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Introduction

URING the start-up and shut-down transients of rocket noz-

zles, the overexpanded character of the exhaust jet may lead
to complex flow evolutions. In a few milliseconds, multiple shock
waves and contact discontinuities with increasing intensities occur
and act on the internal nozzle walls. Consequently, the pressure dis-
tribution may deviate from its usual symmetric shape, producing
significant asymmetric forces (called side loads). Theses loads are
prejudicial to the mechanical structure of the nozzle and can cause
damage. Therefore, their correct prediction is required when design-
ing nozzles. Nevertheless, the mechanisms of shock wave propaga-
tion and related side-loads generation during nozzle start-up are
quite complex, and fundamental knowledge of the flow physics is
still needed especially during early stages of the starting process.

Transient nozzle flow that exists during engine start-up has been
investigated by only a few people. Some experimental work has
been performed by Smith,! Amann,? and Saito et al.> Amann,” for
instance, studied the influence of several parameters (nozzle half-
angle, throat width, and nozzle inlet radius) on the starting process
in supersonic nozzles driven by a shock tube. Special interest has
been paid to the duration of the starting process because it decreases
the useful testing time of short-duration facilities. However, the evo-
lution of a complex wave structure has also been shown.

From a numerical point of view, some studies were undertaken to
simulate nozzle flow transients. Most of the simulations performed
were in the two-dimensional plane or axisymmetric because of the
large amount of computational time required for three-dimensional
simulations. Prodromou and Hillier,* and Igra et al.,’ for example,
carried out Euler simulations of the two-dimensional plane reflec-
tion nozzle using a second-order total variation diminishing (TVD)
scheme. Jacobs,® Tokarcik-Polsky and Cambier and Saito et al.? pre-
sented numerical simulations of the same type of nozzle, including
viscous effects. It may be concluded from these studies that inviscid
computations satisfactorily predict the main flow features (namely,

Received 29 October 2003; revision received 21 September 2004; ac-
cepted for publication 21 September 2004. Copyright © 2004 by the Ameri-
can Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0748-4658/05
$10.00 in correspondence with the CCC.

*Research Scientist, Laboratoire de Mécanique des Fluides Numérique,
Unité Mixte de Recherche 6614, Centre National de la Recherche Scien-
tifique, Avenue de I’Université, Rouen.

TSenior Research Scientist, Laboratoire de Mécanique des Fluides
Numérique, Unité Mixte de Recherche 6614, Centre National de la
Recherche Scientifique, Avenue de 1’Université, Rouen.

374

the primary and secondary shock waves, multiple shock wave reflec-
tions, and slip surfaces). For rocket nozzles, Chen et al.® examined
the flow structures of the start-up and shut-down processes using a
Navier—Stokes solver. The configuration they studied was a subscale
nozzle of a J-2S rocket engine, (that is, a precursor of the U.S. space
shuttle main engine). Later, Nasuti and Onofri® simulated the flow
transients during the start-up of the Vulcain nozzle (designed for
the European rocket Ariane V). Both inviscid and viscous laminar
flow models were considered, which permitted the demonstration
that very peculiar flowfield configurations, which are characterized
by two main vortical regions, may occur during the start-up of the
nozzle. The first region is due to the boundary-layer separation from
the wall, whereas the second has an inviscid origin.

The purpose of the present Note is to provide an overview of the
phenomena involved in transient nozzle flows (especially at early
stages of the start-up) using a weighted essentially nonoscillatory
(WENO) scheme, along with a main objective to construct reliable
models and accurate prediction tools of side loads.

In a recent work, Mouronval et al.'® studied numerically the early
transient flow induced in an expanding nozzle by an inflow preceded
by an incident planar shock wave using high-order numerical meth-
ods. Special attention has been paid to the early phase of the starting
process and to the appearance of a strong secondary shock wave.
A detailed analysis of the wave structure was given, and the mech-
anism of the formation of vortices on the contact surface has been
clearly shown as a result of the high accuracy of the simulations.

