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Numerical Study of Restricted Shock Separation
in a Compressed Truncated Perfect Nozzle
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The origin of the transition of the flow structure between free shock separation and restricted shock separation in
a compressed truncated perfect nozzle is studied. A three-dimensional compressible Navier—Stokes solver is used to
capture the nonaxisymmetric unsteady flow structure inside the nozzle. The transition is numerically reproduced
under the experimental condition where the transition occurs. Until now, the transition has been numerically
observed in a thrust optimized nozzle, a parabolic nozzle, and a highly compressed truncated perfect nozzle, where
an internal shock generated from the nozzle throat is the characteristic. However, in the compressed truncated
perfect nozzle studied here the internal shock is weak and cannot be detected by the well-known shock function.
Therefore, a function is used to detect the compression and expansion and it is found that a low-expansion region
exists inside the compressed truncated perfect nozzle. The transition is likely to occur when this region is broadened
radially at a mixture ratio lower than the design value.

Nomenclature
c = speed of sound
NPR = nozzle pressure ratio, p./p,
O/F mixture ratio; mass flow rate ratio of oxidizer
(oxygen) to fuel (hydrogen)
p = pressure
T = temperature
u = velocity
Subscripts
a = ambient
c = chamber

Introduction

NE of the most important design factors for an effective rocket

engine is optimizing the nozzle contour to obtain maximum
thrust under the limits of the whole engine system. Therefore, thrust
optimized (TO), parabolic, truncated perfect (TP), and compressed
truncated perfect (CTP) nozzle designs are developed to increase
steady performance.' ~> However, the unsteady behavior of the flow
structure inside the nozzle should be considered in the design process
in addition to the steady performance of the nozzle. This is because
a large side load and high thermal stress on the nozzle wall can be
generated during the transient of the operation by nonaxisymmetric
behavior of the separation line and reattachment of the separated
flow.* The large side-load generation in the rocket nozzle during the
startup and shutdown transients can induce serious launch problems
and also might destroy engine hardware in sea-level tests. To avoid
the side load, a great deal of work has been done experimentally and
numerically to clarify the origin of the side-load generation.*~2! In-
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side the TO, parabolic, and highly compressed truncated nozzles, an
internal shock is generated by the nozzle contour. At a certain pres-
sure ratio, this internal shock, usually originating just downstream of
the throat, forms an inverse Mach reflection at the central portion far-
ther downstream of the throat, enhancing the momentum of the flow
toward the nozzle wall. Therefore, the transition of the flow struc-
ture, from free shock separation (FSS) to restricted shock separation
(RSS) and vice versa, could occur and create a sudden change of the
pressure distribution on the nozzle wall, generating side loads.>®

In developing the LE-7A engine (initially designed as a CTP
nozzle) of the Japanese H-IIA launch vehicle, we were faced with
a side load originating in the transition of the flow structure during
the startup and shutdown transients.'>~1°

The purpose of this study is to clarify the mechanism inducing
the flow transition inside a CTP nozzle. It is also our interest to ver-
ify whether the cause of the transition inside the TO and parabolic
nozzles>® can explain the transition inside the CTP nozzle studied
here. The numerical study concerning RSS flow has primarily used
a two-dimensional axisymmetric flow simulation and assumed that
an asymmetric flow is to take place during the transition.!*~! We
performed an unsteady computation in a full three-dimensional vol-
ume to obtain the real flow structure and estimated the magnitude
of the side load. The results show that the transition from FSS to
RSS depends on the O/F, which has been observed only in the
experiment,'®!7 and that the three-dimensional flow structure of the
transition is well captured. The magnitude of the calculated side
load is in good agreement with the firing test. It is found that inside
the CTP nozzle studied here, the internal shock that is reported to
be inherent to the TO and parabolic nozzles was weak and could
not be detected. However, we found that the radial width of a low-
expansion region defined here plays an important role in deciding
whether the transition occurs.

Numerical Method

A numerical method of solving the Navier—Stokes equations on
the hybrid grid was developed using a finite volume cell vertex
scheme and the lower—upper symmetric Gauss—Seidel implicit time
integration algorithm (see Ref. 22). The Goldberg—Ramakrishnan
model? was used to evaluate the turbulent kinetic viscosity, and the
Venkatakrishnan limiter function®* was used to enhance the conver-
gence. In some unsteady calculations, Newtonian subiteration was
implemented based on the Crank—Nicholson method to ensure time
accuracy (see Ref. 25).
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To take the O / F effect into account, the adopted code should treat
the variation of properties of the gas mixture. The code incorporates
the standard finite reaction rate model for the H,—O, reaction includ-
ing nine species (H,, O,, H,0, H, HO,, OH, O, H,0,, and N,). How-
ever, a greatly simplified frozen chemistry model with constituting
species being H,O and H, was used for reducing CPU time. The jus-
tification of this simplification will be described hereafter. The mass
fraction and the total temperature inside the combustion chamber is
calculated in the equilibrium condition under a given total pressure
p. and a mixture ratio. This is used for the inlet nozzle condition for
preliminary axisymmetric simulations for a nonequilibrium chem-
istry, full-expansion condition. The result shows that almost all of
the region downstream of the nozzle throat is occupied by H,O and
H, at O /F less than 8. We found that there was no major difference
in the Mach isolines inside the nozzle between the nonequilibrium
and the frozen calculations. Therefore, we simplify the inlet condi-
tion as follows. Only two species, H,O and H,, flow into the nozzle
with a constant total temperature, depending on the mixture ratio
and the total pressure, which is increased to simulate the startup tran-
sient. This assumption reduces the numerical cost and also makes
the mutual comparison of the flow structures clear and meaning-
ful because, for example, if O /F is the same, the Mach isolines are
identical for different nozzle pressure ratio (NPR) as long as the flow
continues to be expanded (until the generation of shock waves).

