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The start-up and shutdown transient phases in rocket engine nozzles
generate high side loads. The internal and external §ow §uctuations can
excite the eigenmodes of the nozzle structure. The §ow separation in
out-of-round nozzle intensi¦es the initial structure deformation leading
in the worst case to the collapse of the nozzle. In the framework of the
DLR internal cooperation program ProTAU, the ovalization of nozzles is
being investigated from both the numerical and the experimental point
of view. Three nozzle geometries have been designed and deformed applying various methods. The §ow behavior in the initially axisymmetric
and the ovalized contours has been numerically investigated. The most
promising contours will be manufactured as permanently ovalized nozzle
models and tested under cold §ow conditions.

1

INTRODUCTION

The §ow inside a rocket nozzle interacts with its structure. As the §ow expands
under ambient pressure conditions, the nozzle can be divided into two zones: in
the ¦rst one, the inner wall pressure exceeds while in the second one, it is lower
than the ambient pressure (Fig. 1a). Due to the local pressure di¨erences, forces
are applied onto the nozzle structure. If the nozzle is perfectly round and the
§ow is symmetrically distributed, the radial forces will compensate each other.
This ideal circumferential distribution does not take place in reality, and so,
side loads act, bending the nozzle and loading the engine, its actuators, and the
rocket structure.
Two §ow conditions must be di¨erentiated depending on the nozzle pressure
ratio (NPR, ratio of total over ambient pressure). For high NPR values, the
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Figure 1 Wall pressure in perfectly symmetric nozzles, full §owing (a) and separated (b)

nozzle is full §owing and the §ow attaches to the wall over the entire nozzle inner
surface. For low NPRs, the §ow is separated, i. e., the §ow detaches from the
nozzle wall, resulting in a back §ow region downstream the separation position
where gradual adaptation to ambient pressure occurs (Fig. 1b). The latter §ow
condition is present during the transient start-up and shutdown of a rocket engine
under sea-level conditions, and is, therefore, of special interest.
In case of a full §owing nozzle, an inward bended nozzle wall will increase
the recompression characteristics of the wall. As a result, the pressure di¨erence
causing the bending force will decrease (Fig. 2a). The bending e¨ect is damped.
An outward bended nozzle wall, in the other way, will reduce the recompression
characteristics, leading the §ow to expand to lower pressure values (Fig. 2b). The
pressure di¨erence between inner and outer nozzle wall increases, also damping
the bending e¨ect.
A separated nozzle §ow behaves di¨erently. An inward bended nozzle wall
shifts the §ow separation position further downstream and increases, therefore,
the lever arm of the bending force (Fig. 2c). This is a self-reinforcing e¨ect.
Consequently, an outward bended nozzle wall shifts the §ow separation position
in upstream direction and the bending is ampli¦ed (Fig. 2d ).
Flow disturbances in full §owing nozzles are damped by the §owstructure
interaction. In case of separated nozzle §ows, the disturbances are ampli¦ed
270

INLETS, NOZZLES, AND INTERNAL FLOWS

Figure 2 Wall pressure in deformed nozzles, full §owing (left column) and separated
(right column)
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by the §owstructure interaction. These
disturbances can be produced either by
combustion instabilities or ambient pressure §uctuations.
Ambient pressure
§uctuations are introduced by the rocket
itself during ascent and are the function
of the rocket velocity and §ight altitude.
Under certain conditions, they may excite the bell nozzle eigenfrequency. As
a result, the structure responds and the
nozzle ovalizes. In case of separated
§ow, the unsymmetrical separation position generates self-reinforcing pressure
forces (Fig. 3). This e¨ect can lead in
Figure 3 Self-reinforcing nozzle oval- the last resort to the collapse of the nozzle structural integrity. For this reason,
ization in case of separated §ow
the experimental investigation of §ow
structure interaction in ovalized nozzles under separated §ow condition is di©cult to realize. A join experimental and numerical investigation is presented in
this paper. The study has been divided into small logical steps. First, a numerical method is developed and validated for the simulation of separated §ow
in axisymmetrical nozzle. This method is then applied to permanently ovalized
nozzles, studying the §ow response to steady structure deformation. The results
de¦ne the frame and necessary instrumentation for experimental investigation.
Once the numerical method is fully validated, it will be implemented to investigate §owstructure interaction in out-of-round nozzles.
The present paper studies di¨erent ovalization approaches to assist the selection of future cold §ow subscale test specimens. As initial contours truncated,
ideal nozzles were chosen to avoid the secondary e¨ect of reattached §ow conditions. The work is a cooperation of DLR Lampoldshausen and DLR Braunschweig within the framework of the DLR intern project ProTAU.

