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Transient three-dimensional numerical investigations on the side-load physics of an engine encompassing a film-
cooled nozzle extension and a regeneratively cooled thrust chamber were performed. The objectives of this study are
to identify the side-load physics and to compute the associated aerodynamic side load. The computational
methodology is based on an unstructured-grid pressure-based computational fluid dynamics formulation and a
transient inlet history based on an engine system simulation. Computations simulating engine startup at ambient
pressures corresponding to sea level and three high altitudes were performed. In addition, computations for both
engine startup and shutdown transients for a stub nozzle operating at sea level were also performed. For engine
startups with the nozzle extension attached, computational results show that the dominant side-load physics are the
turbine-exhaust-gas-assisted asymmetric Mach disk flow and the subsequent jump of the separation line, which
generated the peak side load that decreases as the ambient pressure decreases. For the stub nozzle operating at sea
level, the peak side load reduces drastically. The computed side-load physics and the associated peak side load for the
sea-level cases agree reasonably well with those of available data from the tests of a similar engine.
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Subscripts
r = radiation
K = solid
t = turbulent flow
w = wall
00 = ambient
I. Introduction

TRUCTURAL damages caused by the transient nozzle side

loads during testing at sea level have been found for almost all
rocket engines during their initial development [1-5]. For example,
the J-2 engine gimbal block retaining bolts failed in tension, and the
space shuttle main engine (SSME) liquid-hydrogen feed line or steer
horn fractured from low cycle fatigue during the shutdown transient
[2,5]. More recently, the Japanese LE-7A engine cooling tubes broke
[4]. As a final example, during its maiden flight, the European
Vulcain engine failed by a leak in coolant pipes allowing the nozzle to
overheat; although the side loads were not the root cause, they exac-
erbated the problem [6]. As a result, whether during sea-level testing
or in flight, transient nozzle side load has the potential of causing real
system-level failures and are therefore considered to be a high-risk
item and a design issue during any new engine development.

The J-2X engine, the Ares I upper-stage engine under develop-
ment, is an evolved variation of two historic predecessors: the
powerful J-2 engine that propelled the upper stages of the Apollo-era
Saturn IB and Saturn V rockets, and the J-2S, a derivative of the J-2
that was developed and tested but never flown. Because the asym-
metric shock evolutions inside the nozzle, or the origins of the
transient nozzle side loads, occur naturally during the nozzle fillup or
evacuation processes, it can be safely assumed that the J-2X engine
will experience side forces, just like its predecessors such as J-2 and
J-2S, or engines similar in design such as the LE-7A and Vulcain
engines. It should be noted though that the hardware failures caused
by side forces are all fixable or avoidable, once the effect of the side
load is understood and the structure is strengthened. For example, the
steer horn of the SSME was redesigned to reduce the stress level
[2,7]. The strategy is therefore to understand the physics and properly
predict the peak side load and its impact on the components during
the design phase and before the tests, such that the risk of expensive
hardware failures may be avoided or reduced.

Currently, three approaches are available to predict the peak side
loads for J-2X: the empirical or skewed-plane approach [5], cold-
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flow testing [8], and computational fluid dynamics (CFD) and heat
transfer analysis approach [9]. With the advances of computer tech-
nology and computational methods, three-dimensional (3-D) time-
accurate CFD methodologies have emerged as a useful tool that can
simulate asymmetric shock evolutions and predict the associated
peak side loads. For example, Yonezawa et al. [10] simulated the
startup transient for the LE-7A engine, Boccaletto and Lequette [11]
simulated the startup transient for the Vulcain 2 engine, and Wang [9]
benchmarked the startup transient for the SSME. Other relevant
computational efforts can be found in [3,12,13].

Although LE-7A and Vulcain are main stage engines and J-2X is
an upper-stage engine, there is a common feature shared by all three
engines: that is, film cooling is used to cool the lower part of the
thruster. The difference is that turbine exhaust gas (TEG) is reinjected
in J-2X and Vulcain as a film coolant, and pure hydrogen gas is used
to cool LE-7A. Compared with the known side-load physics of shock
transition and shock breathing of SSME [9], film injection, however,
generates additional side-load physics (the interaction of the Mach
disk flow with the film coolant flow) that could be significant, as
evidenced by the reported broken cooling tubes or the nozzle wall
during the early sea-level testing of the LE-7A engine [4]. Several
investigations have since been conducted on those additional side-
load physics. For example, Boccaletto et al. [14,15] and Reijasse and
Boccaletto [16] studied the effect of wall film injection pressure
ramping on side loads, and Tomita et al. [17] investigated the effect of
step height on side loads.

