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Abstract

In overexpanded rocket nozzle flow at low altitudes, the sensitivity of
the shock structure, that develops inside the expansion part of the nozzle,
causes severe problems in modern nozzle design. This shock structure is
highly unstable, so that small fluctuations in the flow field can lead to heavy
asymmetric loads on the nozzle. The movement of the shock structure is
analyzed numerically by imposing a periodically fluctuating pressure to
an external boundary face. The effects on the sideloads are estimated by
an usteady axisymmetric analysis. The unsteady analysis shows, for the
investigated frequency range, how the fluctuation propagates, the shock
movement develops and sideloads are generated.
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1 Introduction

Figure 1. Ariane launch (picture
from ESA).

The greatest challenge in supersonic nozzle design nowadays is to create a
nozzle with a reasonably good performance at sea level conditions, corre-
sponding to low pressure ratios between the nozzle’s combustion chamber
and the environment, without loosing performance at high altitudes at its
nominal pressure ratio. There exists a variety of newer and older ideas how
to design such a nozzle as eg. the plug-nozzle or the dual-bell-nozzle (see
[8]), but in the end they all suffer from the fact that the type of flow that
occurs at sea level conditions, is so far, not very well understood.

L
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o

As the nozzles nominally expand to a level below the ambient pressure,
the flow has to recompress in some way. It achieves that by establishing a
shock structure in the expanding part of the nozzle, that separates the flow
from the wall and concentrates it in the center of the nozzle bounded by
a supersonic jet, while on the nozzle wall recirculation pockets form, that
suck air from the environment into the nozzle.

The behavior of this flow structure is very sensitive to fluctuations in
the flow, and thus, might become highly unsteady and asymmetric. Also
hysteresis effects appear, as the structures for identical conditions vary de-
pending on if the flow originated from higher or lower pressure ratios than
the actual state. The main problem of this phenomenon lies in the fact, that
small fluctuations can create very heavy side loads, which not only affect
the lateral stability of the nozzle’s driving force, but also can lead to severe
damage in the nozzle material (compare [4]).

Thus, it is of utmost interest to study and understand the physical mech-
anisms that create these sideloads, in order to be able to design a nozzle
where the inner shock structure is controlled.

The driving mechanism behind those sideloads is most of all the an-
gular asymmetry of the strength and position of the shock attached to the
nozzle wall. Therefore, the sensitivity of this shock to changes in pres-
sure is essential for this asymmetry to develop. It is the aim of this work
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to contribute to a better understanding of the effect of fluctuating pressure
on shock structure and sideloads. To achieve that, steady and unsteady
computations were performed, examining the inner flow field of a super-
sonic nozzle, with special emphasis of the shock on the nozzle wall. In the
steady computations a pressure ratio was determined which provided an
appropriate shock position. The obtained solutions were tested with regard
to the mesh convergence, turbulence modeling and some numerical varia-
tions. After that the set-up for the unsteady computations was defined. A
periodically fluctuating pressure was applied to the boundary at the noz-
zle exit, using different frequencies to illuminate the shock’s capability of
reaction.The following analysis covers eg. the general flow field, the prop-
agation of the fluctuations into the nozzle and the resulting sideloads. Due
to the restricted extent of this project all computations were performed as
axisymmetric.
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2 The Generation of the Numerical Model

The modeling of a complex flow structure like that of a nozzle is quite a
delicate process. A lot of approximations and simplifications have to be
done in abstracting the flow case to a mathematical and then a numerical
model. This will always include a compromise between complexity and
accuracy. It is the art of the engineer to decide by careful selection and
intuition which models that will be most suitable to achieve the aims of his
actual work.

2.1 The Reduction of a 3-dimensional Flow to
an Axisymmetric Model

Overexpanded flow through a supersonic nozzle involves clearly three di-
mensional effects, and especially the generation of sideloads is an expres-
sion of purely asymmetric effects. Thus, it might seem meaningless to
analyze this type of flow on the base of an axisymmetric model. How
should a symmetric model be able to describe an asymmetric behavior?

If the differences of the flow between planes in radial directions of the
nozzle are regarded as variations of a mean solution over these radial in-
tersections, then a comparison between single intersections can provide an
approximation of unsteady effects. If these intersections are assumed to be
decoupled, they can be given by axisymmetric solutions, which should de-
scribe the direct influence of pressure fluctuations that approach the inner
nozzle’s shock structure in axial direction quite well.

However, the reduction to an axisymmetric case has its weaknesses.
Effects of secondary flows in radial or circumferential direction can not be
described and the interaction between the radial intersections is completely
neglected. Moreover, the most unstable dynamic modes of the shock struc-
ture movement might not be axisymmetric and, thus, such modes cannot
be captured in an axisymmetric analysis.

Nevertheless, this work presents a purely axisymmetric analysis, which
still allows an investigation of the sensitivity of the shock structure and
gives an estimate of some of the modes that generate sideloads. How-
ever, for a complete and quantitative correct description, a fully three-
dimensional model would be indisputable. The axisymmetric approxima-
tion reduces considerably the numerical effort in performance as well as in
preparation and a full 3D analysis is out of the scope for this work.

