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An Analytical and Experimental Investigation
of Swirling Flow in Nozzles

Davip J. Norton,* B. W. FArQuHAR,T AND JoE D. Horrmani
Purdue University, Lafayette, Ind.

This investigation consisted of an analytical and experimental study of swirling flow in con-
verging passages. The governing equations for the rotating, inviscid, adiabatic, compressible
flow of a perfect gas were derived and reduced to a set of two nonlinear, ordinary differential
equations which were solved numerically. A correction for the effects of viscous dissipation
was developed. The analytical results indicated that spin effects are reduced by decreasing
the nozzle contraction ratio, propellant molecular weight, and burning rate exponent, and
by inereasing the flamme temperature and specific heat ratio. An experimental cold-flow
study employing air in a rotating motor was conducted. Studies were conducted to de-
termine the effect of the vortex-nozzle interaction, termed vortex choking, on the mass flow
rate through choked nozzles. The experimental results indicated that vortex choking is in-
fluenced by the type of vortex initially generated in the chamber, the nozzle contraction ratio,
and the vortex strength. The chamber pressure, nozzle configuration, and location of the
vortex generating surface in the chamber had little effect. The experimental results were
compared to analytical predictions and were in good agreement with the viscous theory, indi-
cating that the present analytical model appears to reasonably predict the effects of vortex
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The performance

These spin effects

choking.
Nomenclature Introduction

A, = throat area ARLY in the development of spinning solid-propellant
Z - i;;;f velocity rocket, motors, it was observed that the performance of
¢y = specific heat at constant pressure these motors differed signiﬁ.cantly _f1:0m the performance of
M = mass flow rate the same motors under static conditions.

n = burning rate pressure exponent of spinning solid-propellant rocket motors is usually char-
p = pressure acterized by a shorter burning time and pressure-time and
R = gas constant thrust-time traces that differ significantly from their static
r = radius or radial coordinate values. :

2, - It)éﬁfeg:éflgummg rate Considerable effort! has been devoted to the study of the
;= timg effects of rotation, known as “spin effects,” on the perform-
U = radial velocity ance of solid-propellant rocket motors.

V = tangential velocity can be separated into two basic categories, namely, the
W = axial velocity effects of acceleration forces on the combustion process, and
z = axial coordinate the effects of the rotating flow on the chamber and nozazle
v = ratio of specific heats flowfields. The present investigation was concerned with
¢ = nozzle contraction ratio the gasdynamic effects due to the vortex-nozzle interaction.
p = density ] Published studies of rotating flows in nozzles have been
¥ = stream function limited primarily to two types of tangential velocity distribu-
@ = angular velocity tions: the free or irrotational vortex, and the forced or solid-
Subscripts body vortex. The free vortex can be characterized by a ve-
b = conditions at burning surface locity potential function from which the' property d_istribu—
¢ = conditions in the chamber tions at the throat plane can be obtained. Binnie? and
CL = centerline conditions Mager® employed this technique to show that the effective
o = stagnation conditions area of a nozzle throat is reduced by the spinning gases of a
p = propellant property free vortex. This reduction of effective throat area causes
w = conditions at chamber or port wall the mass flow rate to decrease if the chamber pressure is main-
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tained constant. This decrease in mass flow rate is attributed
to the decrease in the gas density at the throat, where the
tangential velocity is a maximum, and to the appearance of a
void region on the centerline, through which no mass flows.

Forced vortex flows in a nozzle, which are similar to the
flow in an end-burning solid-propellant rocket motor, have
been studied by Bastress,* Manda,® and King.® These in-
vestigators assumed that a forced vortex was maintained
throughout the nozzle and that the strength of the vortex
increased as the flow area decreased. KEach of these investi-
gators assumed a different choking criterion at the nozzle
throat. The assumption that a forced vortex was main-
tained throughout the nozzle overspecified the problem in each
case, as was pointed out by King,.
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Experimental investigations by Massier"™ 1% of swirling
flows in nozzles have been conducted at low swirl intensity.
These investigations have shown the existence of backflow
regions and small changes in the mass flow through the
nozzle. More recently, Guthrie!' has compiled the results
of a large number of firings of spinning solid-propellant rocket
motors. These results illustrate the effects of spin rate,
contraction ratio, and propellant formulation on the chamber
pressure of spinning solid-propellant rocket motors.

