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ABSTRACT. Numerical approaches to predict side-loads on over-expanded launcher engines,
resulting from the aeroelasticity, are proposed in this study: a stability model and a
Sfluidstructure model. The main idea is to offer a better understanding of the repercussions
likely to appear from the aeroelastic coupling in terms of side loads resulting from the motion
of the compression shock and that may be responsible of damage effects on the current
engines. It is notably shown the existence of a given natural torsional frequency of the nozzle
for which the measured side loads are maximum, phenomenon associated with a transversal
wave in the flow between both walls. These studies aim to improve the only current
aeroelastic stability model in over expanded nozzle.

RESUME. Un modeéle numérique de couplage fluide-structure est présenté, visant a améliorer la
prédiction du niveau de charges latérales dans un moteur fusée sur-détendu (présence d’un
choc stabilisé) et subissant des mouvements de corps rigides. Ces derniers peuvent en effet
avoir un effet destructeur sur la tenue du moteur et sont aujourd’hui encore observés sur les
moteurs actuels. Il y est montré [’existence d’une fréquence critique de rotation du moteur
pour laquelle le niveau de charge observé est maximum et lié notamment a l’existence d’une
onde transversale en aval du choc venant régulierement percuter les deux faces internes du
moteur. L’objectif a terme de ces travaux est d’améliorer le seul modeéle de stabilité
aéroélastique actuellement appliqué aux moteurs fusée.
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1. Context and interestsfor the study
1.1. Industrial context

The design processof alauncher engine requiresto ensure bath thrust cgpabiliti es
and lightweight considerations, thislatter beingjustified to increase payloads. Moreo-
ver, the control of the launcher trajedory requires to ensure a orred orientation of
the engine by the means of aduators. Consequently a launcher engine may never be
considered as arigid organe but as a flexible one. Flexibility may then be dueto locd
elastic deformation o the divergent part andto rigid bodymotions aroundthe nozzle
fixation pdnt (cdled cardan axis) by considering the flexihility of acuators.

Undesirable dfedsare particularly strongat low-altitude flight where the externa
presaureis drongest and oppaes itself to the flow. Amongst them, we may cite side
load effedsthat are dueto alossof symmetry of the flow whosethe originis gill kept
out of understanding. Their effeds may be strong enoughto damage the engine and
deviate the launcher trajedory.

This phenomenonis known for alongtime sincethe first works acordingto this,
date back to the twenties, notably with Prandtl, Meyer and Stodda who worked on
over expanded jets (i.e. with presence of an internal separation shock) (Summerfield
etal.,, 1954.

1.2. Current investigationsfor the origins of sideloads

A launcher engine is designed to operate in adapted conditions (no internal com-
presson shock). However we may cite several cases where the engine may be used in
over expanded condtions:

— the progressve increase of the chamber presaure during the starting phese of a
launcher engine,

— duing validation phases they must be tested at sealevel in vaauum test chamber
where the main flow encourters an external residual presaure of afew milli -Pascd.

Three posshble causes of appeaance of the side load effeds currently keep the
attention o the researchers, theinterest evocaed by manylaboratoriesof the European
community beingwell expressed in reference (Act, 1998 :

— the presaure fluctuations in the separation and redrculation zones downstreanm
the shock (Schwaneet al., 2002 Wong, 2005,

—the transition between two kinds of separation flow, the free separation shock
and the restricted separation shock This transition may occur during the start-up pro-
cess Both cases leal to different wall presaure distributions that may generate side
loads if the symmetry is not ensured. This phenomenon hes been experimentally and
numericaly observed (Frey et al., 1999 Ostlung, 2002 Dedk et al., 2004,
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—the agoelastic couging beween the flow and the flexible part of the nozze (in-
cludingrigid bodymovements due to cortrol aduators) (Ostlunget al., 2001; Lefran-
gois, 2005 Pekkari, 1993.