2.2 The Mesh and the Boundary Conditions

One of the first problems tackled in building a model to investigate a phys-
ical phenomenon is the question, where to put the boundaries of the com-
putational domain, depending on the purpose of the model. As this in-
vestigation focuses on the structure of the flow inside the nozzle, in the
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Figure 2. The first mesh in
medium resolution.

10

beginning only the inner part of the nozzle was considered to reduce the
computational effort. Moreover, for the unsteady analysis a direct cou-
pling between the prescribed pressure and the pressure un the nozzle was
desirable. Only at the nozzles inlet a short section of constant diameter
was added to guarantee uniform inflow (see also Lindblad & Butenschon
[11]). The expanding part of the nozzle is supplied with a rather dense
distribution of points over a wide area, as the shock is expected to move
considerably through this region inside the nozzle.

The mesh is based on the geometry of the truncated ideal contour ver-
sion of the s6-nozzle, developed by the Volvo Aero Corporation, a sub-
scaled version of the Vulcain nozzle [3]. Three different resolutions were
extracted, a coarse one having 4 000 points, the medium one with about 16
000 points and the fine one with about 64 000 points.

The boundaries are defined as

e subsonic inflow at the nozzle inlet, stagnation conditions and flow
direction are imposed, static pressure is extrapolated from the inte-
rior

e no slip wall for the nozzle wall
e singular line for the nozzle symmetry axis
e mirror conditions on the circumferential faces

e at the exit Riemann invariants are used, allowing inflow and outflow
in different regions of the same boundary face

Unfortunately, the exit condition was not able to establish a supersonic
jet while having inflow into the recirculation pockets on the nozzle wall.
Instead, the flow is slowed down to a subsonic level directly in front of
the nozzle exit, as can be seen in figure 3. The picture clearly shows,
how the supersonic jet is forced to a subsonic speed before leaving the
nozzle. This effect is present through the range of all computed pressure
ratios and independent of the mesh resolution and the applied numerical
methods. It is clearly an effect of the chosen boundary condition, which
can be confirmed by an analysis of its theory:

The Riemann invariants are defined as

2a 2a
v-1 B y—1 "

R+:'Un+
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Figure 3. The slowdown effect of
the exit condition. Mach number
at the pressure ratio of 16.
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where v,, is the normal velocity component pointing into the
control volume, a is the local speed of sound and ~ is the ra-
tio of the specific heats. These invariants are taken from the
inside or outside of the control volume depending on the flow
direction and if it is supersonic or subsonic. The invariants
outside of the control volume are determined from the spec-
ified boundary condition. For subsonic in- and outflow, this
would be

2050 2a;

Ry = vy oo + 2 R =u,, — 2 @)

) ,y _ 1 ) /7 _ 1

and therefore, the values on the boundary become
Un, 0o + Un Ao — G4
— ) ) 3
v= BESE I ®)
Un,oo = Uni (oo + Q;

= (y-—1 4
a T -+ — , (4)

where the index i denotes the values in the first cell inside the
boundary, while the index oo refers to the specified freestream
condition outside of the boundary.

At the outlet boundary of the nozzle flow of this work the sub-
sonic core of the flow is enclosed in a supersonic ring, which
itself is surrounded by the recirculation region on the wall with
a shear layer in between.

11
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We want to estimate now, under which conditions recirculation
and subsonic outflow can form from a situation with subsonic
outflow over the outlet boundary. In case of recirculation, v,
and v,,; will be greater than zero and for a nozzle flow we can
state that at least for outflow and for the numerical transition
from outflow to subsonic inflow the freestream will be colder
than the flow inside the nozzle. From 3 we can derive

Un,oo + Un,i 1
(ai - aoo) . (5)

>
2 v—1

The right hand side is positive, thus the left hand side must at
least be positive as well, which yields

|Un,<>0| < |Un1| (6)

as a necessary condition for the formation of a recirculation
area at the nozzle exit. The prescribed Mach number must,
thus, be close to zero.

We consider now a location on the boundary, where the flow
is directed out of the system. With equations 3 and 4, we can
form the normal Mach number

O — Upi — Dloo — Un.co

M=25
9a; — Up i + Dloo + VUp oo

(7)

(with v = 1.4, mind that v,, ;, V5, o, Uy, < O1)
We can express that in terms of the Mach numbers and substi-
tute Aa = (a; — o) /oo

(1+ Aa)M; + 5Aa + My,
(1+Aa)M; +5Aa — My +10

M=5 (8)

where now all quantities are positive.
To achieve supersonic outflow, we need M > 1. Thus, we
obtain

2M; + 2AaM; 4+ 3M + 10Aa > 5 9)

Following equation 6 we have to choose M, close to zero, if
we want to establish a recirculation area on the boundary face,
which yields

5—2M,;
10 + 2M;

as a relation between the inner Mach number and the change
of the sound velocity over the boundary or

T, > 15 2T (11)
P \10+2M; )

Aa > (10)
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in terms of temperature change and inner Mach number. In
the numerical transition process towards a supersonic outflow,
the inner Mach number cannot be much larger than 1. That
infers, that the temperature just inside the boundary has to be
1.6 times higher than the freestream temperature, which can
barely be achieved here.

