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Fluctuation Intensity of Passive Species in a
Turbulent Subsonic Jet

Georce W. Surron*
Avco Everelt Research Laboratory, Everett, Mass.

The equation for the turbulent fluctuation intensity of a passive scalar for incompressible
shear flow was applied to a subsonic circular jet, using phenomenological diffusivities, for both
the diffusion of the scalar mean and mean square fluctuation of the scalar, to determine the
values of these diffusivities which give the best agreement between the calculated self-similar
radial profile of the fluctuation intensity and experimental measurements. From experi-
mental values in smoke jets and heated jets of the ratio of the fluctuation intensity to mean
on the centerline and their radial profiles, it appears that the turbulent diffusivity for the
mean square fluctuations is approximately equal to the turbulent diffusivity for the mean
values of the scalar. The coefficient for turbulent dissipation which was treated as an eigen-
value in the calculation is in good agreement with the expected value.
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= constants of proportionality for rate of growth of mean
velocity and species profile respectively, Eqgs. (3.2,
3.8)

Kolmogoroff constant

spectral constant for species fluctuations

(n’25><77)/<7b/23>(0)

((n"%) /(M) )r=o

jet diameter

diffusion coefficient, species s

dissipation rate of turbulent kinetic energy

correction factor

wave number

total number density

number density of species s

radial and axial coordinates

time

temperature

velocity in axial and radial directions

mass-average gas velocity

average velocity of species s

diffusion velocity, species s
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Greek symbols

constant defined in Kqgs. (3.4, 3.7)

turbulent transport coefficient for j

7? In2

7'/7‘1 /2u

dimensionless coefficient for turbulent dissipation
microscale

kinematic viscosity

constant defined in Eq. (3.18)

dimensionless coefficient for turbulent dissipation
dissipation rate of species fluctuations
(Bv/9:)(B/a%) = ¢v/pu
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Subscripts and superscripts

( ) = time average

( ) = fluctuation

v = species fluctuations
e = energy containing
0 = initial
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s = mean species
t = turbulent
% = mean velocity

I. Introduction

OR turbulent shear flows, there exist few analyses for

the fluctuations of a passive scalar such as trace species

or temperature. This situation exists primarily because of a

lack of understanding of the diffusion of fluctuations and the

effect of intermittency on transport. In this paper, a

simplified model for the relevant processes is proposed and the
results are compared to experiments.

In particular, the use of phenomenological turbulent dif-
fusivities for the generation and diffusion of the fluctuation in-
tensity of a passive species number density is investigated for
a round subsonic turbulent jet. These coefficients are
treated as parameters in calculations of the self-similar radial
profile of the fluctuation intensity. The results are then
compared to some experimental profiles to determine the
range of values of diffusivities which yield the closest agree-
ment with these experiments. The analysis is performed in
terms of a trace number density of a species s; the resulting
equations are identical to those for temperature fluctuations.

II. Conservation Equation for the
Fluctuation Intensity

In the following, n(r,?) is the instantaneous number
density of species s; (n)(r) is the local time-average mean
number density, where the time average is long compared to
the typical period of turbulent fluctuations, and n’,(x, ?) is the
fluctuation from the mean. The mean square fluctuation
{n'%) is the time average of [n'.(r, {)]?, and its square root is
the fluctuation intensity of that species number density,
n'2)12. Since we are interested in these fluctuations, we
shall derive the conservation equation for such fluctuations.
The instantaneous conservation equation for the s species in
the absence of chemical reactions is!

