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Characteristics of Supersonic Nozzle and Jet Impingement
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ABSTRACT

Viscous solutions of supersonic side jet nozzle and supersonic jet impinging on a flat plate are
simulated using three-dimensional Navier-Stokes solver. For rapid and abrupt control of a missile in
supersonic flight, side jet on a missile body is found to be a useful devise as evidenced by recent
missile development at several nations. The magnitude of the side jet and the duration of it decide the
level of control of such a missile system. The aerodynamic characteristics of the side jet devise itself
are examined in terms of key parameters such as the side jet nozzle geometry, the chamber pressure
and temperature. On the other hand, the jet impinging flow structure exhibits such complex nature as
shock shell, plate shock and Mach disk depending on the flow parameters. Among others, the dominant
parameters are the ratio of the nozzle exit pressure to the ambient pressure and the distance between
the nozzle exit plane and the impinging plane.

As the plate is placed close to the nozzle, the computed wall pressure at or near the jet center
oscillates with large amplitude with respect to the mean value. The amplitude of wall pressure
fluctuations subsides as the plate/nozzle distance increases, and the frequency of the wall pressure is
estimated on the order of 10.0 kHz. Objectives of this paper are to show accurate simulation of nozzle
flow itself and to demonstrate the jet flow structure when the jet Interacts with a wall at a close
range.
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1. Introduction

Numerical solution of nozzle flow is relatively

easy, being the flow hyperbolic in nature. Yet
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adequate use of inflow boundary condition i1s not
fully addressed in the literature. For this,
computation of nozzle is tackled first to show
that the method proposed here ensures mass
conservation along the nozzle. Specifically

attention is paid to the effect of the chamber
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shape between the straight nozzle and the bent
nozzle by 90 degrees on the nozzle flow
properties. The thrust magnitudes are compared
between the two shapes. Whether the way the
nozzle is bent at the joint affects the nozzle
performance is also investigated. Effects of the
length and the divergence angle of the nozzle on
the thrust are also quantified among three
different side jet nozzles.  Another feature of
nozzle flow is when supersonic jets impinge on
solid objects, such as part of a mussile launcher
or the ground surface. And these impinging flows
are generally found to be quite complex. The
main  applications of this problem include
prediction of surface erosion and design of
launcher systems. The key features of the flow
field are plate shock, barrel shock, and jet
boundary.

Objectives are thus two folds: one is to capture
unsteady nature of jet impingement structure
while the jet undergoes a transitory process, the
other is to show Improved way of computing

nozzle flows.

2. Numerical Method

The governing  Navier-Stokes  equations
employed in the generalized coordinate system,
(& 7 ¢), are expressed for the conservative

variable vector as

Sk G (Pt R W
0 d _
+T”(G+ Cu)+a—¢(ﬁ+ B)=0

The inviscid fluxes are linearized and split for

upwind discretizations by

AEF:IZ[Aq=(2(++ A ) oag and
A -WTA T W o

yielding

T 'og+ A" veq+ A 2sqg
+ B'v,g+ B oy (3)
+ C'vgt Ca,q=0

n

where dq=4""'— g”"

3. Results and Discussions

3.1 Reslits of |-type Nozzle

Quasi-one dimensional analysis for the side jet
nozzle was performed using isentropic nozzle
theory to wverify the reliability of three-
dimensional CFD results. Total pressure, total
temperature, molecular weight, and specific heat
ratioc of the chamber condition were fixed.
Nozzle throat diameter is 89mm and the exit
diameter, 165mm. Nozzle diverging angle is 80°.
The calculation results are summarized in Table
1 as QID.

Single block grid with 703539 points was
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used for calculation. Adiabatic non-slip wall
condition for wall boundary and extrapolation for
nozzle exit boundary were used. For chamber
inlet  boundary  condition, subsonic  inflow
condition was devised with fixed total pressure
and total temperature. Following equations for
isentropic  relations and  for  left-running
characteristic vanable were solved for pressure
ratio at each iteration step using Newtoruan
method:

T,= T(1.0+J—5—1M2)

P=P(T/ T,) " "

P™=(uy— % @)j=1 = (uy— 7% [ @Di=2
The calculated flow variables were explicitly
imposed as chamber boundary values. Figure 1
shows the thrust integrated at the nozzle exit
plane and the mass flow rate at three different
positions in the nozzle axial direction(the nozzle

exit, near the nozzle throat and chamber inlet).
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[Fig. 11 Convergence of Thrust and Massflow Rate.

258 | S=wAlRehy 12832 Al4d ARE (2001 124)

Converged solution shows the conservation of
mass flow rate at the nozzle exit plane up to 9
%. Results are also summarized in Table I as
CFD. Difference between 1-D and 3-D results
are due to the viscous effect at the boundary
layer. Difference for thrust and mass flow rate
are within the range of 5 %. Figure 2 shows the
variation of the flow variables - static pressure,
total pressure, Mach number - along the nozzle
center line and shows the restoration of total
pressure at the nozzle exit plane up to 99 %.
When the first-order spatial accuracy had been
used for the same calculation, the notable loss of
total  pressure  was  evident. For  strict
conservation of the total pressure and total
temperature, second-order spatial accuracy is
required. This 1mplies that the CEDS scheme
tends to be dissipative with the first-order
differencing, which owes its origin to the Roe's
flux difference method.