We conclude, that a boundary condition based on Riemann
invariants will fail to establish a supersonic jet and a recircu-
lation into the system using the same freestream conditions.

A way to avoid this problem would be, to give the freestream values
as a field, but, doing so, one would define parts of the exit face to be su-
personic and others to be subsonic and by this control the formation of the
whole flow structure behind the shock instead of letting it develop freely.
However, the size of the compression-expansion pattern behind the shock
has also a significant influence on the shock at the wall itself and the side-
loads, as mentioned by Romine [16]. Thus, the Riemann-field condition
was not regarded as a favorable set-up for this case.

Instead of this, an extra block was included, adding an area downstream
of the nozzle exit of about twice the nozzle length with a lateral boundary
following the wall contour with an inclination of 6.0° with respect to the
nozzle centerline, allowing the flow to develop freely through the nozzle
exit (see figure 4).

At the downstream exit of the system the flow can now be extrapolated,
as it is now certainly directed out of the control volume, while it is com-
puted from Riemann invariants at the lateral face, which does not yield a
problem anymore, as the complete face is now subsonic. The freestream
values used for the computation of the Riemann invariants were chosen
close to static atmospheric conditions with just a small velocity in the main
flow direction to initiate the flow in the right direction. For the complete
set of boundary conditions see table 1.

It is important to mention that the extra part was not designed to give
an exact picture of the flow through this part, but to support a physically
correct picture inside the nozzle. This is also the reason, why this part is
largely excluded in the discussion of the results. The sizes of the new set
of meshes are given in table 3. All meshes for this project were generated
using FFANET [17].

2.3 Modeling Methods

Supersonic nozzle flow is naturally of a highly compressible and turbu-
lent character. For this work its physics are modeled using the Reynolds
averaged Navier-Stokes (RANS) equations, as implemented in the struc-
tured finite-volume solver for compressible flow EURANUS [15]. These
equations have to be closed by some sort of turbulence-model. A vari-
ety of algebraic, two equational and algebraic Reynolds Stress models is

13
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Figure 4. The extended mesh in medium resolution overlaid on the density field at pressure ratio 16.

Table 1. The boundary condi-

. | block | face | boundary condition |
tions for the extended mesh.

1 imin || inflow*
1 imax | matching
1 jmin || singular line
1 jmax || no slip wall
1 kmin || mirror
1 kmax || mirror
2 imin || matching
2 imax || 0-order extrapolation
2 jmin | singular line
2 jmax | Riemann invariants*
2 kmin || mirror
2 kmax | mirror
*see table2

available in the code of EURANUS, for this case mainly two models were
chosen:

e the Menter SST model [12], a two-equational model based on a
blending between a k-w and a k-¢ formulation that uses the Boussi-
nesq hypothesis [1], including also a production limiter

o the explicit algebraic Reynolds stress model (EARSM) introduced
by Wallin & Johansson [18], that uses an anisotropic approach for
the turbulent stresses, combined with Menter’s BSL model [12], a
version of the SST model without limiter

Table 2. The flow conditions.

p[bar] TIK] | u

inflow 6-24 500
freestream 1 288

—

«|3

v[g] [w[§]
0 | 0
0 | 0

A

14
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Table 3. The dimensions of the
extended mesh.

nozzle extra block
resolution || i | j [k] i ] j |k
coarse 80 2512131252
medium 159 149 |2 25(49 |2
fine 317 |97 2|49 97| 2

Spatial discretization is accomplished by

e eithera2nd order central scheme or a 2nd order TVD upwind scheme
with Van Leer limiters [10] for the mean flow equations

e a 2nd order symmetric TVD upwind scheme with Van Leer limiters
[10] for the turbulence equations

Computations showed better convergence with the central scheme for the
mean equations, while there were no significant differences in the physical
results, thus this combination was preferred. An entropy fix is applied for
the upwind scheme to avoid unphysical solutions.

For the unsteady computations time is advanced using implicit integra-
tion with pseudo-time relaxation [9, 5], for the steady computations time
is advanced using a 5-stage Runge Kutta scheme.

Furthermore, multigrid computations were tested, but did not converge,
so that time consuming singlegrid computations are used instead.

The gas in the nozzle is assumed to be air and since the temperature is
quite modest, it is modeled as a calorically perfect gas with a ratio of the
specific heats of v = 1.4 and the gas constant R = 287.0 J/kg K. For the
molecular viscosity Sutherland’s law is used.

15
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3 Steady State Analysis

Figure 5. The flow structure
at pressure ratio 16, medium
mesh, SST model. Top: density.
Bottom: Mach number.

A number of computations were performed for the steady case with a num-
ber of different numerical set-ups. They were started on the coarse mesh
at a pressure ratio of 6 between the combustion chamber and the envi-
ronment, where the shock structure is located shortly behind the throat of
the nozzle. Then the chamber pressure was raised step by step until the
shock structure almost reached the nozzle exit (see figure 7). In the region
of interest investigations on mesh convergence, turbulence modeling and
numerical schemes were intensified. The general flow structure revealed
by these computations was principally the same and corresponded to the
observations of other authors, eg. [14, 2, 6].

