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Unsteady Side Loads in a Thrust-Optimized
Contour Nozzle at Hysteresis Regime
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Dangerous asymmetrical thrust components which act on the nozzle wall as side loads can occur during the
low-altitude operating phase of a launcher when the flow is separated within the extension. To try to get a better
understanding of this phenomenon, a numerical study of the unsteady side-loads occurring in a thrust-optimized
contour nozzle is presented. Depending on the pressure ratio either a free shock or a restricted shock separation is
observed with a significant hysteresis between these two flow regimes. The present effort is focused on a pressure
ratio for which both shock patterns are observed at stationary conditions (hysteresis regime). The main features of
the flowfield as well as the resulting side loads are described for both shock configurations. Statistical and spectral
properties of side loads are analyzed and compared with the available experimental data. Finally, a semi-empirical
method based on random pressure pulsations is suggested to assess the spectral distribution of side loads occurring

in the free shock separation regime.

Nomenclature
F(r) = side-load norm, /[F2(r) + F2(t)], N
F,.(r) = side-load componenton y, z
M = Mach number
P = pressure, Pa
T = temperature, K
Xx,y,z = physical Cartesian coordinate axes, m
6(t) = angle between the side force and Ox axis, rad
Subscripts
a = ambient
c = chamber
w = wall
t = throat (geometry)

Introduction

HE first studies of nozzle separation were performed in overex-

panded conical nozzles during the 1950s, leading to the Sum-
merfield criterion.! The authors observed flow separation within the
extension as soon as the wall pressure at the nozzle exit was lower
than 0.4 times the ambient pressure. These studies were followed by
the work of Lawrence,? who suggested a separation criterion using
the plateau pressure rather than the ambient pressure P,. In the early
1970s, Schmucker® provided the first semi-empirical method, based
on the assumption of a tilted separation line, to estimate the side-load
level. The measurements of Nave and Coffey* on the J2-S engine
demonstrate clearly the existence of two flow regimes named, re-
spectively, the free shock separation (FSS) and the restricted shock
separation (RSS). In the first flow topology, the boundary layer sepa-
rates from the nozzle wall and never reattaches on the wall, whereas
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the second shock pattern is characterized by a recirculation bubble
with reattachment on the nozzle wall. During the transient startup,
the separated flow is first governed by the FSS structure. This struc-
ture is then replaced by the RSS pattern when the chamber pressure
exceeds a certain critical value. Hysteresis of FSS—RSS transition
was also clearly identified. In 1996, a semi-empirical method for the
prediction of the rms level of side loads caused by turbulent pres-
sure pulsations was proposed by Dumnov.’ Otherwise, the work
of Pekkari® was based on an analysis of aeroelastic instabilities. In
1998, Frey and Hagemann’ put emphasis on the distinction between
FSS and RSS flows and on the RSS flow structure recovered by nu-
merical simulations. More recently, the existence of reverse flow
(trapped vortex) in the plume of thrust-optimized contour nozzles
was demonstrated experimentally.® It is believed that the trapped
vortex is linked with the caplike shock pattern, which can be inter-
preted as an inverse Mach reflection® of the internal shock at the
nozzle axis.'®

The side loads observed in an unadapted rocket nozzle are gen-
erally unsteady. The amplitude and direction of the nozzle change
randomly with time. Engine designers are thus required to know not
only the level of side-load magnitude but also its spectral distribu-
tion, which is very important for the dynamic response of the engine.
Most of the previously mentioned side-load measurements were ob-
tained with transient flow conditions.!' =13 The drawback of such an
approach is that it precludes a classical analysis of the unsteadiness
considered as fluctuations superimposed on a steady mean flow. To
the authors’ knowledge, the work of Nave and Coffey* on the J-2S
engine is the only one that involved the measurement of side loads
in the steady-state chamber conditions on a real engine. However,
no information relating the spectral distribution and its evolution
with chamber-to-ambient pressure ratio p./p, were reported. The
difficulty of recovering actual aerodynamic side loads from the dy-
namic response of the whole engine mechanical system has always
been the main obstacle to overcome!6~18

Because experimental side-load measurements are difficult to im-
plement, numerical approaches appear very promising for the treat-
ment of nonadapted flowfields in rocket nozzles. After the pioneer-
ing work of Chen et al., ' whose calculations revealed a trapped
vortex behind the central normal shock, there has been consider-
able interest in numerical approaches. Numerical investigations of
shock patterns in rocket nozzles remained essentially a process of
solving the averaged Navier—Stokes equations on steady axisymmet-
rical configurations.?*-2! Onofri et al.?? and Nasuti and Onofri** got
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interested in viscous and inviscid shock-generated vortices and pres-
sure fluctuations in propulsive nozzles. More recently, Takahashi
et al.>*? reported calculations on transient flow characteristics of
rocket engine nozzles and Yonezawa et al.?° studied startup and
shutdown processes. The separation modes transition in the J2-S
subscale rocket engine nozzle has been revisited by Morinigo and
Salva.?”’