Because J-2X is an upper-stage engine, in this effort, transient 3-D
CFD and heat transfer computations were performed to study the
effect of TEG injection on transient side-load physics for high-
altitude startups with a preliminary version of the J-2X engine. For
sea-level testing purposes, both the startup and shutdown cases of a
stub nozzle in which the nozzle extension was removed were studied.
Because Watanabe et al. [4] reported drastically reduced sea-level
nozzle side load without the nozzle extension, an additional compu-
tation was performed for a hypothetical startup case with the nozzle
extension attached, to investigate the differences in nozzle side-load
reduction with and without the nozzle extension. The results of these
computations are presented here with emphases on the peak side-
load physics caused by the interactions of the TEG film coolant with
the Mach disk flow and on the effects of altitude and reduced nozzle
surface area on those interactions.

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

dp , 0 -
T % (oup =0 (1)
dpot; +_(p ue l)_i[(pD+ﬁ)%]+w,- @)
ot dx; 0y ) 0x,
8‘”"+—(p ) =— 3—”+8T )
ot it ax;
dpH 0 ap d K
T V= *Q'+a—j((c—,,+ay)v”)
B K ,
(e (G2 v @
X; C
9 2\ ok
9ok +—(p j )——[(M‘F&)—]‘FP(H—S) )
ot X; 0/ 0x;

dpe 0 _d w\ ode
T T 5)_ax,.[(“+a€) axj]

+,0%(C1H—C28+C3n2/8) (6)

B. Computational Heat Transfer in Solids

The solid heat conduction equation for the composite nozzle
extension was solved with the gas-side heat flux distributions as its
boundary condition. The solid heat conduction equation can be

written as
0pC, T, _ i (K BTS) @
ot 8x_,- ox ;

A predictor and 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,
total-variation-diminishing, upwind-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 [18-21].

An extended k-¢ turbulence model [22] 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 [23]. A seven-
species, nine-reaction detailed mechanism [23] 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 [18], SSME startup side load [9], nozzle film-cooling
applications [24], and conjugate heat transfer [25]).

C. Simulated Startup and Shutdown Sequences

The startup and shutdown sequences are important drivers to the
nozzle side-load physics. They contain not only the inlet pressure and
temperature histories, but also the species-mass-fraction histories.
The ramp rate of the pressure sequence generally determines the
magnitude and duration of the peak side load. The temperature and
species-mass-fraction histories determine the extent of the combus-
tion reactions that in turn affect the magnitude and duration of the
peak side load. Another reason the temperature and species composi-
tion are important is because they largely determine the specific heat
distribution that in turn determines the shock shape, which again
impacts the side-load physics. Given another example of the
importance of the species composition, if excess fuel is dumped at a
certain period of time, combustion waves could occur that add to the
severity of the side load.

The startup and shutdown sequences are obtained through system
modeling that simulates the transient histories of the aforementioned
variables in a network of components and subcomponents, including
the valve actions, in arocket engine. Figure 1 shows the inlet pressure
and temperature histories and Fig. 2 shows the inlet species-mass-
fraction histories for the main combustion chamber (MCC) and the
TEG flows during the startup transient. The transient reactant
composition obtained from system modeling at the two inlets was
preprocessed with the Chemical Equilibrium Calculation program
[26], assuming the propellants were ignited to reach equilibrium
composition immediately beyond the injector faceplate. It can be
seen from Fig. 1 that the MCC pressure and temperature ramps
mainly between 1 and 3 s. However, that does not mean that nothing
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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.

else is happening before 1 s; for example, there is a small temperature
spike occurring between 0.75 and 1 s in the MCC, which is caused by
combustion of excess hydrogen with oxygen, resulting in a small
spike of steam concentration at about the same time frame, as shown
in Fig. 2. It can also be seen from Fig. 2 that helium (HE) purge gas
enters both the MCC and TEG chamber right after the start com-
mand, which has the effect of diluting the fuel concentration in the
early startup process and possibly eliminating the occurrence of a
potentially hazardous combustion wave [9].

Figure 3 shows the simulated inlet pressure and temperature
histories and Fig. 4 shows the inlet species-mass-fraction histories of
the MCC and TEG flows during the shutdown process. The species
mass fractions appearing in Fig. 4 were again preprocessed assuming
chemical equilibrium. It can be seen from Fig. 3 that the pressure and
temperature ramp down more rapidly than the startup ramp, with the
largest change occurring in the 5.2 to 5.6 s time interval. Again,
similar to during the startup process, a temperature spike is shown to

main combustion chamber flow

Species mass fractions

turbine exhaust gas flow

Species mass fractions

Fig. 2 Simulated inlet species-mass-fraction histories for the main
combustion chamber and turbine exhaust gas flows during the startup
transient.
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Fig. 3 Simulated inlet pressure and temperature histories for the main

combustion chamber and turbine exhaust gas flows during the shutdown
transient.