2

LITERATURE STUDY

Most of the works found in the literature which discuss the §ow behavior and
structural interaction in out-of-round rocket nozzles are numerical approaches.
The experimental study of a §owstructure interaction demands the simultaneous measuring of the §ow properties and the structural change, which is more
than challenging.
The ¦rst example of an experimental study was published by Tuovila and
Land in 1968 [1]. The aeroelastic stability of conical rocket nozzles exhausting into a vacuum chamber was studied. For this purpose, a sti¨ base nozzle
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was prolongated with steel or ¦berglass extensions. Whereas the steel nozzle
extensions kept stable during test run, the ¦berglass nozzles showed ovalization
modes with stationary wave forms and high amplitudes. The authors proposed
an empirical buckling parameter to predict the stability of conical nozzles.
Recent activities were reported by Brown et al. [2] and Moreaux and Girard [3]. Brown et al. tested a thin walled cold gas TIC (truncated ideal contour)
nozzle with strain gauges applied directly downstream the nozzle throat. The
wall pressures upstream the §ow separation showed §uctuations with frequencies being identical with the nozzle ovalization modes. From the authors point
of view, the separation movement is triggered by the ovalization frequency.
Moreaux and Girard [3] studied a TIC nozzle manufactured out of laminated
composite material. The nozzle model was tested under full §owing as well
as under separated conditions to study the aeroelastic coupling. The authors
reported a strong ovalization for NPR = 15, completed by an additional focal
point for NPR > 60. In tendency, the ovalization frequencies decrease and the
damping rises with increasing NPR. The tests ended with the nozzle destruction.

Introduction on separated nozzle §ows by Ostlund
et al. [4] includes, beside §ow topology, FSSRSS (free shock separation  restricted shock separation) transition and related side loads, a calculation of a bended nozzle where
the throat is the focal point of the de§ection. The comparison of calculations
and experimental results showed the awaited trend: increased wall pressures
on the inward displaced wall and decreased pressures on the outward bended
one.
Xia and Schwane [5] performed a CFD/FEM (computational §uid dynamics / ¦nite element method) cold §ow nozzle study related to side loads, induced
by bending and ovalization. It shows up that side loads increase with increasing
de§ection frequency (amplitude kept constant). The study of the §ow inside the
ovalized nozzle led to surprising results: the §ow separates on the inward bended
wall further upstream than on the outward bended one. The resulting wall pressure distribution was then transferred to a FEM model and pressure §uctuations
were applied on the nozzle inlet condition. As a result, low frequencies damp
the ovalization tendency, medium frequencies (around 50 Hz) excite the second
mode, and higher frequencies (up to 200 Hz) increase the deformation.
The paper was followed by a three-dimensional (3D) simulation [6] of the
VAC S6 cold §ow nozzle. This numerical nozzle model was deformed using a linear excentricity trend. The results reproduce the unexpected separation position
shift. The set of papers was completed with another work on ovalization and
side loads [7]. The calculation shows an experimentally not observed cap shock
pattern within a TIC nozzle. It has to be assessed in combination with its forerunner [5] and gives additional information. Interesting are the included wall
pressure calculations of an ovalized Vulcain 2 nozzle. At the outward bended
wall, a nearly constant wall pressure pro¦le with a slight negative pressure gradient is given, which might explain the separation downstream shift. The axial
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and radial force distribution as a function of frequency completes the work. The
axial force §uctuation is within the range of the determined separation shock
movement, the radial ampli¦cation lies above the shock motion.
L
udecke et al. [8] simulated the §ow around Ariane 5 at Mach number of 0.8.
The complete launcher with its complex structures of lines, struds, and the helium tank was modeled. The results were compared with experimental data
obtained from a wind tunnel model. The simulated pressure §uctuations are in
good conformance with the experimental results. A strongly asymmetric §ow
distribution is introduced by the helium tank which leads to nozzle ovalization
e¨ects. However, the displacement of the nozzle is, with 0.01% of the exit diameter, comparably low.
Berggren [9] sets up in cooperation with VAC a Vulcain 2 combustion chamber FEM model to replace the existing one. The work includes a paragraph
concerning the resulting ovalization behavior. The main outcome is whether
a ¦eld of force or an external, sinusoidal distributed pressure load causes the
ovalization is irrelevant. In addition, a Vulcain 2+ (sandwich design) nozzle
extension was studied.
A lot of numerical e¨orts concerning the §ow in an deformed J2-X rocket
engine, its nozzle, and the resulting side loads were carried out by Wang et
al. [10, 11]. The transient start-up process was calculated for an altitude condition of 30.5 km with time accurate §uid composition and properties. Four
nozzle con¦gurations were studied: the nominal rotationally symmetric con¦guration, a slightly, a more out-of-round, and a signi¦cantly out-of-round nozzle.
As J-2X features only one turbine exhaust gas (TEG) inlet duct, a signi¦cantly
asymmetric ¦lm injection distribution is present with a maximum mass §ow
deviation of 9%.
The transient 3D studies di¨er in the way the ovalization was applied. At
¦rst [10], the ovalization was obtained starting at the injection plate of the thrust
chamber with a constant lateral contraction down to the nozzle exit area. For the
continuing study [11], only the nozzle extension downstream the TEG injection
torus was ovalized but the lateral contraction of the nozzle exit areas was kept
constant. In addition, the number of grid cells was doubled, mainly, due to an
increase of the radial resolution. The conclusion was as follows: the asymmetric
distributed TEG ¦lm injection causes a partially reattached §ow condition being
responsible for the maximum side load. Surprisingly, the signi¦cantly out of
round nozzle causes the lowest side load increase. The authors propose a §ow
model where opposite §ow e¨ects interact with each other.