Nevertheless, not so many publications are devoted to numer-
ical simulations of side loads because turbulent unsteady three-
dimensional computations of a sufficient physical duration are
required to reproduce the low-frequency characteristics of the sepa-
rated mean flow in overexpanded nozzle flows. In 2002, studies?*>
were presented of numerical simulations of side loads in an ideal
truncated nozzle exhibiting pure FSS. The RSS was also investigated
thanks to detached-eddy simulation®® and calculations of side loads
in the RSS regime can be found in the literature.?! Yonezawa et al.3?
calculated the characteristics of flow pattern and shock structures
for three different nozzles. These are, to the authors’ knowledge,
the only publications that present unsteady calculations of three-
dimensional side loads in overexpanded rocket nozzles.

The current study involves the hysteresis regime observed
in a thrust-optimized contour (TOC) nozzle designed by the
German Aerospace Center and tested at Laboratoire d’Etudes
Aérodynamiques (LEA) of Poitiers, France. The objective is
twofold: 1) to assess the capability to capture numerically the hys-
teresis phenomenon widely observed in TOC nozzles and 2) to com-
pare the side-load characteristics (including their statistical proper-
ties and spectral distributions) of two separation regimes (FSS and
RSS) for the same pressure ratio, p./pq.

Experimental Setup

An experimental study has been carried out on a subscale nozzle
using a specific test facility. A schematic of the test setup used for this
study is shown in Fig. 1. The nozzle is supplied with high-pressure
dessicated air having a dew point of —70°C. The exit section of
the nozzle is located in the external plane of the wall of the hall
where the test facility is built. The ground is located at more than
20 nozzle exit diameters of the nozzle axis and the nearest obstacle
is located at more than 80 diameters downstream of the nozzle lip.
This geometric configuration is chosen to facilitate the comparison
of experimental results with numerical simulations thanks to well-
defined and simple boundary conditions. To avoid any aeroelastic
effect, the nozzle was built to be very rigid with a first eigenmode
at a frequency higher than 2 kHz.

Wall Pressure Measurements

Wall pressure measurements were performed with absolute Kulite
transducers (model XCQ-062-25A) flush mounted on the nozzle
wall. These transducers have a pressure-sensitive diaphragm of
0.71 mm in diameter and a range of 3.5 x 10° (Pa). A perforated
screen protecting the diaphragm from dust particles limits the use-
ful frequency bandwidth to about 50 kHz. The outputs from these
transducers were directly amplified and then filtered by antialiasing
programmable low-pass elliptic filters with a sharp roll-off. The sig-
nals were then digitized at 30 kHz per channel. The typical duration
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Fig. 1 Principle of the LEA test facility.

of a test is about 10 s, during which the variation of the stagnation
pressure and temperature was less than 1%. The instantaneous wall
pressures are then averaged to obtain the mean-timed wall pres-
sure profiles used for comparison with unsteady three-dimensional
computational results.

Side-Load Measurement

The side load is directly measured thanks to two force transducers,
T1 and T2, mounted 10 mm upstream of the exit section of the noz-
zle. The angle between these transducers is 90 deg to determine the
two components of the side-load vector. In fact, the loads measured
by two force transducers during the test are the dynamic response
of the mechanical system to aerodynamic excitation loads. To de-
termine the true aerodynamic loads, the system frequency-response
function must be determined. Let F,, (¢) be the response of the sys-
tem to the true aerodynamic excitation F, (¢), the Fourier transform
of F,,(t), noted F,,(f), is related to that of F,(¢), noted F,(f), by

F.(f)=H(OHF.(f) (1

where the transfer function H(f) is determined by exciting the
system by a known sinusoidal load measured by another transducer
force TO (Fig. 1). The true aerodynamic excitation F,(¢) is finally
obtained by taking the inverse Fourier transform (named here for
convenience F ') of relation (1):

Fo(t) = F ' [H (HF.(f)] @

Numerical Approach

Numerical Method

The equations solved here are the unsteady, three-dimensional
Reynolds-averaged compressible Navier—Stokes (URANS) equa-
tions with a turbulence model used for closure. The perfect gas rela-
tion and a constant ratio of specific heats are used in the computation.
The FLU3M code, which is used to calculate the separated nozzle
flow, was validated from low-subsonic to hypersonic flows. It solves
the Navier—Stokes equations on multiblock structured grids. The
computational domain is divided by blocks; each block is composed
of structured hexahedral cells. The Navier—Stokes equations are dis-
cretized using a second-order space upwind finite volume scheme
and a cell-centered discretization. Roe’s flux difference splitting
scheme is employed to obtain advective fluxes at the cell interface.
The MUSCL approach extends the spatial accuracy to second order
and is combined with minmod or Van Albada’s limiters. All viscous
terms are centrally differenced.