(ans/at) + V ° (nsvs) = 0 (21)

where v.(r, {) is the mean velocity of the s species, equal to
the sum of the mass-averaged gas velocity v(r, t) and the
molecular diffusion velocity of this species Vi (r, t). This dif-
fusion is caused by instantaneous gradients in species con-
centration, pressure, and temperature. However, for the
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subsonic, initially isothermal jet under investigation, only
concentration diffusion is important. To simplify the
problem, only two species j and s are considered; the ambient
gas consists only of 7, and the jet is a mixture of s and j. The
molecular diffusion is then binary, for which the following ex-
pression applies?:

V. = — [n2m;/n(nams + nym;) 1DV (n/n) (2.2)

where D; is the binary diffusion coefficient of s into 7, and n is
the total number density. The flow is taken to be subsonic
and initially isothermal; n and D, are approximately con-
stant. In addition, either the molecular weights are as-
sumed constant or n, <€ n, which is valid for the experimental
data considered herein. Then Eq. (2.1) becomes

(Ons/0t) + V- (ny) = nDV(n,/n) (2.3)

Next, the variables in Eq. (2.3) are decomposed into station-
ary and fluctuating components, {( ) = ¢ ) 4+ ( ) (¥, so
that Eq. (2.3) becomes

on's  ony
o T o
V-(n'@) + V- 0'¥) = (n) + 0 )DV? X

@<1 n_’g _E _ nlsnl nl2 nls njlz)] 24
[<n> T T wm T T mywn) | BY

with the assumption that (1 4 n'/{n))~* can be expanded up
to the quadratic term. Now, n's/{(ns) ~ 0.2, while n'/{n) is
proportional to the square of the Mach number, which is
typically 0.1 for the flows being considered; hence, n'/(n) <
n'./(ns) and is neglected.

Then upon averaging, one obtains

(O(ns)/0t) + V- ((n)w) + V-(n'wv’) =
MDV*((ns)/(n))  (2.5)

+ V- ((ng)(v) + V- ((a)v') +

Note that (n',v’) is the turbulent transport of the s species.
For turbulent jets, it has been found that this diffusion is
well represented by a phenomenological diffusivity in those
regions where the intermittency is small.* We will therefore
let

<nlsv’> = <ns>vst = —¢€V (ns> (26)

where €, is the turbulent coefficient of diffusion for mean
species number density, and neglect the last term which repre-
sents molecular diffusion. The equation for the fluctuation
intensity (n'%) is obtained by first subtraction of Eq. (2.5)
from Eq. (2.4), then by multiplying by 2n';, and taking the
time average as follows for incompressible flows:

(0(n"2)/0t) + V- ({n"%{v)) + 2(n' ") Vin,) +
V-n2y" + 2D/ vy = 0 (27)

Equation (2.7) represents the transport equation for the mean
square fluctuation of the number density of the s species.
The first term is the local temporal change of (n'%); the
second term is its convection. The third term is the source
term [see Eq. (2.6)], which is caused by gradients in the mean
value of n,: the large-scale turbulent velocity field inter-
changes fluid regions of different local values of n, which
causes fluctuations. The fourth represents turbulent dif-
fusion and the last term represents the destruction of turbu-
lence fluctuations by turbulent dissipation.

Thus, the mean square fluctuation intensity is determined
by a balance between generation by large-scale turbulent
transport and destruction by diffusive smearing.? The dif-
fusion term is conservative and acts to even out the spatial
distribution of fluctuations. The last term can be written as

D\<V 2n'2s> - 2Ds<(vn,3)2>

As is usual in turbulence theory, the first term of the fore-
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going which represents the molecular diffusion of fluctuations
can be neglected in comparison to turbulent diffusion. The
second term represents the destruction of fluctuations by
diffusive smearing. It is well accepted that, in shear flows at
high Reynolds numbers, this is caused by the smallest eddies
which are generally isotropic. One can therefore use the re-
sults of isotropic turbulence, and represent this term as® (see
Appendix)

x = —2D((Vn')? =~ —(2AUn'%)/3mA.)E 2 (2.8)

where A, is the Kolmogoroff number for species fluctuations,
& is the rate of destruction of turbulent kinetic energy, and k.
is the energy-containing wave number. The integral scale
length for temperature fluctuations is very nearly equal to
that for velocity fluctuations, both for isotropic turbulence®
and turbulent jets.” Thus, k. is taken equal for velocity and
species fluctuations, and, from the Appendix,

k2® = (3m/{g'®) AgE*3 (2.9)

where A g is the Kolmogoroff constant for the velocity fluctua-
tion spectrum, and %(g'% is the turbulent kinetic energy.
Combination of Eq. (2.8) and Eq. (2.9) yields