The present investigation was undertaken to develop an
analytical technique for predicting the gasdynamic behavior
in nozzles of rotating flows having arbitrary tangential ve-
locity profiles and to investigate experimentally the validity
of the theory with a cold-flow spinning rocket motor em-
ploying air as the flowing fluid. The development of the
theoretical model, the experimental apparatus, and the re-
sults obtained with both are presented in the following
discussion.

Analytical Investigation

The purpose of the analytical investigation of rotating
flows in rocket motors presented here was to develop a tech-
nique for predicting the operating conditions of a solid-
propellant rocket motor for a given rate of rotation and
nozzle throat size. For design purposes, it is of interest to
determine the throat area required to operate at a given
chamber pressure. It is also desirable to develop one analysis
which can be applied to all types of propellant grain geome-
tries. Therefore, the form of the tangential velocity dis-
tribution in the chamber should not be specified as a free or
forced vortex, but should be determined from the solution
of the governing equations for each type of grain geometry.
It is with these objectives in mind that the following model
was developed. The details of this development are pre-
sented in Ref. 12.

Model and Limitations

In the analysis of the flow in a nozzle, it was assumed that
the flow properties at the nozzle inlet plane are known. The
exact distribution of these properties depends upon the pro-
pellant grain configuration and the motor spin rate. The
determination of these initial conditions is discussed sepa-
rately in Ref. 12. A schematic of the physical model under
consideration is presented in Fig. 1. The flow expands
from the initial plane to the throat plane which has the mini-
mum cross-sectional area for the given initial conditions.
The throat size is not known a priori. Therefore, the de-
termination of the radius of the throat and the properties of
the flow at the throat plane are then the fundamental objec-
tives of the analysis.

The flow is assumed to be steady, inviscid, and adiabatie,
and the gases are considered to be thermally and calorically
perfect. It is further assumed that the convergence angle
of the nozzle is sufficiently small and the radius of curvature
of the throat is sufficiently large, thus allowing radial velocities
and their derivatives to ben eglected. Since the flow is axi-
symmetric, the derivatives of velocity and thermodynamic
properties in the tangential direction are equal to zero.

Governing Equations

Conservation of mass for the present model is expressed by
an integral for the total mass flow at any radial plane

e = f On dm = f OTD 2mpWrdr = const (1)
where . is the total mass flow generated in the chamber.

For convenience in the numerical technique which is based
on the present analysis, a stream function was defined as
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Fig. 1 Model for the inviscid theory of rotating flow in
nozzles.

follows:

¥ - m dm

.o @
The stream function varies from zero at the centerline to
unity at the nozzle wall. In differential form,

d¥/dr = 2wpWr/1h. (3)

Under the foregoing restrictions, the entropy and the stag-
nation enthalpy are constant along each streamline. How-
ever, depending upon the initial conditions, these properties
may vary from one streamline to the next. Thus, entropy
and stagnation enthalpy may be functions of the stream
function ¥. Based on this observation, the following equa-
tions can be written:

E(W) = ¢, Ty(¥) constant on streamlines 4)
C(¥) = p/p" constant on streamlines (5)

where § = p/Pret, 8 = p/pret, a0d Pres a0d pre; are convenient
reference values. ‘ '

Conservation of momentum for the present model is ex-
pressed by the three component Euler equations, neglecting
radial velocities and all derivatives in the tangential direction.
However, under the assumption of inviseid flow, Bernoulli’s
equation along a streamline can be used to replace any of the
three Euler equations. For the isentropic flow of a thermally
and calorically perfect gas, Bernoulli’s equation along a
streamline and the constancy of stagnation enthalpy along a
streamline are equivalent statements. Hence, Bernoulli’s
equation is not an independent relationship in the present
analysis. Thus, only two of the three component Euler
equations can be used in the formulation of the present model.
The two Euler equations chosen are the tangential and radial
momentum equations

