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Abstract

In order to verify the feasibility of the method of numerical simulation of supersonic
noise, the flow field and noise at far field of a small solid fuel rocket engine F tested by
National Aeronautics and Space Administration's Langley Research Center (NASA) was
simulated by computational fluid dynamics (CFD) and computational ae o tics
(CAA). The conjunction with large eddy simulation and FW-H integral m dopted
to simulate spectrums of the noise. The conjunction wit Iarge ed im@lation and
Mohring sound analogy is adopted to predict the direcﬁﬁt en t e near-field.
Comparing the result with the experimental data, the ell, and in the
sound field, the low and medium-frequency sou e le eI coipcides well too, and
the high-frequency sound pressure level is sligh wer estimated value. The
error of overall sound pressure level of therweasure poa& small. The sound field
resulted by high temperature, high pr and 1& velomty fluid is simulated
successfully.

Keywords: rocket engine; m%&%erl% lation

1. Introduction

When a rocket is Ian&é the i urbulent flow formed by the drastic blend of
the supersonic hi rature ow with the relatively static air will result in
supersonic jet n0| a sen in ments installed near rocket engine will be disturbed
even disabled;y maybe se serious negative effects. The noise also damage

shooter’s hed
predict accurately noise
and staff as much as

al organ and the physiology. Therefore, it is necessary to
uring the process of rocket design in order to protect device

rocket launching\Phe experimental method is restricted due to the high cost and bad
performan f the transducer at high temperature. Otherwise, the theoretical analysis
become t in method to predict the noise due to its high repeatability and low cost, etc.
and verifying the effectiveness of theoretical analysis to simulate the high
re and high speed jet noise is very important when developing new low-noise
safeNengine. When rocket launching, the rocket engine will jet high temperature, high
pressure, high speed gas flow, its pressure at exit is 10 billion times bigger than the
pressure of recognized noise. Thus the high accuracy is required when the numerical
simulation performed, which will result in bad convergence, long computation period, bad
stability.

Usually, supersonic noise is investigated by the combination of the flow field
simulation (Computational Fluid Dynamics, CFD) and sound field calculation
(Computational Aeroacoustics CAA) Firstly, we can obtain the time domain data by the
flow field simulation, then the time domain data is transformed to the frequency domain
data by fast Fourier transformation. Lastly, the near-field and far-field distribution of the
noise are simulated by sound field calculation.

At present, there are three numerical simulation methods to predict supersonic flow
field, they are Direct Numerical Simulation (DNS) method, Linearized Euler Equations
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(LEE) and Large Eddy Simulation (LES). The DNS method is used to predict the
supersonic flow field by solving the full, unsteady, compressible N-S equations directly,
which can only be applied in the case of low Reynolds number turbulence flow due to the
limit of the computer resource. The LEE method is not enough accurate because it
neglects effect of viscosity and nonlinearity, which can be applied to explain some flow
mechanisms. The LES is next best simulating method, by which the instantaneous
turbulent flow is decomposed into large eddy and small eddy through filtering method,
and large eddy is solved directly the N-S equations while small eddy is simulated by sub-
grid scale model. The LES method has been applied widely to predict jet noise since 2001,
most cases focus on low Mach number, low Reynolds number or free-jet fluid with low to
middle temperature due to lacking of experimental data or the limit of computer resource,
while the full 3-D LES simulation for the high temperature, high pressure, high was

flow is seldom.

Sound field simulation originated from acoustic analogy created by Li th%”l%z.
Kirchhoff integral method and Ffowcs Williams Hawkings (FW-H) suifaceyintegration
based on it were developed later[1, 2]. Density is regar ed.%'major ani of sound in
the above three methods. In 2010, M6hring[3] deduced MoRring acoustic analogy from
the N-S equations in which enthalpy is regarded agmagjag Variable.

In this paper, the far-field noise will be simula % usin and FW-H method,

and the directivity of noise was simulated using the and Mohring acoustic
analogy, also the convergent approach to ate outer’flo

field by using the LES
method will be determined. It is the fir'sx(h 0 simula directivity of noise field of
rocket engine by combination the L

od it@e Mohring acoustic analogy, and
the numerical simulation Ofﬁ orm® gh temperature, high pressure and

high-speed fluid is achieved successfdlly.

