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Numerical Simulation of Side Loads in an Ideal Truncated Nozzle

Sébastien Deck¤ and Philippe Guillen†

ONERA, F-92322 Châtillon, France

The side loads induced by unsymmetricaland unsteady separationof the � ow takingplace 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 dif� culties. A numerical study of the three-dimensional overexpanded nozzle � ow during stationary operations
has been undertaken to try to understand the origin of this phenomenon.The � ow 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 back� ow
correction has been implemented in a three-zone formulation adapted to the � ow topology of interest. The main
features of the � ow� eld, side-loads mean value, and the separation point locationare well estimated. With regard to
the separationpoint location,the proposed methodgivesbetter results than the mostcommonlyused semi-empirical
criteria. Unsteady characteristics of the � ow� eld are presented.

Nomenclature
E = total energy, m¡2 ¢ s¡2

Fc = convection � ux
Fd = diffusive � ux
F.t/ = side-load norm,

p
[F 2

y .t/ C F2
z .t/], N

Fy;z.t/ = side-load components on y, z
INN = identity matrix tensor
i; j; k = indices of cell i jk
i jk; l = interface l of cell i jk
M = Mach number
n; n C 1 = discrete times, corresponding t and t C 1t , s
P = pressure, Pa
Pr; Prt = Prandtl and turbulent Prandtl numbers
T = temperature, K
W = conservativevariable vector
x; y; z = physical Cartesian coordinate axes, m
° = ratio of speci� c heats
µ.t/ = angle between the side force and Ox axis, rad
·; ·t = laminar and turbulent thermal conductivities,

kg ¢ m¡1 ¢ s¡3 ¢ K¡1

¹; ¹t = laminar and eddy viscosities, kg ¢ m¡1 ¢ s¡1

½ = density, kg ¢ m¡3

¿; ¿r = viscous stresses, Pa, and Reynolds tensors, Pa

Subscripts

a = ambient
b = back� ow edge
c = chamber
t = throat (geometry)
v = viscous sublayer edge
w = wall

Introduction

I N today’s advanced launchers,the nozzleof the � rst-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 � ight, the wall pres-
sure level required for an adapted attached � ow can be much lower
than the ambient pressure. This leads to a � ow separation in the
nozzle extension. Because of its � uctuating 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-
ferentempiricalmodelshavebeendevelopedto predictside loads.A
brief review for their evaluation is given in Ref. 1. Nevertheless, the
phenomenon is not fully understoodand differentpossible physical
origins have been identi� ed. 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-loadmeasurementsare dif� cult to implement.
Hence, numerical approaches remain very promising for the treat-
ment of nonadapted � ow� elds in rocket nozzles. Indeed in re-
cent years, there has been considerable interest2¡5 in numerical
approaches of startup and shutdown processes in thrust optimized
nozzles.The possible transitionof � ow� eld separationpattern from
free-shockseparationto restricted-shockseparation,and vice versa,
has been invoked as an important side-load source factor.6¡9 The
internal shock seems to have a major in� uence on the separation
pattern.Nevertheless,side loads are also observed10 in an truncated
ideal contoured nozzle (without internal shock) during stationary
operations with separated � ow inside the nozzle.

A three zone algebraic turbulence model adapted to this speci� c
� ow topology has been developed, and unsteady three-dimensional
turbulent computations have been carried out to try to get a better
understandingof the origin of side loads that occur in an truncated
ideal contoured nozzle during stationary operation. Because of the
experimental low-frequencycharacteristics10 of the � uctuatingside
loads,10–100Hz, theattempt to useanunsteadyReynolds-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 � ows, a Reynolds-averagedform is used, where the con-
servative variables are mass averaged and represent the mean � ow
contributions:
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@W
@t

C div.Fc/ D div.Fd/ (1)

with

W D t .½; ½V; ½E/

Fc D t [½V; ½.V ­V/ C p NN1; ½EV C pV ]

Fd D t [0; NN¿ C NN¿ r ; . NN¿ C NN¿ r / ¢ V ¡ .q C qt /] (2)

The preceding system is formulated in an absolute frame.
Turbulence contribution to these averaged equations is reduced

to the Reynolds tensor NN¿ r and to the turbulent heat transfer qt .
Assuming the air as an ideal gas, the state equation relates the

static pressure P to the conservativevariables:

P D .° ¡ 1/[½E ¡ .½V/2=2½] (3)

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

NN¿ C NN¿ r D .¹ C ¹t /
£
¡ 2

3 .div V /NN1 C .grad V C tgrad V /
¤

(4)

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

¹.T / D ¹0

³
T

T0

´ 3
2

¢
T0 C 110:4
T C 110:4

(5)

with T0 D 273:16 K and ¹0 D 1:711:10¡5 kg ¢ m¡1 ¢ s¡1.
Considering a � nite volume Ä, its surface S with an exterior

normaln, the integrationof localequations(1) leads to the following
integral form :

