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The objective of this study was to investigate the effect of nozzle out-of-roundness on the nozzle side loads
generated during an engine start transient. The out-of-roundness could be the result of asymmetric loads induced by
hardware attached to the nozzle, asymmetric internal stresses, and deformation induced by previous tests. The
rocket engine studied encompasses a regeneratively cooled chamber and nozzle, along with a film-cooled nozzle
extension. The computational methodology is based on an unstructured-grid, pressure-based computational fluid
dynamics formulation and transient inlet boundary conditions from an engine system simulation. Computations
were performed for engine startup with the out-of-roundness achieved by four different degrees of ovalization: one
perfectly round, one slightly out-of-round, one more out-of-round, and one significantly out-of-round. The results
show that the separation-line jump was the source of the peak side load for the first three configurations, with the
peak side load increasing as the degree of out-of-roundness increased. For the significantly-out-of-round nozzle, the
peak side load was reduced to a level comparable with that of the round nozzle, due to a splitting of the separation-line

jump.
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Subscripts

r = radiation

t = turbulent flow
w = wall

00 = ambient

I. Introduction

OZZLE lateral forces during transient operations, if not

properly managed, are known to cause severe structural
damages to the engine and its supporting flight hardware to almost all
liquid rocket engines during their initial development [1—4]. For
example, the J-2 engine had its gimbal block retaining bolts fail in
tension [4], the space shuttle main engine (SSME) had a liquid
hydrogen feed line fracture [2,4], and the Japanese LE-7A engine had
its cooling tubes broken [3]. There likely have been many unreported
incidents all over the world. Therefore, transient nozzle side load is
considered a high-risk item and a critical design issue during any new
engine development. For that reason, many research efforts [5—18]
have been devoted to understanding side-load physics and their
impact on the magnitude of side loads.

The Ares I upper-stage engine, the J-2X engine currently under
development, is an evolved variation of two historic predecessors:
the J-2, which propelled the upper stages of the Apollo-era Saturn IB
and Saturn V rockets, and the J-28S, a derivative of the J-2 that was
developed and hot-fire-tested but never flown. It is expected that the
J-2X engine will experience side forces, like its predecessors J-2 and
J-2S [1] or engines similar in film-cooling design, such as the LE-7A
[3,13] and Vulcain engines. Tomita et al. [13] noted that the new
design of LE-7A engine does not include the film-cooling design,
because it led to a jump in the nozzle flow-separation line and
produced the LE-7A’s peak side loads [3,8]. The impact of side forces
on J-2X engine structures is therefore a major concern for the nozzle
designers and test engineers.

A computational fluid dynamics (CFD) methodology [7,8] has
been used to calculate the J-2X flow evolution and resulting nozzle
side loads under various operating conditions and environments. One
of the potential issues currently being explored is the effect of nozzle
deformation, or out-of-roundness of the nozzle. Liquid rocket engine
nozzles, being large, relatively lightweight structures, are probably
never truly round. The causes of out-of-roundness could be, but are
not limited to, the asymmetric loads induced by other hardware
attached to the nozzle, asymmetric material internal stresses induced
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in previous tests, and nozzle wall material deformation, such as
creep, incurred in previous engine tests.

The current interest in the out-of-round nozzles comes from the
fact that in a perfectly round nozzle, the nozzle side forces arise from
asymmetric shock evolutions. Questions were therefore raised about
the side-load characteristics of out-of-round nozzles. To gain insight
into side-load characteristics of out-of-round nozzles, transient 3-D
CFD analyses were performed of the J-2X nozzle flow during the
engine startup process on ovalized nozzles. Four nozzles with
different degrees of ovalization were used to study the effect of out-
of-roundness: a perfectly round, or nominal, nozzle; a slightly
ovalized nozzle; a more ovalized nozzle; and a significantly ovalized
nozzle.

To the best of the authors’ knowledge, this is the first analysis of
the effect of nozzle deformation on side loads. Ostlund and Bigert [9]
studied several nonround, polygon nozzles. Those polygon nozzles
were not deformed nozzles, however, because they were specially
designed as faceted nozzles to try to reduce nozzle side loads. The
results of these computations are presented and discussed herein.

II. Computational Methodology

A. Computational Fluid Dynamics

The CFD methodology is based on a multidimensional, finite vol-
ume, viscous, chemically reacting, unstructured-grid, and pressure-
based formulation. Time-varying transport equations of continuity,
species continuity, momentum, total enthalpy, turbulent kinetic
energy, and turbulent kinetic energy dissipation were solved using a
time-marching subiteration scheme and are written as
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A predictor—corrector solution algorithm was employed to
provide coupling of the governing equations. A second-order
central-difference scheme was employed to discretize the diffusion
fluxes and source terms. For the convective terms, a second-order
upwind total-variation-diminishing difference scheme was used. To
enhance the temporal accuracy, a second-order backward-difference
scheme was employed to discretize the temporal terms. Point-
implicit method was used to solve the chemical species source terms.
Subiterations within a time step were used for driving the system of
second-order time-accurate equations to convergence. Details of the
numerical algorithm can be found in [19-22].

