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Numerical Simulation of Side Loads in an Ideal Truncated Nozzle

Sébastien Deck* and Philippe Guillen®
ONERA, F-92322 Chdtillon, France

The side loadsinduced by unsymmetrical and unsteady separation of the flow taking place in the nozzle extension
during launch are a very important limiting factor for the performance of a rocket engine. The onset of such loads
is not yet a fully understood phenomenon because only a limited amount of experimental data is available due to
test difficulties. A numerical study of the three-dimensional overexpanded nozzle flow during stationary operations
has been undertaken to try to understand the origin of this phenomenon. The flow separation in an truncated ideal
contoured nozzle is investigated together with the resulting side loads. Comparisons with experimental data are
given. The numerical simulation relies on the resolution of the three-dimensional unsteady Reynolds-averaged
Navier-Stokes equations. An algebraic turbulence model based on Baldwin-Lomax and Goldberg’s backflow
correction has been implemented in a three-zone formulation adapted to the flow topology of interest. The main
features of the flowfield, side-loads mean value, and the separation pointlocation are well estimated. With regard to
the separation pointlocation, the proposed method gives better results than the most commonlyused semi-empirical
criteria. Unsteady characteristics of the flowfield are presented.

Nomenclature
E = total energy,m=2-s2
F, = convection flux
F, = diffusive flux
F(t) = side-load norm, /[F} () + F2()], N
F,.t) = side-load componentson y, z
I = identity matrix tensor
i,j, k = indicesof cell ijk
ijk,l = interfacel of cell ijk
M = Mach number
n,n+1 = discrete times, corresponding? and f + Aft, s
P = pressure, Pa
Pr, Pr, = Prandtl and turbulent Prandtl numbers
T = temperature, K
w = conservative variable vector
x,y,z = physical Cartesian coordinate axes, m
y = ratio of specific heats
6(1) = angle between the side force and Ox axis, rad
K, K; = laminar and turbulent thermal conductivities,
kg-m~!.s73 . K™!
u, i, = laminarand eddy viscosities,kg-m~!-s7!
0 = density,kg-m~3
7,1, = viscous stresses, Pa, and Reynolds tensors, Pa
Subscripts
a = ambient
b = backflow edge
c = chamber
t = throat (geometry)
v = viscous sublayeredge
w = wall

Introduction

N today’s advanced launchers, the nozzle of the first-stage rocket
engine has to operate from sea-level atmospheric conditions to
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low ambient pressure environments at high altitudes. The perfor-
mance of the propulsion system is high in vacuum owing to its
design. However, at the very beginning of the flight, the wall pres-
sure level required for an adapted attached flow can be much lower
than the ambient pressure. This leads to a flow separation in the
nozzle extension. Because of its fluctuating and three-dimensional
characteristics, which can result in strong lateral forces and might
damage the nozzle structure, this separation is undesired. The most
well known of these dynamic loads are the so-calledside loads. Dif-
ferentempiricalmodels have been developedto predictsideloads. A
brief review for their evaluationis given in Ref. 1. Nevertheless, the
phenomenonis not fully understoodand different possible physical
origins have been identified. As a matter of fact, the performance
increase of the next generation sea-level nozzles will be strongly
dependent on the side-load reduction capabilities.

Experimental side-load measurements are difficult to implement.
Hence, numerical approaches remain very promising for the treat-
ment of nonadapted flowfields in rocket nozzles. Indeed in re-
cent years, there has been considerable interest?™> in numerical
approaches of startup and shutdown processes in thrust optimized
nozzles. The possible transition of flowfield separation pattern from
free-shock separationto restricted-shockseparation,and vice versa,
has been invoked as an important side-load source factorS~ The
internal shock seems to have a major influence on the separation
pattern. Nevertheless, side loads are also observed'® in an truncated
ideal contoured nozzle (without internal shock) during stationary
operations with separated flow inside the nozzle.

A three zone algebraic turbulence model adapted to this specific
flow topology has been developed, and unsteady three-dimensional
turbulent computations have been carried out to try to get a better
understanding of the origin of side loads that occur in an truncated
ideal contoured nozzle during stationary operation. Because of the
experimental low-frequency characteristics'® of the fluctuating side
loads, 10-100Hz, the attempt to use an unsteady Reynolds-averaged
Navier-Stokes approach is legitimate. The two main objectives of
this study are 1) the accurate prediction of the separation point
location and 2) the comparison between unsteady numerical results
and the available experimental data.