3.1 The Flow Structure

At overexpanding conditions, while the flow follows the nozzle contour, it
expands to a pressure level that is far lower than the ambient pressure. As
it is supersonic it cannot adapt gradually, but is suddenly forced by a shock
to adapt to the ambient conditions. This strong shock in the nozzle center
is almost normal and usually referred to as the Mach disk (see figure 5).
In addition to that an oblique shock separates the boundary layer from the

wall and deflects the flow towards the nozzle center. A small third shock
appears where the two shocks meet. It redirects the streamlines into the
main flow direction. Air is flowing from the ambience into the nozzle at
the wall and a recirculation area develops as it is driven along with the jet
(figure 6).

The recompressed jet in the nozzle center does not expand with the
wall contour anymore, but takes the width that is adequate for the present
pressure conditions. It is subsonic in the center behind the Mach disk, but
the stream deflected by the oblique shock remains supersonic and encloses
the subsonic core. A shear layer establishes between the jet and the recir-
culation area.

17
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Figure 6. The velocity field
at pressure ratio 16, medium
mesh, SST model.

Figure 7. The wall pres-
sure at different pressure ratios,
medium mesh, SST model.

18

For some nozzles the flow will reattach to the wall at higher pressure
ratios enclosing a recirculation bubble. The shift between the two flow pat-
terns occurs abruptly and not simultaneously on the whole circumference
of the nozzle, which generates large unpredictable sideloads to the nozzle.
Those effects were reported by eg. Frey & Hagemann [7] and Onofri &
Nasuti [13]. However, the nozzle selected for this work does not show this
phenomenon, and was chosen because the shock movement is not distorted
or restricted by these effects. Only, if the shock movement under free con-
ditions is understood, one will be able to control it, so that also a controlled
change from one pattern to the other becomes possible.

x 10

4 T T

pressure ratio 10
b pressure ratio 12
354 — - pressure ratio 14 H
—— pressure ratio 16
3 — - pressure ratio 18
3 pressure ratio 20 H
pressure ratio 22

p-p_ [Pa]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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The general character of the flow field for this nozzle does not change
with varying pressure ratio, even if the shock moves considerably down-
stream while increasing the chamber pressure, as figure 7 shows. One
difference in the flow field is, that the Mach disk becomes more and more
convex with higher pressure ratios, which indicates the growth of the vor-
tex just behind the Mach disk (see figure 6).

The existence of this vortex is a curiosity in the numerical analysis of
overexpanded nozzle flow. It does not appear in all solutions, but was ob-
served in reattached flow (eg. [13, 6]) as well as in free separated flow
(eg. [13]) and in the plume (eg. [6, 2]). Though the shock structure of nu-
merical solutions with core vortex provided by some authors corresponds
to flow pictures from experiments, the existence of the vortex was never
directly confirmed. It seems that the vortex formation in the computations
is connected to a convex bending of the Mach disk, that occurs with rising
pressure ratio. In this case only the computations on the pressure ratios of
6 and 8 showed a concave Mach disk without core vortex, for all higher
ratios the Mach disk is convex and a vortex appears.

Nevertheless, the shock movement seems to be quite regular in the re-
garded region, moving with about the same distance for each pressure step.

A detailed analysis of a nozzle flow field, that also contains considera-
tions of start up and throttle down process is given by Chen et al. [2], Frey
and Hagemann [6] provide an overview of the flow patterns that occur in
supersonic nozzles including the nozzle downstream region.

3.2 Mesh Convergence

For all three mesh resolutions, computations were performed for several
pressure ratios to obtain a reliable picture of the mesh convergence. The
computations took about 20 000 to 25 000 iterations to converge for the
coarse and the medium mesh, while for the finest mesh 10 000 iterations
were sufficient. The computation at each grid level was initiated by the
coarser grid solution. In all cases the iterative process was continued to a
higher number of iterations, but it neither reduced the residuals any further
nor showed a change in the flow field of the solutions.

Figure 8 shows, that the solution for the coarse mesh differs signifi-
cantly from the other two meshes. The flow starts separating 10 % of the
nozzle length further downstream than for the other two meshes. Though
this resolution shows generally the same flow structure, it resolves the
shock pattern obviously not sufficiently to generate a solution that is con-
sistent with the other two meshes.

However, the medium and the fine mesh show a quite good agreement
of the overall flow field. The position of the Mach disk is slightly different,
as the medium mesh cannot provide the same sharp picture of the thick-
ness of the shock here, which induces differences in the Mach number in
the jet core, see figure 9. Nevertheless, the supersonic part of the jet and
especially the situation at the wall match almost perfectly in both structure

19
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Figure 8. The wall pressure for
three different mesh resolutions,
pressure ratio 16, SST model.

Figure 9. Mach number at pres-
sure ratio = 16, SST model. Top:

fine mesh.
mesh model.

20

Bottom: medium

5 T

fine
— medium
4.5 — — coarse

and magnitude.

It can be concluded, that a grid converged solution for this set-up is
found, and that the medium mesh is sufficient for a correct picture of the
main flow structure and the wall pressure.