The present work is the continuation of the previous one by per-
forming a complete study of Amann’s configuration? that includes
comparisons between numerical results and experimental data.

The test case considered in this study consists of a constant-area
tube terminated by a 15-deg plane nozzle whose inlet is rounded,
R =10 mm. This nozzle is located at the end wall of a shock tube
as shown in Fig. 1.

In the current study, spatial accuracy is achieved by solving
the two-dimensional time-dependent Euler equations in a finite-
difference form. The fifth-order WENO scheme!! with adaptive
stencils is used to avoid the interpolation across discontinuities and
to preserve uniformly high-order approximations at all points where
the solution is smooth. Fluxes at cell interfaces are approximated
by the Lax—Friedrichs splitting method. The solution is advanced

Incident shock wave

Fig. 1 Configuration: nozzle length L=120 mm, half-nozzle angle
a =15 deg, throat height /2, = 6.15 mm, shock tube height /11 = 104.5 mm,
inlet radius R = 10 mm, Mach number of the incident shock wave M, = 3.
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in time via the explicit third-order Runge—Kutta TVD method of
Shu et al.'? The detailed description of the numerical scheme is
out of the scope of this paper and may be found in the original
works by Jiang et al.!' and Liu et al.!* The Courant—Friedrichs—
Lewy number used in all of the computations presented in this pa-
per was set at 0.8. Additionally, this scheme was coded for struc-
tured meshes in general curvilinear coordinates, and parallelization
was introduced by partitioning the computational domain and us-
ing message passing interface libraries. The numerical code used in
this study has been tested and validated on complex compressible
flows including shock/shock, shock/mixing-layer interactions,'*!3
and turbulence.!¢

Calculations were performed only for the upper-half of the do-
main due to the symmetry of the configuration. The mesh was made
of 24 domains, each one was assigned to a single processor and
contained about (100 x 120) cells.

High-order numerical schemes require a careful implementation
of boundary conditions to eliminate the problem of numerical insta-
bility at boundaries. Thus, on the inflow plane (shock tube inlet), all
variables are prescribed, which is consistent with supersonic inflow
(M =1.35 for My, =3). On the outflow (nozzle exit), the solution
is simply calculated by using one-sided high-order extrapolation,
and no boundary conditions are imposed. On the symmetry plane,
the v component of the velocity is set to zero. On the inviscid wall,
the no-penetration boundary condition is treated through the flux.
Specifically, when the wall is approached, the scheme is reduced to
a third-order WENO scheme to help stabilize the flow and to keep
globally the high accuracy of the scheme.

The test flow is air with y = 1.4. The incident shock wave propa-
gates at M, = 3 in amedium at rest, whose pressure and temperature
are equal to 6.3 kPa and 293 K, respectively.

b) Numerical computation

Fig. 2 Schlieren photographs flowfield during start-up at * ~ 5.05.

Results and Discussion

All length scales are normalized by the throat height /. and the
elapsed dimensionless time is defined as t* =tay/h. where qa is
the speed of sound of the gas initially at rest (¢p >~ 343 m-s~'). The
origin of time is chosen in such a way that the primary shock reaches
the nozzle throat at t* =0.

The general evolution of the wave system within the nozzle is
shown in Figs. 2a and 2b. Notice that, basically, the qualitative agree-
ment between numerical and experimental results is rather good.
Each feature appearing in the experiment can be easily recognized
in the computation.
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As can be seen (Fig. 2b), when the incident shock reaches the
shock tube end wall, its upper and lower parts are reflected and
propagate back away from it. They soon collide and create a single
reflected shock (RS) leaving behind a quasi-stationary high-pressure
region. Meanwhile, the inner core of the incident shock wave is
transmitted through the nozzle orifice to form a primary shock (PS)
that can be clearly observed propagating in the medium at rest. In ad-
dition, when density and pressure fields (not shown) are compared,

TP2

5L2

Fig. 4 Numerical schlieren photographs of flowfield during early
stages of start-up: a) t* ~ 2.86e-2, b) t* ~ 0.14, and c) t* ~ 0.36.