occur between 6 and 7 s, caused by the valve sequencing. During that
time period, the purge flow downstream of the main oxygen valve
(MOV) begins to flow and accelerate the oxygen flow through the
injector after the MOV is closed. The main fuel valve (MFV) then
also slowly begins to close but does not reach full closure until after
the MOV closes. The MCC temperature starts to spike while the
remaining oxygen in the main injector is still being purged through
the MCC and the fuel to the MCC is being starved due to the closure
of the MFV. Helium purge gas again replaces the propellants to close
out the shutdown transient. There is a rise of residual fuel
concentration in MCC from about 6.8 to 7.2 s, the peak of which is
around 6.95 s, which is just behind the peak of the temperature spike
in the MCC at around 6.7 s. We will present later that these rises in
fuel species concentration and temperature may have caused
teepeelike formations on the nozzle wall: an interesting phenomenon
but possibly harmless, because the flow rates at this time are fairly
small. Note that only traces amount or no oxygen are shown in Figs. 2

main combustion chamber flow

Species mass fractions

Species mass fractions

ts

Fig. 4 Simulated inlet pressure and temperature histories for the main
combustion chamber and turbine exhaust gas flows during the shutdown
transient.
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and 4, because the engine is running fuel-rich and most or all of the
oxygen is consumed.

III. Computational Grid Generation

The computational domain for the J-2X nozzle side-load
investigation includes the MCC, nozzlette for TEG flow injection,
nozzle extension, plume, and freestream regions. The general proce-
dure of the grid generation follows that of the SSME benchmark
effort [9] by rotating an axisymmetric grid using a software package
Gridgen [27]. Figure 5 shows the layout of a typical computational
grid. The outer boundaries and the wall boundaries for the MCC,
nozzle, nozzlette, and nozzle extension are shown in the top figure. It
also shows that the positive x direction is that of the axial flow; hence,
the aerodynamic forces exerted in the y and z directions are the side
forces. The final 3-D grid is constructed by rotating the axisymmetric
grid, shown in the bottom figure of Fig. 5. It can be seen that the cells
for the MCC, nozzle, nozzle extension, and plume regions are
quadrilateral and those for the freestream region are triangular. After
grid rotation, the triangular cells become prisms and the quadrilateral
elements become hexagons. The cell shapes are so chosen because
the quadrilateral and hexagonal cells are higher-quality cells than
those of triangular and prismatic cells [18,28], and higher-quality
cells are preferred in the action regions. In addition, the final 3-D grid
is symmetric to the central axis, ensuring that the computed asym-
metric flow comes from the side-load physics and not an asymmetric
grid topology.

Figure 6 shows a close-up look at the grid cells near the nozzlette.
The nozzlette generates the TEG flow that cools the nozzle extension.
Note that the nozzle extension, a composite material, is a very thin
wall and the temperatures on it are solved simultaneously with the
fluid dynamics. It should be pointed out that the dimension of the
nozzlette is very small in comparison with the nozzle and the nozzle
extension. As indicated in Fig. 6, the end of the nozzle is flush with
the exit plane of the nozzlette. Also, the inner wall of the nozzlette is
tangent and almost coincides with the nozzle wall such that the TEG
flow comes out tangent with the nozzle flow, to minimize the
impingement between two supersonic jets. In addition, there is no
backstep between the core flow and the TEG flow. Any side load
potentially caused by that nonexistent backstep is not captured in
these simulations.

The geometries of the nozzle and the nozzle extension are trun-
cated ideal contour (TIC) and are only separated by the ring-shaped
nozzlette exit plane. The aspect ratios are 35 and 92 for the nozzle and
nozzle extension, respectively. A previous study [9] showed that
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Fig. 5 Layout of a hybrid computational grid: overall view (top) and
axisymmetric grid used to construct the final 3-D grid (bottom).
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performing grid studies on axial force may be an efficient strategy for
nozzle side-load applications, assuming that a grid suitable for axial-
force calculation is sufficient for side-force calculation. Three 3-D
grids containing 1,581,306 (3d1), 2,011,902 (3d2), and 2,148,812
(3d3) grid points were generated and tested for axial-force
predictions. Following the layout in [9], the circumferential division
number is 72 for all three grids. Grids 3d2 and 3d3 have their grid
densities increased in the thruster and plume regions. As a result,
grids 3d2 and 3d3 were selected for the transient computations. The
total grid points used in these 3-D grids are higher than the 1,286,934
points used for the SSME benchmark [9] and much higher than the
85,000 cells used on Vulcain 2 [11] and the 145,500-405,900 points
used for the side-load calculations for the LE-7, LE-7A, and CTP-50-
R5-L engines [10].