Unsteady (global time-step) and three-dimensional Navier—
Stokes simulations are highly CPU demanding. Indeed, explicit
schemes are not efficient enough for this purpose and implicit
schemes are required. Time discretization is based on second-order
accurate Gear’s formulation and was introduced by Péchier®* dur-
ing his thesis. Moreover, the implicit formulation results in the
inversion of a large sparse matrix system. The lower—upper (LU)
factorization simplifies the inversion of the latter implicit system.
Further details concerning the numerical method can be found in
the literature.>* Because of the experimental low-frequency char-
acteristics of the fluctuating side load (frequency range of interest
0-200 Hz), the attempt to use a URANS approach is legitimate.
Indeed, the mean flow frequency characteristics are much lower than
characteristic frequencies of the turbulent motion. The turbulence
model used here is an algebraic model based on Goldberg’s back-
flow formulation.3®3” Further details concerning the overall model
can be found in the literature.?

Grids

To evaluate the accuracy of the different simulations, two grids
have been built. The three-dimensional grid has been obtained by
rotating a two-dimensional grid around the nozzle axis (Fig. 2). Each
grid is divided into two blocks. The first block is used to mesh the
nozzle, and the second one concerns the external region after the
exhaust. The i direction corresponds to the axial direction. The j
direction is the radial one normal to the axis and k represents the
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different planes around the nozzle axis. The density of the different
grids is summarized in Table 1.

Figure 3 presents the value y* at the first mesh point above the
solid surface of grid A (reference grid) for both shock patterns at
the same pressure ratio. One can notice that y* always stays below
0.5 for FSS and below 2 downstream of the reattachment of the
supersonic jet occuring in the RSS regime, which is quite sufficient
for a correct calculation of the viscous stresses. It has been verified®
thanks to steady axisymmetrical RANS calculations that with this
resolution grid convergence is achieved for the mean field. This fine
grid has then been retained as a reference grid in the symmetry
plane. One issue of this work is to evaluate the grid convergence for
a three-dimensional unsteady calculation from a statistical point of
view. Hence, grid B allows evaluation of the influence of the number
of radial planes (one every 5 deg instead of 7.5 deg in reference grid
A), thatis, the effect of the grid refinement in the azimuthal direction.

Computation Description

This numerical study is focused on a pressure ratio of 17.5 where
two types of flow separation are observed (both experimentally and
numerically) depending on the flow history. FSS was obtained nu-
merically by increasing the pressure ratio from 15 to 17.5 while RSS
was obtained by decreasing the pressure ratio from 20 to 17.5.

To ensure the time accuracy of the results, the physical time step,
Atcrp, of the simulation is taken equal to Sus, which is compatible
with an accurate simulation of 200-Hz phenomena. Due to exper-
imental low frequencies®>-3® of the fluctuating side loads, the sim-
ulation has to be performed on a total duration long enough to get
the correct statistical properties of these phenomena. On the other

Table 1 Computation characteristics

Grid A
161 x 100 x 49

Grid B
161 x 100 x 73

Parameter

Nozzle (i x j x k)
Exterior (i X j X k) 120 x 180 x 49 120 x 180 x 73
No. of nodes N,y 1,850,000 2,752,000
Time step Afcrp 5 us 5 us

Frequency sampling f, =1/7, 20 kHz 20 kHz

No. of iterations N 300,000 300,000

No. of samples M 30,000 30,000

Time of integration 1.5s 1.5s
T =N Atcpp = MT, (s)

CPU cost on an NEC SX5 ~160 h ~235h
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hand, the length of the signal is limited by the high CPU cost of
unsteady three-dimensional turbulent flow calculations. This aspect
will be discussed more precisely in the following.

The main characteristics of the computation are summarized
in Table 1. The useful unsteady computation was performed over
N =300,000 time steps with a total duration of 7' = 1.5 s. The num-
ber of samples used for the statistical analysis is equal to 30,000.
The computational cost was about 235 CPU hours for the finest grid
(2.75 million grid points) on an NEC SX5 supercomputer. Hence,
the CPU cost per cell and per iteration was equal to 1.2 us.

Results and Discussion

Flowfield Description

The flow at full-flowing condition (see Fig. 4) is characterized by
the occurrence of an internal shock emanating from a region fairly
close to the throat, that is, where the circular arc forming the nozzle
throat turns into the further expansion contour. This shock is slightly
bent and converges toward the nozzle axis farther downstream. This
internal shock divides the core flow in two parts, a high-speed, high-
momentum flow region near the symmetry axis and a high-pressure
level region near the wall. Further details on this internal shock
generation in thrust-optimized rocket nozzles are given in Ref. 7.