An extended k-¢ turbulence model [23] was used to describe the
turbulence. A modified wall function approach was employed to
provide wall boundary-layer solutions that are less sensitive to the
near-wall grid spacing. Consequently, the model has combined
the advantages of both the integrated-to-the-wall approach and the
conventional law-of-the-wall approach by incorporating a complete
velocity profile and a universal temperature profile [24]. A seven-
species, nine-reaction detailed mechanism [24] was used to describe
the finite rate, hydrogen/oxygen afterburning combustion kinetics.
The seven species are H,, O,, H,O, O, H, OH, and N,. The
thermodynamic properties of the individual species are functions of
temperature. The multiphysics pertinent to this study have been
anchored in earlier efforts, e.g., SSME axial force and wall heat
transfer [19], SSME startup side load and dominant shock-breathing
frequency [7], J-2X startup and shutdown side loads for a nozzlette
configuration [8], nozzle film-cooling applications [25], and
conjugate heat transfer [26].

B. Transient Startup Sequences

The engine startup and shutdown sequences are important drivers
to the nozzle side-load physics [7,8]. The ramp rate of the pressure
sequence generally determines the magnitude and duration of the
peak side load. The temperature and species mass fraction sequences
determine the extent of the combustion reactions that affect the
magnitude and duration of the side loads. Another reason the tem-
perature and species composition are important is that they largely
determine the specific heat distribution, which affects the shock
shape and impacts the side-load physics. Giving another example of
the importance of the species composition, if excess fuel is dumped
early in the transient, combustion waves could occur, which would
add to the severity of the side load [7].

Transient system-level simulations provide the time histories of
the aforementioned variables. The system-level simulations are a
lumped control-volume analysis approach to model the network of
components and subcomponents, in a rocket engine. Transient
system-level modeling is therefore an important tool in the design
and planning of sequencing the transient events of rocket engine
operation. Figure 1 presents the inlet pressure and temperature time
histories, and Fig. 2 shows the inlet species mass fraction time
histories for the main combustion chamber (MCC) and the turbine
exhaust gas (TEG) flows. TEG flow is used as film coolant for the
J-2X nozzle extension and also provides a small benefit to engine
thrust performance. The transient reactant composition obtained
from system modeling was preprocessed with the Chemical
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Fig. 1 Simulated inlet pressure and temperature histories for the main
combustion chamber and turbine exhaust gas flows during the startup
transient.
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Fig. 2 Simulated inlet species mass fraction histories for the main
combustion chamber and turbine exhaust gas flows during the startup
transient.

Equilibrium Calculation program [27], assuming the propellants
were ignited to reach equilibrium composition immediately down-
stream of the injector faceplate or turbine exhaust manifold inlet
boundary. Figure 1 shows that the majority of the increase in MCC
pressure and temperature occurs between 1.4 and 3 s. Also, it can be
seen from Fig. 2 that immediately following the start command,
helium enters both the MCC, as a purge flow, and the TEG chamber,
initially as a purge flow, but then to assist the turbopump spinup.

Helium is initially present in the MCC nozzle flowfield, due to
purges used during the early stages of the start sequence from the
main injector and gas generator (GG) TEG flowpath. This helium in
the MCC is pushed out as the initial fuel flow and igniter low-flow/
low-pressure combustion flows become established to the MCC, as
shown in the transient MCC species mass fraction profile in Fig. 2.
The main fuel valve is opened first, to establish the initial fuel flow in
the main fuel injector and MCC augmented spark igniter (ASI),
ensuring a fuel-rich start of the MCC and safely allowing the J-2X
fuel turbopump to start ramping up. To provide the initial breakaway
momentum to the pumps and initiate higher pump flow rates, a
helium-spin-assist system is used to inject a short-duration (~1.4 s),
high-pressure, high flow of helium gas into the turbines. Simul-
taneous with the initiation of the helium-spin-assist system, the main
oxidizer valve is opened to allow priming of the downstream oxidizer
system with purely liquid oxidizer. Also in this same period, the low-
flow oxidizer valve is opened to allow flow to the MCC ASI and
initiate low-flow/low-pressure combustion in this early time frame. It
is during this spin-start system operation, before any significant flow
through the MCC main injector, that the nozzle side loads hit a peak
magnitude (at 0.80-1.10 s).