3.3 Turbulence Models

For a complex flow like this one with shock induced boundary layer sepa-
ration, recirculation, free shear layer, strong shock, shock reflection, slip-
stream and strong vorticity it is obvious that only an advanced turbulence
model will provide the necessary tool to obtain reliable solutions as a base
for this analysis. Simple models, such as algebraic, one equational or stan-
dard two equational models, will fail to predict these structures reasonably.
On the other hand, a rather complex model, that includes transport equa-
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Figure 10. Mach number
at pressure ratio 16, medium
mesh. Top: EARSM model. Bot-
tom: SST model.

Figure 11. The wall pressure
for different turbulence models,
pressure ratio 16.

tions for higher statistical moments of the turbulent fluctuations, would not
only demand a much higher amount of computational power for a case, that
at least in the unsteady part is already with a simple model approaching the
limits for a project like this one, but would also involve additional numeri-
cal problems, as the transport equations of these moments are highly non-
linear and stiff. Other approaches, such as Large eddy simulation (LES) or
direct numerical simulation (DNS), that do not use the RANS-equations,
are for the moment and in the near future for this case beyond the capabil-
ities of modern computers. Thus, this case requires a model that is reliable
in predicting even the critical elements in turbulence modeling, but at the
same time numerically simple, stable and fast.

x 10°

0 I I I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

x [m]

Two models were chosen out of the long list of turbulence models cur-
rently available. The Menter SST model [12], that showed robust behavior
and quite good results in other nozzle computations using the same code

21
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Figure 12. Turbulent kinetic en-
ergy and turbulent viscosity at
pressure ratio = 16, medium
mesh. Top: EARSM model. Bot-
tom: SST model.

22

[14, 11] and the EARSM of Walling & Johanson [18], that performed well
on a variety of other test cases, also using EURANUS (see eg. [18]). The
Wilcox standard £-w model [20] with a production limiter was also tested,
but showed severe problems in establishing any solution at all.

The flow fields for the two computed models do have the same fea-
tures, but the whole shock structure is shifted 10 % of the nozzle length
and differs in magnitude (figure 10). Even though the EARSM expands
further than the SST model, the oblique shock is weaker and its shape is
less well defined, as shown in figure 11. This might be due to the higher
turbulent viscosity in the recirculation region (figure 12). Also the viscos-
ity produced by the center vortex behind the Mach disk is much higher for
the EARSM.

Both models have a high level of turbulent kinetic energy in the shear
layer, even if the SST model again produces little less, but behind the Mach
disk the EARSM develops a huge amount, while the SST model just shows
a very weak increase in turbulent energy.

turbulent kinetic energy

turbulent viscosity

The generally higher level of turbulence for the EARSM is probably
the reason for the later separation of the flow. As the losses in the jet are
considerably higher than for the SST model, the maximum speed inside the
nozzle has to be higher to assure the same conditions, when the jet exhausts
to the ambience. Also, the high turbulence level behind the Mach disk has
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a damping effect on the recirculation area, so that the oblique shock can
separate further downstream.

The question remains, if the high level of turbulence produced by the
EARSM compared to the SST model induced by the strong shock is a
general feature of these models or significant for this case. Moreover, the
highly complex shock structure could make the numerical treatment of the
turbulent models important. It is, however, not obvious which of these two
solutions is closest to reality.

23
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4 Unsteady Analysis

Starting from a steady solution the movement of the shock was excited by
pressure fluctuations that were enforced on the lateral face of the block
downstream of the nozzle exit. Different frequencies were applied to ex-
amine the capability of the shock to react on fast changes in pressure and
the effect of this on the sideloads.

4.1 The Unsteady Boundary Condition

To be able to impose the fluctuating pressure on the lateral face the
EURANUS code [15] had to be extended with a time dependent Riemann
boundary condition. This condition evaluates the flow state on the bound-
ary from the freestream condition given by the user and the interior of the
flow. The fluctuation was defined in form of a harmonic perturbation of
10 % amplitude of the mean freestream pressure. This fluctuation was as-
sumed to spread with sound velocity in the non-moving ambience. A fluc-
tuating pressure must consequently induce a change in the other state vari-
ables. For the sake of consistency, the perfect gas law was applied for these
changes and two assumptions were considered for this case: an isothermal
change of state and an isentropic change of state in the freestream, where
the isothermal change has the advantage of a constant sound velocity. The
Riemann invariants were given in equation 1 as
2a 2a

R_=w, —
v—1 ! v—1

R+:Un+

This provides two equations for the normal velocity component and two
state variables, thus, one more equation is needed. The assumption, that
the change of the variables across the boundary is isentropic, yields

P const . (12)
p’Y

Using these three equations the relation between the imposed freestream

pressure and the pressure on the boundary can be derived. It is

bBc ~ pfree(t) (13)

for the isothermal freestream or

2y

1-1 A-1
PBC ~ (clpfile(t) + 02> (14)

for the isentropic freestream. Both boundary conditions approach identi-
ties between ppc and py,.. When the difference between freestream and
interior vanishes and thus, can be considered consistent.