3

CONTOUR DEFORMATION METHODS

The main objective of the present investigation is to develop a numerical method
for the §ow prediction in out-of-round rocket nozzles. Nozzle deformation must
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be treated as a §owstructure interaction problem. For a better understanding
of the problem, the ¦rst step of the investigation was to decouple the problem
into a plain aerodynamic aspect in permanently out-of-round nozzles. Therefore,
three nozzle contours have been chosen as start models. This study concentrated
on ideal nozzle contours. The internal shock free nozzle §ow was found favorable
for a ¦rst approach of the problem.
The contours are designated as TIC-48, TIC-53, and TIC-58 corresponding,
respectively, to a design Mach number of 4.8, 5.3, and 5.8. Three deformation
parameters were studied: the degree of deformation, its evolution, and its start
position along the contour. The maximal deformation amplitude adef was set
at 5%, 10%, and 15% related to the initial contour exit radius Re for the major axis (Table 1, geometries 1 to 3). The deformation amplitude was chosen
deliberately exagerated (expected amplitudes are around 3%), as the main objective of this study is to develop and validate the numerical method and for this
reason, the deformations have to be experimentally measurable. Two positions
were chosen for the deformation start. The ¦rst one was set at the nozzle throat
for a deformation applied to the whole nozzle contour, although in reality, the
nozzle structure is very sti¨ in the throat region. The high height-to-width ratio
of the cooling channels in this region imposes a thick wall structure, followed
with a much thinner structure downstream to the interface point usually located
at an area ratio ǫ = 5. Therefore, the second approach sets the deformation
start for ǫ = 5. The evolution from a circular contour to an ovalized contour at
the nozzle end can theoretically follow di¨erent functions. At this point of the
study, not enough information was available on the deformation evolution along
the nozzle contour. Two approaches were arbitrary chosen for validation purposes: a linear and a parabolic axial evolution of the deformation (geometries 5
and 4).
The parametric study was divided into seven numerical test cases, which are
summarized in Table 1. Figure 4 illustrates one of the geometries before and
after deformation.
Table 1 Parameters of deformation for the seven geometries
Geometry

Reference nozzle

1
2
3
4
5
6
7

TIC-48
TIC-48
TIC-48
TIC-53
TIC-53
TIC-53
TIC-58

Amplitude
(adef /Re )
5%
10%
15%
10%
10%
10%
10%

Start of
ovalization, ǫ
5
5
5
5
5
1
5

Deformation
function
Polynomial
Polynomial
Polynomial
Polynomial
Linear
Polynomial
Polynomial

