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By Edward J. Hopkins
SUMMARY

A semiempirical method lg presented for celculsting the pitching
moments and forces for bodies of revolution inclined at moderate angles
of attack at low Mach numbers. In this method the transverse forces on
a forwerd portion of the body are calculated from potential—flow consid—
erations. The transverse forces on the remaining portion of the body are
estimated by relating the local transverse force for the inclined body
to the drag force for a circular cylinder in a mammer similar to that
used in NACA RM A9I26, 1949, However, this somewhat arbitrary procedure
of employing the cylinder-drag force only over the rearward portion of
the body differs from the approximste method glven in NACA RM A9I26 in
which the cylinder—drag forces are added to the transverse forces derived
from potential—flow considerations along the entire length of the body.
For the method presented herein, sn empirically derived curve based upon
experimental piltching-—moment results is given from which an estimate can
be made of the portion of the body for which potential theory should be
applied.

The 1ift, drag, and pltching-moment cheracteristics of 15 bodies of
revolution with fineness ratios ranging from 4.0 to 12.5 were calculated
by the method of this report, by the method of NACA RM A9I26, and by
potential theory. The results of these calculations are compared with
experimental data. The pltching moments calculsted by the method of this
report gave the best agreement with the experimental data for nearly all
the bodies. The agreement with the experimental 1ift and drag charac—
teristics as given by the method of this report was generally as good as
that glven by NACA RM AQI26.

IRTRODUCTION

One of the first attempts to utlilize potential theory for the esti~
matlon of the aerodynamic forces and moments for bodies of revolution

cEEETET o reoireh

-.‘-"‘HI'



2 ' GONPRD——, NACA RM A51C1k

was made by Mumk in connection with his work on airships (referemce 1).
Several other investigators have developed simlilar methods which give
essentially the same results (references 2 and 3). It has been shown -*
(references 4 snd 5) that for the expanding porticn of the body at an
angle of attack these methods give an accurste prediction of the trans—
verse forces. However, for the contracting portion of the body where

the effects of viscosity become important, the predicted transverse
forces do not agree with experiment. In reference 6 an approximate
theory to account for the effects of viscoslity was developed for inclined
bodies of revolution. ‘This approximate theory.results in .satisfactory
agreement between the predicted end experimental lift and drag forces.
However, the agreement between the experimental and theoretical pitching
moments is not as favorsble, since the longitudinal distribution of

the transverse load is not accurately represented by the method of
reference 6.

The purpose of the present investigation was to combine the poten—
tilal theory and the viscous cross—flow theory in s mammer which would
permit a more accurate prediction of the low—speed pitching moments of
bodles of revolution. The semiempirical method thus derived is also
aepplied to the prediction of the 1ift and drag forces.

NOTATION ¢
Cp drag coefficlent drag ) N
2/3
alv)
ACD Increase in body drag coefficient above that at
an angle of attack of zero degrees
cd_c sectlon drag coefficlent of a circular cylinder
dr unit 1 h
normal to air stream < ag/ engt )
2qr
(See fig. 1 for data taken from references 7 to 10.)
cr 117t coefficient (-lEt— o
a(v)*~
' itch nt
Cm pitching-moment coefficient (P : i:s == )

ko — k; difference between the transverse snd longltudinsl
apparent mass coefflicients
(See fig. 2 for data teken from reference 11.)
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L body length, feet

L
n fineness ratio <2r_0>
a free—stream dynamic pressure, pounds per square foot
r locel body radius, feet

maximum body radius, feet
2r Vo g8in a
R, cross Reynolds number <——9-;—>

5] cross—sectional area normal to the longitudinal axis
of a body at any longitudinal station, sguare feet

body volume, cubic feet

free—stream velocity, feet per second

x longitudinal distance from body nose, feet
x, longitudinal. distance from body nose to point at
which dS/d.x hes a maximm negative value, feet
xn longitudinal distance from body nose to moment exis,
feet
x longitudinal distance from body nose over which potential—

flow theory is used in the method of this report

o angle of attack, degreses or radians
v kinematic viscosity, feet squared per second
1 ratio of the drag coefficient of & circular cylinder of

finite length to that for a cylinder of infinite length
(See fig. 3 for data taken from reference 12.)