As the spin-start system is initiated, the helium exhausts through
the TEG (after passing through the fuel and oxidizer turbines) and
into the nozzle extension. As already mentioned, this discharge of
helium-spin gas from the TEG into the nozzle flowfield occurs before
any significant flow through the main injector, thus promoting the
possibility of loading of the nozzle asymmetrically. As this spinup
gas flow decays, the GG fuel and oxidizer valves are opened, further
accelerating the pumps and both fuel and oxidizer flows throughout
the engine. However, this transition of pump-driving fluid from spin-
assist helium to GG-generated hot gas is not instantaneous, and there
is a period of time during which engine system flows and pressures
decay.

During this power-transition period, the main injector oxidizer
dome primes with liquid oxygen, which is a crucial step in starting
the engine safely, as the oxidizer flow to the MCC then becomes more
controllable and predictable, increasing the likelihood for stable

MCC combustion as engine power is sharply increased. As the flow
of oxidizer in the main oxidizer injector initiates and then primes with
liquid, the MCC pressure rises sharply to the first small plateau in the
~1.4-1.6 s time frame, as shown in the transient MCC pressure
profile in Fig. 1. The rise in MCC pressure correspondingly causes a
decrease in fuel system flow and pressure to the MCC, thus causing
the brief stagnation or plateau in MCC pressure.

Once the GG combustion flow begins to build (which exhausts
through the TEG flowpath), the pumps accelerate, and their
respective propellant flows to the MCC also accelerate, driving the
engine system to full-power (or main-stage) conditions throughout.
After the start of the GG and the hot combustion gas flow rapidly
builds, the remaining helium in the TEG flowpath is completely
pushed out, as shown in the transient TEG species mass fraction
profile in Fig. 2. Essentially, engine steady-state operation is attained
approximately within 4.5 to 5.0 s after the engine start command is
received, although thermal equilibrium effects between the pro-
pellant flows and the metal mass within the engine prevent flows from
completely steadying until a much later time.

These helium flows dilute the fuel concentration in the early
startup process. It was found in an earlier study [§] that a combination
of the fuel dilution and a shorter ramp time than that of the SSME
eliminated the occurrence of potentially hazardous combustion
waves [7]. It should be noted that the startup sequences shown in
Figs. 1 and 2 are different from those shown in an earlier study [8];
e.g., the temperature spike during the earlier startup transient [§] was
eliminated.

III. Computational Grid Generation

Figure 3 shows the grid layout on the surface of the J-2X engine
hardware contained in the computational domain. The computational
domain for this J-2X out-of-round nozzle side-load investigation
includes the MCC, the nozzle, the turbine exhaust manifold (TEM),
the nozzle extension, and a freestream region surrounding the engine.
The TEM is a nonsymmetrical torus that supplies the TEG to the
nozzle extension nonuniformly around the circumference of the
nozzle extension. The computational domain of the TEM consists of
an inlet duct and the aforementioned torus in which the TEG flow
splits, flowing around the torus and subsequently into the nozzle
extension. The exit of the TEM is a narrow annular slot of constant
area through which the TEG exhausts supersonically onto the nozzle-
extension inner wall. A separate steady-state main-stage analysis
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Fig. 3 Grid layout of the nominal geometry.
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with this TEM configuration indicated that it produces a 9%-higher-
than-uniform mass flow into the nozzle extension in the region under
the TEM inlet duct.

The general procedure of the grid generation follows that of the
SSME side-load study [7] and the previous J-2X side-load study [8]
by rotating an axisymmetric grid first without the TEM. The TEM
grid was constructed separately, as it is asymmetric to the central axis.
The grid was completed by merging these two grids at the TEG exit
through one-to-one grid connectivity. The software package
GRIDGEN [28] was used to perform the grid generation. The general
layout of the outer boundaries and the wall boundaries of the MCC,
nozzle, TEM, and nozzle extension are similar to those of the
previous J-2X side-load study and are described in detail in [8].
Figure 4 shows a close-up view of the grid for the MCC, nozzle, and
TEM without the nozzle extension. The TEM’s structural ribs were
modeled and are visible at the bottom of the TEM in Fig. 4.