UaV/or + WoV/dz + UV/r = 0 (6)
UdU/or + WaU/dz — V/r = —(1/p)dp/or . (7)

The parameter I', which is proportional to the circulation
around a stream shell, is defined as follows:

T =Vr @®)
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Substituting the definition of I' into Eq. (6) yields
UoT'/or + VOI'/oz = DI'/Dt = 0 9

Therefore, T is constant along streamlines, and Eq. (9) may
be replaced by the following equivalent expression:

I' = Vr = I'(¥). constant on streamlines (10)
Substituting the definition of I' into Eq. (7) yields
dp/dr = pI'(¥)*/r® . (an

Thus, there are two differential equations (3) and (11) which
must be integrated across radial planes and three algebraic
equations (4, 5, and 10) which are valid along the streamlines.

Combining Egs. (4, 5, and 10) and solving for the axial
velocity W yields

W = £{2,Tet[To(¥)/ Teer — pLr= /Y C(¥)1/7] —

‘ L¥)/refiz (12)
The negative sign denotes a reverse flow; hence, the positive
sign is generally employed. T is the temperature corre-
sponding to prer and pres.

For convenience in the numerical work, the following di-
mensionless variables were defined:

E(Y) = To(¥)/Tres (13)
T = TW)/ V. = T(¥)/Tret (14)
F=r/r (15)

The final form of the governing differential equations (3)
and (11) was obtained by substituting Eq. (12) into (3) and
then introducing the definition of the dimensionless param-
eters into both equations;

dp/df = [i)/C(\I/)]l/'y[r‘(\I/)2/f3] [Prefz/RTrefrc2] (16)
d\I//df = =+ [27T7'c2pref(zc:DTref) 1/2/'”7/5] [1_7/0(\1/)]1/7{ E<\I,) -
pUTV/CE) Y — [Tiet?/ 2, Treer ] [T(W)?/FI}VE - (17)

The differential equations (16) and (17) have two depen-
dent variables p and ¥ which are functions of the single inde-
pendent variable 7. The integration of these equations at the
plane of minimum radius gives the desired information to
determine the distribution of all the flow properties at the
throat and the radius of the choking plane.

It remains to describe the method of finding the throat
plane, where the wall radius is & minimum. 7This is most
readily accomplished by examining the following boundary
conditions which are applicable at any downstream plane:

F=0¥ =009 = Pcz

(18)
Fo=Fu ¥ = 10,0 = Po
Unfortunately, the centerline pressure at the throat plane is
not known a priori. Therefore, an iterative procedure is
employed to find the centerline pressure such that the wall
radius obtained after integrating the governing. equations
from ¥ = 0.0 to ¥ = 1.0 is & minimum. It is also possible
to formulate the problem of obtaining the minimum wall
radius for a flow of this type in terms of classical calculus of
variations theory. However, this results in no savings of
computational effort.

It was not possible to satisfy the governing equations for
all centerline pressures assuming a positive axial velocity.
A negative axial velocity indicates a region of reverse flow
which the present theory does not adequately describe. How-
ever, it was possible to avoid these regions by initiating the
numerical solution at some distance away from the center-
line. The region between this radius and the centerline was
assumed to contain a recirculating flow which did not con-
tribute to the mass, momentum, or energy of the main flow.
The size of this reverse flow region was found to decrease as
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the centerline static pressure decreased and disappeared
completely before the throat plane was reached, in all cases
investigated numerically. These conclusions have been
verified experimentally by Lewellen et al.'?

Initial Conditions

In the development of the analytical model for the nozzle
flow, it was assumed that the chamber flowfield was known.
Knowledge of the chamber flow properties is necessary be-
cause the solution of the governing equations at the throat
depends upon the initial distribution of the stagnation en-
thalpy, the angular momentum, the axial velocity, and the
thermodynamic properties at the nozzle inlet. Some of the
factors which influence the nozzle inlet properties are the
propellant composition, the propellant grain geometry, and
the rate of rotation of the motor. If this information and a
chamber pressure are specified, the flow at the nozzle inlet
can be derived for simple grain shapes. Reference 12 presents
detailed derivations of the initial conditions for end-burning
and internal-burning, cylindrical port grains.