275

PROGRESS IN FLIGHT PHYSICS

Figure 4 View of the initial contour TIC-58 with the deformation geometry 7

4

NUMERICAL METHOD

To assess the de¦ned ovalized geometries and identify promising candidates with
regard to a measureable in§uence of the deformation, CFD simulations of all
geometries have been carried out for various NPR values.
All numerical simulations were performed with the DLR ¦nite-volume solver
TAU. For the computations, stationary Reynolds-averaged NavierStokes equations were solved using the original Spalart Allmaras turbulence model to close
the turbulent equations. This one-equation turbulence model has been proven
to show the best results for separated nozzle §ow simulations [12]. For the §uid
model, nitrogen was de¦ned as perfect gas. All simulations have been carried out
on 3D hybrid grids of a quarter section of the nozzle (90 degree opening angle)
with adiabatic walls. Further investigations will show if the symmetry planes
have a notable e¨ect on the shape and position of the separation line and the
shock system.

5

EXPERIMENTAL METHOD

Three test specimen of the undeformed nozzles were manufactured and tested;
the measurements were used for the validation of numerical data. The nozzle
models feature di¨erent design Mach numbers (Table 2), hence opening wall
angle. The ideal contours were truncated to ensure full §owing condition for
NPR = 50.
The tests were conducted at the test facility P6.2 at DLR in Lampoldshausen.
The bench is designed for the cold §ow investigation of subscale nozzles under
ambient or high altitude conditions, thanks to its two test positions: a horizontal rig and an altitude chamber. The working medium is dry nitrogen. For
the present study, the tests were conducted under ambient conditions, on the
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Table 2 Geometrical parameters of the nozzle models
Nozzle
model
TIC-48
TIC-53
TIC-58

Design
Mach number
4.8
5.3
5.8

Throat
radius R∗ , mm
10
10
10

Area
ratio ǫ
16.9
18.5
19.3

Wall exit
angle
5.0◦
8.5◦
11.3◦

horizontal rig. The feeding pressure can be regulated between 1 and 55 bar,
following pressure ramps with various gradients.
The nozzle models were equipped with wall pressure ports placed regularly
along the contour in 4-millimeter interval. The 0.5-millimeter ori¦ces drilled in
the wall connected the §ow with the pressure transducers through a combination of small pipes glued in the wall and Te§on tubes. Piezoresistive ¢Kulite£
transducers, model XT-154-190M, measured the wall pressure with a scan rate
of 1 kHz. The signals were ¦ltered with a 160-hertz low pass ¦lter.

6

VALIDATION

Figure 5 shows the comparison of the wall pressure distribution computed by the
CFD solver and the one measured in the experiment for the TIC-48 and TIC-53
undeformed geometries.
The simulation shows good results concerning the separation position: for
NPR > 30, the distance between calculated and measured separation positions
is within the sensor interval. Although the overall agreement with the experimental data seems to be satisfying, general deviations can be observed. The pressure
gradient downstream the separation position is calculated much steeper than it
was measured during the experiment. Furthermore, the computational model
seems to tend to underpredict the static pressure in the recirculation area. The
combination of these two e¨ects, which can be found in earlier studies [12, 13],
leads to a deviation of the calculated separation position which depends on the
size of the recirculation area and, therefore, on the nozzle pressure ratio. Detailed investigations will have to be carried out in future simulations on how this
dependency is in§uenced by the simulation and numerical parameters, e. g., the
geometry and the used turbulence model, since for the deformed geometries, the
separation position varies with the intersection angle along the nozzle wall.
Figure 6 is a comparison of the wall pressure distribution in the TIC-48
nozzle calculated with CFD and the method of characteristics (MOC) for an
axisymetrically deformed contour. The contour related to the major and minor
axes of geometry 2 were considered in this case as two-dimensional (2D) nozzle
contours. Both methods show a similar wall pressure distribution. This means
that the §ow separation position along the main deformation direction (0◦ , major
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Figure 5 Wall pressure distribution (experiment and CFD) in the undeformed TIC48 (a) and TIC-53 (b) nozzles for various NPR values: 1 ¡ 20; 2 ¡ 30; 3 ¡ 35; 4 ¡
40; and 5 ¡ 50

Figure 6 Wall pressure distribution calculated with MOC (vacuum pro¦les) and
CFD (for NPR = 35): 1 ¡ MOC, major axis; 2 ¡ MOC, minor axis; 3 ¡ vacuum
pro¦le, undeformed contour; 4 ¡ CFD, minor axis; 5 ¡ CFD, major axis; and 6 ¡
CFD, undeformed contour
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axis and 90◦ , minor axis) can be reasonably estimated in the ¦rst approximation
using 2D MOC calculations.