A grid-study procedure was developed for transient nozzle side-
load calculations in earlier studies [7,8,19]. It was based on the
recognition that a conventional grid study would be computationally
prohibitive for side-load investigations because of the need for a large
amount of computer resources, due to the requirements of a full
360 deg of three-dimensional domain, turbulent reacting flow, and
computation of 3 to 5 real seconds of engine transient operation.
Knowing that peak side force is usually a small percentage of the
axial force, the grid study was performed on a steady-state axial-force
calculation, based on the assumption that if the grid density is
adequate for the calculated steady-state axial force, then itis adequate
for the calculated transient side forces. The grid study started with an
axisymmetric grid first and included the 3-D grid. The 3-D grid is
achieved by rotating the axisymmetric grid 360 deg to ensure that the
asymmetric flow comes from the transient physics and not the asym-
metric grid. It is critical that the grid density for the axisym-
metric grid is adequate. Otherwise, the rotated 3-D grid will have a
difficult time matching the desired axial force [19]. From the results
of previous studies on the SSME transient startup [7] and the
transient startup and shutdown of the J-2X engine [8], a circum-
ferential division number of 72 was found to be adequate in capturing
the major side-load physics such as the shock transitions, shock
breathing across the nozzle lip, and separation-line jump. More
important, the SSME side load computed for those major physics
agreed reasonably well with those of hot-fire-test SSME mea-
surements [7]. In addition, the computed dominant oscillation
frequency during the shock breathing also agreed well with test

-=— MCC
Y
Nozzle
%
TEM torus 7 EM inlet duct

Rib

Turbine Exhaust Gas
(TEG) exit ring

Fig. 4 Close-up view of the turbine exhaust manifold.
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Fig. 5 Separation and reattachment lines, and Mach number contours
for a nominal stub nozzle at 1.82 s into startup transient at sea level.

measurements [7]. This grid-study procedure was therefore demon-
strated to be sufficient for nozzle side-load study.

In this effort, because of increased computational resources
available, the circumferential division number was increased to 120,
or a 67% increase over the previous efforts [7,8]. To test the effect of
the increased circumferential grid resolution, a separate transient
startup calculation of the J-2X stub nozzle at sea level was performed
to see if teepees can be captured. Teepees are formations of conical
shocks that occur near the nozzle lip and have been observed during
hot-fire tests. These were first described by Nave and Coffey [1]
during J-28S engine tests and are often observed during SSME startup
transients. They usually occur during the shock-breathing mode [7]
when the shock foot moves in and out of the nozzle lip. A stub nozzle
without the nozzle extension was chosen because a shorter nozzle
would flow full faster. The resulting Mach number contours show
that shock breathing occurred between 1.775 and 1.94 s and teepees
were seen between 1.775 and 1.845 s Fig. 5 shows the captured
teepees with separation and reattachment lines at 1.82 s into the
startup transient. The total number of teepees captured in this time
slice is 13, which is higher resolution over the three—five teepeelike
structures captured in previous studies [7,8]. This result shows one
aspect of improvement in capturing the transient nozzle physics
through the increased circumferential grid resolution.

For the out-of-round nozzles, the out-of-roundness was imposed
by ovalizing the entire grid (from the injector face to the nozzle-
extension exit) by varying the ratio of the long axis to the short axis.
Figure 6 shows a cross-sectional view of the four nozzle surfaces
used in this study. The nominal, or perfectly round, case has a long
axis to short axis (L/S) ratio of unity; the slightly-out-of-round case
has an L/ S ratio of 1.0086; the more-out-of-round case, has an L/S
ratio of 1.0346. Finally, the L/S ratio of the significantly-out-of-
round case is unrealistically high at 1.4400. It is estimated that the
slightly-out-of-round and the more-out-of-round cases are the most
likely scenarios, and the significantly-out-of-round nozzle is
intended as a hypothetical case that serves as the limit for out-of-
roundness.

The L/S ratios of 1.0086 and 1.0346 were implemented to
produce a deformation of £0.25 and £-1.0 in the long and short axes
at the exit plane of the nozzle extension. The same scaling was
applied to the entire engine domain; therefore, the nozzle throat and
TEM exit ring areas and shapes were altered. For the slightly- and
more-out-of-round cases, the changes in these areas are assumed
to have a small effect on the mass flow distribution and nozzle
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Fig. 6 Cross-sectional view of the ovalized nozzles.

flow-separation development. For the L/S ratio of 1.44, the same
assumption cannot be made. The changes in the nozzle throat, nozzle
wall, and TEM exit ring geometries were too large. But, again, the
L/S = 1.44 was a hypothetical study case.

Because of the shape of the TEM structure, it was assumed that the
long axis of the imposed ovalization was aligned with the z
coordinate. The short axis was aligned with the y coordinate, in line
with the TEM inlet, as indicated in Fig. 6. The total number of cell
volumes was 4,421,166 for all four cases. The total number of cells
used in this study is higher than the 2,058,192 cells used in the
previous J-2X side-load study [8] and much higher than the
1,275,120 cells used in the SSME benchmark [7]. It is noted that
although the cross-sectional flow areas of the four nozzles do not
have to be the same, it is further assumed that those are the same, such
that the results are compared on an equal-flow-area basis.