3
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Fig. 2 Three-dimensional grid of the LEA TOC nozzle.
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Fig. 4 Iso-Mach contours in full-flowing regime.
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Fig. 5 Sketch of the flow in overexpanded regime.

In the overexpanded regime (e.g., when the chamber pressure
is not high enough to reach full flow in the extension), a shock
forms to adjust the jet static pressure to the ambient pressure. In
a TOC nozzle, two shock patterns could be observed according
to the pressure ratio.?® During the transient startup phase, for the
lowest pressure ratio, the separated flow is first governed by the
FSS structure, whose description is presented in Fig. Sa, along with
the wall pressure distribution. Separation and subsequent formation

[Free Shock Separation |

| Restricted Shock Separation|

Fig. 6 Averaged sonic line and streamlines in hysteresis regime (pres-
sure ratio, 17.5).

of a recirculation zone induce an oblique shock wave near the wall.
This oblique shock results in an abrupt rise of the wall pressure.
Downward of the separation, the wall pressure reaches a plateau.
Downstream of this plateau, the wall pressure increases slowly up to
a level slightly lower than the ambient pressure. This shock pattern
is called FSS because, once separated, the flow does not reattach
and continues as a free jet.

The presence of an internal shock and the inverse Mach reflection
of the latter results in a peculiar shock pattern called caplike shock.
The cone-shaped shock, which is a part of the caplike shock struc-
ture, tends to force the separated boundary layer to reattach on the
nozzle wall. Depending on the balance between the radial momen-
tum induced by the cone-shaped shock and the separation shock,
one can have either the classical FSS structure or another structure
called RSS as illustrated in Fig. 5b. Because of the reflections of
the shocks and expansion waves in the annular supersonic region
limited between the wall and the low-speed recirculating annular
vortex (trapped vortex), the mean wall pressure is subjected to large
variations which may reach values much higher than the ambient
atmospheric pressure.

Figure 6 shows the time- and space-averaged (in the azimuthal
direction) sonic line and streamlines issued from the unsteady three-
dimensional simulation of two separation regimes obtained for
DPe/Pa=17.5. The upper part presents the FSS, which is reached
while the chamber pressure is increased (i.e., d P R/dt > 0). This
figure highlights the external ambient flow, which is sucked into the
nozzle and finally evacuated by the entrainment effect of the jet.

The lower part presents the RSS, which occurs if dPR /9t <O.
The RSS structure at p./p, =17.5 was obtained experimentally
by first increasing the chamber pressure to a value higher than the
value at which the transition FSS — RSS occurs during the transient
startup phase. The chamber pressure was then slowly decreased to
obtain the RSS configuration at p./p, = 17.5.

The corresponding computed averaged field is characterized by a
stable vortex that is trapped downstream of the normal shock while
there is no recirculation behind a Mach disk. Also worth noting is the
longitudinal shift farther downstream of the separation compared to
the corresponding FSS regime.

The mean-time wall pressures are shown in Fig. 7 and compared
with experimental data. The computed mean separation point of the
FSS configuration is found farther downstream of the experimental
one. To test the grid convergence, the computations were performed
for two different grids, A and B. The differences between the results
yielded from the two grids are very small and grid convergence is
almost achieved. If the reasoning of Frey and Hagemann’ relating
the cause of the reattachment of the separated flow is correct, this
overestimation of the separation point will result in a premature
transition of FSS to RSS compared to the experiment. Effectively,
numerical computation using this code gives a stable RSS config-
uration for a pressure ratio lower than 24, which experimentally
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involves an FSS configuration during the increasing phase of cham-
ber pressure (i.e., 9 PR/t > 0). The computation seems to give a
better prediction of the separation point in the RSS regime. This
may be due to the fact that the flow in the vicinity of the separation
point in the RSS configuration is subjected to a lower pressure gra-
dient; the behavior of the turbulence model is thus much better. The
plateau pressure p, measured in the recirculation bubble formed
between the separation and reattachment lines is much lower than
ambient pressure. This explains why the separation line is located
farther downstream in the RSS regime.

Asymmetrical Flow Separation

Once the separation occurs, the flow loses its axisymmetrical
nature as illustrated in Fig. 8, which shows the instantaneous skin
friction lines for both separated configurations. The separation and
reattachment lines are evidenced numerically by an accumulation
of skin friction lines. It is worthwhile to notice the asymmetry of
the instantaneous reattachment line occurring in the RSS regime as
well as the lip-reattachment line for the FSS. This result supports
Nave and Coffey’s* assumption that the side loads observed in the
RSS regime are due essentially to an asymmetric reattachment of
the separated flow.