Reading higher chamber presaire levels for higher performances requires to in-
cresse aearatiosin nazzle design that may leal to mechanicd structures more sensi-
tive to interad with the flow andto generate side loads.

1.3. Aeroelasticity for expanded nozde

Aeroelasticity has been studied for at least forty yeas from a theoreticd point
of view (Bisplinghdf et al., 1975 Dowell, 1975 Fung, 1958 and more recently a
numericd approach has been developed and proposed (Farhat et al., 1995 Kondoet
al., 1987 Piperno, 1994 Talecet al., 1996). The development of couped models for
agoelasticity is quite recent due to its multidiscipli nary nature. Moreover, its applica
tionto rocket engines has rarely been studied (Lefrancois, 2005 Pekkari, 1993 Tuo-
vila et al., 1968. Currently, three main approaches are possble to study agoelastic
effeds of an engine dueto over expanded condtions:

1) an experimental i nvestigation (complex and expensive) (Ostlung, 2002 Tuovila
etal.,, 1969,

2) a numericd agoelastic stability analysis with a model initialy developed
by Pekkari's tean (Pekkari, 1993 and improved to deted dynamicd instabiliti es
(Lefrancois, 2005 Lefrancoiset al., 2000,

3) a complete fluid-structure interaction (FS) model developed in a paralel en-
vironment. It generally consists of three @des, respedively dedicaed to compute the
structure deformation, the fluid flow and mesh deformation with messages passng
in order to regularly update common data between al models (expensive in terms of
CPU cost).

For a rigid nazzle with a flexibility only due to external medchanisms auch as
control aduators (rotation and translation), the Pekkari’s dability model predicts fre-
quency shifting with regards to the compresgon shock position along the nozzle.
We ill ustrate on Figure 1 the results obtained from both modds (stability and fluid-
structure) for a case with orly one degreeof freedom (abbr. dof) in rotation and with
two dof, arotation and a displacement respedively asociated with diff erent rigidities.

The z—axis corresponds to the initial compresson shock pasition (X,.,) that is
contolled by the presaure chamber P.. The y—axis reports the correspondng aeoe-
lastic frequencies predicted by the stability model (lines) and those extraded by FFT
analysis (Fast Fourier Transform ) from fluid-structure couped results (symbals).

For both cases, it is clea that no frequency shifting has been observed from fluid-
structure cdculations even if the stability model respedively predicted a static insta-
bility for the first case (frequency coll apsesto zero) and a dynamic one for the second
case (frequencies coall escing). The main explanation lies in the fad that frequency
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Figure 1. Frequency shifting predictions (lines) andFS calculations (symbals)

shifting prediction may only be due to shock displacament (in regards with stability
model). But for all cases, no shock motion has been reported duringthe fluid-structure
cdculationsfor this frequency range.

It is then necessary to better understand the interadion between a compresson
shock andamoving nazzlein order to be ebleto improvethis dability model currently
in used in the nozzle design.

The structure of this paper is decompaosed in threeparts. A first sedion describes
the complete fluid-structure model. A seaond sedion exposes investigation ways to
better understand the physics underlying between a shock in motion and nazzle mo-
vements. A sedion naably studies the influenceof the natural frequency response of
anozze in rotation onthe shock excursion and padnts out the existence of a trans-
versal wave for a predse frequency. Sensitivity analysis aso permits to distinguish
quasi-instataneous resporse of shock in resporse to the nozzle motion and dephased
resporse. A last part concludes and presents ways currently investigated in order to
improve the aeoelastic stability model.