X = 20n')8/{g"™)(Ax/Ay) (2.10)

One may calculate &, the rate of dissipation of turbulent
kinetic energy directly from the conservation equation for
turbulent kinetic energy using available measurements of the
decay of mean velocity and velocity fluctuations. However,
the dissipation is due largely to the small-scale eddies which
are essentially isotropic, so that we may use expressions for the
dissipation derived for isotropic turbulence in terms of the
Taylor microscale A,. Both methods give approximately the
same result for the problem examined herein, but the latter
estimate’is somewhat simpler, since it gives the ratio of &/(¢’%
directly in terms of the Taylor microscale, so that & and
{g'®» do not have to be estimated separately. In any case the
numerical value of the dissipation is an eigenvalue to this
problem and does not affect the calculation of the fluctuation
intensity of the scalar.

Now, for isotropic turbulence,

€ = 5ulg'®/\? (@2.11)

where » is the kinematic viscosity, and X, is the Taylor
microscale for transverse velocity fluctuations. Thus, Eq.
(2.10) becomes

X = —]OV<71,2J>HAK/>\02AY (212)

where H is a correction factor for shear flows, since the value
of & given by Eq. (2.11) may require a correction to account
for the balance of turbulent kinetic energy.®-?

Finally, the turbulent diffusion term in Eq. (2.7) must be
considered. The object of the paper is to determine the
utility of using a phenomenological turbulent diffusivity, as
originally suggested by Boussinesq for the diffusion of turbu-
lence kinetic energy (Ref. 3, p. 297) to the problem of species
fluctuation intensity, e.g., let the triple correlation of v/ and
n'% be represented by a product of a phenomenological con-
stant coefficient e, and the gradient of (n'%),

w'n'%y = —e,Vin'%) (2.13)

It is known that, in the transport of heat and kinetic energy
in a turbulent wake, the complete transport is not completely
represented by such a simple gradient, but should include the
bulk transport by large scale motions.'® Thus, it is of interest
to determine whether Eq. (2.13) provides an adequate repre-
sentation of the transport of fluctuations, as determined by
calculations of the profile of (n'%) and comparison with
experiment. Note that e, may not be equal to e,; another
object of the present study is to determine their relationship.{

1 From the present analysis, it is not possible to determine the
absolute magnitudes of the turbulent diffusivities.
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With the use of Egs. (2.6, 2.12, and 2.13), Eq. (2.7) becomes

(b/at)<nlzs> + V- (<v><n,2s>) - 258(V<ns>)2 -
V-e,V{n's)y = —10v(n"2)HAx/N2A, (2.14)

In the next section, Eq. (2.14) is specialized to a self-pre-
serving jet and solved for the profile of fluctuation intensities,
for various ratios of € and e, 1o ¢,.

III. Scalar Fluctuation Intensity in a
Turbulent Jet

For an incompressible axially symmetric jet, Eq. (2.15)
is expressed in cylindrical coordinates. Now, O(n.)/dz <K
d{n,)/0r and may be neglected as well as 3%n'%)/0x. Thus,
Eq. (2.14) becomes

(w2t -2 210 <] @

o or TN, ﬂ
dind \* .
¢y (%) (3.1)

where (w)(z,r) and {)(x,r) are the mean velocities in the axial
direction z and radial direction r.