Viscous Corrections to the Inviscid Theory

The effect of viscosity and turbulence is to reduce and re-
distribute the angular momentum of the flow. Therefore,
the solution of the equations of motion for inviseid flow
should be considered as an upper bound on the effects due to
rotation. To estimate the effects of viscosity and turbulence,
an approximate solution for the tangential momentum equa-
tion was obtained by employing finite-difference techniques.
The effects of turbulent momentum transport were included
by employing an empirical correlation for a ‘“virtual” vis-
cosity. This analysis was used to correct the inviscid theory
by accounting for the decrease in I'(¥) experienced by the
gases as they flow through the nozzle. The correction for
the decrease in I'(¥) was implemented in the inviscid model by
setting the values of T'(¥) at the nozzle inlet equal to those
predicted at the throat by the viscous flow model. The
parameters E(¥) and C(¥) were recalculated for the new
values of T'(¥).

Thus, the initial conditions were altered so that the angular
momentum, stagnation enthalpy, and entropy at the initial
plane reflected the expected changes due to viscous dissipa-
tion. It was found that this correction improved the correla-
tion between the analytical prediction and the experimental
data. The details of this analysis are presented in Ref. 13.

Numerical Techniques

The fundamental numerical problem was to obtain the
centerline pressure for which the wall radius was minimized.
To accomplish this, it was necessary to integrate Egs. (16)
and (17) for various centerline pressures. The integration
was carried out using a fourth-order Runge-Kutta integration
scheme. The integration was initiated at ¥ = 0.0 and was
continued until ¥ = 1.0. The centerline pressure was deter-
mined by increasing in finite increments from a value lower
than that expected until the minimum wall radius was passed,
then reducing the increment size and repeating the procedure
until the desired degree of convergence was obtained. In this
way, the throat size for a given set of initial conditions was
determined. To find the chamber conditions for a given
throat size and rate of rotation, it was necessary to repeat this
operation for different chamber conditions until the desired
throat size was obtained. A more detailed explanation of
the numerical methods and problems of solution are presented
in Ref. 12.

Experimental Investigation

An experimental investigation of the effect of spin on the
interior ballistics of spinning solid-propellant rocket motors



OCTOBER. 1969

O o Q 7
IR, B2 - B

SASSASN

SWIRLING FLOW IN NOZZLES 1995

O

o) O o) O o]
LT VL

-

31

ALERARRRAREARRNNY SO

SAX Y

/11N
o _o©

I TN

Q O O

-~
= .,_ %
0 _O_ O / / o 0 O /
Sy % - W @
== Z ) i R
O O 0 i 0O _o0 o 0O o O

Fig. 2 Schematic of spinning rocket motor system.

could be based on any one of several different approaches, for
example, a study of the performance of actual spinning solid-
propellant rocket motors or a cold-flow study using air as
the flowing medium. The abundance of literature describing
test firings of spinning rocket motors and the adverse condi-
tions for probing which exist in an actual rocket motor indi-
cated that a cold-flow experimental program would be the
most useful. This type of experimental study allowed
simulation of both end-burning and internal-burning ¢ylindri-
cal grains, permitted easily controlled variations of mass
flow rate, rotational speed, and contraction ratio, and pro-
vided a flowfield which was more compatible to probing.

The current investigation was concerned with the extent
to which the mass flow rate through a choked nozzle was in-
fluenced by the presence of a spinning flowfield. The change
in the mass flow rate due to the vortex-nozzle interaction will
henceforth be referred to as vortex choking.