IV. Boundary and Inlet Conditions

Fixed total conditions were used for the freestream boundaries.
Time-varying inlet flow boundary conditions were used at the inlets
for the MCC and TEG flows. These time-varying inlet flow pro-
perties were obtained from the system simulations that include the
time-varying total pressure, temperature, and reactant composition,
as shown in Figs. 1-4. The details about the system simulations are
discussed earlier. In addition, there was speculation that the radiation
from the nozzle extension wall would be significant and should be
included in the transient calculations. Four demonstrative steady-
state computations were therefore performed with coupled radiation
and conjugate heat transfer to see how the radiation would affect the
computed axial forces at four different altitudes. The results show
that the radiation has negligible impact on all four computed axial
forces. As such, it is reasoned that the radiation would have negli-
gible impact on the side force as well. The radiation calculation was
hence ignored for the subsequent transient computations. Further-
more, because the combustion chamber and nozzle are regenera-
tively cooled and it has been shown that the cold wall temperatures
due to the regenerative cooling affected whether a free-shock
separation (FSS) or a restricted-shock separation (RSS) persisted in
the advancing Mach disk flow, which eventually affected the magni-
tude of the peak side load [9]. A separate conjugate heat transfer
calculation was therefore performed with a thermal model and the
combustion chamber and nozzle wall temperature profiles were
provided as the boundary condition, as shown in Fig. 7. As for the
temperatures on the nozzle extension, steady-state conjugate heat
transfer computations were performed and the resulting nozzle
extension inner wall temperature profile is shown in Fig. 7. For
startup transient computations, the thermal wall boundary condition
was started out as adiabatic; the wall temperatures shown in Fig. 7
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Fig. 7 Temperature boundary condition for the combustion chamber,
nozzle, and nozzle extension.

were not applied until around 1.4 s, when the MCC temperature starts
to ramp up, as shown in Fig. 1.

V. Results and Discussion

The computations were performed on a cluster machine using 16
processors. Global time steps were varied throughout the compu-
tations: 2.5-10 us were typically used during the initial transient
when the change of flow physics was mild, and 1-2.5 us were used
when strong flow physics such as combustion, shock transitions, and
shock stem jumping over the TEG exit were occurring. These time
steps correspond to Courant-Friedrichs—Lewy numbers ranging
approximately from 0.1 to unity. It was known to the design
engineers that nozzle side load will be large for sea-level testing.
Hence, only the side loads at altitudes of 61,000, 75,000, and
100,000 ft with the nozzle extension attached are of primary interest,
as well as those for the stub nozzle at sea level. The hypothetical case
for full nozzle extension firing at sea level was added for demons-
tration and for comparison purposes. Table 1 shows the run matrix.
The results of the startup transients at the four altitudes (including the
hypothetical sea-level case) are presented first, followed by the
results of the startup and shutdown transients for the stub nozzle.

A. Startup Transients at Altitudes

For upper-stage engines, nozzle side loads at high altitudes are of
special interest. Figure 8 shows the computed J-2X side-load
histories for the startup transients at altitudes of 61,000, 75,000, and
100,000 ft, respectively. In the beginning of the startup process, the
transient nozzle flow physics are similar to those of the SSME at sea
level [9]. For example, at 61,000 ft, following the description of the
physics occurring at different time periods in Fig. 8, the exhaust
plume starts out as a core jet flow. As the chamber pressure increases,
the core jet flow strengthens and it eventually evolves into a Mach
disk flow at around 0.85 s. The supersonic jet behind the Mach disk
begins like a solid jet. As the Mach disk flow develops and the size of

Table 1 Run matrix

Case  Nozzle Arearatio Transient Altitude, ft p,,, atm

extension operation
1 Attached 92 Startup 100,000  0.011
2 Attached 92 Startup 75,000 0.034
3 Attached 92 Startup 61,000  0.068
4 Attached 92 Startup 0 1.000
5 Detached 35 Startup 0  1.000
6 Detached 35 Shutdown 0 1.000
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Fig. 8 Computed side-force histories during startup at three high
altitudes.
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the Mach disk grows, the supersonic jet starts to separate at the
periphery of the disk, forming a conelike jet with a recirculation zone
behind the disk. Next, the end of the cone opens up and we have a
hollow free-flowing supersonic jet. The outer boundary layers of the
core jet and initial Mach disk flows are separated from the nozzle wall
at the throat, due to the nozzle contours.