To solve Eq. (3.1), the mean flowfield, mean species dis-
tribution, and A,? must be given. It is well known that the
diameter of circular jets grows linearly with axial distance;
that is, defining rqs.(x) as the radial coordinate where (u)-
(7‘,.’12) = %(u)(O,x), then

ramu(t) = av (3.2)

where ¢ is a constant. The velocity flowfield is determined
by the equations of continuity and momentum. For self-
similar jets, the velocity decays as 7! along the axis, and,
from measurements of the velocity profile, the phenomeno-
logical turbulent kinematic viscosity e, is approximately con-
stant.? For e, constant, the velocity profile is given by*

w(r2)/w0) = [1 + K{/ramad)*™ 3.3)

but for the present purposes, the axial velocity profile can be
taken as a Gaussian, since there is very little difference be-
tween the two,

W) = (UoBud/z) oxpl—(nD) (r/ramd?]  (3.4)

where U, is the initial jet speed. The relation between B., a,
and e, is most easily determined by satisfying the momentum
equation on the axis,

)y /0x) o = [r~1(d/0r) (re O{u)/dr) li—o (3.5)

In terms of a nondimensional turbulent kinematic viscosity,
¢u = €./ Udd, substitution of Egs. (8.2) and (3.4) in Eq. (3.5)
yields

B. = (4. In2)/a? (3.6)

In the same way, we let the mean species number density be
given by

(ng = (nofsd/x) expl—(n2)(r/run.)?] (3.7
where
Tams = b (3.8)

and no is the initial number density of s in the jet. The rela-
tion between the nondimensional eddy diffusivity, ¢, =
e/ Udd, B,, and b is obtained by satisfying the mean-s species
conservation equation (2.5) on the axis, neglecting molecular
diffusion,

(<u>a<n8>/ax)r=0 = [T_l(a/ar) (re@(ns)/br) ]r=0 (39)

from which

Bu = (4¢; n2)/b? (3.10)
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giving the familiar result that the ratio of the spreads b?/a? is
equal to ¢./¢.. Although ¢. is approximately constant, ¢,
decreases in the radial direction.® In the rest of the analysis,
bu, ¢s, and b, = €,/ Ucd are all treated as constant, since this
will serve to illustrate the primary effect with very little loss
generality.

Finally, it is necessary to express A, in terms of the turbu-
lent jet parameters. For self-preserving isotropic turbu-
lence, A\,;2 =~ 10 vt. 1In a circular jet, the velocity fluctuations
decrease inversely with the downstream distance while the
microscale inereases linearly with downstream distance, so
that the turbulence Reynolds number remains approximately
constant. Thus the flow is essentially self-preserving; that is,
the ratio of various turbulence scale sizes remains constant.
Under these conditions, one would expect this relation for self-
preserving isotropic turbulence to be applicable also to the jet.
Time has been arbitrarily determined on the axis yielding a
value that agrees with measured values of A, in a jet'! to
within 209, which is sufficiently accurate for the present
purposes. Thus,

N2 10y fx f(uy(0,2) ] dx (3.11)
0

Use of Eq. (3.3) and integration yields
Ao =2 (5r/BuUud) % (3.12)

Equation (3.1) permits a self-similar solution; that is,
n'%)y = X(x)B(n) where n = r/ram., when X&) ~ x72
Since {(n,) ~ x71, for self-similarity, the ratio of the fluctua-
tion intensity (n'%)'/2 to the mean 7, is constant on the axis.
After several x/d, such a self-similar profile is achieved.”>12
We therefore let

(n'%) = ¢™M?B,2d% 2B (n) (3.13)

where B(%) is the radial profile of mean square fluctuation in-
tensities, and ¢ is the ratio of fluctuation intensity to mean
species density on the axis

¢ = [®'2)Y%/ (ny) ], (3.14)

Substitution of Eqgs. (3.4, 3.6-3.8, 3.10, 3.12, and 3.13) into
Eq. (3.1) yields the following ordinary differential equation for
B({):
wB" 4+ (w — 1+ e *)B" 4+ (2% — 6)B +

gexpl—2ah2] =0 (3.15)

where
¢ = 15%In2 (3.16)
w = ¢,b%/dua* = ¢,/ u (3.17)
¢ = 2a%/b%? (3.18)
© = 2HAx/A, (3.19)
The boundary conditions are

B0) =1 shlim B(H)=0

If w, o, and O were known, the solution of Eq. (3.15) would yield
the profile of fluctuation intensities. Since the present pur-
pose is to determine the value of ¢, which yields the closest
agreement with the experimental profile, w, ¢, and © were
treated as parameters. It can easily be shown that specifica-
tion of these three parameters and the two boundary condi-
tions overspecifies the problem; therefore either one of the
parameters must be left as an eigenvalue to the problem or one
of the boundary conditions must be left free. For con-
venience, O was treated as the eigenvalue, and the second
boundary condition was replaced by the value of B near the
turbulent front sinee it is not expected that Eq. (3.15) applies
in regions of large intermittency.
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Fig.1 Turbulent intensity profiles B/2(y) fora = b,w = 1.