The experimental results were used to provide a com-
parison for the existing theoretical studies of Norton et al.,*?
Mager,? Bastress,* and Manda.®? The variables investigated
in this study were the motor spin rate, the nozzle contraction
ratio or port to throat area ratio, the mass flow rate (i.e.,
chamber pressure), the propellant grain configuration (i.e.,
the type of vortex generated), the nozzle configuration, and
the location of propellant surface with respect to the nozzle
throat. A more complete description of this study is pre-
sented in Ref. 14.

Description of Experimental Apparatus

- A schematic drawing of the general arrangement of the
cold-flow spinning rocket motor apparatus is presented in
Fig. 2. The spinning rocket motor was supported hori-
zontally on four high-speed ball bearings, two of which were
‘mounted in tandem at the motor nozzle. Two additional
bearings supported the driving shaft, which in turn was
connected to the head end of the motor chamber. The
motor casing was approximately 18 in. long with a 6-in. i.d.
A set of five nozzles provided contraction ratios of 7.5 to
215.0 for the simulated end-burning grain. The same
nozzles, when used with the simulated internal-burning grain
which had an i.d. of 2.5 in., yielded port to throat area ratios

from 1.56 to 44.4. Air was fed to the motor through slots in
the hollow drive shaft.

The type of vortex created inside the motor, whether
forced or free, was determined by the manner in which the
tangential velocity was imparted to the gas. In this study,
a rotational or forced vortex was created by a simulated end-
burning propellant grain which, when rotated, yielded a
tangential velocity profile of the form V = rw. This grain
consisted of a 1-in.~thick aluminum disk containing 696 holes
each 1 in. in diameter, drilled symmetrically about the disk
center. This disk was held in place inside the motor by a
system of sleeves which allowed the location of the grain to
be varied along the axis of the motor. An irrotational or
free vortex, characterized by a tangential velocity profile of
the form V = k/r, was created by a simulated internal-burning
cylindrical propellant grain. This grain consisted of a 13-in.-
long tube with a 4-in. o.d. and a 2.5-in. i.d. This tube con-
tained 588 holes each % in. in diameter, drilled radially. Both
of the simulated grains were retained in position inside the
motor chamber by the nozzle.

The bearing housings supporting the entire rotating as-
sembly were rigidly attached to two 2.5-in.-diam rods; these
rods in turn were supported in linear ball bushings. The
spinning cold-flow rocket motor was driven by a Barbour
Stockwell 8-in. air turbine connected to the drive shaft of the
spinning rocket motor by a quill shaft arrangement.

The air used in the cold-flow study was obtained from a
system of storage tanks at an initial pressure between 1500
and 2500 psig. The air was dried and filtered, and the pres-
sure was reduced through a pressure-regulating valve before
entering the cold-flow apparatus. An American Society of
Mechanical Engineers orifice and the associated instrumenta-
tion were employed to measure the mass flow rate.

Initial studies of the vortex choking phenomena made with
the simulated end-burning grain did not yield as large a re-
duction in mass flow rate as was expected. Further investi-
gation of the flowfield indicated that, as a result of the higher
pressure near the wall due to the presence of the radial pres-
sure gradient across the grain face, the flow tended to concen-
trate near the axis of the grain instead of flowing uniformly
through the entire face of the grain. The installation of a
piece of sintered stainless plate at the back face of the simu-
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lated end-burning grain created an axial pressure drop of
sufficient magnitude so that the radial pressure gradient was
negligible compared to the axial pressure gradient. This
resulted in a reasonably uniform mass flow rate per unit
area through the simulated end-burning grain.

A typical study involved establishing the desired conditions
of contraction ratio, nozzle configuration, grain design and
location, and the nonrotating mass flow rate. Rotation of
the motor was initiated and the spin rate was increased slowly
up to the desired maximum speed while the mass flow rate
was monitored as a function of the rotational speed. Similar
measurements were made as the rotational speed was de-
creased. The results of these investigations are presented
intthelfollowing section.
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Results

In this section, the results of the analytical and experi-
mental investigations are presented. Some computations for
typical conditions representing solid-propellant rocket motors
and the experimental and analytical results for the cold-flow
studies are discussed.