2
| ——— computation (RSS, PR=17.5)
— — — computation - grid A (FSS, PR=17.5)
B ———— computation - grid B (FSS, PR=17.5)
= O RSS exp. (PR=17.5)
| A FSS. exp (PR=17.27)
15 [m}
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o
= 1F
o 5
05
[ 1 L 1 1 1 1 1 1 1 1

0.5
X/L

Fig. 7 Averaged wall pressure distribution in hysteresis regime (pres-
sure ratio, 17.5).

separation line

reattachment line

lip-reattachment line

Afterward, the mean steady wall pressure data obtained by exper-
iments were plotted together with the instantaneous wall pressure
obtained numerically for both separation regimes (see Fig. 9). The
different curves correspond to different meridian lines. The discrep-
ancies among these curves demonstrate the asymmetric nature of the
separated flow. It is worth noting that in both cases the wall pressure
distribution is perfectly axisymmetric upstream of the separation
line because a steady incoming boundary condition is used. One
observes, however, the three-dimensional nature of the flowfield
downstream of the separation line.

In the FSS regime, the dissymmetry is much more pronounced at
the middle of the recirculation region and at the nozzle exit. Impor-
tant discrepancies of the wall pressure observed at the nozzle exit are
obviously due to the asymmetric reattachment line of the secondary
recirculation bubble formed at the nozzle exit, as shown in Fig. 8.
The countercurrent mixing layer formed between the ambient atmo-
spheric air sucked into the nozzle and the main separated supersonic
jet can support absolute instability*® which, once established, affects
the entire flow. The absolute instability, if any, may be the origin of
unsteadinesses of the separated flow occurring in the FSS regime.
Further experiments are under study at LEA to elucidate this point.

In the RSS regime, the dissymetry of wall pressure is much more
pronounced downstream of the reattachment line where the mean-
time wall pressure displays an important gradient. The origin of the
unsteadiness observed in the RSS regime is not clear. It seems that
the perturbations coming from downstream and propagating through
the subsonic region found downstream of the caplike shock structure
is the cause of these unsteadiness. These results again confirm the
assumption of Nave and Coffey* that the side loads observed in the
RSS regime are essentially due to an asymmetric reattachment of
the separated flow.

Statistical Analysis

Side-Load Components

Figure 10 shows a typical polar plot, F,(t) vs F,(t), of experi-
mental side loads for the FSS regime. Similar behavior is observed
for the RSS. One can notice the isotropic and random character of
the fluctuating side loads.

To evaluate whether the computational time is long enough to get
correct statistical properties of side loads, a first criterion is to qual-
ify the statistical isotropy of the computed side load because, for
an axisymmetrical geometry, no particular direction has to be priv-
ileged. To this end, let us consider the bidimensional random vari-
able F = (Fy, F;)" defined by its mean value M =[F, F,]' andits

[Restricted Shock Separation |

[Free Shock Separation|

Fig. 8 Instantaneous skin friction lines in hysteresis regime (pressure ratio, 17.5).
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covariance matrix C = FF' — MM'. We suppose that the determi-
nant of the covariance matrix is not equal to zero. The joint proba-
bility density function (PDF) enables one to establish a probabilistic
description for the side load that is associated with the two F) and
F, components. The joint distribution of F is said to follow a two-
dimensional Gaussian distribution if its PDF is given by

pi(Fy, F)=(1/27/detC) exp[—3(F — M)'C™(F — M)] (3)

To characterize the couple (Fy, F;), let us consider a set of points
of the plan defined by

A@) ={F=(F.F)eR[F-M)C'F-M) <5} 4
whose boundary in R? space is defined by the ellipse of
(F-M)C"(F-M)=¢ &)

The joint Gaussian probability density function is easily described in
terms of equiprobability ellipses. It can be shown that the percentage
of observation in the whole plane outside this ellipse defined by &
is N, where N is the size of the sample and o, which can be
interpretated as a level of confidence, is defined by

o(:/ pF(F\'st)dEvsz (6)
A@)

Moreover, it can be shown that « and & are linked by the relation

& =2log(l —a) 7

To apply this result, one might calculate Eq. (7) for 0.05% values.
This gives the ellipse, which includes 95% of the observations (see
Figs. 11 and 12) for FSS and RSS regimes, respectively). The num-
ber of points outside the equiprobability ellipse, Ncomputation, can then
be compared with the theoretical number, N (1 — &), corresponding
to two-dimensional Gaussian distribution.

Moreover, if the covariance matrix is symmetric (i.e., 0, =0F,),
the ellipse becomes a circle. This circle has to be centered at zero
because, for an averaged axisymmetrical flow, the side loads are
absent; that is, F, = F, =0. Hence, the side-load components F,
and F, can be considered two independent random variables with

-4 1 1 !
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Fig. 10 Typical experimental polar plot (FSS; pressure ratio, 17.27).
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Fig. 12 Computed polar plot and 95% confidence ellipse (RSS; pressure ratio, 17.5).

zero mean and the same variance. This allows us to qualify, from a
statistical point of view, the isotropy of the computed side load.