±

±t

³ Z

Ä

W dÄ

´
C

Z

S

[Fc ¢ n] dS D
Z

S

Fd ¢ n dS (6)

Numerical Algorithm

The numerical method is based on a � nite 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’s11

formulation of the fully implicit scheme:

3
2 Wn C 1

i jk ¡ 2Wn
i jk C 1

2 Wn ¡ 1
i j k

1t
¢ NÄi jk C

"
6X

l D 1

.Fc ¡ Fd/i jk ;l

#n C 1

D 0

(7)

where i jk are the grid indices and l one of the six interfaces of
the hexahedral rigid cell Äi jk , and where the superscripts n ¡ 1,
n, and n C 1 refer to the time evaluation. The numerical boundary
conditions are adiabatic no-slip wall condition and nonre� ecting
far-� eld condition. They are imposed by ensuring adequate � uxes
at boundary interfaces.Further details of the numericalmethod may
be found in Ref. 12.

Turbulence Modeling
When the Boussinesq hypothesis is assumed, turbulence model-

ing is reduced to the evaluation of an eddy viscosity ¹t . Algebraic
eddy-viscosity models still represent a common choice for com-
pressibleNavier–Stokes computationsthanks to their minimal CPU
andmemory 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 dif� cult to imple-
ment for complex � ow topologies.Visbal and Knight,13 for instance,

Fig. 1 Schematic of two-dimensionalturbulent boundary-layersepar-
ation.

found the Baldwin–Lomax14 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 � ow of interest in our study involves a large separated
area from the nozzlewall and complex shock patterns.To model ad-
equately its turbulent behaviour, an implementation of Goldberg’s
back� ow model15 has been introduced.

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

Region 1

The Baldwin–Lomax14 turbulencemodel is a two-layer algebraic
eddy-viscositymodel patterned after that of Cebeci and Smith.16 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

¹t D
»

¹ti for y · yc .inner region/

¹te for y > yc .outer region/
(8)

where yc 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

¹ti D N½k QX kl2 (9)

In case of a three-dimensional � ow, k QX k is chosen as the norm of
the vorticity,

k QX k D

s³
@u

@y
¡ @º

@x

´2

C
³

@º

@z
¡ @w

@y

´2

C
³

@w

@x
¡ @u

@z

´2

(10)

The mixing length l is a correctionof thePrandtlmixing lengthusing
Van Driest’s dampingfunction17 to reach asymptoticbehaviorat the
wall:

l D Ây[1 ¡ exp.¡yC= QAC/]
p

¿ C (11)

The dimensionless distance yC , which is a Reynolds number
based on the friction velocity u¿ , is given as

yC D
¡p

½w j¿w j
¯

¹w

¢
y D .yu¿ =ºw/ (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 modi� ed by the
shear-stress square root:

¿ C D 1 C pC yC (13)

where

pC D ºe

½wu2
¿

dP

dx
(14)

On a � at plate, AC D u¿ A=º is constant and equal to 26. To take
into account the pressure gradient, AC has been modi� ed18 as fol-
lows:

QAC D AC
¯p

1 C 44pC (15)

The constants are von Kármán’s Â D 0:41 and Van Driest’s17

damping AC D 26.

Outer Region

The eddy viscosity is chosen as

¹te D N½kCcp Fw FKleb.y/ (16)

The Clauser parameter k is assigned to be constant and equal to
0.0168 and Ccp equal to 1.6. Turbulencedecrease in the outer region
is taken into account by the Klebanoff intermittence factor:

FKleb.y/ D
©
1 C 5:5[CKleb.y=ymax/]6

ª¡1
(17)

with CKleb D 0:3. Turbulence scales Fw are evaluated considering
Baldwin’s14 function maximum,

FBald.y/ D yk QX k (18)

with

Fw D ymax FBaldmax (19)

The dif� culty is to select the rightmaximum because the Baldwin
function usually presents several: a � rst one near the wall at about
yC ¼ 10, the right second maximum characteristicof the boundary-
layer edge, and sometimes a vortex maximum outside the boundary
layer for separated � ows. Originally, Van Driest’s17 function was
included in the Baldwin14 function to eliminate the � rst maximum
(Fig. 2) and the second maximum was then selected as a � rst max-

Fig. 2 Baldwin’s function behavior for an attached boundary layer.