Numerical Method

Governing Equations

The governing equations are the Navier-Stokes equations. For
turbulent flows, a Reynolds-averaged form is used, where the con-
servative variables are mass averaged and represent the mean flow
contributions:
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38_‘:’ + div(F.) = div(Fy) 1)
with
W="(p, pV, pE)
F.='[pV, p(V®V) + pl,pEV + pV ]
Fy="10.T+7,.(T+1,) - V—(q+4q)] )

The preceding system is formulated in an absolute frame.
Turbulence contribution to these averaged equations is reduced
to the Reynolds tensor 7, and to the turbulent heat transfer q,.
Assuming the air as an ideal gas, the state equation relates the
static pressure P to the conservative variables:

P =(y — DIpE — (pV)*/2p] 3)

For a Newtonian fluid, shear stresses are related to mean veloc-
ity gradients. Apparent turbulent stresses are also related to mean
velocity gradients, following Boussinesq’s assumption,

47 =t p)[-2div V)l + (grad V+'grad V)] @)

Sutherland’s law is used to account for the dependenceof laminar
viscosity on temperature:

el X
u(T) = o T,

with Ty =273.16 K and 11 =1.711.103 kg -m~! . s7L.

Considering a finite volume €2, its surface S with an exterior
normaln, the integrationof localequations (1) leadsto the following
integral form :

i(/WdQ)+/[Fc~n]dS=/Fd~ndS (6)
8t Q N N

Numerical Algorithm

ol

T, +110.4

5
T +1104 )

The numerical method is based on a finite volume approach
[Eq. (6)] and on a cell centered discretization. The computational
domain is divided by block; each block is composed of structured
hexahedral cells.

Time discretization is based on second-order accurate Gear’s!!
formulation of the fully implicit scheme:

n+1
3ypn+1 n Lyyn—1 J
W oW W )
2 Vijk Atjk 2k 'Q[jk+|: (Fc_Fd)ijk~l:| =0

I=1
o

where ijk are the grid indices and / one of the six interfaces of
the hexahedral rigid cell €;;, and where the superscripts n — 1,
n, and n + 1 refer to the time evaluation. The numerical boundary
conditions are adiabatic no-slip wall condition and nonreflecting
far-field condition. They are imposed by ensuring adequate fluxes
atboundary interfaces. Further details of the numerical method may
be found in Ref. 12.

Turbulence Modeling

When the Boussinesq hypothesisis assumed, turbulence model-
ing is reduced to the evaluation of an eddy viscosity u,. Algebraic
eddy-viscosity models still represent a common choice for com-
pressible Navier-Stokes computations thanks to their minimal CPU
and memory requirements, which is particularlyimportant for three-
dimensional unsteady computations.

Several two-layer algebraic turbulence models (such as Cebeci
and Smith) require the determination of the boundary-layer thick-
ness and edge velocity, which proves to be rather difficult to imple-
ment for complex flow topologies. Visbal and Knight,'? for instance,

Region 1
attached boundary layer

egion 3

Supersonic inflow  .-Separated free jet

Mixing layer

recirculating flow

Subsonic backflow
) /' Re-entrainment < ——
/ Detachment / / / / Wall / /

Fig. 1 Schematic of two-dimensional turbulent boundary-layer separ-
ation.

found the Baldwin-Lomax'* formulation unsuitable for separated
supersonic interaction due to the unphysical streamwise variation
of the computed length scale in the vicinity of separation. In ad-
dition, the flow of interest in our study involves a large separated
area from the nozzle wall and complex shock patterns. To model ad-
equately its turbulent behaviour, an implementation of Goldberg’s
backflow model'® has been introduced.

More precisely, the overall turbulent model developed here, dis-
tinguishes three zones in the flowfield (Fig. 1)

Region 1

The Baldwin-Lomax'* turbulence model is a two-layer algebraic
eddy-viscosity model patterned after that of Cebeci and Smith.!® A
brief description of the model is given here because some adapta-
tions of the original model are performed.

The eddy viscosity is given by

M for y <y, (inner region)
My = . (8)
Mie for y > Yy, (outer region)

where y. is the closest distance to the wall at which the eddy-
viscosity values from inner and outer regions are identical.