As the Mach disk flow develops and the size of the Mach disk
grows, it imposes an adverse pressure gradient on the nozzle. As the
wall boundary layer is not able to negotiate this adverse pressure
gradient due to wall friction, the Mach disk flow stays separated,
resulting in an oblique shock foot (shock stem) coming off the wall,
intersecting the Mach disk and the detached supersonic jet at the
triple point. Because the shock and separated flow pattern of this
detached hollow supersonic jet flows freely and away from the wall,
it is referenced as a FSS [1]. This developing and advancing FSS
Mach disk flow is best described by snapshots of time-varying Mach
number contours and separation lines shown in Fig. 9. It can be seen
that from 1.2 to 1.3375 s the advancing Mach disk and separation
lines are relatively horizontal, because the effect of the TEG flow has
not taken place yet, although at 1.3375 s the Mach disk has flown past
the TEG flow exit ring and the disk size is large enough that the
supersonic jet has started to feel the pumping of the exhausting TEG
flow. Note that from 1.2 to 1.3375 s, the separation lines, which are
formed by connecting all the separation points (or stagnation points),
take the shape of a horizontal circle.

Because the ambient pressure at 61,000 ft is 0.034 atm, the
external environment behaves effectively as a vacuum pump,
drawing both the engine Mach disk and TEG flows out of the thruster
faster than at sea level. On the other hand, The Mach disk flow and
TEG flow are also trying to influence each other as they establish
themselves in the nozzle. It can be seen from Fig. 9 that from 1.2 to
1.3375 s, the TEG is already flowing and possibly drawing the
upstream wall pressure down circumferentially. A slight imbalance
in the circumferential wall pressure between the TEG exit and the
Mach disk flow separation line, caused by the TEG pumping, could
cause the Mach disk flow to become asymmetric. That is exactly
what happened at 1.35 s, as shown in Fig. 9, in which the entire
separation plane slants to the left and the Mach disk is distorted. The
left-hand side of the shock stem interacts with the TEG flow first,
followed by the right-hand side, and the shock foot steps into TEG
flow moments later, causing more disturbance to the Mach disk flow,
as shown in the snapshots for 1.3538 and 1.3625 s. These flow
disturbances result in the first peak side load shown in Fig. 8. This
phenomenon of shock stem and TEG flow interaction was also
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Fig. 9 Mach number contours showing the effect of separation-line
jump during startup at 61,000 ft.

referred to as “jump of the separation point” by Watanabe et al. [4]
during their work with the hot-firing of LE-7A engine. It is referred to
as jump of the separation line or separation-line jump in this effort to
reflect the transient nature and three-dimensionality of the physics.
The eftfect of this jump of the separation line then damps away as the
FSS Mach disk wave recovers, as shown in the snapshots of 1.375,
1.3875, and 1.4 s in Fig. 9. The Mach disk flow then resumes its
normal advancement, as shown in the final two snapshots at 1.45 and
1.5 s. Note that after 1.3625 s when the separation line has long
passed the TEG exit plane, the Mach disk flow is now the stronger
party and the TEG flow is wholly entrained into the supersonic jet.
The preceding discussion pertains to the major side-load physics
during the startup at 61,000 ft. Using that as a reference point, we
examine the effect of altitude on those physics by comparing the side-
load histories and corresponding physics of 61,000, 75,000, and
100,000 ft in Fig. 8. It can be seen from Fig. § that the major physics
happening at 75,000, and 100,000 ft are essentially the same as those
of 61,000 ft, except that they occur earlier and the magnitudes are
lower. That is because the ambient pressure decreases as the altitude
increases. The consequence of lower ambient pressure is the higher
pumping effect. That means that the exhaust plume will go out faster,
or the various physical events will occur quicker, as altitude in-
creases. This is evidenced by the decreasing times of 0.85, 0.15, and
0.075 s that are required to switch from core flow to FSS Mach disk
flow at 61,000, 75,000, and 100,000 ft, respectively. Similarly, the
peak side-load occurring times of 1.354, 1.145, and 0.807 s also
decrease with the increasing altitude. In addition, the required times
for the thruster to flowing full are also shortened as altitude increases,
as evidenced by the times of 1.75, 1.65, and 1.525 s for altitudes of
61,000, 75,000, and 100,000 ft, respectively. More important, it can
be seen that the result of the shortened side-load event occurring time
is the reduction of the residence time for each and every side-load
event. For the startup of a film-cooled engine at these altitudes, the
dominant side-load physics are the TEG-flow-assisted jump of the
separation line, for it generates the peak side load. As the residence
time for the jump of the separation line decreases with increasing
altitude, the disturbance to the Mach disk flow and wall pressure
decreases, and the outcome is the reduced peak side load. This is
evidenced by the computed peak side loads of 5.125, 3.149, and
1.101 kN at corresponding altitudes of 61,000, 75,000, and
100,000 ft, respectively. This result is supported by an earlier study in

which the peak side load reduced drastically when the ramp time was
decreased from 5 to 1 s [9]. It should be mentioned at this time that
two distinctive side-load physics, the FSS-to-RSS transition and the
RSS breathing at nozzle lip, both observed in the SSME startup at sea
level [9], are not observed in these J-2X high-altitude startup cases
and will be revisited in the next section. Also note that the J-2X side
loads discussed to this point are significantly lower than the SSME
sea-level side loads [9].