Distribution of Flow Variables
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[Fig. 2] Flow Variable Distribution along I-type nozzle
center line.
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3.2 Results of L-type Nozzle

As the next step, 3-D CFD analysis for L-type
nozzle was performed. 90°-bent nozzle geometry
was constructed with the same nozzle and
chamber shapes as the I-type nozzle. Thrust at
the nozzle exit plane is 83.4% of the I-type
nozzle thrust. This thrust loss by 14.6% 1s due to
the momentum loss in the bent geometry, while
the semi-empirical thrust loss is 13% [Ref3].
The quantity of this thrust loss is dependent on
the shape of the nozzle bent part. Figure 3

shows the pressure distnibution at the wall

I-TYPE 30 MODELING

L-TYPE 3D MODELING
(6 = 8.0° case) i

(6 = 8.0° case)

[Fig. 3] Pressure Distributions.

I-TYPE 3D MODELING
(9=8.0° case)

I-TYPE 3D MODELING
(6 = 8.0° case)

[Fig. 4] Pressure Distribution of Nozzle Exit Planes.

[Table 1] Calculation Results.

Massflow Exit Exit
Thrust : Thrust
Type | Rate (I Velocity |Pressure e
(Kg/lsec) (mfsec) | (psia)
I 34 1784 | 20786 | 6365
Q1D - -13%
L | 1552 = =
i PR IR e
I 35 1701 | 2046.1 | 624.1 l

CFD f S -146%
L | 27 | 1452 | 20887 | 5271 |
|

surface and major cross—sections of I-type and
L-type nozzles. Result for L-type nozzle shows
the existence of the secondary flow and
asymmetry in the cross—section flow field, but
the amount of secondary thrust is about 28 Ibf
and is negligible. Figure 4 shows the pressure
distribution at the nozzle exit plancs. Calculation
results for the two types of nozzles are also

summarized in Table.l.

3.3 Supersonic Jet Impingement

Supersonic jet impingement cases are run for a
nozzle with chamber pressure Pt=1200 psia and
chamber temperature Tt=2950 K. The ratio of
nozzle cxit area to nozzle throat area is 7.38. The
computational grid consists of 310000 grid points
and of scven blocks. Also overlap grid technique
is used at block interfaces. The computational
domain starts from the nozzle throat with Mach
1.0 condition. The boundary conditions of this
nozzle throat are calculated from isentropic

relations and perfect gas law. A specific heat

Aty |2 skE] 2] A4 A2E(2001d 129)/ 259
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[Fig. 7] Pressure distributions in radial direction for
H=4D.
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[Fig. 5] Mach contours in symmetric plane for varied 350 K\
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[Fig. 8] Thrust history comparisons.
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[Fig. 6] Pressure fluctuations according to the The jet impinging distance H is varied for 3D,
iteration. 4D, 5D, and 6D to illuminate the characteristics
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of the jet plume with the distance. Figure 5
exhibits Mach contours displaying shock shell,
plate shock and Mach disk for various H. Those
structures are formed and scttled when the flow
has reached ncarly steady state. The structure of
Fig. 5(a), however, has not settled to be stable in
contrast to Figs. 5(b)-(d). As the distance H
increases the shock structures are also stretched,
but the distance between the plate and plate
shock maintains nearly the same distance
regardless of H.

Figure 6 represents pressure history as a
function of numerical iterations. As the plate is
placed close to the nozzle, the computed wall
pressure in Fig. 7(a) oscillates with large
amplitude with respect to the mean value, yet
barely maintaining periodicity of wall fluctuations.
The amplitude of wall pressure fluctuations
decreases as the distance increases, but the
maximum mean pressure level at the plate is
achieved when the distance is about 4D high.
The frequency of the pressure fluctuations could
be estimated from Fig. 6. In the steady zone, the
frequency ranges from 6.0 kHz, 9.3 kHz and 10.0
kHz as the distance varies from 3D, 4D to 6D,
respectively.

Pressure distribution in radial direction in Fig.
7 exhibits typical pattern of supersonic jet
impinging on flat plate [4~5]. In Fig. 7, the wall
pressure measured 1s also denoted with a symbol,
showing a good match between the prediction

and the measurement. The thrust of the motor

converges well in Fig. 8 for the four cases,
yielding almost the same level of thrust at 300
Ibs.

4. Conclusions

Nozzle performance when it is either straight
or bent 1s compared with improved inflow
boundary condition. Also, behavior of the
complex, unsteady jet impingement flow is
documented during its initial stage. The plate
shock has been captured robustly with the
addition of numerical dissipation when the shock
1s aligned with the gnd line. The computed wall
pressure compares well with the expenmental
data acquired recently at Anheung Proving
Ground. The authors appreciate the professional
efforts by Launcher, Propulsion, and Data

Acquisition Teams.
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