Analytical Results for Solid-Propellant Motors

Figure 3 presents some typical results for the variation of
the centerline chamber pressure with the speed of rotation
for end-burning motors. By comparing the shapes of the
curves for contraction ratios e. of 144 and 225, it can be seen
that increasing the contraction ratio increases the sensitivity
of the chamber pressure to rotation. In addition, decreasing
the flame temperature T'; and specific heat ratio increases the
sensitivity to rotation. These effects can be explained
qualitatively in. the following manner. Decreasing the
specific heat ratio and the flame temperature tends to de-
crease the sonic velocity of the gas; hence the axial velocity
in the throat region is reduced. Increasing contraction ratio
tends to increase the tangential velocity at the throat due
to the conservation of angular momentum. Thus, the ratio
of the tangential velocity to the axial velocity becomes
larger at the throat for increasing contraction ratio and de-
creasing specific heat and flame temperature of the propellant
gases. As this velocity ratio at the throat increases, the
integrated mass flow at the throat decreases, resulting in
the increased pressures shown in Fig. 3. An increase in
molecular weight was found to affect the chamber pressure
in the same manner as a decrease in flame temperature or
specific heat ratio.

The results of an extensive parametric study of the effect
of spin on end-burning motors are presented in Fig. 4. The
mass flow parameter 7ao/ped. which for one-dimensional
flow is a function of the specific heat ratio of the flowing gas,
is plotted as the ordinate. The swirl parameter rw/ao, which
is the tangential velocity at the wall of the chamber non-
dimensionalized with- respect to the stagnation acoustic
speed, is plotted as the abscissa. Each curve in these figures
represents a particular contraction ratio e. KFach set of
curves corresponds to a particular specific heat ratio v. The
results presented in these figures were obtained for a range
of flame temperatures (2500-5000°R), molecular weights
(24.0-34.0), burning rates, (0.2-0.5 in.-sec), motor diameters
(2.0-4.0 in.), and specific heat ratios (1.1-1.3).

Employing Fig. 4, the chamber pressure for a particular
contraction ratio can be determined at any rate of rotation
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Fig.5 Chamber pressure as a function of rate of rotation
and propellant radius for a typical internal-burning
motor.
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for a particular rocket motor. This is accomplished by
expressing the mass flow rate as follows:

W2 = wbp, f 0” prrdr (19)

Because the chamber pressure does not vary greatly across
the propellant surface, Eq. (19) can be integrated to obtain
the following approximate relationship:

thao/ Ao = bpspracds = bpyp H(As/Al) (20)

Tor a given contraction ratio (4,/4) and stagnation acoustic
speed, the chamber pressure at which the motor operates
can thus be found from Eq. (20) and Fig. 4.

For internal-burning grains, the propellant surface area
changes as the surface recedes.. This causes changes in
chamber pressure as the propellant burns. For a rotating
rocket motor, the chamber pressure varies with the rate of
rotation as well. Figure 5 presents the head-end pressure at
the propellant burning surface as a function of the rate of
rotation for three propellant surface radii for typical motor
operating conditions. When the radius is small, the pressure
remains relatively eonstant with increasing speed of rotation.
As the surface recedes and the propellant radius increases, the
angular momentum in the flow also increases. This causes
the chamber pressure to become more sensitive to the rate of
rotation. The increase in pressure due to increases in the
surface area combined with the vortex-nozzle interaction can
result in large chamber pressures prior to burnout.

The progressivity of the grain can be eliminated by em-
ploying end-burning faces on the internal-burning grain.
Figure 6 presents the chamber pressure variation for a
typical motor of this type. In the case illustrated, the sur-
face area of the propellant is actually decreasing with time.
Therefore, the chamber pressure at zero rotation decreases
as the propellant burns. At high speeds of rotation, the
chamber pressure tends to inerease with increasing radius
of the propellant surface.