Inner Region

The eddy viscosity is expressed as
wi = pIQIE ©)

In case of a three-dimensional flow, ||§~2|| is chosen as the norm of
the vorticity,

~ ou av : ov ow : ow ou :
1Q1=/(=-=) +(=->=) +(=-=
dy  ox 0z ay 0x 0z

(10)

The mixing length/ is a correctionof the Prandtlmixinglengthusing
Van Driest’s damping function!” to reach asymptotic behavior at the
wall:

I = xy[l —exp(—y* /AN W1+ (11)

The dimensionless distance y*, which is a Reynolds number
based on the friction velocity u., is given as

yt = (\/ ,Ow|fw|/Mw)y = (Yu./vy) (12)

The near-wall treatment has been improved to account for the
total shear stress being no more constant near the wall in presence
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of pressure gradient. The inner layer has also been modified by the
shear-stress square root:

=1+ pty* (13)

where
ro v 4P 14
p o dx (14)

On a flat plate, At =u,A/v is constant and equal to 26. To take
into account the pressure gradient, AT has been modified'® as fol-

lows:
AY =AY 1+ 44p+ (15)

The constants are von Karmdn’s x =0.41 and Van Driest’s!’

damping At =26.

Outer Region
The eddy viscosity is chosen as

e = pkCep Fy Fxien () (16)

The Clauser parameter & is assigned to be constant and equal to
0.0168 and C,, equalto 1.6. Turbulencedecreasein the outer region
is taken into account by the Klebanoff intermittence factor:

Faaa () = {14 5.5[Cki (5 /yma) 1} a7

with Cge, = 0.3. Turbulence scales F,, are evaluated considering
Baldwin’s'* function maximum,

Faaa(») = ¥ (18)
with
Fw = Ymax FBaldmux (19)

The difficulty is to select the right maximum because the Baldwin
function usually presents several: a first one near the wall at about
y* 210, the right second maximum characteristic of the boundary-
layer edge, and sometimes a vortex maximum outside the boundary
layer for separated flows. Originally, Van Driest’s!” function was
included in the Baldwin'* function to eliminate the first maximum
(Fig. 2) and the second maximum was then selected as a first max-
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Fig. 2 Baldwin’s function behavior for an attached boundary layer.
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Fig. 3 Baldwin’s function behavior in vicinity of separation.

imum of the corrected Baldwin function. The selection of the out-
ermost peak of Fg,q(y) in the length computation can overpredict
turbulence scales (Fig. 3). Péchier'? has recently shown that Van
Driest’s!” function alters the second maximum accuracy and has
proposed to keep the original Baldwin function and to select the
second maximum.

Furthermore, to suppressa slope discontinuity on the u, profile at
the intersectionof inner and outer regions, a smoothing formulation
has been introduced:

e = Wt h(iei / o) (20)

Region 2

The Goldberg backflow model'> has been designed especially for
(and is restricted to) separated flow regions. Consequently, it must
be combined with another model (region 3). The model is based
on experimental observation of separated turbulent flows. The main
features of the model are 1) the length scale within the backflow,
which is proportional to the local distance from the wall to the edge
of the viscous sublayer located outside the backflow region, and
2) the turbulent kinetic energy k and its dissipation ¢, which are
prescribed analytically in the separation bubble.

Gaussian distribution of turbulent kinetic energy k in the wall-
normal direction is assumed between the wall and the edge of the
separation bubble y,:

_ _ 2
pk _ e"’{l eXP[ o/ ys) ]} — G y)
ok, et —1

0<y=y QD
The dissipationis given by
El El
e(p/p)? = kG T/, 0<y=<y (2

The value of k at the viscous sublayer edge y, follows from

[Ou/y)? = 1]

e? — 1

B=ky/ky=1+ (23)

where

1
Yo/ Yo =1+ 20[vy, /u,y,]1C0 (24)
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where u; is the squareroot of the maximum Reynolds shear stressin
the profile. This maximum is found outside the separation(region 3)
and can be obtained from

Uy =v _(u/_v/)max (25)

In the present computations u, was chosen as

g = 7/ V1 Qe (26)

where v, ,, is the eddy viscosity at the location where ||§~2|| reaches
its maximum (outside the separation bubble).
Finally, the eddy viscosityis assumed to be of the following form:

o= f/v) (K2 /e) 7)
which gives
v =,y (pu/0)V G, MIAG /3 + BI(1/2V28%)  (28)

where A and B are given by

2
5

a=-Ge)t E=e)i-a o
with the constants
C, =0.09, C; =0.7, ¢ =0.5 (30)