2. Numerical model for fluid-structure interaction

This dion hriefly describesthe fluid-structureinteradionmodel used to studythe
effed of agoelasticity on side loads for over expanded launcher engine (Lefrancois,
2005 Lefrancois et al., 2000. It consists of three @des, respedively dedicated to
compute the structure deformation, the fluid flow and the mesh deformation. These
codes are encgpsulated in a paralel environment and interad within a couging
scheme.
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2.1. Structure model

A finite dement techniqueis used for the spacediscretizaion o the flexible struc-
ture. The governing equations are based on the fundamental principle that may be
written as:

0%u
[M] W + {fint(ua t)} - {fezt} = O, [1]
obtained after asembling al over the mesh elements where :

— [M] : global massmatrix,

—{u} : nodd displacementsvedor,

—{fint(u,t)} : nortlinea interna efforts,

—{fext} : external forcesresulting from agodyramicd couging.

The main charaderistics of the structure solver are :

—a Total Lagrangan Formulation is employed to cdculate the deformations of
a flexible structure under large displacaments hypabhesis ((Zienkiewicz et al., 2000,
Voal. 2),

—the resolution o the resulting nonlinea system is obtained using a Newton-
Raphson iterative method (Dhatt et al., 2005 Zienkiewiczet al., 2000,

—an implicit Newmark-Wilson scheme is used for temporal resolution (Dhatt et
al., 2005.

2.2. Fluid flow model

Thismodel i s based onthe finite dement resolution of the global set of equations
governinginviscid and compressblefluid flow on atwo-dimensional moving danain
(Farhat, 1996 Lefrancoiset al., 1999.

) O{F,} O{F,}
5 TUY + J(ax o ) =0, (2]

where:
—{U} : conservative variables,
—{F,} = {F..} — w,{U} : convediveflux alongz-diredion,
—{Fy} ={Fey} — w,{U} : convediveflux alongy-diredion,

with :
p gu pv
| pu - pu” +p . puv
wy =0 = 0T Ea =, |

pe (pe +p)u (pe +p)v
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with p the massdensity, u and v respedively the comporentsof fluid velocity in (z, y)
system, e the total energy per unit of massandp theloca presaure given bythe law of
perfed gas:

p=pr.T=(y—1)(pe—1/2p(u® +v?)),

with the temperature T, v = 1.4 andr = 287u.S1. The variables (w,, w,) represent
thelocd velocity comporentsof thedomainand.J(z, y, t) isthejacbian of the trans-
formation between the movable physicd space(z, y) andafixed referencespace(é, n).
The main charaderistics of the fluid solver are :

—an explicit Lax-Wendroff schemeis used for temporal discretization (Lax et al.,
1960 with a shock capturing technique cdled Flux Correded Transport (Boris et
al., 1997 with a Zalesak’s limiter (Zalesak, 1979 in zones where pasitivity is not
ensured (presence of shocks for example). Stability is ensured using a CFL criterion
(Cormack, 1992,

— a Discrete Geometric Conservation law is applied to ensure the same predsion
order and stability property of the solver obtained in the cae of arigid mesh (Farhat
etal., 1995 Guillard et al., 2000,

—adeomposition damain techniqueis used to parall elizethe flow solver in order
to significantly reduce CPU cost. The partitioning tool CHACO (Hendrickson et al.,
1995 isused to decompaosetheinitial mesh on’ N’ sub-mesheswith nodesdugication
oninternal boundaries,

— the fluid mesh is deformed with a pseudo-material approach associated to a sub-
mesh technique (MSA for Moving Sulmesh Approach (Lefrangois, 2008) to signifi-
cantely reduce CPU cost.

2.3. Coupling scheme between the fluid and structure cdes

The couping must resped the following pants:

—in order to preserve moduarity aspeds of eat code taken separately, the cou-
pling is dore in establishing a’'message-passng between solvers by using parall el
todls offered by PVM (Parallel Virtual Machine) routines (Geist et al., 1994 Kessy,
1997,

—the exchanged data during cdculations consist of the wall presaure distribution
and time step from the fluid code to the structure one, and the updete of the flexible
boundiriescommonto bath codes from the structure to the fluid,