B. Hypothetical Startup Transient Case at Sea Level

From the result of the preceding high-altitude analyses, it is helpful
to examine a hypothetical sea-level full-length nozzle startup case.
Figure 10 shows the side-load history from the computational result
of this hypothetical case and that of a LE-7A test [4]. The timing of
the LE-7A curve was shifted such that the major side-load events for
both are compared at about the same time. It can be seen that two
distinctive side-load physics are computed to produce significant
side loads: a secondary side load caused by the FSS-to-RSS transi-
tion at around 1.8 s, and a peak side load generated when the
upstream lambda shock foot of the RSS steps into the film coolant
flow, or the separation-line jump, at around 2.01 s. The characteristics
of the J-2X side-load history exhibited by the two side-load physics
look quite different. Leading into the FSS-to-RSS transition, there is
a gradual build up of the side force, until reaching its maximum at
1.8 s, then the side force damps gradually to the noise level. On the
other hand, the characteristics of the peak side load caused by the
jump of the separation line appear to be a sudden jump, followed by a
series of decreasing peaks. The characteristics of the two side-load
physics of J-2X shown in Fig. 10 are qualitatively similar to those of
LE-7A, except the shapes of the LE-7A peaks are broader in time.
Fluid-structure interaction could be responsible for the broader
peaks of the LE-7A curve. Surprisingly, the quantitative comparisons
of the peak side loads of the two film-cooled engines are very close,
especially at the separation-line jump. Note that after the FSS-to-RSS
transition, RSS flow pattern was maintained throughout the rest of
the transient.

The origin of the FSS-to-RSS transition is attributed to the Coanda
effect [9]. That is, as described by Coanda [29], the velocities of the
turbulently moving particles in the boundary layer of the hollow,
free-flowing, cylindrical sheet of a supersonic jet are greater than the
jet speed, thus creating underpressure, drawing the jet to the nearby
wall to become a RSS flow pattern. In this case, the FSS-to-RSS
transition is also potentially boosted by the pumping of the film
coolant flow downstream. Continuance of the RSS flow pattern,
however, is most likely caused by the enhanced Coanda effect due to
the regeneratively cooled nozzle wall, as described in [9]. That is,
with a regeneratively cooled nozzle wall, density is higher in the wall
boundary layer, leading to higher turbulent viscosity, higher momen-
tum, thinner boundary layer, and lower pressure. The lower pres-
sure at the cooled nozzle wall enhances the Coanda effect and
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Fig. 10 A comparison of the sea-level startup side-force history of the
computed hypothetical case with that of a LE-7A test.
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continuously draws the supersonic jet to the wall, which is in contrast
to the effect of an adiabatic wall, which repels the supersonic jet from
the wall [9].

The FSS-to-RSS transition, however, is not observed in the higher-
altitude cases presented earlier. As discussed earlier, the low ambient
pressure at higher altitudes has the effect of pumping the flows out
axially, as evidenced by the shorter nozzle-flowing-full times as the
ambient pressure decreases. The stronger axial pumping effect over-
takes the weaker radial Coanda effect, resulting in residence times
that are probably too short for the FSS-to-RSS transition to occur [9].
In addition, the aforementioned pumping effect of the TEG flow may
not be strong enough to attract the supersonic jet to the wall.

Some might argue that for a TIC nozzle such as J-2X, FSS-to-RSS
transition should not happen. That, of course, was challenged by
Kwan and Stark’s [30] subscale TIC nozzle tests, in which FSS-to-
RSS transition was observed. They explained that the TIC nozzle
theory was based on steady-state design methods using method of
characteristics and are not applicable for transient nozzle flows.
Tomita et al. [31] also challenged the TIC theory by performing com-
bustion tests on three subscale nozzles: TIC, compressed truncated
ideal, and truncated optimized (TO). Their test results showed that
FSS-to-RSS transition occurred in each nozzle when certain ranges
of fuel-oxidizer ratio were present. Tomita et al. [31] reasoned that
whether RSS takes place or not depends on combustion as well as the
nozzle contours. On the other hand, Wang [9] demonstrated that the
enhanced Coanda effect helped FSS-to-RSS transition and was the
phenomena responsible for maintaining the RSS flow pattern in a
regeneratively cooled SSME (TO) nozzle at sea level. He also
demonstrated that a short residence time could drastically reduce side
loads caused by FSS-to-RSS transition and shock breathing at the lip
[9]. The results of the these researches, including those in this effort
that show FSS-to-RSS transition occurring at sea level but not at high
altitudes with a TIC nozzle, indicate that transient core and film
coolant flow properties, combustion, regeneratively cooled nozzle
walls, ambient pressures, and residence times are playing more
important roles in the RSS formation than nozzle contour.