Region 3 (y >y;)
The expression of the eddy viscosity in region 3 is given by

iy = pkCoy LV - FL(Y = ¥5)/ Vmax — ¥5)] (31)

where L = Ymax — Y and Ymay 1s the location where the velocity scale
function F defined next reaches its maximum (mixing layer):

F=(-ylQl (32)

Finally, the velocity scale is given by

V = min[ F, €, (A7 [ Fr) ] (33)

where A is the difference between the local maximum and mini-
mum velocity magnitude for y > y,. C,, is a constant taken equal to
0.75. Fiux 1s the local maximum of F in the region corresponding
to y > y,. Turbulence decreaseis taken into accountby the function

Y= 1
= 34
y(.ymax _yb) 1 +55{a[(y_yb)/(ymdx _yb)]}6 ( )

This function is an adaptation of the Klebanoff intermittence factor
formulation. The value of « correspondingto Cke, in Eq. (22) was
chosen equal to 0.8 to predict correctly the mixing layer thickness.
This approachdiffers from the one proposed by Ramakrishnan and
Goldberg!® on the following points: discontinuity smoothing be-
tween the internal and external zones, pressure gradient influence
in the attached region, turbulent scales evaluation and turbulence
decrease formulation in the mixing layer.

Results and Discussion
Grids

To evaluate the accuracy of the different simulations, three grids
have been built. They have been obtained by rotating a two-
dimensional grid around the nozzle axis. Each grid is divided into
two domains. The first one is used to mesh the nozzle, and the sec-
ond one concerns the external region after the exhaust. The density
of the different grids is indicated in Table 1.

The i direction corresponds to the axial flow direction. The j
direction is the radial one normal to the axis and k represents the
differentplanes around the nozzle axis. Grid A constitutes the refer-
ence grid with which most of the simulations have been performed.
Grid B enables one to see the effect of a grid refinement in the radial
direction. Grid C allows one to evaluate the influence of the number
of radial planes (one every 5 deg instead of one every 10 deg in the
reference grid A).

Table 1 Grid size characteristics

Location Grid A Grid B Grid C

Nozzle (i x j x k) 161 x 100x 37 239x 150x 37 161 x 100x 73
Exterior (i x j x k) 100x 180x 37 121 x200x 37 100x 180x 73
Total (nodes) ~1,300,000 ~2,200,000 ~2,500,000
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Fig. 4 Free-shock separation-wall pressure behavior.

Computation Description

A wide range of pressure ratios has been simulated, from 30,
where the separation occurs near the throat, to 85, where the sep-
aration is located near the nozzle exit. Computations were carried
out on a NEC SX-5 supercomputer. The CPU cost per cell and per
iterationis 1.2 us. Computations are carried out in two steps. First,
a steady computation is performed to fix the shock position. Then
the unsteady computation begins.

Flowfield Description

The separated flowfield description is presented in Fig. 4, along
with the wall pressure distribution. Separation and subsequent for-
mation of a recirculation zone induce an oblique shock wave near
the wall. This oblique shock results in a wall pressure rise. Aft of
the separation, the wall pressure reaches a plateau. Downstream
of this plateau, the wall pressure increases slowly up to the ambi-
ent pressure. This overexpanded flow pattern is called free-shock
separation”

Figure 5 shows the streamlines inside the nozzle featuring the
free-shock separation phenomenon. The separated flow continues
as a freejet. Consequently, a large part of the extension is filled
by the ambient gas. The outer fluid is sucked into the nozzle; it
separates from the nozzle lip and reattaches at the nozzle wall to
form a clockwise recirculating bubble.

Figures 6a and 6b give the typical pressure and Mach contours of
the flowfield inside the nozzle featuring the free-shock separation
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phenomenon. The flow separates and does not reattach. The conical
shock propagating toward the nozzle axis may have two different
shock patterns according to the pressure ratio. In the first case, cor-
responding to a pressure ratio (PR) of 50, a strong Mach disk is
obtained (Fig. 6a), whereas in the second case (Fig. 6b for PR = 85),
the conical shock reaches the axis (in an axisymmetric flowfield, a
small Mach disk should theoretically exist). The exhaust jet flow is
delimited by a mixing layer through a channel. The mixing layer

5T lip re-attachment i/ﬁ“ /
clockwise bubble 4

Fig. 5 Flowfield description.

can be considered as a fluid wall in which the supersonic jet is
confined.