2. Verification Model@

Jean Varnier[4] ha measure\%Iow field and sound field of a small solid fuel
Rocket engine F w it remaincstatic, a convergent-divergent nozzle was used in the
' igure 17y.®str cture and working parameter show in Table 1.

@m 288"
—4

Figure 1 2 Nozzle’s Schematic Diagram Of The Rocket Engine F [5]
W.H. \'et al.[5] fixed rocket engine F on experiment table to do static firing. The
engipe installed horizontally on the experiment Table 3.5 feet above the ground with
C axis parallel to the ground. See Figure 2 for test methods for near-field and far-

fieldyhoise. Near-field noise sensors were linear layout while far-field sensors were
semicircular layout, its radius is 50 feet, and the center locates at the exit center of the
nozzle, and each noise sensor was placed from 15 deg to 135 deg in every 15 deg.

Table 1. Structure and Working Parameters of the Rocket Engine F [4]

Throat area,  Exitarea,  Thrust, Chamber pressure, Exit pressure, Exit speed, Exit Mach
" " N kPa kPa m/s number
1.50 2.88 7342 5470 250 2011 2.6
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Figure 2. Plan View Sketch of Test Figure 3. Polar Diagrams of Sound Pressure

Area, Showing Measurement Levels in Two Frequency. Sound Pressure

Stations for Rocket-Engine Noise Levels Measured At A Radius of 50 Feet [5]
Surveys [5] &)'

Shown in Figure 3 are polar diagram of sound pressure level an efall” sound
pressure level of measure points in two frequencies bands éor.rocket ine F. The far-
field noise of which was obviously directional, while t I soun@ssure level was
not obvious.

Shown in Table 2 are the value of sound pr@%el c@? noise frequencies

collected by the sensors in 15deg and 30 deg.

Table 2. Engine F Soun P@e Lev, sting Value[5
g dP g%e g Value[s]

Azimuth Angle _¢Sound pressupe level, db, for-
(deg) 200 Q?OJ 10& )0¢ 4000 8000 10000
H

Hz Hz Hz
15° 119, 7 y120 118 118 116
30° ,, 130 23‘\1 125 122 120 118

3. Engine Nois h&mo%

3.1. Flow FI’ Iatlon

The governing equat compressible turbulent flow for large eddy simulation can
be deduced from t pressuble N-S equations. A very complex solvable scale
turbulent flow eq an be obtained by direct filtering of compressible N-S equations.
Density Weighte&ring (Favre filtering) [6] was used to obtain the following closure
large eddy. '@Irat on equations of compressible turbulent flow.

Q W Xev
?Q G(xx) :{0 X' otherwise @
F

vre filtered N-S equation is

g=-2 @)
2]
filtered equation of continuity is
op 0 , _
E‘F&(PU;):O 3)
filtered momentum equation is
o, . 9, .\ 0 op Oty
—(pui)+gj(puiuj) gj(%)—a—a’ )
ou; 2 OU
o _[,U(— —)] Pl ()
X.
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Tij E,Dui_uj_p'jiuj (6)
filtered energy equation is
dph, apuh M _p 0 ﬂaT' o (

PP gl Sl y——p

uh, —ah, 7
ot or ot 'ox ox  ox ) )

i i j

o =
where —p(uihs —Uihs) is sub-grid enthalpy flux; h; is sensitive enthalpy; A is

" OX;
thermal con-ductivity. Sub-grid enthalpy flux is determined by equation (8):
—_ - ,USGSC 8'F
—p(uh, -Th )= L ®)
( ) Precs 6XJ-

where, s IS sub-grid viscosity; Prys is sub-grid Prandtl number 0.85. x)-

_ uo¢ ?
%= 0,0X; gj

where, 4 is sub-grid viscosity of turbulent flow, d termined by insky-Lilly
m 0 d
This LES sub-grid model can be obtained from th I resu Iy con3|stent
with DNS.
# = pL2|S, (10)
L, =min( \% (11)
(12)
where, L, is sub-grid scale mlxu& th, be determined by equation (11);
k is the von karman constant; distanc e nearest wall; c; is the Smagorinsky

constant; Ais the local grld scale;"and the-ca@atlon was based on grid volume.