Experimental Cold-Flow Results

The results presented in this section were obtained from
the cold-flow studies deseribed previously. The data are
presented in terms of the mass flow rate parameter o/ pod .
vs the swirl parameter r.w/ao for several contraction ratios or
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port to throat area ratios (r./r)% The radius r, is defined
as the motor chamber radius for the end-burning grain and is
defined as the port radius for the internal-burning cylindrical
grain. The pressure po is a representative chamber pressure
obtained by subtracting from the measured orifice pressure
the measured pressure drop from the orifice to the spinning
motor.

Figures 7a and 7b illustrate the effects of different mass
flow rates on vortex choking with the same motor geometry
but different contraction ratios. These data show a mass
flow rate reduction due to the tangential velocity component,
but little, if any, effect due to the magnitude of the mass
flow rate itself. This is illustrated by the close grouping of
the points for the same rotational speed on each of the curves.
Thus, since the mass flow rate appears to have a negligible
influence on vortex choking, comparisons of results need not
be made at identical mass flow rate or chamber pressure
conditions.

The influence of contraction ratio on vortex choking for a
forced vortex is presented in Fig. 8. These data indicate
that the larger the contraction ratio, the more significant is
the mass flow rate reduction because of vortex choking. For
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the contraction ratio of 215, the mass flow parameter de-
creases continuously as the swirl parameter increases up
to a value of approximately 0.12. However, an increase in
the swirl parameter beyond 0.12 produces less of a change in
the mass flow parameter for any further increase in the swirl
parameter. - This effect was not observed in the studies with
contraction ratios of 39.5 and 77.4.

Similar results showing a decrease in the mass flow param-
eter for increasing values of the swirl parameter were obtained
for the simulated internal-burning grain. The §- and $-in.-
diam nozzles used with the 2.5-in.-i.d. grain yielded port to
throat area ratios of 16.0 and 44.4, respectively. The data
for these tests are shown in Fig. 9 for the two different port
to throat area ratios. These data indicate that an increase
in the port to throat area ratio increases the vortex choking
effect of a free vortex for a constant value of the swirl param-
eter. However, the results for the free vortex studies did
not show a tendency for the mass flow parameter to approach
a region of less sensitivity to swirl at large values of the swirl
parameter as was the case for the forced vortex flow with a
large contraction ratio.

0.90 — T T

0801 9L B

oo
o
® 5
070 |- g © .
o
- o
£~4 a
o °,
~ 060F a p
S o
-E a
ful
0.50 |- 4
o
o
a
0407 5- ¢ =160 m =294 LBWSEC |
D-— € =444 . m  =1.25LBM/SEC
CONVERGING NOZZLES
0.30 1 1 L
0.0 0.05 0.10 0.16 0.20
f'ww/0%o

Fig. 9 Effect of contraction ratio on free vortex chok-
ing.

ATAA JOURNAL

To investigate the dependence of vortex choking on the
magnitude of the mass flow rate for internal-burning grains,
data for each mnozzle using the simulated internal-burning
grain were obtained at several mass flow rates. These data
are presented in Figs. 10a and 10b. Here, as in Figs. 7a and
7b for the simulated end-burning grain, the data fall on one
relatively smooth curve, thus showing an insignificant effect
of the mass flow rate on vortex choking.

Similar studies conducted with free and forced vortices
but using converging-diverging nozzles yielded data identical
to that obtained with the converging nozzles. Thus, as
would be expected, the contraction ratio and not the nozzle
contour downstream of the throat is the dominant parameter
in vortex choking. Other studies indicated that the loca-
tion of the simulated end-burning grain in the chamber had a
negligible influence on vortex choking.

Discussion of Results and Comparison

One of the major factors influencing the mass flow rate
reduction in the cold-flow experiments due to the interaction
of a swirling flow with a nozzle is the type of swirl or vortex
initially generated. Typical results of vortex choking for a
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forced and a free type vortex were presented in Figs. 8 and
9, respectively. It should be pointed out that the results
presented on these two figures are not for the same nozzle
throat diameter. The abscissa (rw/ao) specifies the vortex
strength of each type of vortex. This parameter is propor-
tional to the maximum tangential velocity generated at the
face of the vortex generating surface (i.e., the simulated
grain).