contact discontinuities (CD) following this primary shock can be
easily identified. This discontinuity quickly becomes distorted ow-
ing to a Richtmyer—Meshkov type of instability (see Ref. 6). At the
same time, a left-running (with respect to the fluid) secondary shock
(SS) appears and is carried to the right because of the supersonic car-
rier flow. This SS arises as a part of the matching process between the
high Mach number, low-pressure flow downstream from the throat,
and the lower velocity high-pressure gas behind the PS. The flow in
the nozzle undergoes an expansion originating from the throat and
reflecting several times on the axis. Notice also the appearance of
an internal shock (IS) due to a focalization of characteristic lines.

We now discuss in more detail the early stages of this starting
process. Special attention will be paid to the flow upstream from the
nozzle throat, that is, the region located at x* =x/h, <0, before
addressing the flow downstream from it.

As soon as the incident shock reaches the nozzle entrance, its
outer part reflects on the wall, whereas its inner part enters the
nozzle. The regular reflection occurring on the wall quickly turns
into a Mach reflection (Fig. 3a) consisting in the (upper or lower)
RS, the PS, that is, transmitted shock, and a Mach stem (MS1).
These three shocks meet at a triple point (TP1) where a slip line
(SL1) emanates. (See Ben-Dor!’ for more detail about shock wave
reflections and associated phenomena in steady and unsteady flows.)
As already stated, the two parts of the RS propagate upstream and
reflect on the axis (Fig. 3b) via a Mach reflection pattern whose
associated slip line SL; propagates downstream. (A closer look at
this SL indicates a Kelvin—-Helmholtz instability.) The new part of
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Fig. 5 Numerical schlieren photographs of flowfield during early
stages of start-up: a) * ~ (.70 and b) * ~ 1.14.
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Fig. 6 Comparison of shock waves trajectories on the axis.

this RS reflects on the wall and again on the axis (Fig. 3c) so that
additional Mach reflections appear and a multiple wave reflection
system is formed. Furthermore, note that the TPs associated with
these Mach reflections have a common trajectory, and hence, their
SLs match the first one SLg.

For the flow downstream from the throat, the situation is even
more complex. First, the TP1 moves toward the axis and the size of
the MS1 grows. As the TP1 disappears (Fig. 4a), its SL is ejected
and develops into a vortex V. Again, the regular reflection of MS1
turns into a Mach reflection and the new TP, TP2, travels toward
the wall (Figs. 4b and 4c) before vanishing and ejecting its SL.
Moreover, investigating this later figure helps in distinguishing the
expansion fan (EF) as well as the SS that appears at its tail. As time
proceeds (Figs. 5a and 5b), the complex evolution of the flow can
be observed, including compression waves (CW), interaction of the
secondary wave with parts of the RS, formation of new TPs, TP3 and
TP4, moving either toward the wall or the axis and their associated
SLs. The merging of SL1 and SL2 can be clearly seen (Fig. 5b).
One can also see that the vortices V due to the first Mach reflection
are still visible and are carried downstream. At this point, all of the
main features of the flow are present (Fig. 2b).

The locations of the PS and SS are in Fig. 6 and compared with
the experimental results. The agreement is excellent for the PS, as
well as for the SS.

Conclusions

The major properties of the transient flows developing in a super-
sonic nozzle driven by a shock tube have been investigated using a
fifth-order WENO scheme. The main flow features are satisfactorily
predicted by computations and are in good agreement with exper-
imental data. More specifically, the complex evolution of the flow
has been analyzed: The multiple wave reflection system formed by
the reflection of the incident wave has been underlined, as well as
the important role played by Mach reflections in the divergent part
of the nozzle, which seem to play a prominent role in the generation
of side loads in nozzles. We also highlight the mechanism of forma-
tion of vortices on the contact surface. In addition, the simulation
reveals the existence of various unsteady motions (PS, SS, con-
tact discontinuities), whose properties play an essential role when

important choices need to be made to adjust the design of rocket
nozzles.
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