Mind that in the total iteration process those relations are not as explicit
as it might seem, as the factors in equation 13 and 14 depend on the interior
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Table 4. The reference case.
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of the flow field. Nevertheless, it is obvious, that the relation between
Pree(t) and ppe is more direct for the isothermal case.

For the above reasons the isothermal condition seems to be advanta-
geous for this case and was therefore used throughout the whole analy-
sis. Nevertheless, a solution for isentropic conditions was compared to the
isothermal. It didn’t show any major differences in the inner flow field of
the nozzle, but showed a slightly slower convergence.

Apart from this face the same boundary conditions were used as in the
steady case, as given in tables 1 and 2.

4.2 Definition of the Flow Case

Out of the number of steady solutions one case was chosen as reference
case for the unsteady analysis. It was used for comparison of the results,
but also as an initial solution for the time marching computations.

4.2.1 The Reference Case

The main criterion in selecting a reference case was to find the pressure
ratio that provides a suitable position of the shock with regard to the re-
spective turbulence model and mesh resolution. As the flow fields showed
no significant differences between the medium mesh and the fine mesh,
and especially since the situation at the wall is well described, the medium
mesh was regarded to be sufficiently resolved. The SST turbulence model
was chosen, as it gives a sharper picture of the shock at the wall. Also, it
was shown in [14], that already the SST model tends to predict the shock
further downstream, than it occurred in experiments, so that the EARSM
solution might be expected to give an even larger deviation (see figure 11).
However, those computations were performed on a different nozzle.

| Penamber[DAr] | poc[bar] | mesh | turbulence model |
| 16 | 1£10% | medium | SST |

Given the turbulence model and the resolution, a pressure ratio had to
be determined, that would place the shock structure in a favorable position,
i.e. far enough downstream of the throat region, but not too close to the exit
to minimize interactions with the plume. Figures 4 and 14 show that for
the ratio of 16 the shock structure is located quite well within the nozzle,
which completes the definition of the reference case. It is summarized in
table 4.

4.2.2 Time Step and Inner Iterations

Another important part is the choice of the time step and the number of
inner iterations. Wang et al. [19] showed, that an increased number of time
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steps does not necessarily lead to a higher number of total iterations, as
the iterative process per time step converges faster. However, these results
were obtained on another flow case, and it is not sure that this constellation
will show the same behavior.

360 timesteps / period, 2000 subiterations 180 timesteps / period, 5000 subiterations
T T T T T T T

— rms residual
max residual

45F : : 7 asr

Residuals
w
2
Residuals
w
2

25K M\M\[\m 25

I I I I I I I I I I I I I I I I I I
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2 0 0.5 1 15 2 25 3 35 4 45 5
Total lteration No. x 10 Total Iteration No. x 10°

Figure 13. lterative Process.

In figure 13 the first ten global time steps in one period of the pres-
sure fluctuation are compared for two different set-ups for the time step
and the subiteration number. It can be seen that the maximum deflection at
the beginning of the time step is half as big for the smaller time step with
360 steps per period, while the general course of the iterative process per
time step is the same for both resolutions in time. Thus, the shape of the

Figure 14. Three evaluation
points with Mach number field at
pressure ratio 16, SST model,
medium mesh.

oy
ﬁﬁ
Al

iterative behavior of the solutions does not seem to change with the size
of the global time step. Nevertheless, for the finer resolution in time the
solution process bends towards a converged state at little less then 2000
subiterations, while the solution with 180 time steps per period seems not
to have fully converged at 5000 iterations, which implies a faster conver-
gence towards the final state. In figure 15 the pressure evolution in time is
demonstrated in three different points, that are visualized in figure 14. It
shows that there appear no considerable differences anymore in the physi-
cal magnitudes of the flow field. Also the solution with 4000 iterations for
the smaller time step does not differ significantly. Thus, the set-up with a
resolution of 360 time steps per period and 2000 subiterations was chosen
for the analysis.
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The small oscillations that appear at the two inner points are discussed
in section 4.3.
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Figure 15. The pressure history for different iterative set-ups.

4.2.3 The Imposed Fluctuation

On the flow conditions of the reference case a fluctuating pressure was im-
posed on the external lateral face to excite the shock movement away from
the steady state solution. The fluctuation has sinus-form and an amplitude
of 10 % of the ambient pressure of the reference case, which corresponds
to a movement of the shock on the nozzle wall of 0.018 m in direction of
the nozzle axis, estimated from the steady solutions (figure 7).

The most precarious choice for this case is probably the set of the fre-
quencies chosen for the analysis. The sideloads, that act on the nozzle
will be strongly influenced by the frequency of the fluctuations. For low
frequencies the pressure acting on the nozzle wall will be rather constant,
while for faster fluctuations the pressure varies considerably along the noz-
zles wall. Then, if the frequency gets very high, the fluctuations on the wall
get so dense, that they can be considered constant again. A possibility to
obtain a quantitative estimation of a reasonable choice of frequencies is to
determine a wavelength \ = 2ma., /w of the fluctuations corresponding to
a propagation with the sound velocity a.. of the freestream and compare it
to the nozzle length L. The computations in this work were started with a
fluctuation wavelength of 30L, to achieve a slow changing flow that could
be considered as quasi steady. The second frequency of w = 1000 s!
corresponds to a wavelength of 4. At a third frequency of w = 1500 s*
the pressure fluctuates with a third of a period over one nozzle length, so
that a full amplitude of fluctuation covers a nozzle length and a change in
the behavior of the sideloads is encouraged. The frequency was increased
quite carefully, as the reaction of the oblique shock on the wall on the fre-
quencies is expected to add changes to the sideload’s behavior.