The results of the experimental studies of vortex choking
when the initial flow was a forced vortex were presented in
Fig. 8 for nozzle contraction ratios of 39.5, 77.4, and 215. As
can be seen from these data, the magnitude of the mass flow
rate reduction is strongly influenced by the strength of the
vortex. All three contraction ratios show a continuous de-
crease in the flow rate parameter as the swirl parameter in-
creases from zero. This trend is continuous for contraction
ratios of 39.5 and 77.4 up to the largest values of the swirl
parameter investigated.

Comparisons of the analytical inviscid and viscous pre-
dictions for air flowing at a total temperature of 520°R in a
forced vortex pattern, with experimental measurements
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Fig. 11 Comparison of analytical and experimental re-
sults, forced vortex.
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made at similar conditions, for contraction ratios of 77.4
and 39.5 are shown in Figs. 11a and 11b, respectively. These
comparisons indicate that the viscous analysis predicts quite
accurately the mass flow rate reduction resulting from the
vortex-nozzle interaction. The inviscid solution overpredicts
the vortex choking, as would be expected.

The experimental studies of a free vortex interaction with
a nozzle employed a simulated internal-burning solid pro-
pellant grain to impart a tangential velocity to the air. The
results of free vortex choking studies are presented in Fig. 9
for port to throat area ratios of 16.0 and 44.4. As in the
studies of the forced vortex, the mass flow rate parameter
mhae/Pod ¢ decreased as the vortex strength r.w/ag increased.

1t is noteworthy that the vortex choking trend shows no
tendency to become less sensitive to swirl over the full range
of the swirl parameter investigated for both port to throat
area ratios. Figures 10a and 10b presented data for a port
to throat area ratio of 16.0 for four different mass flow rates
and for a port to throat area ratio of 44.4 for two different
mass flow rates. These data indicate, as did the studies of
forced vortex flows, that the mass flow rate (i.e., chamber
pressure) has, at most, a secondary effect on the mass flow
rate reduction caused by the interaction of a free vortex and
a nozzle.

The data obtained for the free vortex interaction with a
converging nozzle at a port to throat area ratio of 44.4 are
presented in Fig. 12, along with predictions from Mager’s?
inviscid theory and the viscous theory due to Norton et al.*?
The analytical solutions and the experimental results are
both for air having a total temperature of 520°R and identical
port to throat area ratios. Both of the analytical solutions
agree closely with the measured data. The viscous solution
appears to be slightly more realistic at the larger values of
the swirl parameter where the stronger vortex would be more
susceptible to viscous dissipation because of larger velocity
gradients.

Conclusions

The results of the present investigation of swirling flow in
nozzles justify the following conclusions:

1) The presence of a swirl component in a flow through a
nozzle will produce a reduction in the mass flow rate through
the nozzle.

2) The degree to which the mass flow rate through a nozzle
is influenced by the swirl component is strongly dependent
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on the extent to which the flow area is reduced (i.e., the con-
traction ratio), the relative strength of the vortex, and whether
" the initial flow has the characteristics of a free or forced
vortex.

3) For a given set of propellant properties (i.e., specific
heat ratio, molecular weight, and stagnation temperature),
the mass flow rate or chamber pressure has little, if any,
effect on the degree to which vortex choking occurs.

4) The vortex choking caused by swirling flow in a nozzle
is not significantly influenced by the type of nozzle contour
(i.e., converging or converging-diverging).

5) The location of the forced vortex generating surface in
a spinning chamber upstream of a nozzle has a negligible
influence on the vortex-nozzle interaction.

6) For forced vortex flows, the swirl parameter reaches a
value beyond which the mass flow rate is less sensitive to
swirl. This limit of vortex choking is apparent in nozzles
with large contraction ratios where a large swirl component
is present.

7) The analytical model due to Norton et al.!? accurately
prediets the vortex choking phenomenon in a nozzle for both
forced and free vortex flows. For flows with a large swirl
component, the viscous model appears more accurate than the
inviseid model.
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