—the charaderistic times being dff erent by several orders of magnitude between
both codes (implicit structure code and expli cit fluid code), the updeting of wall cond-
tions is made using a sub-cycling couging scheme and thus caried ou every Ny,
fluid steps,

— the data exchangeis here based ona discontinuous cougingscheme (seeFigure
2), which athough des not preserve the kinematic compatihilit y between the meshes
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of thefluid andthe structure, makes possbleto better ensure the transfer of energy and
momentum between the two physics(transfer of a correded presaure profile) (Piperno,
19949).

nf ng+Nyys g +2Npe np+3Nps Fluid time
| | |

Fluid process (3) ‘ 3 ‘ 3 ‘
LR T g /s cdedlation

e e

@, ,@:@\_5© =, - messgepasing

Structure pr@‘i e ® —e— - Structuretime

Ns ns+1ns+1 Ns+2ngs+2 ng+3

Figure 2. Discontinuots fluid-structure couping scheme

The exchange processill ustrated Figure 2 must be read as follows :

1) fromtime stationn s, we conduct asingle time step for structure solver to update
displacements, vel ociti es, strains. New pasitioncorrespondsnow to time stationn s +1,

2) transfer to the fluid code of the informations based onthe new structure state,

3) fromtimestationn ;, we conduct Ny, conseautivefluid time stepsto updeate dl
fluid data endread time stationny + Ny, = ns + 1. Thefluid meshis progressvely
deformed in order to match bath fluid boundry and new structure deformation,

4) transfer to the structure code of a mrreded parietal presaure profile (Piperno,
19949,

5) structure deformationis then updated in acordanceto these new fluid datain
conductinganew cdculation from previoustime stationn.

3. Analysisof the shock responseto forced rigid body rotation

The objedive here isto study the behaviour of the compresson shock in resporse
to aforced rotation regime imposed to an over expanded nazzle. It is motivated by
the fad that the rotation aroundits cardan axis is one of the motion able to conduct to
nonsymmetric flows. Moreover, thismotionis smilar to the one encourtered onred
engine controled by aduators. A particular attention is then given to the evolution of
the side loads cdculated with :

Fo== [ )il dds 3
nozzle
where i is the external normal vedor and i the unity vedor on the z-axis. The side

loads results essentially from the compresson shock motion X ., () that will be sto-
red duingall cdculations.
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3.1. Application case characteristics

The main damain isill ustrated onFigure 3b. It consistsin arigid 2D-nozzle with
one degreeof freedom (abbr. daf), defined by the rotation (¢) aroundits cardan axis.
The fluid damain (geometry and dmensions) with boundry condtionsare explicitly
ill ustrated Figure 3b.

Sonic conditions (Mach 1)

- = 028m

Fi xed%bc undary|
Xsep(t)

5m

I
3 Moving boundaries
2,34m

Static pressure imposed (1 atm)

4

5m

(a) Structure dtached to cardan (b) Fluid damain and boundry condtions

Figure 3. Description o the fluid damain (dimensions, bounday condtions) and
nozderigidities

In order to avoid locd deformation o the nozzle, the Younds moduus has been
choasen equal to 1018 N/m?. Thefluid flow is assumed inviscid and structural defor-
mations are suppased linea (small perturbation theory). The fluid mesh is compased
of 439 073 trianguar elements for 218 083 nodes. The dement size varies from 0.5
cminsidethe nozzlewith aprogressveincreaseto 10 cm outside the nozze. This pro-
gressve variation permitsto numericay diff use the igniti on shocks and consequently
reducethetransient cdculationtime (seeFigure 4) beforestarting the couping plese.
These diffusion effed is visible on the set of successve Schlieren (Kudryavtsev et
al., 2001) on Figure 4.

L . . . .
/ \ L_m\ //’/ l_f\\ //L‘j\ / /Q 2 \x
time

Figure 4. Ignition phasein a 2D noz4e (inviscid flow)
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The structure mesh is extraded from the parietal boundiries of the fluid mesh
(meshes conformity) andis compased of 1 123 two-nodes beam finite dements (three
dof per node, two displacement and ore rotation).