3.2. Sound Field Slmu

3.2.1. Ffowcs W@S—Ha W- H) Surface integration:

The soun e face dyring the process of the Ffowcs Williams-Hawkings (FW-H)
surface integration calc can be set at any position in flow field including the non-
linear area of the jet hICh can save computer resources. FW-H surface integration
do not limit lineayi and non-viscous undulatory spread, and can reduce numerical
dispersion and d&'{ion during the process of the wave transmission to the surface. FW-
H equatio s a lon-homogeneous wave equation, which is deduced from the continuity
equation % equation.

%g?%vz p= %rr H(f)]—axii{[pi,-nj o0, ~ IO+ ST, + ol I} (19)
ere, U; is fluid velocity component in the direction; u, is fluid velocity component
normal to the surface; V; is surface velocity components in the direction; V,, is surface
velocity component normal to the surface; J( ) is the Dirac delta function; H(f) is the

Heaviside function. p’ is the sound pressure at the far field (p'= p—p,). f =0denotes

a mathematical surface introduced to “embed” the exterior flow problem (f > 0) in an
unbounded space, which facilitates the use of generalized function theory and the free-
space Green function to obtain the solution. The surface (f = 0) corresponds to the source
(emission) surface, and can be made coincident with a body (impermeable) surface or a

permeable surface off the body surface. n; is the unit normal vector pointing toward the

exterior region (f > 0), a,is the far-field sound speed, and T; is the Lighthill stress tensor,
defined as
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Ty = PUU; + Py —a (p— )9, (14)
ou; 2aéu

P, = pd, __,._‘___ké‘_: 15

i =P ”(ax x 3ax, 0 1)

where, B;is compressible stress tensor, which can be obtained from equation (15) for
Stokesian fluid.

p'(X,t) = pr (X, ) + p (X, 1) (16)
arp(R) =] {—((f MU)”')}dm L{p o {7 ';"Zr(;_aol\j'\’)';"\" )}}ds an
HepL e t)?jfo ra IﬁM)]“' ot (1 MM)]d *Lzo[Lr(yl\/lyrzzliOﬁ/'Nj;;M )]M\)(w)

U =v +—(u (19)

vi)
L1 Ij ] +pU (U _% % (20)
When the integration surface coincides with an im , th terms on the

right in equation(16), p; (X,t)and p; (X,t) are u rred 0 as Wickness and loading
terms, respectively, in light of their physical meanm he s \p)ckets in equation (17)
and equation (18) denote that the kernels of t grals ar uted at the corresponding

retarded times, 7 defined as follows, gb\/e@ recelvergg , t, and the distance to the
receiver, r .

@& —t%’ 21)
The various subscripted qu qﬁ%es app.ea equation (17) and equation (18) are the

inner products of a vectorand a upit |mpI|ed by the subscript. For instance,
L =LF=Lr and.U,&L ere 7 and N denote the unit vectors in the

radiation and wal aI dlremﬁi respectively. The Mach number vector M,
equatlon (1 quatlon elates to the motion of the integration surface

L=V /a0 u%i@ls a scalar product L;M;. The dot over a variable denotes
source.

3.2.2.Méhring @lc Analogy
Solutio q_sgu d wave was corresponding to pressure oscillation in inhomogeneous

mean flo solution to acoustics can satisfy compressible N-S equation.
Ac ontinuity equation is

@ %ﬁ+v.(p\7)=0 (22)

where, £ is density; V is velocity.
Momentum equation (Crocco's equation) is

,5%+,5V§=,5‘I:V§+/3\7X(Vx\7)—Vf (23)

where, B is total enthalpy; h
Energy equation is

is fluid enthalpy; 7 is viscous stress tensor; § is entropy.