Fig. 3 Baldwin’s function behavior in vicinity of separation.

imum of the corrected Baldwin function. The selection of the out-
ermost peak of FBald.y/ in the length computation can overpredict
turbulence scales (Fig. 3). Péchier12 has recently shown that Van
Driest’s17 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 discontinuityon the ¹t pro� le at
the intersectionof inner and outer regions, a smoothing formulation
has been introduced:

¹t D ¹te th.¹ti =¹t e/ (20)

Region 2

The Goldberg back� ow model15 has been designedespeciallyfor
(and is restricted to) separated � ow regions. Consequently, it must
be combined with another model (region 3). The model is based
on experimental observationof separated turbulent � ows. The main
features of the model are 1) the length scale within the back� ow,
which is proportional to the local distance from the wall to the edge
of the viscous sublayer located outside the back� ow 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 yb:

½k

½kb
D

e’
©
1 ¡ exp

£
¡’.y=yb/2

¤ª

e’ ¡ 1
D G.x; y/

0 · y · yb (21)

The dissipation is given by

".½=½b/
3
2 D [kv G.x; y/]

3
2
¯

yv; 0 · y · yb (22)

The value of k at the viscous sublayer edge yv follows from

¯ ´ kv=kb D 1 C

£
.yv=yb/2 ¡ 1

¤
’

e’ ¡ 1
(23)

where

yv=yb D 1 C 20[ºw=us yb]C
1
4

¹ (24)
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where us is the square root of the maximum Reynolds shear stress in
the pro� le. This maximum is found outside the separation(region3)
and can be obtained from

us D
p

¡.u0º 0/max (25)

In the present computations us was chosen as

us D
q

ºt;mk QX kmax (26)

where ºt;m is the eddy viscosity at the location where k QX k reaches
its maximum (outside the separation bubble).

Finally, the eddy viscosityis assumed to be of the following form:

ºt D f .y=yb/.k2="/ (27)

which gives

ºt D us yº

p
.½w=½/

p
G.x; y/[A.y=yb/ C B]

¡
1
¯

2
p

2¯2
¢

(28)

where A and B are given by

A D ¡
¡

1
2
C¤

¹

¢ 9
5 ; B D

¡
1
2
C ¤

¹

¢ 3
5 ¡ A (29)

with the constants

C¹ D 0:09; C ¤
¹ D 0:7; ’ D 0:5 (30)

Region 3 (y >yb )

The expression of the eddy viscosity in region 3 is given by

¹t D N½kCcp
QL QV ¢ Q° [.y ¡ yb/=.ymax ¡ yb/] (31)

where QL D ymax ¡ yb and ymax is the locationwhere thevelocityscale
function QF de� ned next reaches its maximum (mixing layer):

QF D .y ¡ yb/k QX k (32)

Finally, the velocity scale is given by

QV D min
£ QFmax; Cw

¡
1 Qu2

¯ QFmax

¢¤
(33)

where 1 Qu is the difference between the local maximum and mini-
mum velocity magnitude for y > yb . Cw is a constant taken equal to
0.75. QFmax is the local maximum of QF in the region corresponding
to y > yb . Turbulencedecrease is taken into account by the function

Q°
³

y ¡ yb

ymax ¡ yb

´
D 1

1 C 5:5f®[.y ¡ yb/=.ymax ¡ yb/]g6
(34)

This function is an adaptation of the Klebanoff intermittence factor
formulation.The value of ® corresponding to CKleb in Eq. (22) was
chosen equal to 0.8 to predict correctly the mixing layer thickness.
This approach differs from the one proposed by Ramakrishnan and
Goldberg19 on the following points: discontinuity smoothing be-
tween the internal and external zones, pressure gradient in� uence
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 � rst 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 � ow 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 re� nement in the radial
direction.Grid C allows one to evaluate the in� uence 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 £ j £ k ) 161£ 100£ 37 239£ 150£ 37 161£ 100£ 73
Exterior (i £ j £ k) 100£ 180£ 37 121£ 200£ 37 100£ 180£ 73
Total (nodes) ¼1,300,000 ¼2,200,000 ¼2,500,000

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
iteration is 1.2 ¹s. Computations are carried out in two steps. First,
a steady computation is performed to � x the shock position. Then
the unsteady computation begins.

Flow� eld Description

The separated � ow� eld 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 � ow pattern is called free-shock
separation.7

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

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

Fig. 5 Flow� eld description.

a) PR = 50

b) PR = 85

Fig. 6 Flow� eld description: pressure and Mach contours.

can be considered as a � uid wall in which the supersonic jet is
con� ned.

Grid Convergence

To evaluate the effect of grid re� nement, two computationswere
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 visibledifferencebetween gridsA and C can be seen. The results
are quite close, one can only notice a slight differenceon the Mach
disk position. Figure 8 presents the value yC at the � rst mesh point
above the solid surface of grid A for the same PR. Its value always
stays below 1.1, which is quite suf� cient for a correct calculationof
the viscous stresses.

Pressure Distribution

Downstream of the separation shock, the � ow does not remain
uniform. The separationhas an unsteady and three-dimensionalbe-
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’Études
Aérodynamiques (Poitiers, France) (LEA) experiments (symbol)
have been plotted together with the instantaneouswall pressure ob-
tained numerically (solid line). The different curves correspond to
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Fig. 7 Effect of grid resolution on Mach contours for grids A and B.