IV. Boundary and Inlet Conditions

Since J-2X is the upper-stage engine of the Ares vehicles, fixed
freestream boundary conditions were set corresponding to
100,000 ft. Time-varying inlet flow boundary conditions were used
at the MCC and TEG inlets. These inlet flow properties (obtained
from the system-level simulations) were the time-varying total

Table 1 Run matrix

pressure, temperature, and reactant compositions, as shown in Figs. 1
and 2. For engine startup computations, the thermal wall boundary
condition was initially adiabatic. When the startup transient simu-
lation reached 1.4 s, the point where the MCC pressure started to
ramp up, wall temperature profiles obtained from a separate steady-
state calculations were imposed onto the MCC and nozzle wall. The
nozzle extension and TEM walls remained adiabatic (discussed in
[7.8D.

V. Results and Discussion

The computations were performed on a clustered machine using
20 to 24 processors. The processors used are dual-core AMD
Opteron processor clocked at 2405 MHz. The computational cost
was estimated as 5.8759E-6CPUs/step/cell/processor. For these
transient computations at 100,000 ft, because the combustion reac-
tion rates at such low backpressures are slow (compared with the
rates at sea level), a global time step of 10 s was used throughout the
computations. These global time steps used correspond to Courant—
Friedrichs—Lewy numbers ranging approximately from 0.1 to unity.
For a typical 2 s simulation, the total number of flow steps is 200,000.
The run matrix of the four cases is shown in Table 1. The result of the
nominal case will be discussed first, followed by those of the three
out-of-round cases.

A. Nominal Case

Figure 7 shows the computed J-2X side-load history during engine
startup transient for the perfectly round case. Major startup physics
and the timeline of their occurrence and duration are indicated at the
top of the figure. A brief description of the time-evolving physics is in
order. As indicated in Fig. 7, the exhaust plume of the transient
startup begins as a subsonic core jet. As the chamber pressure
increases, the core jet flow strengthens. When the core jet becomes
supersonic, a Mach disk develops near the throat at around 0.40 s.
Because of wall friction, this initial Mach disk flow is separated from
the nozzle wall from the throat down. The combination of this flow-
separation pattern and the associated shock structure of the Mach
disk flow is named the free-shock separation (FSS) [1], because the
supersonic jet stemming from the triple point is flowing freely away
from the wall. As this Mach disk flow advances downstream, the size
of the Mach disk grows as the nozzle flowing area increases. At about
0.65 s into the engine start, the TEG flow begins to emerge from the
TEG exit ring into the nozzle extension.

As described earlier, at the main stage, this TEM configuration
produces a 9%-higher-than-uniform mass flow distribution under the
inlet. However, early in the startup transient, the TEM exit is more
nonuniform, producing a localized pumping effect. In addition, since
the ambient pressure at 100,000 ft is lower than that of the total
pressures of the core and TEG flows, the external environment

Case Description L/S ratio Deformation, in. behaves like a vacuum pump. These pumping effects exacerbate the
1 Nominal (perfectly round)  1.0000 +0.00 TEG flow imbal.ance, whic.h draws the core ﬂow’s supersonic j.et
2 Slightly out-of-round 1.0086 4025 toward the TEM inlet duct side of the nozzle, forming an asymmetric
3 More out-of-round 1.0346 +1.00 Mach disk flow with a slanted separation line, as shown in the
4 Significantly out-of-round  1.4400 +11.6 snapshot at 0.85 s in Fig. 8. This phenomenon is unique to this TEM

configuration during startup and is named the asymmetric TEG
4000 F asy TEG pumping sep. line jump
| \ de Il
3000 | core jet flow FSS Mach disk flow RSS FSS nozzle
flowing full
<. 2000
LL>
1000 |
0 M IA.III s
100k ft, 0.0109 atm
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
t,s
Fig. 7 Computed side-load history during startup for the nominal or perfectly round case.
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Fig. 8 Mach number contours on xy plane at selected time slices for the
nominal case.

pumping herein. As a result, this phenomenon helps the asymmetric
FSS Mach disk flow transiting into an asymmetric restricted-shock
separation (RSS) Mach disk flow, generating the first local peak side
load (at about 0.865 s, in Fig. 7). At 0.86 s in Fig. 8, the core flow’s
supersonic jet is merging with the TEG flow, forming an RSS flow
pattern. In an RSS flow pattern, first observed and reported during J-2
and J-2S tests, the entire supersonic jet is attached or restricted to the
nozzle wall [1].