Equation (3.15) was solved iteratively on an electronic
digital computer for the following values of the parameters:
(b/a)2=1,15,2; w = 05,1,2,3; ¢ = 10,25, 50,200. The
results of some typical calculations are shown in Fig. 1. Tt
can be seen that for small values of o, corresponding to large
fluctuations relative to the source of fluctuations, the pro-
file is close to gaussian. However, as ¢ is increased, e.g.,
increasing the source strength relative to the level of fluctua-
tions, a maximum is caused to appear at the point where the
source strength (0(n,)/0r) is a maximum. The relative
height of this maximum is shown in Fig. 2. The experi-
mentally determined relative maximum is about 1.25; thus,
for this value, w is quite sensitive to c.

Typical eigenvalues © are shown in Fig. 3. It can be seen
that © is approximately inversely proportional to ¢; that is,
the higher the dissipation rate, the lower the value of the
turbulent fluctuation intensity, which is the expected result.
It can also be seen that the value of © is insensitive to the
value of w. This is also as expected, since the diffusion term
is conservative, and does not grossly affect the relation be-
tween dissipation and the level of fluctuations.

The profiles shown in Fig. 1 which are for ¢ = b, e.g., ¢s
= ¢, exhibit a tail for > 2, which is a consequence of both

1.8 T T T
L O SMOKE i
! @ HEATED AIR
1.6 - _
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[V - 4
> s L4 -
m
1.2 - _
)
0 5

Fig. 2 Variation of the maximum fluctuation intensity
with ratio of fluctuation intensity to mean, and turbulent
diffusivity for fluctuations, for ¢ = b.

Fig. 3 Variation of the dimensionless turbulent dissipa-
tion rate for a = b.

having a fixed outer boundary condition and having the rela-
tive maximum of 07,/0r close to the axis relative to the
velocity profile. This tail disappears as b/e is increased;
in fact, for b/a = 2, the slope 0B/07 is larger than the ex-
perimental values for 7 > 2. Figure 4 shows the variation in
profile with b/a for ¢, = ¢, and ¢ = 0.2. For these con-
ditions, the height of the maximum varies very little with
(b/a). Also, the value of O is insensitive to (b/a), being 5.845
for (b/a)? = 1 and 5.617 for (b/a)? = 2.

IV. Comparison with Experiment

To determine the applicable range of w, the ratio of turbu-
lent diffusion coefficient for fluctuations to eddy diffusivity,
the available experimental measurements were examined.
These experiments were conducted in a jet which contained
smoke particles which acted as a tracer for the jet effluent™ 2
and a heated jet.1*'* The experimentally determined values
of the fluctuation ratio on the axis and the maximum fluetua-
tion intensity are shown on Fig. 2. The two smoke jet
measurements give about the same value of w, that is, about
unity. For this value, the computed fluctuation mtensity
radial profile fits the experimental profile of Ref. 12 very well
as shown in Fig. 4 for (b/a)? = 1.5. From the available ex-
perimental data for mean velocity in a jet’ and for scalar

<3
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8"2(n )=knl®(r) /nl®)0)]'"2
o
[++]

0.4
s ref. 7
o ref.i3 i
0.2 - -
1 1 1 1
0 05 1.0 1.5 2.0 25
n=r/r)
2 u

Fig. 4 Fluctuation intensity profiles for ¢s = ¢y, ¢ = 0.2
and various values of b/a compared with smoke jet data;
triangles, Ref. 7; circles, Ref. 13.
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Fig. 5 Temperature fluctuations in a heated (170°C) jet at
. x/d = 20, compared with calculation for b%/a? = 1.5,
és/¢y = 3, ¢ = 0.13.

additives,” b is about 259 larger than a; thus, the theoreti-
cally predicted profile is in very close agreement with experi-
mental. Increasing the value of w and ¢ slightly would im-
prove the fit of the theoretical curve in Fig. 4 with the more
recent data’ for a smoke jet.