Furthermore, in a regeneratively cooled TO nozzle such as SSME,
the side load caused by the shock breathing at the lip is over twice that
of the FSS-to-RSS transition [9], whereas in a film-cooled nozzle
with nozzle extension such as the LE-7A [4] and J-2X engines, with
compressed truncated ideal and truncated ideal contours, respec-
tively, the side load caused by the separation line jumping is again
more than twice that of the FSS-to-RSS transition. These compari-
sons make the selection of a nozzle contour such as TIC for the sole
purpose of avoiding a FSS-to-RSS transition in a full-scale engine a
moot point, because the magnitude of the following peak side-load
physics such as shock breathing and separation line jumping is more
than twice higher than that of a weaker FSS-to-RSS transition.

The breathing of the Mach disk flow in-and-out of the nozzle lip,
responsible for the peak side load in the SSME [9], does not appear in
the high altitude, as well as the hypothetical sea-level J-2X compu-
tations. That is because at sea level, the nozzle extension is too long
and the chamber pressure is not high enough to push the Mach disk
out of the nozzle extension lip, and hence the nozzle extension is
never flowing full. At high altitudes, however, the Mach disk flows
are sucked out of the nozzle too quickly, and the transient core and
film coolant flow properties are such that the shock waves do not have
enough residence time to linger around the lip.

C. Startup and Shutdown Transients of Stub Nozzle at Sea Level

The peak side load computed for the preceding case is significant
because the asymmetric force acted on a large surface area, mainly
from the nozzle extension. That is why special attention is needed if a
hot-firing test is to be performed on a nozzle component at sea-level
ambient condition. For this purpose, a stub nozzle would be a good
choice theoretically, because the surface area is drastically reduced
by removing the nozzle extension. It is therefore helpful to compute
the peak side load and to understand the accompanying physics for a
stub nozzle operating at sea level, for both startup and shutdown
processes.

Figure 11 shows the computed side-load history for the stub nozzle
during the startup transient at sea level. It can be seen that the core jet
turns into a FSS Mach disk flow at around 1.3 s. Because this is at sea
level and the regeneratively cooled nozzle wall enhances the Coanda
effect, the FSS-to-RSS transition could occur. However, the
shortness of the stub nozzle is such that the shock transition occurs
very near to the nozzle lip, making a complete shock transition
difficult. In fact, only FSS-to-partial-RSS (PRSS) [9,10] transitions
occur at around 1.9 s. This is because with the shock transition
occurring so closely to the nozzle lip, portions of the asymmetric
petal-like reattachment line [9] of a full RSS are inevitably out of the
nozzle, resulting in a PRSS flow pattern. After its establishment, and
almost simultaneously, the PRSS breathes several times in and out of
the nozzle lip, then leaves the nozzle entirely for all times afterward.
Those simultaneous physics create a peak side load of about 26 kN,
which is much less than the 80 kN due to FSS-to-RSS transition and
249 kN due to separation line jumping when the nozzle extension is
attached. That small peak side load is smaller, because the area in
which the asymmetric flow is acting on for the stub nozzle is much
less than that with the nozzle extension attached.

Figure 12 shows the computed side-force history for the stub
nozzle during the shutdown process. At 5.4 s into the shutdown
transient, the Mach disk of the plume retreats to the lip level and then
breathes itself across the lip several times as FSS and PRSS, then the
retreating Mach disk wave quickly becomes FSS at around 5.5 s.
Between 5.5 and 6.1 s, teepeelike OH contours form on the inside of
the nozzle and above the lip, as shown in Fig. 13. In addition, a
circular separation line is also shown above the Mach disk, which is
typical of a FSS flow pattern. The composition of the retreating TEG
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Fig. 11 Computed stub-nozzle side-force history during startup at sea
level.
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Fig. 13 Temperature contours on a symmetry plane and wall OH
concentration contours showing separation line and teepees at 5.82 s into
the shutdown process.

flow becomes pure hydrogen at this time. The pure hydrogen then
reacts with the entrained air that is sucked into and along the inner
nozzle wall to form several triangular-shaped formations, or teepees,
on the nozzle wall. These triangular formations start as one and gra-
dually increase to around five, then the numbers decrease and finally
disappear ataround 6.1 s. Figure 13 shows one teepee in the front half
of the nozzle and two teepees in the back half of the nozzle. The
timing of the appearance and disappearance of these teepees matches
the increase and decrease of hydrogen mass fraction in the TEG flow,
as shown in the TEG composition history in Fig. 4. Although the
side-load levels are insignificant between 5.5 and 6.1 s, it can be seen
from Fig. 12 that this is the only time period that has noticeable side
loads, starting with the shock transition and breathing and ending
with the disappearance of the teepees. The low side-load level during
the shutdown is also attributed to the short nozzle, low aspect ratio,
and fast down-ramp rate in particular. Note that the high hydrogen
mass fraction and high temperature in the core flow around 7 s, as
shown in Figs. 3 and 4, contribute insignificantly to the nozzle side
load because the valve essentially shuts down after 6.8 s.