Fig. 8 Value y+ size of neighboring wall cells (PR = 50).

a meridian line around the nozzle. The discrepanciesbetween these
curvesdemonstratethenonaxisymmetricnatureof the � ow� eld.The
pressure obtained downstream of the separation point is irregular.

Separation Prediction

Many authors20¡26 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 separationpoint locationdiffers 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 � ow inside the noz-
zle. In general, � ow 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
literatureare 1) external � ow instabilities,buffeting (not considered
in this discussion), 2) aeroelastic coupling of separationand nozzle
extension, 3) transition of separation pattern from free-shock sepa-
ration to restricted-shockseparation and vice versa, and 4) random
pressure pulsations at the separation point and in the whole sepa-

PR = 30

PR = 50

PR = 85

Fig. 9 Instantaneous wall pressure distribution.

rated � ow 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.7 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 schematicviewof the evolutionof the separation
line and introduces the two parameters [µ.t/; F.t/] used to qualify
the side load. Here µ.t/ is the angle between the instantaneousside
force and a referenceaxis. F.t/ is the instantaneousside-forcenorm.

Figure 12 shows the evolution of the pressure effort F.t/ for
a PR equal to 50 during 1.1 s. Figure 13 shows the evolution of
the side-force vector direction (cos.µ.t//; sin.µ.t/) as a function of
time (z axis). This load has a randomdirection.The large-amplitude
and low-frequency side-load � uctuations are induced by the � ow
unsteadiness.
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Fig. 10 Prediction of the separation point location with different
criteria.

Fig. 11 De� nition scheme of the parameters [µ(t); F(t)].

Fig. 12 Time history of y and z components of the � uctuating side
loads.

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
probabilitythat 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.28 The Rayleigh probability distribution
function is described with the following formulas:

P.x j c/ D .x=c2/ exp.x2=2c2/; x ¸ 0; otherwise zero

(35)

Fig. 13 Time history of side-loads direction.

Fig. 14 Probability density function of side-load amplitude distri-
bution.

The most likelihood estimator (MLE) used is

c D

s
1
2n

nX

i D 1

x2
i

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,
calculationshavebeenperformedwith differentgrids and time steps
for a PR of 50. The results of these tests are summarized in Table 2.

If the grid C (� nest grid) with the smallest time step is considered
as a reference, we obtain a converged result with the couple (grid
A, 1t D 10 ¹s). This couple (less costly) is then retained for the
following computations.
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Table 2 Time and grid
convergence

Grid 1t , ¹s Side load rms

A 200 0.67
A 50 0.61
A 10 0.74
C 5 0.73

Fig. 15 LEA rms side-load evolution.

Fig. 16 Skin-friction lines (PR = 30).

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 � rst 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.10 The second experimental
curve showing a lower level corresponds to these corrected values.
The numerical resultsfallwithin the two experimentalcurves,which
can be considered as satisfactory knowing the dif� culty 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 calculationshave revealed two main featuresof the separated
� ow: � rst, 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 � ow loses its axisymmetrical
nature. This leads to pressure pulsations and to separated � ow un-
steadiness. The loss of the axisymmetrical nature is illustrated by
plotting the skin-friction lines (Fig. 16).

Fig. 17 Local side-load contribution.

Unsteady and unsymmetricalbehavior in the subsonic recirculat-
ing � ow in� uences the positionof 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
@jF j=@x with respect to x for the different PRs computed (at a
given time), respectively.Two important contributionsare observed
for a chosen PR. The � rst 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 � uctuations can
contribute to nonnegligible sideloads.

Conclusions
This study has shown the interest of an algebraic model based on

Goldberg’s15 back� ow 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 plateaupressure level downstreamof the separationis accu-
rately predicted. From this point of view, it improves signi� cantly
on semi-empirical prediction tools.

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

The side-loads prediction, as well as the random characteristics,
also are in good agreement with the available experimental data,
particularlythe global behaviorof the rms force evolutionvs the PR
that havebeenwell reproduced.Probabilitydensity of side-loaddis-
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 � uctuation
are inducedby the � ow unsteadiness.Downstream of the separation
point, the � ow is not axisymmetric in space. The turbulent shear
layer that emanates from the separation point causes pressure pul-
sations in the whole separated � ow region. The numerical study
indicates � nally that small pressure pulsations are suf� cient to gen-
erate non-negligible loads on the nozzle wall.
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9Östlund, J., and Bigert, M., “A Sub Scale Investigation on Side Loads in
Sea Level Rocket Nozzles,” AIAA Paper 99-2759, June 1999.

10Girard, S., and Alziary de Roquefort, T., “Etude des charges latérales
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Appliquée CNRS 191, Dec. 1996.
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