It is also of interest to compare the predicted eigenvalue of ©
of about 5.7 for (Bumax) /2 = 1.25, ¢ = ¢, and ¢ =2 0.2 to the
expected value. From measurements of the balance of tur-
bulent kinetic energy in a jet® H =~ 2, whereas Gibson® has
esimated that Ax = 1.6. From the spectral measurements
of Ref. 4, it appears that 4, = 1.1. Thus, the expected
value of O is about 5.8, which matches the theoretical eigen-
value probably better than should be expected.

It should be noted that the comparison with smoke data
assumed an appreciable inertial convective subregion for both
the velocity and species fluctuation spectra. For a lower
Reynolds number and large molecular Schmidt number,
there can be an appreciable range of viscous convection,® for
which E, (k) ~ k7%, and Eq. (2.9) may not be applicable.

In principle, the results of this analysis should also be ap-
plicable to temperature fluctuations in a heated jet, provided
that the temperature differences are small. Measurements
of temperature fluctuations in a heated jet (initial tempera-
ture 170°C®3) indicate that the relative maximum of tem-
perature fluctuations is about 1.15, e.g., about the same as for
smoke, but the ratio of temperature fluctuations to mean on
the axis is only about 0.125 as compared to 0.18 for smoke, at
an z/d of 20. Figure 2 indicates that for ¢ = 0.125, w = 3,
that is, ¢,/¢, = 3. Using these two values and b* = 1.5a?
corresponding to the measured mean profiles,**15 the calcu-
lated temperature fluctuation profile is shown in comparison
to the experimental data!® in Fig. 5. The eigenvalue O is
equal to 11.111, about double that for the smoke jet. There

is.some question regarding the calibration of the instrumenta- -

tion used, but, in addition, it appears that for a heated jet
the asymptotic level of fluctuations is not reached until z/d
2> 50.1* Thus, the comparison of the data on Ref. 13 with
the present theory is probably not valid. More recent data'
in a heated jet (initial temperature 225°) give closer agree-
ment with the recent smoke jet data,” in that the asymptotic
ratio of fluctuation to mean temperature on the axis is 0.18,
with a maximum value of B'/2 of about 1.17. From Fig. 2,
this yields a value of w of about 2.

All of the preceding data may be represented by w ~ 1.5
=+ 0.5, whereas from Ref. 7 the average spread of the mean
scalar to the velocity profile is given by b%/a* = ¢,/¢. of
about 1.5.- From Eq. (3.17) one may conclude that ¢, =~ ¢,
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that is, the phenomenological turbulent diffusion coefficient
for fluctuations of the scalar is approximately equal to
that of the scalar mean. Conversely, with the use of these
parameters, it is possible to calculate the scalar fluctuation
intensity.

V. Conclusions

The diffusion of the mean square turbulent fluctuations of a
scalar was represented by gradient diffusion, using a turbu-
lent diffusivity. By comparison of the calculated profiles for
the scalar fluctuation intensity with measured profiles in low
Mach number turbulent jets it appears that this diffusivity
is equal to the turbulent diffusivity for the mean scalar within
30%. Furthermore, the calculated turbulent dissipation,
which was treated as an eigenvalue, gives good agreement with
the expected value. For the types of turbulent jets con-
sidered, 1t therefore appears to be possible to calculate the
turbulent fluctuation intensity of a scalar by the use of these
parameters.