AWATYSTS

A study of the low—speed pressure distributlon of two inclined
bodies with greatly different nose contours (models 1 and 13 of-fig. k)
indicated that the tremsverse forces acting on the expending portions of
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these bodies agreed well with those predicted by potential theory.
However, for the contracting portions of these bodles where the effects
of vlscosity become more important, the transverse forces predicted by
potential theory did not agree with experiment (see references 4 and 5).
It was reasoned, therefore, that one posaible method for obtaining good
agreement between the predicted amd experimentsl pitching moments would
be to assume potentlal flow over only s forward portion of the body and
viscous flow for the remainder of the body. The viscous cross flow,
similar to that experilenced on a circular cylinder in & real fluld, was
assumed in & manner parallel to that used in reference 6. These assump—
tions differ from those made in reference 6 in which the viscous cross
force was added to the transverse force glven by potential theory at
each longitudinal station. . g

The pitching-moment, 1ift, and drag coefficients can be expressed
in equation forml for the method of this report as follows:

N 2 AL
Cp = .(.Ii%%.)ﬁ f".'%‘_'(__xm—x) ax +E;-u£o 0 rcg, (xyx) ax (1)
(o] T -
( ’ ) =T L
k—k,)2a X5 48 -
o =_3..__3;._..__f o a5 4 ax . 2
S, S tmes T (=)
(kk,)2a® [To g8 20,2 .fI-
= —_E—J-'—_ — )
Cp yere Uy = &x + @275 Jx, nrcg, dx (3)

The factors cg,, ko—k;, and 1 (assumed to be a function of the

fineness ratio of a full-length body) may be found in figures 1, 2,
and 3, respectively. The engle of sttack, o, is measured in radians.

The above equations are similar to those given in reference 6 with
the following exceptions: '

1. The limits of integration differ from those given in reference 6.
The first term of each equation (the term given by potential theory) is

1Because of the empirical nature of the method, equations (1), (2), and
(3) are given in simplified form for which the following assumptlons
have been made: (&) Cosines of angles have been replaced by unity
and sines of engles, by angles in radians. (b) The 1lift component
of the viscous axial force has been neglected in equation (2) because
the inclusion of this component would change the total 1ift a
negligible amount.

-
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integrated only to =xg, the distance determined from an empirically
derived relation gilven in figure 5 which will be dlscussed hereinafter.
The second term of the equations (the term derived from cylinder drag
considerations) is integrated only over the remainder of the body from
Xo +To the tail end.

- 2. The first term of equation (3) is greater by a factor of 2 than
the corresponding term of the equation for drag coefficient given in
reference 6. The change was iIntroduced by differences in the derivation.
This term of the. equation given herein was derived by considering the
drag increment Ffrom potential theory to be equael to the transverse force
given by Munk in reference 1 multiplied by the engle of attack. This
was found to be a good spproximation by comparing the product of the
experimental 1ift coefficient and the angle of attack (in radians) with
the increment of experimental drag coefficlent shown in figure 6 for the
15 bodies of revolution.

Experimental date for 15 bodles of revolubtlon were snalyzed through—
out the angle—of-ettack range from 0° to 20° to determine the portion of
the body for which potential theory should be employed o attain optimum
agreement between the calculated and experimental pitching moments.
Sketches and pertinent dimensional data for the models used in the
analysis (obtained from references 13 through 20 and unpublished data)
are presented in figure 4 and table I. It was found that the longitu—
dinal distance xo (the limlt of integration in equatioms (1), (2), and
(3)) could be correlated with the longitudinal stetion on the body at
which the rate of changs of cross—sectional area with longltudinsal dlis—
tance has a meximm negative valus. The results of this correlation
are shown In figure 5 with the computed line of regression. This line
of regression is defined as a line for which the sum of the squares of
the deviations (the differences between the line and the individusl
points) is a minimm. Tt will be shown that by use of this line of
regression setisfactory agreement can be obtained betwsen calculated
and experimental piliiching moments. The equation for the line of
regression in figure 5 1s