Side-Load Magnitude and Direction

To complete and define properties of magnitude and direction of
the side loads caused by random pressure fluctuations, a statistical
description is needed. There are numerous ways to define proba-
bility, but from an engineering point of view the most convenient
definition is in terms of relative frequency of occurrence. Indeed,
it is interesting to take into account the PDF of the side-load mag-
nitude and direction. The computed side-force probability density
function is compared with experimental results obtained by LEA
in Fig. 13. First, it is worthwhile to note that both shock patterns
lead to identical statistical properties of the side-load magnitude.
Both values indicate that the distribution of side-load amplitude is a
Rayleigh distribution (as suggested by Dumnov® and several other

authors®®#!) whose PDF is described with the following relation:

p(FIN) = F [32e 7% x>0
0, otherwise (8)

where F is the random value of the side-load amplitude, A is a
parameter such that

(most likelihood estimator), and N is the size of the sample.

Herein, it is worth comparing the mean side-load magnitude
and standard deviation with the theoretical values of a Rayleigh
distribution given, respectively, by

F=x/n/2, o2 =[(4—m)/2]\? )
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Table 2 Comparison between calculation and Rayleigh’s distribution

B Rayleigh Rayleigh
RP F/Fins value A, % o/Fms value A, %

FSS, calc. 0.906 0.886 2.3 0.420 0.463 9.2
RSS,cale.  0.873 0.886 1.4 0.496 0.463 7.1

0.9

Rayleigh distribution

LEA exp. (FSS, PR-16.5)
A Computation - grid A(FSS, PR=17.5)
(@] Computation - grid B (FSS, PR=17.5)
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Fig. 13 PDF of side-load amplitude.

Comparison results are summarized in Table 2. One can notice that
computed values differ by less than 10% from those given by Eq. (9).
These results could be quite expected for an axisymmetrical geom-
etry because the Rayleigh distribution is the particular case of a
x? distribution with two degrees of freedom, which correlates with
normally distributed side-load components.

Figure 14 compares the computed PDF of the side-load direction
for both shock patterns with experimental results. One can notice
that for both shock patterns the experimental and computed PDFs
of the side-load direction fluctuate around the uniform law within
the interval [0; 2] (or [0; 360] deg) defined by

p®) =1/2m, 0<x<2m
0, otherwise (10)

This can be proven by calculating higher-order moments of phase
fluctuations which can then be compared with theoretical values of
the uniform distribution. The results of these comparisons are shown
in Tables 3 and 4 for experiment and calculation, respectively.
Experimental data are in very good agreement with theoretical
statistical moments issued from a uniform distribution. The skew-
ness factor Sy equal to zero illustrates the symmetry of the distri-
bution, that is, no direction is privileged. Moreover, the value of

Table 3 Comparison of statistical moments between experiment
and the uniform distribution

Statistical Uniform
moment law FSS,exp. A,% RSS,exp. A, %
0/ 1 1.008 0.8 0.995 0.5
oZ/m?_ 3 i 0.314 5.8 0.344 3.25
Sp = 9/3/9’222 0 9.10~* 0.1 8.1073 0.8
Ko =0"4/67 2 1.87 3.9 1.82 1.2
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- o
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Fig. 14 PDF of side-load direction.

the kurtosis factor Ky equal to 1.8 highlights that the direction does
not follow a Gaussian distribution (K, = 3). Computed moments
mostly compare favorably except for higher moments, in particular
in the FSS regime. These discrepancies can be attributed to the total
duration of the unsteady calculation (7' = 1.5 s), which is probably
not enough to converge fourth-order statistical moments.

Finally, the experiments as well as the calculations suggest that,
for both shock patterns, the side loads can be seen as a rotating
vector uniformly distributed within the interval [0; 2] and whose
magnitude follows Rayleigh’s law.

Spectral Analysis

The power spectral density (PSD) function G (f)) describes how
the root mean squared value of side loads is distributed in the fre-
quency domain.*> PSD functions are computed using the Welch*}
method. This method consists of dividing the effort components
time data into overlapping segments with 50% overlap, computing
a modified periodogram of each segment, and then averaging the
PSD estimate. Moreover, because of numerical short data records
(due to high CPU cost), it is very important in interpreting spectral
estimates to be able to determine whether a particular spectral detail
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Table 4 Comparison of statistical moments between calculation and the uniform distribution

Statistical moment  Uniform law  FSS (grid A)

A,% FSS(gridB) A, % RSS A, %

5/71 1 0.988 1.2 1.038 3.8 0.979 2
of/mt_ 3 i 0.253 42 0.339 1.8 033 <1%
Sy =6'3/6"2" 0 0.1 10 —0.1 10 0.04 4
— —
Ky =0'4/0"2 % 2.26 25 1.77 16 1.79 0.5
10" 2F
[1 _ 1.8 f—
computation grid A (FSS, PR=17.5) =
— — — - computation- grid B (FSS, PR=17.5) 16
0 O LEA exp. (FSS=16.5) -
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2 ~ 12
-~ F L F
¥ I S
= 2 F
o I CosF
5 s
10 3 06
- ] 0.4 f—
I o2k
4 PR R T (S ST ST S A SN AT ST S NN ST S o: Ll L 1L
1075 50 100 150 200 10 10° 10
frequency (Hz) frequency (Hz)