Following the transitionignition o the nozze, aforced regime in time of the rota-
tiond(t) of the nozzleis prescribed acordingto :

0(t) = 0, sin(r ft)?> with 6, = 1°, [4]
where f isthe frequency of the forced regime. A square sinus form has been conside-
red in order to progressvely start the nozzle rotation suchas 6(0) = 0.

The nozde presareratio (NPR : ratio P./ P,) equal to 3leals to a compresson
shock stabili zed at adistanceof X2, = 1 m after thethroat.

sep

3.2. Resultsanalysis

A set of 16 FS cdculations has been performed for frequency values darting
from 12 Hz to 150 Hz. For ead, 100 000 fluid time steps have been condicted. The
structure has been updhted every 10 steps.

For ead case the RM S (Root Mean Squae) response of the shock motion X, (1),
given by :

t

RMS(X..,) = <1 /0 X (O] dt> - ,

isillustrated in Figure 5 for the considered frequency range.
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5
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@
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Figure 5. Sensitivity andysis of the shock motion with resped to f (forced regime)

It can be observed that the shock motion depends on the frequency. This reveds
threeimportant distinct cougingregime:
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1) for low frequencies(f < 50 Hz) the shock can almost be mnsidered asfixed :
the explanationmay be foundin the fad that the fluid charaderistic timeislower than
the structure period (1/ f) permitting to the fluid to rapidly adapt itself with regardsto
moving environment. This also explains why the fluid-structure cdculations did nat
confirm the frequency-shifting predictions, since Pekkari’s model requires sgnificant
shock motions (seeSedion 13),

2) there exists a aiticd frequency (~ 110 Hz for NPR = 3), correspondng to
the maximum amplit ude of the shock motion, that may leal to significant side-loads,

3) for highfrequencies(f > 150 Hz) shock and nazzZle motionsare not conreced
any more : for these cases, the fluid charaderistic time is greaer than the structure
period (1/f) andfluid is not fast enoughto adapt itself to moving environment.

In order to confirmthe observationsfor thefirst andthird regimes, new caculations
have been conducted for a higher rotation value (/, = 15°). Results are respedively
shownin Figure 6 for alow frequency andin Figure 7 for ahighfrequency. It confirms

~ - . . N
A A A A A
time

Figure 6. Sequences of numerical Schlieren : slow forcing rotation of a 2D nozde
(f < 50H2)

A A i

time
Figure 7. Sequences of numerical Schlieren : fast forcing rotations of a 2D nozde
(f > 150H2)

for the lower frequency case that, even for a higher rotation angle, the fluid rapidly
adapts itself if nozzle motion is relatively slow with regards to fluid charaderistic
time. For the second case, we observe that this adaptation cgpaaty of the fluid flow is
not valuable any more.

Figures8band 9brespedively ill ustrate the time signals of wall presaurefor nodes
respedively locaed upstrean and dovnstream the shock. Their respedive positions



Side-loadsin rocket engines 647

aregivenin Figures8a and %a. The x-axisisthe normalized time given by t* =t x f.
Thelower signal for ead figure correspondsto the anguar veocity 6(¢).

Accordingto Figure 8b, the presaure evolutionsare perfedly in phase with regards

to nazze anguar velocity 4. Fluid rapidly adapts itself to the nozzZle motion. Thisis
obsserved regardlessthe frequency value.

For wall presaure evolutions extraded donnstream the shock (seeFigure 9b), we
may observe aphase shift p between presaure and anguar velocity that also depends
onfrequency. Parietal presaure seem to be governed by external flow condtions.