Grid Convergence

To evaluate the effect of grid refinement, two computations were
carried out on grids B and C for a PR of 50. Figure 7 shows a
comparison of the results obtained on grids A and B, knowing that
no visibledifference between grids A and C can be seen. The results
are quite close, one can only notice a slight difference on the Mach
disk position. Figure 8 presents the value y+ at the first mesh point
above the solid surface of grid A for the same PR. Its value always
stays below 1.1, which is quite sufficient for a correct calculation of
the viscous stresses.

Pressure Distribution

Downstream of the separation shock, the flow does not remain
uniform. The separation has an unsteady and three-dimensional be-
havior, which leads to nonsymmetrical pressure loads on the wall,
discussed in more detail later. The overall wall pressure data for
different azimuthal positions are compared in Fig. 9. The mean
steady wall pressure obtained during the Laboratoires d’Etudes
Aérodynamiques (Poitiers, France) (LEA) experiments (symbol)
have been plotted together with the instantaneous wall pressure ob-
tained numerically (solid line). The different curves correspond to

W«
Y

triple point ) .

Pressure distribution
conical shock ;‘;f:)ec‘i'(ted <
e iGN U

Mach disk

, §//

mixing layer supersonic free jet
boundary layer

recirculating flow

Supersonic Mach number distribution

a) PR=50

Pressure distribution

conical shock

reflected
shock

mixing layer

supersonic free jet
boundary layer
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Fig. 6 Flowfield description: pressure and Mach contours.



266 DECK AND GUILLEN
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Fig. 7 Effect of grid resolution on Mach contours for grids A and B.
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a meridian line around the nozzle. The discrepanciesbetween these
curvesdemonstratethe nonaxisymmetricnature of the flowfield. The
pressure obtained downstream of the separation point is irregular.

Separation Prediction

Many authors®*®~2¢ have developed purely empirical correlations
to determine the separation point location. A brief review of these
criteria can be found in Ref. 27. Figure 10 shows the position of the
separation point with respect to the PR according to the different
criteria, the experimental results, and our computations. Note that
the location of the separation point is clearly underestimated with
all of the empirical criteria for high PRs, whereas the computations
are in good agreement with the experimental data. More precisely,
the computed separation point location differs by less than 5% from
experimental data.

Side-Loads Prediction

Side loads have been observed both in subscale and full-scale
nozzles during transient operations such as startup or shutdown, as
well as during steady operation with separated flow inside the noz-
zle. In general, flow separation leads to lateral forces, that is, side
loads due to an asymmetrical pressure acting on the nozzle wall.
The potential origins of these aerodynamic side loads found in the
literature are 1) external flow instabilities, buffeting (not considered
in this discussion), 2) aeroelastic coupling of separation and nozzle
extension, 3) transition of separation pattern from free-shock sepa-
ration to restricted-shock separation and vice versa, and 4) random
pressure pulsations at the separation point and in the whole sepa-
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Fig. 9 Instantaneous wall pressure distribution.

rated flow region. The nozzle considered here is a truncated ideal
contoured nozzle where free shocks do not reattach. This nozzle
is rigid to separate aeroelastic from aerodynamic phenomena. Fur-
thermore, this kind of nozzle does not produce an internal shock,
which could lead to a cap-shock pattern. Consequently, the afore-
mentioned second and third points can be dropped in the following
discussion. Furthermore, side loads have been observed for both
cold and hot gases.” As a consequence,combustion and hot-gas ef-
fects are excluded in the present work as a dominating source of
lateral forces.

Figure 11 givesa schematic view of the evolutionof the separation
line and introduces the two parameters [6(?), F'(¢)] used to qualify
the side load. Here 6 (7) is the angle between the instantaneousside
force and areferenceaxis. F (¢) is the instantaneousside-forcenorm.

Figure 12 shows the evolution of the pressure effort F () for
a PR equal to 50 during 1.1 s. Figure 13 shows the evolution of
the side-force vector direction (cos(6(¢)), sin(8(¢)) as a function of
time (z axis). This load has a random direction. The large-amplitude
and low-frequency side-load fluctuations are induced by the flow
unsteadiness.
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Fig. 12 Time history of y and z components of the fluctuating side
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In connection with these considerations, it is interesting to take
into account the probability density function of the side loads. The
probability density function of given physical data describes the
probability that the data assume a value within a prescribedrange at
any instant. Comparison of the side-force probability density
obtained by our unsteady turbulent computation with experimental
results obtained by LEA is given in Fig. 14. Both indicate that the
distribution of the side-load amplitude is a Rayleigh distribution,
as suggested by Dumnov.?® The Rayleigh probability distribution
function is described with the following formulas:

otherwise zero

(35)

P(x|c) = (x/cz) exp(xz/Zcz), x>0,

i 1774
sin@ cosB

Fig. 13 Time history of side-loads direction.
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Fig. 14 Probability density function of side-load amplitude distri-
bution.