At this time, the rear shock stem is quickly approaching the TEG
exitring, which is composed of a small base, or a backstep formation,
between the nozzle contour and the TEG exit ring. As one would
expect, when the rear shock stem jumps over the base and meets with

WANG ET AL.

the flowing TEG flow, a significant disturbance would be imposed
onto the Mach disk flow. The snapshot for 0.92 s in Fig. 8 shows the
shock stem of the RSS Mach disk flow just before this jump. By
0.93 s into the startup transient, the rear shock stem (i.e., the
separation line on the wall) had jumped over the TEG exit ring and
generated the peak side load of 2114 N. The 0.93 s snapshot in Fig. 8
shows a disturbed Mach disk flow right after the jump.

This separation-line-jump phenomenon was first reported by
Watanabe et al. [3] as a separation-point jump during LE-7A engine
tests. Later, Wang and Guidos [8] captured it computationally in J-2X
transient simulation. Since the separation-line jump always produces
a peak side load, it is considered the critical side-load physics for
round film-cooled nozzles. Tomita et al. [29] noted that higher step
height exaggerates the effect of separation-line jump. After 0.93 s the
Mach disk flow continued its downstream movement, as shown in the
1.0 s snapshot. Subsequently, the RSS Mach disk flow transitioned
back to an FSS Mach disk flow at about 1.01 s, generating another
local peak side load. This FSS Mach disk flow oscillated several more
times in the nozzle and eventually left the nozzle at around 1.49 s.

B. Out-of-Round Cases

Since nozzle side forces are caused by asymmetric flows or,
specifically, asymmetric shock formations caused by major side-load
physics during the transient process (e.g., combustion wave, FSS-to-
RSS transition and vice versa, shock breathing at the lip, and jump of
the separation line), it is anticipated that any further changes in
operation or configuration that causes asymmetric flow would
exacerbate the situation. As a case in point, the biased TEG flow
distribution from the TEM is an example. It induces the asymmetric
TEG pumping of the core flow, resulting in more severe asymmetric
shock formation and higher peak side loads than the simulations with
a symmetric TEG flow injection [8]. Nozzle out-of-roundness is
another configuration change. It is expected that higher degrees of
out-of-roundness, measured by the L /S ratio, will lead to higher peak
side loads.

Figure 9 shows the computed side-load history and the timeline of
the major physics for the slightly-out-of-round case, with a small
L/S ratio of 1.0086, or a +0.25 in. deformation at the end of the
nozzle extension. This case represents a permanent nozzle defor-
mation due to internal stresses accumulated in previous tests or due to
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Fig. 9 Computed side-load history during startup for the slightly-out-of-round case (L/S = 1.0086).
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Fig. 10 Computed side-load history during startup for the more-out-of-round case (L/S = 1.0346).
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asymmetric loads induced by hardware attached to the nozzle. Since
the out-of-roundness is quite small, all the major side-load physics
that occurred in the nominal case also happened in this slightly-out-
of-round nozzle. Figure 9 shows the asymmetric TEG pumping,
FSS-to-RSS transition, separation-line jump, and RSS-to-FSS
transition. More important, the peak side load was also caused by the
separation-line jump and its magnitude increased 26% to 2688 N. It is
noted that the slightly-out-of-round nozzle caused the RSS to start
and end slightly earlier than the perfectly round case. This is because
in the slightly-out-of-round case, the TEG flow is slightly more
uniform than that of the perfectly round case during the TEG
pumping phase. As a result, the supersonic jet of the Mach disk flow
was pumped more uniformly, and the FSS-to-RSS transition started
slightly earlier for the slightly-out-of-round case. Subsequently, the
RSS-to-FSS transition also started slightly earlier and the time span
of RSS for the slightly-out-of-round case was slightly shorter than
that for the perfectly round case.

Figure 10 shows the computed side-load history and the associated
major physics for the more-out-of-round case. With a slightly larger
L /S ratio of 1.0346 (a £1 in. physical deformation), such an out-of-
roundness is also a likely scenario when there are internal stresses
built up through many hot-fire tests. By comparing the major physics
indicated in Fig. 10 with those of Figs. 7 and 9, it can be seen that all
the major physics are still present with two differences. First, after the
asymmetric TEG pumping, instead of FSS-to-RSS transition, there
was an FSS-to-partial RSS (PRSS) transition, and instead of having
one notable separation-line jump, the current case had two distinctive
separation-line jumps. PRSS is a Mach disk flow-separation pattern
between that of an FSS and an RSS Mach disk flow patterns. That is,
the supersonic jet is only partially attached to the nozzle-extension
wall. PRSS was first captured computationally in the unsteady simu-
lations of LE-7, LE-7A, and CTP50-R5-L nozzles by Wonezawa
et al. [30] and later captured by Wang [7] in the transient startup
computation of an SSME nozzle.

