 protuberence.-
Vost Protuperances are sulf.ciently blunt mt at the tail
that Lhe flow fails tn some extent to follow the sur-
face. his senaration of the flow is aggravated by
the boundaPJ laver develoned on the surface forwarc
of the probtuberance with the result that ssperation
becomes more severe as the protuberance is »nlaced far-
ther Leck from the nose of the fuselage or other body

o

on which it is situaired.

Althongh seperation does not usually increase the
severity of the locads, it greatly increases the drag
of thﬁ protuberance and should therefore o2 prevented

by a fairing if conveniently nossltle In the case
of gun turxets, a method thet might be used while the
adva“t ges of aymmetricel ,ur“e*s are retained is to
install retrectavle fairings behind the turrets. The
effect of fairing on seperation is shown in a com-
narison of the sxverimental data glven in figures 12,
1, 16, and 19. The v.se of faired turrets epnsars to
give 1little advantage over symmstrical turrets unless
the fairing is sufficlent to prsvent any considerable
separation, If the flow becomes unsymmetricel when
the turret is rotsted from the stowed | CSLt;xn, locel
loads may be substantially increased. If sharp
corners are thus exnosed, the pressures may be impos-

sible to estimate and the neak npgut‘v pressures may
become very high.

At sherp outside corners, the flow senarates either
completely or with a bubble about which the flow later
closes in. A method of estimating the pressures near

harn corners has been suggested in the section entitled
“Est‘motlon by Comparison.' Tt is pointed out in ref-
erence 1 on nages 12 uﬂd 1% that ocutside corners with
radii of curvatures less than approximatel? 25 nercent
of the height of the vrotuberance may be considered

sharn.,

Separation changes the effective shape of a body
in such a way that the pressure neaks influenced by the
separation are reduced and the pressure on the rear of
the original form 1s ocﬂr= ased. At the rear of the
feir%d Turret of figure 16, therefore, the pressure

coe cient is Dﬁ=1+ ve whereas, on the rear of the
more severe turret of figure 1ll, for which a greater
nressure recovery is indlcated, s eparation has reduced
the precssure coefficient to zero. 3ehind the still

*

o

)
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more gevere forms of figures 12 and 19, the pressure
coefficients at the rear are negative. From these
experimental data and from the known vealues of the
pressure coefficient on the rsar of spheres and cir-
cular cylinders, a rough estimate c¢f the pressures
behind protuberances can be made; but it is evident
that, in order to judge accurately whether separation
will occur and what pressures will then exist, much
systemeatic expserimentation is required.

The effect of lbﬂhr@SS]OlILTy in precipitating or

increasing the severiuvy of separation has already been
noted.,

Estimation of loeds.- From the pressure distribu-
tions, estimated or mcasured, the loads can be determined

provided the internal nressures are. known. The
internal—pres:uro coefficient may be positive if the pro-
tuberence is vented to a high-pressure region, as about

the nose or tail of the fuselage, but is more likely to
be negative because leaks regularly occur to the low-
pressure region in which a protuberance is usually
placed, such as leaks around the sliding canooy, through
other cracls, or through holes in the surface. Because
the external pressures vary with angle of attack or the
positions of the leaks changs with an“le of gun ‘Gurret,
the internal pressures also vary. Since negative
pressure coefficients up to P = =-0.40 often occur on

a fuselage, similar pressures may be expected inside
canopies or gun turrets. In low-speed tests of the
Grumman XTBF-1 airnlsne (umpuo‘lkhni), for example,
internal-pressure coefficlents nf -0.13 were found in
the canooy while, in the symmetrical Mertin turret
tested, the pressure coefficient wvarised freom -0.02

to =011 Pependﬁng on the angular position of the

turret and angle of attack of the airplane; similarly,
in the unsymmetrical Grumman turret with which the air-
plane was originally equipped, the internal-pressure
cosfficient varied between 0 and -0.06. For the
Brewster ¥XSB2A-1 alirnlané in flight (unpublished),
internal pressures in the gun turrpt varied from

P = -0.20 to P = -0.38: inside the cocknit canopy of
the SB2A-l; airplans, very low pressure coefficients of
-0.30 to -0.l0 were found. Because of differences in
leakage, the internal pressurcs are likely to be differ-
ent from time to tiwe, even for the same airplane, unless the
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enclosures are sealed. Tt is evident that, because of
low internal pressures, ] ison 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 estimaeted for use in cal-
culating loads.

2. Tf allowance is made for the effects of inter-
ference end separation, celculations based on the
potential-flow theory give a satisfactory indication of
the maximum nressures to be expected.

3. TFor shanes about which the potential flow is
not exactly calculable, the npressures may be estimated
by various anproximate methods nraesented or by com-
parison with exveriment.

lil. Compressibility and interfersnce effects and
the effects of devarture 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-prsssure dis-
tribution mast be known.

6. Turther experimental investigation 1is
determine the effects of interference, compressib
separation, and systematic changes in form.
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