N = 0,004
a0
2 0,002
—
X 0
g
3 -0,002
8
T -0,004
=
< 3F ) E
S F 3 - \ a2 , K A
S 2E ) N | | A
= 0 1 2 3 4 5

t"=txf
(a) Extradions (b) Wall presaure signals

Figure 8. Wall presaure evolutions upstream the shock (right wall i n gray, 80 Hz)

PN =
=
X
g
@
g
= : - J :
< 2 Pinf 3
g 2F L A
< i FARIANY :
0 1 2 =t f 3 4 5
(a) Extradions (b) Wall presaure signals

Figure 9. Wall presaure ewlutions downstream the shock (right wall)

Transversal wavefor f = f.,.;; : piston andogy

For the aiticd frequency f...+ = 110 Hz correspondng to the maximum side-
load value (see Figure 5), we observe the interesting phrenomenon d a transversal
wave that propagatesitself between bah oppaite walls. Thislatter is €lf-induced by



648 EJCM -19201Q Fluid-structure interadion

the nozzle motion as a resonance phenomenon This effed is ill ustrated onthe set of

imagesgivenin Figures10and 11
A

(@t =322 (b) t* = 3.35 (© t* = 3.48 (d) t* = 3.61

time

Figure 10. Transversal wave propagding fromthe left to theright

(@t =3.75 (b) t* = 3.89 (c) t* =4.03 (d) t* =4.16
time

Figure 11. Transversal wave propagaingfromthe right to the left

The wave growth finds its origin in a single waves addition process eah wave
resulting from ead cycle of nozzle motion. Thisis analogotsto the wave generation
observed in a shock tube where both extremities would be ssociated to dependent
movable pistons asill ustrated in Figure 12a.

Charaderistics theory (Délery, 2008 permits to confirm this processas the origin
of the transversal wave that results from aresonance phenomenon ketween the nozzle
frequency motion and the time required for a single wave to propagate between bath
extremities. Charaderistic lines are plotted in Figures 12band 12 for adomain with
left and right walls assmilated to pistons with a forced motion at 80 and 115 Hz.
The shock wave results from charaderistics intersedionsandis clealy visible for the
115 Hz case, whereasthe 80 H z case does not et appea such a shock.
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(a) Pistonanaogy (b) f =80Hz () f=115Hz

Figure 12. Characteristics theory in a shock tube with moving extremiti es

Figure 13. Massspring andogy for side-loads predictions resulting from shock mo-
tions

4. Perspedives

A numericd model for fluid-structureinteradions has been presented for the study
in a2D over expanded nazZe, of theinteradion between sideloads andrigid bodyro-
tations. This model is based onthreediff erent solvers respedivey for fluid, structure
and mesh deformation that are conneded with a couping scheme in a parall el envi-
ronment.

It has been shown the existenceof a aiticd frequency for therotation of the nozzle
for which the measured side loads are maximum and that also corresponds to the
phenomemnon d atransversal wave that highly deforms the shock. It has also been
observed that the compresson shock may adopt a quasi-steady state response with
regardsto nazzlerotationsfor low frequencies, whereasit i s not the case any morefor
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higher frequencies for which a phase shift may be measured between side loads and
anguar velocity.

A dired application resulting from these studies is to improve the only current
agoelastic stability model in over expanded nazzle. This latter (Pekkari, 1993 pre-
dictsfrequency shifting dueto rigid bodymotionswhereas a complete set of codesfor
fluid-structure interadion reveds nore.

Studies and aaquired knowledges exposed in this paper will permit to furnish a
large anount of data that are aurrently in use to develop a model that is based ona
massspring analogy. This analogy is essentially motivated by the shock behaviour
with regardsto the frequency of nozzerotationsandisill ustrated in Figure 13 where
the shock is asgmil ated to a pseudomasswith a single degreeof freedom in rotation.

Thisanalogyrequiresthe determination of the pseudorigidity fromall cdculations
presented in this paper. This property extradionis currently under work for diff erent
value of NPR in order to study the dfed of theinitial shock positionalongthe nozze.
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