These differences may be explained by examining time slices of
Mach number contours in Fig. 11. For each time slice, two pictures
are shown. The picture on the left-hand side is the Mach number
contours on the x—y plane, and that on the right-hand side is the Mach
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Fig. 11 Mach number contours at selected time slices for the more-out-
of-round case.

number contours on the x—z plane. The x—y plane views the short-
axis side (or narrower dimension) of the ovalized nozzle, and the x—z
plane views the long-axis side (or wider dimension) of the ovalized
nozzle. The difference in the nozzle’s dimensions is not obvious in
this image, since a deformation of £1 in. is difficult to see.

In Fig. 11, at 0.83 s into the startup transient, the core flow’s
supersonic jet of the FSS Mach disk flow is experiencing the effect of
pumping from the TEG flow. At 0.85 s, the core flow’s supersonic jet
merges with the TEG flow to create a PRSS flow. The x—y plane and
x—z plane views show that the supersonic jet is bending into the
quadrant of the nozzle on the TEM inlet duct side. The first
separation-line jump happened at around 0.919 s. The disturbance to
the Mach disk flow generated a peak side load of 3275 N: a 55%
increase over that of the nominal case. The aftermath can be seen
from the snapshots for 0.925 s, where there are disturbed separation
and reattachment lines, along with a wildly swaying supersonic jet.
In addition, the disturbance is so large that the rear shock stem
retracted well back up into the nozzle, as shown from the partial and
asymmetric separation line at 0.94 s. The partial reattachment line is
also quite messy.

A second separation jump occurred at about 0.948 s, generating a
lower side-load magnitude of 1960 N. At0.97 s, the PRSS Mach disk
flow still experiences the effect of second separation-line jumps, with
fairly irregular separation and reattachment lines. The PRSS then
transitioned to FSS at about 0.987 s and generated a side load of
1733 N. After that transition, the Mach disk flow returned to being
normal to the nozzle centerline, as indicated by the snapshot taken at
1.0s.

So far, with the increasing degree of out-of-roundness and the
resulting enhanced asymmetric flow, the peak side loads have in-
creased. One might expect that the peak side load of the significantly-
out-of-round case would follow this trend and increase significantly
more. Instead, the computed peak side load for the significantly-out-
of-round case (Fig. 12) was only slightly higher than that of the
nominal case. In addition, the peak side load was not generated by
the separation-line jump (as with the other three cases), but from the
FSS-to-RSS transition.

This counterintuitive result is explained with snapshots of the
Mach number contours showing the major side-load physics
(Fig. 13). As presented earlier in Fig. 11 for the more-out-of-round
case, with each time slice, two views are shown: one for the x—y plane
and another for the x—z plane. It is now obvious that x—y plane views
of the nozzle show the short-axis side and the x—z plane views show
the long-axis side. This significant change in the wall nozzle
geometry altered the nozzle contour and the resulting expansion
along it. The axial distribution of pressure on this nozzle contour
would vary significantly with azimuth, decreasing more quickly with
axial station on the long axis than on the short axis. The result is that
the separation location varied with azimuth in the nozzle, producing
the highly curved separation lines visible in the 0.70 s snapshots
(upper left of Fig. 13). In fact, the separation line at 0.7 s is shaped like
a sickle that bent downward on both ends of the short axis. The core
flow supersonic jet in the x—z plane also developed a preference for
the 4z direction.

At 0.88 s the FSS Mach disk flow transitioned to PRSS Mach disk
flow. That disturbance moves the originally upward-bending sepa-
ration line on the negative z coordinate side downward, thus severely
distorting the Mach disk shape on the x—z plane, as shown in Fig. 13.
This shock transition generated the peak side-load magnitude of
2171 N. Note that the Mach disk shape on the x—y plane appears to be
stable and not disturbed. A flow-separation pattern such as that in the
x—z plane alternated side to side and between PRSS and RSS until
about 0.91 s. Atabout 0.91 s the first half of the separation line began
to jump across the TEG exit ring and appears to have jumped by
0.915 s. This first half of the separation-line jump occurred at about
0.914 s and generated a side load of 1814 N, lower than that of the
peak side-load magnitude of 2171 N, which was due to the FSS-to-
PRSS transition.

The Mach number contours at 0.915 s (on the x—z plane in Fig. 13),
right after the jump of the first half of the separation line, show the
disturbed separation and reattachment lines and the Mach disk. Note
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Fig. 12 Computed side-load history during startup for the significantly-out-of-round case (L/S = 1.4400).

that two separation lines are shown in the 0.91 and 0.915 s snapshots.
The lower ones illustrate the TEG flow separation, which did not
contribute significantly to side loads, because it never jumped. It is
the part associated with the two ends of the upper separation line on
the x—y plane that had jumped. The part (or two ends) of the upper
separation line on the x—z plane was still up in the nozzle, above the
plane of the TEG inlet ring, as shown in the 0.915 s snapshot in
Fig. 13.