%o _ n
=2 = 0.378 + 0.527 = (%)

RESULTS AND DISCUSSIONS

The experimental 1lift, drag, end pitching-moment coefficlents for
15 bodies of revolution are compared with the characteristics calculated
by the method of this report in £ e 6. For the calculations, eque—
tion (4) was used to determine xo/L. Also, to simplify the calculations
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a constant value of cylinder drag coefficient of 1.2 was used, as the
cross Reynolds numbers for the rearwerd portions of the bodles were less
than the critical Reynolds number for a circular cylinder. The char—
acteristice calculated by the methdd of reference 6 and by potentisl
theory are also shown in figure 6.

The pitching-moment coefficients calculated by the method proposed
herein are in closest agreement with the experlmental data, for the
moment reference centers shown in figure 6, with the exception of the
data for model 1#. These moment centers correspond to those for which
the experimental data were presented in references 13 to 20. Both
potential theory and the method of reference 6 tend to overestimate the
pliching—moment coefficlents. The method proposed herein appears to give
the best agreement with the slope of the experimental pitching—moment
curve at the lower angles of attack, It 1s possible that better agree—
ment could have been realized at the higher angles of attack provided
that xo had been allowed to move forward along the body with Increas—

ing angle of attack.

The method proposed herein, in general, giveas as good agreement with
the experimental 1ift and drag coefficlents as the method of reference 6.
This evidence is not sufficlent, however, to indicate which of these two
methods glves the best agreement with the 1lift and drag characteristics
for speclfic types of bodies.

To indicate the reletive contribution of each part of the equations
for 1ift and pltching—moment coefficient, the potential terms of equations
(1) and (2) were calculated and the results ere also shown in figure 6.

It can be seen that the contribution of the potential term is the ma jor
part of the total for 1lift and for pitching-moment coefficient.

The potentisl term of equation (1) for pitching~moment coefficient
can be consldered as consisting of a moment coefficlent due to 1ift and
a moment coefficient due to & couple. These moment coefficlents were
calculated and the results are presented in figure 7 for models 1 and 5,
which have greatly different nose contours and fineness ratios. It
should be noted that the largest portion of the calculated piltching—
moment coefflicient is derived from the moment couple which is independent
of moment-reference center.

An indication of the adequacy of representation of the longitudinal
distribution of load by the method of this report can be obtained by
congidering the pitching-moment coefficients given in figure 6 sbout a
different moment—reference center. Therefore, the calculated and exper—
imental pitching-moment coefficients Ffor all the models are shown in
figure 8 with the moment-reference centers transferred 0.25L from the
locations given in figure 6. This transfer dces not affect the agreement
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of moments predicted by the proposed method with the experimentel deta,
except for model 9 for which the method of reference 6 is shown to give
the better agreement. These comparisons indicate that.the longitudinal
distribution of load proposed in this report, although based on sn
arbitrary combination of potential theory and viscous cross—flow theory,
results in improved accuracy for calculating the low—speed piltching—
moment coefficlents for inclined bodies of revolution.

Ames Aeronsutical Leboratory,
Nationel Advisory Committee for Aeronautics,
Moffett Field, Calif.
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TABIE I.— VOLUMES AND IENGTHS OF THE MODELS

Model W(Tgiu??:) L??f?h Model ‘(Tgiu?;) I?}r?tgi):h Model Ygtu?:) I??f)ch
T 1 . 343 ll.33==6= 0.520 2.62 | 11 0.0748 - 1.68 |
2 .687 5.0k | 7 .23k 2.62 | 12 .37 347

3 .606 3.36 8 277 2.62 13 ]115.00 19.62

L 509 2.62 9 .083k 2.62 14 o lhly k.03

5 513 2.62 | 10 .2hk 2.62 15 1.85k 5.00
(v v
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