The most likelihood estimator (MLE) used is

where x is the random value of the amplitude and n is the size of
the sample.

As a classical result of data signal processing, this suggests that
the components of the side loads in the y and z directions are two
independent normal random variables with zero mean and equal
variance.

Time and Grid Convergence

To see the effect of the time step on the side-load prediction,
calculationshave been performed with differentgrids and time steps
for a PR of 50. The results of these tests are summarized in Table 2.

If the grid C (finest grid) with the smallest time step is considered
as a reference, we obtain a converged result with the couple (grid
A, At =10 us). This couple (less costly) is then retained for the
following computations.
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Table 2 Time and grid

convergence
Grid At, us Side load rms
A 200 0.67
A 50 0.61
A 10 0.74
C 5 0.73
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Figure 15 compares the experimental rms value of the side load
obtained by LEA with the computed values for different PRs. Two
experimental curves are given by LEA. The first one corresponding
to the highest level represents the forces directly measured on the
nozzle by mean of sensors, which includes both the loads due to the
aerodynamics and those due to the coupling between aerodynam-
ics and structures. The evaluation of the aerodynamic forces alone
requires some very delicate corrections.!” The second experimental
curve showing a lower level corresponds to these corrected values.
The numerical results fall within the two experimentalcurves, which
can be considered as satisfactory knowing the difficulty of the ex-
perimental evaluation. Both values indicate that the maximum is
reached for a PR around 50, that is, when the separation point is
located in the middle of the nozzle extension.

The calculationshaverevealed two main features of the separated
flow: first, the unsymmetrical separation and, second, the pressure
pulsation that emanates from the separation point. It results in un-
symmetrical wall pressure distributions.

Once the separation occurs, the flow loses its axisymmetrical
nature. This leads to pressure pulsations and to separated flow un-
steadiness. The loss of the axisymmetrical nature is illustrated by
plotting the skin-friction lines (Fig. 16).
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Fig. 17 Local side-load contribution.

Unsteady and unsymmetrical behaviorin the subsonicrecirculat-
ing flow influences the position of the separationline. This behavior
seems to be important when the separation shock emanates in a
region of minor wall curvature.

Figure 17 presents the absolute value of the local side load
9| F|/dx with respect to x for the different PRs computed (at a
given time), respectively. Two important contributionsare observed
for a chosen PR. The first one comes from the separation and is
characterized by the peak in Fig. 17. This peak is related to the
nonaxisymmetricalbehavior of the separation line. The second one
originates from the region located downstream of this peak and ex-
hibits a plateau showing that some small pressure fluctuations can
contribute to nonnegligible sideloads.

Conclusions

This study has shown the interest of an algebraic model based on
Goldberg’s'> backflow formulation to predict the free-shock sepa-
ration pattern in a wide range of PRs.

The computed nozzle wall pressures are in good agreement
with the experimental measurements. More precisely, the separa-
tion point location differs from experimental data by less than 5%,
and the plateau pressure level downstreamof the separationis accu-
rately predicted. From this point of view, it improves significantly
on semi-empirical prediction tools.

Moreover, both the three-dimensional and unsteady behavior
were simulated. The analysis of the flowfield suggests that the un-
steadiness is strictly located downstream of the separation shock.
The numerical flow remains perfectly axisymmetric upstream.

The side-loads prediction, as well as the random characteristics,
also are in good agreement with the available experimental data,
particularly the global behavior of the rms force evolution vs the PR
thathave been well reproduced. Probability density of side-load dis-
tribution follows Rayleigh’s law. The numerical study revealed two
main side-load features in the LEA truncated ideal contoured noz-
zle. The large-amplitude and low-frequency side-loads fluctuation
are induced by the flow unsteadiness. Downstream of the separation
point, the flow is not axisymmetric in space. The turbulent shear
layer that emanates from the separation point causes pressure pul-
sations in the whole separated flow region. The numerical study
indicates finally that small pressure pulsations are sufficient to gen-
erate non-negligibleloads on the nozzle wall.
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