7

EFFECTS OF OVALIZATION

Figure 7 illustrates the position of the separation line within the deformed geometry 2 for NPR = 35. On the major axis, the outward bended wall shifts the
§ow separation upstream while on the minor axis, the inward bended nozzle wall
shifts the separation downstream.
To measure and visualize the e¨ects of the deformation parameters on the
§ow characteristics, the separation line and the Mach disk were automatically
extracted from the §ow ¦eld data and appropriate functions were ¦tted to their
geometries.
For the separation detection, the correspondent function of the postprocessing software tecplot 360 was used. This feature is based on the MIT FX library [14]. A distorted sine function was ¦tted to the data:


 
π
 sep .
+X
X = asep sin 2ϕ + –ϕ + c sin 2 ϕ −
2
Hereby, the variable asep indicates the amplitude of the separation position variation in axial direction.
The Mach disk was detected by analyzing the local maxima in the pressure
gradient magnitude. In the cross section, an hyperbolic paraboloid was ¦tted to
the data, the radial section is again described by a sine function. The following
equations were used to de¦ne the saddle shaped Mach disk:

Figure 7 Mach disk (1) and separation line (2) for geometry 2 and NPR = 35
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 MD ;
XMD = aMD sin (2ϕ + –ϕ) + X
2 
2

ZMD
YMD
+
1=
rMD,max
rMD,min
Here, aMD stands for the amplitude of the axial variation of the Mach saddle
border, corresponding to the triple point in 2D view. All ¦ts were calculated
using the least square method. Figure 7 shows a typical §ow pattern and the
¦tted functions.
The results of the simulations basically show the tendencies expected by
a 2D simpli¦cation on the intersections of an ovalized nozzle. Figure 8a shows
the amplitude of the separation-¦tted sine function plotted over the deformation
amplitude. It can be seen that there seems to be a linear correlation between
the two plotted amplitudes. Furthermore, the NPR has also a signi¦cant in§uence on the sine amplitude (Fig. 9). With rising total pressure, the separation
line deformation increases until the most downstream separation point reaches
the nozzle end. The in§uence of the NPR increases for shorter nozzles with
a higher wall exit angle. The maximal sine amplitude lies at a NPR of 35
or 40 depending on the geometry. It should be noted that the above mentioned
underprediction of the pressure in the recirculation area might a¨ect this correlation.
A higher deformation of the nozzle also emphasizes the deformation of the
Mach disk, both in radial and axial directions (see Fig. 8b). This again is in good
agreement with a 2D consideration and the mentioned e¨ects on the separation.
The geometry can, therefore, be designed so that the separation line, as well as
the shock system, show a signi¦cant variation.

Figure 8 Fitted separation (a) and Mack disk sine amplitudes over deformation
amplitude: 1 ¡ NPR = 20; 2 ¡ 30; 3 ¡ 35; 4 ¡ 40; and 5 ¡ NPR = 50
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Figure 9 Separation ¦t amplitude over NPR: 1 ¡ geometry 1; 2 ¡ 2; 3 ¡ 3; 4 ¡
4; 5 ¡ 5; 6 ¡ 6; and 7 ¡ geometry 7
The simulations have shown (see Fig. 8a) an amplitude of the separation
line deformation in a measurable range for an ovalization adef /R∗ over 10%.
The choice of the deformation function (geometries 4 and 5) also demonstrated
a §ow with separation variation in a range of a few millimeters (see Fig. 9),
hence, a measurable e¨ect in the experiment.

8

CONCLUDING REMARKS

The ¦rst joint investigation, numerical and experimental, has been conducted
to study the e¨ect of rocket nozzle ovalization on §ow behavior. Various deformations have been applied to three TIC nozzle contours. The §ow separation
position were calculated with the TAU code for various NPR in the initial and
the deformed nozzles using 3D CFD simulations. The results of the simulation
were validated for the undeformed nozzles with cold §ow experimental data. The
contour deformations have shown a measurable e¨ect on the §ow topology. The
next step is the validation of the data through experimental investigation of some
of the permanently deformed geometries, before going into the §owstructure interaction.
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