The second half of the separation-line jump, or the rest of the upper
separation line on the two ends of x—z plane, occurred at about
0.949 s and generated a side load of 806 N. This was a lower side load
than that from the first-half jump, because most of the upper
separation line had already passed the TEG exit ring. The Mach
number contours at 0.95 s into the startup transient, shown in Fig. 13,
illustrate a more stable RSS flow pattern occurring right after the
second half of the upper separation-line jump, although the sepa-
ration and reattachment lines still look irregular at that time. Note that
the upper separation line that jumped has disappeared, because the
rear shock stem has merged with the TEG flow and the upper flow-
separation zone was eliminated.

The RSS-to-FSS transition occurred at about 1.02 s, which
generated a small side load of 436 N, and was the last of the major
side-load physics. After that transition the flow was stable with the
Mach number contours, like those shown for 1.035 s into the startup
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Fig. 13 Mach number contours of selected time slices for the
significantly-out-of-round case.

Table 2 Comparison of the computed peak side loads

Nozzle shape Peak F\,., N Physics
Perfectly round 2114 Separation-line jump
Slightly out-of-round 2668 Separation-line jump
More out-of-round 3275 Separation-line jump
Significantly out-of-round 2171 FSS-to-PRSS transition

transient. The Mach disk appears to be normal to the nozzle axis on
both planes, and the separation lines finally appear to be closer to the
regular shape.

A comparison of the peak side-load magnitudes, along with the
associated side-load physics, is shown in Table 2. In summary, the
peak side load increased progressively with the slightly- and more-
out-of-round cases during the separation-line jump. However, there
was an unexpected side-force stabilizing effect found during the
transient startup of the significantly-out-of-round case. It is attributed
to the large change in nozzle wall contour, which causes the
separation line to move downstream faster in the two ends of the x—y
plane than those in the x—z plane, resulting in a sickle-shaped
separation line. The end result is that the usual physics that produce
the peak side (the separation-line jump) for the perfectly round, the
slightly-out-of-round, and more-out-of-round geometries were now
weakened by splitting it into two parts. The faster-moving part of the
separation line (associated with the two ends of the short-axis side)
jumped first, and the slower-moving part of the separation line
(associated with the two ends of the long axis) jumped second. This
splitting of the separation-line jump was responsible for the peak-
side-load reduction for the significantly-out-of-round case.

As mentioned earlier, Ostlund and Bigert [9] tested several
nonround, or polygon, nozzles at sea level. The goal of the polygon
nozzle design was to reduce, relative to a round nozzle, the first side-
load peak that stemmed from the transition between FSS and RSS.
The transition between FSS and RSS is said to be the critical side-
load physics for Vulcain-type nozzles. They reported that the goal
was achieved and attributed the reduction to three possible mech-
anisms. One of the mechanisms relevant to the current study is that
the polygon corners acted as a kind of structure-breaker, splitting the
flow-separation pattern in the azimuthal direction. This mechanism,
splitting the separation line, is similar to that seen in the significantly-
out-of-round nozzle and provides some experimental evidence that
this flow pattern is credible. Therefore, it is concluded that the
splitting of the flow separation (separation line) was the mechanism
responsible for the reduction of side load for the significantly-out-of-
round J-2X nozzle. Note that there are two aspects to this mechanism:
the would-be peak-side-load physics were not only split in space, but
were also split in time.

VI. Conclusions

Three-dimensional numerical simulations were performed to
determine the effect of nozzle deformation on the nozzle’s side loads
during engine start transient for a film-cooled nozzle. Four amounts
of deformation were simulated with different degrees of ovalization
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of the entire flowpath: a nominal (round) nozzle, a slightly-out-of-
round nozzle, a more-out-of-round nozzle, and a significantly-out-
of-round nozzle. It was found that the rapid movement of the
separation line, or its jump, over the TEG exit ring was the flow
physics that induced the peak magnitude of nozzle side loads for the
round, slightly-out-of-round, and more-out-of-round geometries and
that the peak side load increased as the degree of out-of-roundness
increased.

For the significantly-out-of-round case, a side-force stabilizing
effect was discovered: the change in the nozzle wall contour caused
the separation line to reach to TEG exit ring at different times. As a
result, the separation-line jump was split into two parts: the fast-
moving part of the separation line associated with the two ends of the
short axis jumped first, and then the slow-moving part of the
separation line jumped second. The peak magnitude was reduced,
because the jump in the separation was split in both space and time.
The peak side-load magnitude for the significantly-out-of-round case
was reduced to a level comparable with that of the nominal, round
nozzle. This peak-side-load reduction mechanism, splitting the peak-
side-load physics in azimuth, is consistent with experimental results
reported for nonround, polygon nozzles.
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