Fig. 15 PSD of the F, component of side load in FSS regime in the
frequency range 0-200 Hz.
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Fig. 16 PSD of the side-load components in RSS regime in the fre-
quency range 0-200 Hz.

is due to statistical fluctuation or is actually present. Hence, we need
some measures of confidence in the spectral estimate. Kay** gives
a (1 —a) x 100% confidence interval of this PSD estimate where o
is the level of significance.*?

Figure 15 compares the one-sided PSD function G (f) for the FSS
regime between calculations and experiments. These spectra issued
from the simulations have been obtained by using 14 overlapping
segments with a Hanning tapering window leading to a frequency
resolution of 5 Hz. Assuming these parameters, a 95% confidence in-
terval may be given by [0.6G (f); 2, 5G(f)]. This interval appears
rather large and illustrates the main difficulty in simulating low-
frequency phenomena. Spectra for both grids are also presented. It
is worthwhile to note that in the FSS regime the side loads are dom-
inated by very low frequencies. This aspect has also been observed
for a truncated ideal contour nozzle exhibiting only FSS.35-38

The PSD obtained for the RSS regime is shown in Fig. 16. More
discrepancies between calculations and experiments than for the free
shock pattern are observed in the frequency range [0, 200 Hz]. These
discrepencies may be due either to the uncertainty of the numerical

Fig. 17 PSD of the computed Fy component in the RSS regime.

simulation to correctly calculate very-low-frequency phenomena or
to the experimental difficulty to correctly recover very low side-
load levels in the frequency range [0, 200 Hz] for the RSS regime.
Figure 17 presents the normalized PSD function f * G(f)/o? of
the y component of the side loads. This format results in a power
spectral curve that has an area below it equal to unity. This fact
more readily permits identification of dominant frequencies.*? One
can see that side loads occurring in the RSS regime exhibit much
higher frequencies than in the FSS regime. It is worth noting that
the frequency range 0-200 Hz only contributes to 30% of the total
variance of the side-load component, that is,

VS Grss(Hdf on

(e

ﬂRSS =

while Brss =0.9. The experimental setup does not allow verifica-
tion of this hypothesis concerning the RSS due to the difficulty in
correctly determining the transfer function for frequencies higher
than 200 Hz. These results are very important because they show
that side loads in FSS and RSS regimes have a very different fre-
quency distribution. More precisely, the FSS regime is characterized
by very low frequencies, whereas the RSS regime exhibits higher
frequencies with a peak centered around 700 Hz.

Semi-Empirical Side-Load Estimation Model

Most of the existing empirical and semi-empirical side-load mod-
els permit estimation only of the magnitude of side loads. The
semi-empirical model proposed by Dumnov’ is, to the authors’
knowledge, unique and the first model that offers the possibility of
estimating the spectral distribution of side loads. The most impor-
tant data required by Dumnov’s model are the cross-spectral distri-
butions of the nozzle’s complete wall pressure field. These data are
extracted from a subscale model and then generalized and applied
to any nozzle. This model undergoes certain weaknesses and needs
to be improved.

Explicitly, determining the aerodynamic side loads from the in-
stantaneous pressure field allows one to get around the inertia correc-
tion problem. However, the instrumentation required for measuring
the complete pressure field would be too expensive. In the follow-
ing, an easier method is proposed enabling estimation of the PSD of
side loads in the FSS regime. This method uses simply the pressure
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data along two opposite generating lines rather than the complete
pressure field.

In an axisymmetric nozzle, the PSD of side loads relates to that
of the wall pressure fluctuations by the following relation suggested
by Dumnov>:

b4 L L
SFd,(f) =2r / / / Spp(-xh X2, qus f)
0 0 0

X €08 Agr(xy) r(xy) dx; dx, dA¢ (11)

where S,,(x1, X2, A¢g, f) denotes the cross-spectral density of ran-
dom pressure fluctuations and f, x;, and A¢ are frequency, longi-
tudinal, and azimuthal coordinates, respectively.