DB op I =
————==V({-©)+V(AVT 24
P ot a (V-7)+V(AVT) (24)
where, T is temperature; A is thermal conductivity, and the power dissipation caused
by heat conduction and viscous stress is neglected. Equation (26) can be deduced from

equation (22) and equation (25).
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DB_ 1% (25)
Dt ot
B _ s L _pS_pDB_0p3S 26)
ot 2ot 5ot ¢ Dt os ot
OV 0y . .
replace 'OE with a(pv)—wequatlon (26), we can obtain,
opV PUDB 0P8 .5 amor - -
—— - — + TV —+ pVB=pTV§+ pix(VxV)-V 27
o oot tAVB=s PIx(VxV) -V (27)
Db DB
t_p.r— (28)

D
o
SO momentum equation is x)

1 opv pzv Db, 105,%, —Vbz—(pTVS+pV (VxV)2Y,7 (29)
pr ot pic® Dt pTGS ot

Acoustic propagation equatlon is ,@
1 ap (30)

B <—@@»
4. Simulation Process

4.1. Computational Domain

The whole sound source domain |n computatlonal domain during
the simulation process, and whi obtal sound source distribution [7]. The
ONERA did static testing on% chemlc et and put forward two variables of L,
and L,, L. is laminar core_lengt ffectlve length in jet flow noise area, m,
calculated by equatlon ( d (32) @vely

(1+o 38M,)’ (31)
(32)

We can =0. GOM L, = 5><0 608 3.04 m by equation (31) and (32)
referring to t ta in @ . In order to seize completely the sound source, the length

omputatlonal domain were set as 4.5 m and 2 m respectively,

and diameter of the w.
and the exit cent:zf& f jet nozzle was defined as origin.

4.2 Boum&vI ditions

Durin mulation, the jet nozzle inlet is defines as pressure inlet, and the side face
is defi far-field pressure, which is a kind of non-reflection boundary condition that
iMminate the sound reflection. Jet nozzle exit is defined as pressure outlet, sound
surface is set as flow field interior surface and inner wall of jet nozzle is set as no-
slip boundary conditions.

4.3. Computational Grid

Flow field domain is meshed to five-layer structured “O” grid (see Figure 4). The
minimum distance of the grid to jet nozzle interior wall was 5x10°m, and axial grid is
gradually coarsening by 1.5 times. The number of grid nodes is 5,700,000 and there are
15,000,000 hexahedral cells in flow field domain. FW-H sound source surface is 0.15 m
distance to outer boundary of flow field (green part in Figure 4 is FW-H sound source
surface). Acoustics grid was non-structural tetrahedral (see Figure 5), and there are
2,100,000 acoustics grids. Adaptive grid was used in the calculation and grids
automatically refined in pressure jump area. This method was helpful to seize supersonic
shock wave structure.
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Internal wall grid of engine External wall grid of engine

Inlet grid of engine

External computational domain grid Exit grid of computational domain Sound source surface (green)

Figure 4. Flow Field Simulation Grid

- N : ,\).

co <)
o
Internal wall grid of engine External teld grid
Figure 5. Sound Field Si ion Gri

4.4, Numerical Simulation Q /\

The computation is implemented .i@’ DL580¥ rack-mounted workstation

configuration of the workstation wit}@ rnel v @G memory and 4T hard disk. The
ANSYS FLUENT software pa kqgé' used me this problem in double precision
solver. During the process@ rical simuigtion, the time step is set as 2.5x10°
seconds, and each time step itefates 200 times. Since external flow field in large eddy
simulation used non-refleGtion bou onditions, RNG two equations model is
selected firstly to sdv&feady ssible N-S equation, and the inlet pressure is
increased from 0 Ng A7 MPg in © steps. After convergence under the steady state,
large eddy simylation is @solve transient compressible N-S equation with
Smagorinsb-grid mogdel, “the second order upwind scheme and density-based
double preciSian/coup ver, about 20 minutes for one step. After computing 200
steps, the flow field pa er become stable. And then set external flow field boundary
conditions as pressu r-field boundary conditions and compute 4000 steps until the
flow field becor@a le in order to eliminate the effect of the computing under steady
state. Finally, co te 2000 more steps, and the fast Fourier transformation and FW-H
integration d to collect sound source and to do frequency analysis; the result of the
2000 ste rge eddy simulation is fast Fourier transformed and the noise field is solved
angg Ise directivity is analyzed by Méhring acoustic analogy. It took about 120 days
t