Also note that the physics of the teepees captured here are com-
pletely different from those captured during the startup of the SSME
[9]. In the SSME startup cases, the teepees are the conical shocks or
the petallike reattachment lines of the RSS formation that is being
breathed in and out of the nozzle lip.

Table 2 shows a summary of the comparison of the computed J-2X
peak side loads of the sea-level startup cases with those of the LE-7A
engine tests [4,10]. It can be seen that with the nozzle extension
attached, the computed peak side loads for the hypothetical J-2X case
at shock transition and at separation line jumping agree reasonably
well with those of a LE-7A engine test, also shown in Fig. 10. It
appears that for these two full-scale engines, the peak side loads are
very close when compared at the same side-load physics. As another
example, the side load for SSME during shock transition is 90 kN [9],
again quite close to the 80 kN for J-2X and 102 kN for LE-7A, even
though SSME is solely a regeneratively cooled engine. It is reasoned

Table 2 Comparison of the startup side loads at sea level

Side loads, kN

J-2X  LE-7TA Physics

With extension
First peak 80 102 Shock transition
Second peak 249 259  Separation line jumping
Without extension
First peak 26 45  Shock transition and breathing
Second peak —— —— ——

that this is because for J-2X and LE-7A engines, the shock transition
happens before the occurrence of the separation line jumping, and it
happens in the regeneratively cooled part of the nozzle. It is also
obvious that a jump of the separation line is the dominant side-load
physics for film-cooled engines such as J-2X and LE-7A, firing at sea
level with nozzle extension, because its associated side load is 2.5 to
3 times higher than that of FSS-to-RSS transition. Watanabe et al. [4]
reported breakage of some of the regenerative cooling tubes during
the early hot-firing tests of LE-7A engine when the nozzle extension
was attached. Note that for an upper-stage engine such as J-2X, the
sea-level case is a hypothetical case and its peak side loads at high
altitudes are much smaller, as shown in Fig. 8.

More important, Table 2 shows that the peak side-load reduced
drastically without the nozzle extension, for both J-2X and LE-7A
engines. For J-2X stub-nozzle startup, or without the nozzle exten-
sion, the side-load physics of jump of the separation line are
essentially taken away, and the resulting weaker side-load physics of
FSS-to-PRSS transition and the simultaneous shock breathing drop
the peak side load to 26 from 249 kN, whereas for J-2X stub-nozzle
shutdown, the peak side load is negligible (Fig. 12). In summary, the
computational result of the J-2X side-load reduction with the stub
nozzle agrees with the findings of the LE-7A engine tests [4];
therefore, the stub nozzle is safer for sea-level testing.

Finally, note that the combustion wave physics, present in the early
stages of the SSME startup process at sea level due to the accumu-
lation of excess hydrogen and mitigated with the addition of the
sparklers [9], did not appear in either J-2X sea-level cases in this
study. This is mainly attributed to the faster J-2X startup transient, in
which the effective ramp time is about 1.5 s, whereas that for SSME is
about 2.5 s. A faster ramp time means less residence time for the com-
bustion wave to occur, as demonstrated in [9]. A secondary reason for
the disappearance of the combustion wave is the injection of helium
purge gas in the startup transient, which diluted the hydrogen concen-
tration and reduced the reaction rate.

VI. Conclusions

Three-dimensional numerical investigations on the transient
nozzle side load have been performed for a preliminary version of the
J-2X engine. Itis shown that the peak side loads computed for startup
operation of the J-2X with attached nozzle extension at high altitudes
are caused by the jump of the separation line and decrease in mag-
nitude with increasing altitude. The computed peak side load for
startup of a hypothetical test case of the J-2X with attached nozzle
extension at sea level is large and also caused by the jump of the
separation line. The characteristics of the computed side-load curve
and the magnitudes of the side load associated with the shock
transition and separation line jumping compare reasonably well with
those of a LE-7A test. For the J-2X with a stub nozzle operating at sea
level, the computed peak side load of the startup transient is reduced
drastically because of the short nozzle, low-asymmetric-flow acting
area, and fast ramp-up time; the computed peak side load of the shut-
down transient is even smaller for the same reasons and has a faster
ramp-down time. These drastic reductions in side load with stub
nozzle agree with the findings in the LE-7A test results. Teepeelike
formations are captured during the shutdown transient and are caused
by the reaction between the retreating TEG flow and the entrained air.
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