The fluctuating pressure field, being a periodic function of the
azimuthal angle ¢, can be expanded in Fourier series:

P&, ¢, 1)=Py(x, 1)+ Z[Pak(x7 1) cos(ke) + Py (x, 1) sin(k¢)]
k=1

(12)
Let Sp,, p,, be the cross-spectral density of the coefficients P,, (x, t)
and P, (x,1).
If the flow is statistically homogeneous in the azimuthal direction,
then one can show that the cross-spectral density of the pressure
fluctuations can be written as follows:

o0

Spp (X1, X2, AQy, f)= Z coS(kAP)Sp,p, (X1, X2, f)  (13)

k=0

Itis obvious from Eqgs. 11 and 13 that, due to orthogonality properties
of the trigonometrical function in the range [0; 27], only the first
mode (k = 1) contributes to the side loads.

In the FSS regime, analyses of wall pressure fluctuations* show
a relatively important coherence between two points oppositely lo-
cated on the same meridian plane for frequencies less than 200 Hz.
The phase features a difference of 180 deg. If one assumes that,
for frequencies less than 200 Hz, the wall pressure fluctuation field
is dominated by the first mode, the side loads in this frequency
range may thus be evaluated by using simply the wall pressure data
along two opposite generating lines (A¢ = 180 deg). This hypoth-
esis seems to be more legitimate for the averaged pressure p(¢, )
obtained by integrating the wall pressure field p(x, ¢, t) along x:

Ji P b)) dx
L2

p@,1) = (14)
where L is the distance from the incipient separation point to the
nozzle exit. The PSD of the y component of side loads may finally
be determined by

2 L
Sk, (f) = _7-'|:/ / p(x, ¢, )r(x) cos ¢ dx d¢:| =L'7*Ss, (f)
o Jo
15)
where F denotes the Fourier transform and § Puy (f) is the PSD of

the coefficient P, (t) of the cosinus term of the first mode (k =1) in
the Fourier decomposition of p(¢, t):

P, 1) = Puy+ Y [Po (1) costkg) + Py (1) sinke) ] (16)
k=1

The coefficient P, (t) may then be estimated simply by using the wall
pressure data along two opposite generatrice lines if one assumes the
averaged pressure field p(¢, t) is dominated by or, more precisely,
involves only the first mode.

The PSD of the F,(t) component estimated by this method is
shown in Fig. 18 and compared with computational and experi-
mental results. One can observe a very good agreement between
PSD estimated by this method and that yielded by integrating the
complete field of wall pressure p(x, ¢, t) (dashed line).

It is important to note that this model relies on the hypothesis
that the averaged pressure field p(¢, t) is dominated by the first

10”
\
i ———— present model (FSS, PR=17.5)
— — — — computation Fy (FSS, PR=17.5)
o LEA exp. Fy (FSS, PR=16.5)
107 |-
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) B
10°
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Fig. 18 PSD of the F, component in the FSS regime.

mode (at least for the low frequencies, where two points oppositely
located on the same meridian plan show an important coherence and
a phase shift of 180 deg). Further experimental studies are required
to validate this hypothesis. Experiments relating the truncated ideal
nozzles which involve only the FSS regime are under study at LEA to
verify this hypothesis. The good agreement between PSD estimated
by this method and that yielded by integrating the complete field of
wall pressure shows the interest of this method.

Conclusions

This study shows the interest of calculating side loads observed
in overexpanded supersonic nozzles by solving three-dimensional
URANS equations.

The current simulation succeeds in simulating the hysteresis phe-
nomenon widely observed in TOC nozzles; one can observe either
the classical FSS regime or RSS regime at a prescribed constant
pressure ratio, depending on the way this constant pressure ratio is
established. The analyses of the flowfield suggest that, in the FSS
regime, the unsteadiness probably comes from absolute instability
developed in the countercurrent mixing layer formed between the
ambient atmospheric air sucked into the nozzle and the main sepa-
rated supersonic jet. The origin of the unsteadiness observed in the
RSS regime is not clear. It seems that the perturbations coming from
downstream and propagating upstream through the subsonic region
found downstream of the caplike shock structure are the cause of
this unsteadiness. The obtained results confirm the assumption of
Nave and Coffey* that the side loads observed in the RSS regime are
essentially due to an asymmetric reattachment of the separated flow.

The results of statistical analyses of side loads numerically recov-
ered are in good agreement with experimental ones. For both flow
separation configurations, the side loads can be seen as a rotating
vector uniformly distributed within the interval [0 : 2] and whose
magnitude follows Rayleigh’s law. The PSD of side loads in the FSS
regime is very different from the one of the RSS regime because the
PSD of side loads in the FSS regime is dominated by very low fre-
quencies (less than 200 Hz), whereas the PSD of side loads in the
RSS regime is dominated by fluctuations at high frequencies with a
peak centered around 700 Hz.

The current study also presents an efficient semi-empirical
method based on wall pressure fluctuations on two opposite gen-
erating lines to assess the spectral distribution of side loads.

This study involves the free jet without external flow. In flight,
the exhaust plume of nozzles merges with an external flow and
this could influence the behavior of separated flow in the nozzle,
especially for the case of the FSS regime. This problem will have
to be further studied in the future.
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