Appendix: Turbulent Dissipation of a Scalar

The turbulent dissipation rate for a passive scalar is given
by17

X-= _ZDS«Vn's) 2> = 12D3<’ﬂ//25>/>\72 (AI)
The spectrum E., in the inertial subrange is given by*
E (k) = A,x,8 V33 (A2)

where A, is a constant of order unity. However,

(v = f " Bhydk = m f ) E.(k)dk (A3)
4] ke

where m is a factor to account for the portion of the spectrum
for which 0 < &k < k.. Substitution of Eq. (A2) into Eq.
(A3), integration, and rearrangement yields

x = (2/3m)((y'5/A,) € (A4)

If mA, =~ £, Eq. (A4) corresponds to the expressions given by
Corrsin!® for a Schmidt number of unity. We may likewise
assume a Kolmogoroff spectrum for velocity fluctuations,

B = Ag8¥%3 (A5)

where A & is the Kolmogoroff constant. Hence
g’ = fEdk = gmAKE;?/%e—m (A6)
0

Since the energy-containing wave number for velocity
fluctuations is approximately the same as for the species
fluctuations” then m =~ n, and substitution of Eq. (A6) into
Eq. (A5) yields

x = @(y'58/')(Ax/A,) (A7)
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Aerodynamics of Bodies of Revolution in Coning Motion

MurrAY ToBax,* Lewis B. Scuirr,T aNp Vicror L. PETERSON]
NASA Ames Research Center, Moffelt Field, Calif.

Nonlinear funectional analysis is used to show that the moments for an arbitrary motion
about the center of gravity may be compounded of the sum of contributions from 4 simple
motions, 3 of which are well known. The fourth, coning motion, is investigated experimen-
tally with an apparatus designed to reproduce the coning motion in a wind-tunnel. Photo-
graphs of the vortices on the leeward side of the body reveal that they become asymmetrically
disposed with respect to the angle-of-attack plane during coning motion. This makes them

a potent source of side moment.

The contribution of the vortices to side moment appears to

be proportional to their contributlion to pitching moment during steady planar motion multi-
plied by the turning rate of the angle-of-attack plane during coning motion. The moment is
a potential causative agent in the occurrence of large-amplitude circular limit motions.

Nomenclature
C; = rolling-moment coefficient, L/qoSI
Chn =pitching-moment coefficient, M /¢oSI
Ciny = contribution to pitching-moment coefficient

attributable to presence of vortices
Cuolo(£),0(8), = indicial pitching-moment response measured at
GE)t, T t/unit step change in ¢ occurring at + with
¢ and ¢ held fixed at ¢(7), ¥(7)
Cnplo(8),¢(8), = indicial pitching-moment response measured at
Y (&)t 7) at {/unit step change in ¢l/V, occurring at =
with o and ¢ held fixed at o(7), ¥(7)
Cm\.p'[o'(g),(p(f), = indicial pitching-moment response measured at

Y(g)it, 7] ¢{/unit step change in §I/V, oceurring at
with o and ¢ held fixed at o(7), ¢(7)
C, = side-moment coefficient, N /goSI
Glu(g),»(£), = functional notation: value at £ = ¢ of a funec-
w(£)] tion F(¢) which depends on all the values
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taken by the three argument functions w(g),
v(£), w(g) over the interval 0 < ¢ < ¢
= characteristic length
ly = characteristic length in experiment, distance
along axis of symmetry from center of gravity
to nose of body, Fig. 3

I = moment about axis of cylindrical symmetry,
Fig. 1

M = moment about an axis normal to the plane of
resultant angle of attack and along line of
nodes, Fig. 1

M, = Mach number

N = moment about an axis in the plane of resultant
angle of attack and normal to line of nodes,
Fig. 1

P,q T = components of angular velocity about z,y,2

: axcs, respectively

9o = dynamic pressure, 3psV,?

Re = freestream unit Reynolds number, poVo/u

S = characteristic area (body base area in experi-
ment)

t = time

Vo = flight speed

Xy, Ya, 74 = axes having fixed directions in space, origin at
center of gravity, Fig. 1

z, Y, 2 = axes fixed in body, origin at center of gravity,
Fig. 1

v = angle between plane of resultant angle of at-

tack and plane of symmetry of vortices,
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