In addition to that a fourth frequency was tested as the velocity field
at the unsteady boundary showed some unexpected behavior. Figure 16
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Figure 16. The radial velocity at at =150 1/s
the unsteady boundary close to ‘ ‘ ‘ ‘ ‘
the nozzle exit at 360 timesteps -1 ] -10p
per period, 2000 subiterations.
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shows that there is a perturbation of a higher frequency overlaid on the
fluctuation of 150 s~*. Because of this effect, also its frequency of approx-
imately 500 s~1 was investigated.
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Figure 17. Pressure field at w =
1500 s—1. Top: unsteady case
at the extreme shock position.
Bottom: steady case.

30

4.3 Analysis

The evaluation of the results presented in this work focuses on a de-
tailed investigation of the estimated sideloads and the movement of the
oblique shock on the nozzle wall. The general flow field was already
discussed in the previous chapter and the results for the considered fre-
quencies did throughout all the runs not show any differences compared
to the character of the flow as presented in chapter 3. Nevertheless, figure
17 shows as an example a flow situation with maximal deflection of the
shock away from the steady solution. The fluctuation of the pressure on
the wall can be seen in the unsteady flow field and the statement about the
unchanged character of the flow is confirmed. The amplitude of the shock
movement corresponds well to what is expected from the steady solutions.

Figure 18 presents the pressure fluctuations in the three different eval-
uation points, that are visualized in figure 14. Those points were chosen
to impart a picture of how the external disturbance is carried into the noz-
zle towards the wall shock. The first point is located right on the exter-
nal boundary close to the exit and its pressure values show the effective
fluctuations due to the interpolation of the Riemann condition between
freestream and computational domain. The second point is located in the
inflowing region of the recirculation area and the third one in the shear
layer that separates supersonic jet and recirculation area, rather close to
the origin of the oblique shock. With the help of these three points the
propagation of fluctuations through the region close to the wall can be fol-
lowed quite accurately.

It can be stated that for all considered frequencies the fluctuations eas-
ily reach the shock, but obviously a phase shift occurs that increases with
the frequency. The phase shift corresponds well to the propagation of the
fluctuations with sound velocity, which also can be shown. A closer com-
parison of the relation between the pressure fluctuations in the two inner
evaluation points and the freestream pressure fluctuation (figures 19 and
20) illustrates how the phase shift increases gradually while the fluctuation
propagates into the nozzle towards the shock.
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Figure 18. Pressure history in . at ® =150 /s . at © = 500 /s
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It is remarkable, though, that the amplitude of the pressure fluctuations
at the exit goes down considerably with frequency, but stays approximately
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Figure 20. The pressure in the
shear layer (point 3 in figure 14).
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the same close to the shock. Figure 16 shows, that the radial velocity at the
exit rises, so that the total pressure amplitude can be expected to be similar
for the different frequencies. Another noticeable effect is the appearance
of small oscillations, that are overlaid on the overall fluctuations at the
two inner points independent of the frequency. It will be discussed in the
next section, how these effects relate to the shock movement. However,
the reason for the fluctuations in the velocity field (see figure 16) remains
unclear.

4.3.1 Movement of the Shock Structure

In this section the reaction of the shock on the imposed fluctuations is in-
vestigated. Also the interaction between fluctuation propagation and shock
movement is analyzed. For this purpose, the wall solution was interpolated
on a finer resolution of wall points. Then, the shock position was deter-
mined from this solutions simply by evaluating the pressure gradients on
the wall.

A look on figure 21 shows, that in the computations the movement of
the shock on the wall occurs in steps. It is clearly visible how the shock
is moved not continuously, but cell wise through the mesh. It is locked
to one cell for several time steps and jumps then on to the next cell. A
comparison between the time it is locked in one cell and a period of the
small oscillations in pressure mentioned in the last section suggests that
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Figure 21. The obliqgue shock
movement on the wall.
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these oscillations are caused by the stepwise shock movement. This is
confirmed by the fact, that both the oscillations and the stepwise movement
appear independently of frequency and timestep and keep the same relation
to the fluctuation’s period. The stepwise movement of the shock might be
resolved by refining the mesh. However, the mesh would have to be refined
by at least a factor of eight, which leads to an impractically huge mesh.

For the sake of convenience for the reader the shock movement was
smoothed by a fitting using 21st-order-polynomials throughout the follow-
ing analysis.

The phase shift that is observed in the pressure history can also be ob-
served in the shock movement (figure 23). The phase of the shock move-
ment is, with increasing frequency, shifted more and more, up to half a
period for 1500 s—!, compared to the pressure fluctuation. Considerable
hysteresis effects occur. However, the steady state solution lies well posi-
tioned in the center of the unsteady shock movement (figure 22), so that the
solutions of the steady and unsteady case can be considered consistent, and
the choice of the steady forces as mean forces for the sideloads is justified
(see 4.3.2).