Conpu

plete the whole computation. The simulation process is shown in Figure 6,
tational Aeroacoustics (CAA) collecting data from Computational Fluid
Mechanics (CFD) is shown in Figure 7.
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h CAD model ﬁ
LES grid +setting Acoustic grid +setting
v
LES flow field simulation
v

Calculation for sound source
p VP lp|  + Fourier transformation -

FW-H integration < > Maohring acoustic analogy x) °

v v A ?V
spectral analysis of sound source Directivity analysis of noie

Figure 6. Graphic for Sin@@ rocév
! Conservative mtegrauo%

CFD nodes (fine) s——

e CFD nodes tathe CFIY mesh
°

(S
‘ All i n;}s conserved
& rgeess |

CA nodes (coarse

Figure 7. Dataﬂ%&n Figu%f CFD Result Into CAA
Result\Q\

dis coJl%te to analyze the sound field. Accuracy of flow field

4.4.1. Flow Field Sirpul
The data of the

simulation is vergglq) ortanbsw}:1
result of the @I dsimt%a)tl

rantee the accuracy of sound field simulation. The
re shown in Figure 8 and Figure 9.

igure 8. Velocity’s Contour Figure 9. Mach Number’s Contour

We can obtain that the velocity is 2005 m/s and Mach number is 2.62 at the exit from
Figure 8 and Figure 9, which agree with the data of Table 1. The shock wave was formed
inside the flow field, which agrees with major features of supersonic flow too.

4.4.2. Noise Simulation Result

The sound pressure level graph of the noise with frequencies 250Hz and 2500Hz is
shown in Figure 10, which is compared with the experimental result shown in Figure 3.
The overall sound pressure level of the numerical and experimental results is shown in
Figure 11, the biggest difference is 3db, so the simulation method is effective. Figure 12
and Figure 13 are the frequency spectrum curve of 15°and 30° deviating from the central
axis.
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Figure 10. 250Hz And 2500 Hz Sound Figure 11. Comparisons Between Test
Pressure Level Graph Value And Simulation Value of Overall

Sound Pressure Le%.

dB_pressure(re=2e-05)

V (1 A

2000 ywon 6000 8000 10000
frequency

Figure 12. Frequency Spectrum Cu,@ Flgure %requency Spectrum Curve
Of 15° Deviating From the Centr \QPewatlng From the Central Axis

The numerical value of | ncy |th the experimental results while the
high frequency is lower slightly mparln frequency spectrum curve in Figure 12 and
Figure 13 with Figure 2.(8ipce hig ncy noise is formed by small eddy, more
refiner grid and the < r resou e needed to collect the high-frequency noise.
The sound pressu of high equency noise is lower, which will not cause lager
error in computl aII soq@) sure level.

5. Conclu5| %

A method to sim e missile engine noise is put forward in this paper, which is

proved to be effe y comparing the numerical values with the experimental results.

large eddy Si tion is set up. The flow field of a small solid fuel engine F is simulated

by the la ddy simulation, the numerical results agree with the experimental results

tes SA and ONERA. An exact results of the flow field calculation is the basis of
(él

(1) After sgve attempts, a converging method for computing external flow field by

t wing sound field simulation.

he sound field is simulated by conjunction the results of the large eddy simulation
with the FW-H surface integration. The numerical results shows that low frequency
agrees with the experimental results while the high frequency is lower slightly comparing
the frequency spectrum curve.

(3) The flow field results of each time step by large eddy simulation is saved and the
time domain data is transformed to the frequency domain data by FFT, then the M&hring
acoustic analogy noise direction is analyzed, and the results show that the polar curve of
250Hz and 2500Hz agrees with the test results. A effective method is set up to simulate
engine noise directivity by conjunction with the large eddy simulation and Méhring
acoustic analogy.
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