The shock positions compared to the pressure in the shear layer are not
shifted in phase and the picture looks similar for all investigated frequen-
cies. Also the range, in which the shock moves, is exactly the same for all
four frequencies. Furthermore, the occurring phase shift corresponds well
to a propagation of the fluctuation with freestream sound velocity into the
nozzle. Thus, it can be concluded, that the phase shifts that appear in this
analysis are probably all due to the propagation of the fluctuation through
the low speed separated region, and are not a consequence of a delayed
reaction of the shock.
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Figure 22. The movement of the
oblique shock on the wall, the
crosses mark the results from
the steady case (compare figure
7).

Figure 23. The wall shock
movement compared to the
freestream pressure.
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Figure 24. The wall shock move- at o = 150 1/s at =500 /s
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4.3.2 Sideloads

To estimate sideloads, an axisymmetric approximation has to be defined,
that maintains the asymmetric character of this phenomenon.
The general force on the nozzle body is given by

F- ﬁ bl (15)

where z is the coordinate along the nozzle axis.
The component of the force that acts on a radial intersection from noz-
zle throat to nozzle exit generated by the inner pressure distribution is then

exit

dF; = / p(z, t)r(x)dz (16)
throat

with r(z) for the distance from the nozzle axis to the wall.

As the ambience of the nozzle is not part of the computational domain
in this work, it has to be estimated in some way. Here the freestream
pressure at the Riemann boundary condition is chosen to act on the whole
nozzle length:

dFoo:/:gcz Poo(t)r(x)dz . 17)

hroat

Sideloads are, as mentioned in section 2.1, caused by asymmetries of
the, in reality, three-dimensional flow field. Nevertheless, if the fluctu-
ations of the intersections are regarded as independent of each other, the
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Figure 25. Sideload generation
due to shock movement. Left :
in phase. Right: out of phase.

Figure 26. Sideload generation
due to fluctuation propagation.
Left: in phase. Right: out of
phase.
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radial load caused by one of these fluctuations can be estimated by compar-
ison of the force dF’ that it generates, compared to some mean force d Fy,
which in this case can be given from the steady case. Thus, an estimation
of the sideloads can be formulated with

ds; = (18)
[ d oo
for the inner sideload,
dF(t) — dFo0
dS, = ’ (19)
| d D oo |
for the outer sideload and
dF,.:(t) — dF,

[|dFD,ool

for the total sideload dS;,; = dS; — dS... However, these are only rough
estimations, as only single modes of the mechanisms that generate side-
loads are covered by this model.

The above sideloads defined for this case can be expected to be affected
by basically two interacting processes: the propagation of the fluctuation
into the nozzle will cause deviations from the mean wall pressure level
behind the oblique shock while the shock itself moves the pressure jump
on the wall up- and downstream, as illustrated in figures 25 and 26.

ds>0 ds>0
K K
dS>0 ds>0
( (
pressure fluctuation pressure fluctuation

Figure 27 reveals that with increasing frequency the inner sideload
starts to fall behind the imposed fluctuation, so that at 1500 s~! the phase
shift between inner and outer sideload reaches little less than half a period.
This has severe effects on the total sideload, as can be seen in figure 28.
While the total sideload does not exceed 2.5 % of the mean outer force on
the intersection while in phase, it reaches more than 13 % when the phase
shift reaches half a period. This phase shift occurs due to the time lag in
fluctuating pressure on the nozzle inside and in the moving of the shock,
caused by the delayed propagation.
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Figure 27. Inner and outer side-
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5 Conclusions

The presented work could, though in itself axisymmetric, present a num-
ber of expected and unexpected effects and results about the unsteady and
asymmetric behavior of overexpanded nozzle flow. The steady analysis
presents a variety of results that agree well with observations previously
done by other authors and, thus, providing a solid base for the unsteady
analysis.

The flow structure of the steady solutions was preserved in the unsteady
case. It is shown that the imposed periodic fluctuations in pressure were
propagating continuously into the nozzle and reached the wall shock to full
extend.

For the investigated frequency spectrum, the oscillation of the shock
was taking place in a constant range along the nozzle wall, while the phase
shift observed at the higher frequencies was found to be related to the prop-
agation of the pressure signal. A delayed reaction of the shock itself was
not found.

The propagating pressure fluctuation and the phase shift between signal
and shock movement was shown to create heavy side loads for increasing
frequency.

It would surely be interesting to investigate the case for further in-
creased frequencies. One could then expect that the wall shock is even
more lagging behind the ambient pressure fluctuations and that the effect
of the fluctuations on the inner sideload decreases. A more general inves-
tigation of the numerics of shock movement due to ambience fluctuations
could be helpful as well.

Furthermore, only a full 3D analysis will give a complete picture of
the modes that excite the shock movement and the sideloads, taking their
interactions into account.

Also a direct validation of the numerical solutions with the help of
experimental results would be helpful. Especially for assessing the appro-
priate turbulence model.
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