We briefly explain the design of the nozzle studied here. Based
on the CTP design method, a TP nozzle contour is axially com-
pressed by 5%, that is, a factor of 0.95 was multiplied to the axial
coordinate of the TP contour. The discontinuity between the ini-
tial circular contour and the compressed TP contour is smoothly
connected. The nominal chamber pressure and the nominal mix-
ture ratio is 12.4 MPa and 6, respectively. The geometrical area
ratio is 52. Figure 1 shows the whole computational region for the
LE-7A nozzle. The intersection of the entire calculated region with
a symmetry plane including the axis is presented. The distance in
the axial direction from the nozzle throat to the exit is 30,000 mm,
and the radius of the outer boundary of the cylinder is 6000 mm.
Figure 2 shows an enlarged grid distribution including the nozzle.
The grid points are concentrated near the throat and a step for film
cooling port denoted by A. (See also Fig. 3.) The total cell number
is approximately 12 million. The nozzle surface is divided by 240
to 480 in the circumferential direction (Fig. 4). The computational

Fig. 1 Computational grid distribution on symmetric plane for LE-7A
nozzle.

Fig. 2 Computational grid distribution on symmetric plane for LE-7A
nozzle, nozzle part expanded.
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Fig. 4 Computational grid distribution on plane perpendicular to
symmetry axis of nozzle, 150 mm downstream of step for film cooling
port.

cost necessary to perform three-dimensional unsteady calculations
is enormous. Therefore, we first conducted the numerical simula-
tions on some grids varying the nozzle division under a typical flow
condition. Because the steady flow properties such as Mach num-
ber and pressure distributions and the O /F inducing RSS flow are
the same, all presented results are calculated on one of the grids
tested. The calculation was performed using the Earth Simulator of
the Japan Agency for Marine-Earth Science and Technology.

Computational Results

Initially, the inside of the nozzle and the surroundings are filled
with standard air, 7T =300 K and p, =0.1 MPa. A mixture of H,O
and H, at a constant total temperature corresponding to a specified
O /F flows into the nozzle with increasing total pressures. The tem-
perature of the nozzle wall is assumed to be 700 K throughout the
calculation.

In the startup and shutdown transient, the O /F fluctuates sharply
in the actual operation. Although the nominal value for the O /F
designed for the steady condition is about six, the transient value can
be from three to eight for a short period of time. The 1/10 subscale
experiment'®!7 demonstrated the flow transition by shadowgraphs
and the measurement of the side load. In the startup transient, the
flow transition from FSS to RSS is likely to occur at a lower O/ F,
2.8-4.1, than the designed value 6 where only FSS is observed.
Therefore, in the numerical simulation, the startup transient flow
structures for O /F corresponding to six and three are investigated
in detail. Table 1 summarizes the gas condition of the nozzle inlet for
the simulation. The transition mechanism is explained by analyzing
the flow properties that are difficult to obtain by experiment alone.

General Flow Structure
Figure 5 shows the wall pressure and Mach number distribu-
tion when O /F =3, showing the transition from FSS to RSS. The
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Fig. 5 Wall pressure (pascals; left) and Mach number distribution (right), O/F = 3.
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Table 1 Gas condition of the nozzle inlet

O/F
Condition 6 3
T.,K 3500 2500
H,O mass fraction 0.964 0.844
H, mass fraction 0.036 0.156
recirculation bubble

reattachment

step for film cooling port

Fig. 6 Enlargement of Mach number distribution including flow reat-
tachment in Fig. 5d.

two arrows at the nozzle exit (Fig. 5a) indicate the circumferen-
tial position of the two-dimensional Mach number distribution. The
rate of the increment of the NPR per microsecond is 0.05, which is
of the same order as in real operation of the LE-7A engine. When
NPR =49, the separation line is nearly symmetric. The wall pres-
sure behind the separation line remains at nearly ambient pressure,
and the flow structure is FSS. When NPR = 50, the region between
the supersonic jet and the wall narrows. In this region, aspired inflow
of ambient air is accelerated, resulting in decreased wall pressure
(the dark part upstream of the nozzle exit in Fig. 5b). As a result,
when NPR =51, a part of the separation line moves downstream
passing the step for film cooling ports. Also, a small increase of the
wall pressure at the nozzle exit is observed, indicating that the su-
personic jet is approaching the nozzle wall. Because the separation
shock location is determined to balance the pressure gap, once the
wall pressure downstream is decreased, the corresponding part of
the separation line moves downstream inducing a further decrease
in wall pressure. Thus, part of the deformed separation line moves
downstream suddenly, generating the recirculation bubble and RSS
flow structure shown in Fig. 5d. Figure 6 is the enlargement of
the Mach number distribution including the flow reattachment in
Fig. 5d. The wall pressure of the reattachment (the white part in
Fig. 5d) at the nozzle exit is 0.15 MPa. The imbalance of the cir-
cumferential pressure distribution (the different flow structure be-
tween FSS and RSS) generates a large side load. We presume that
the infinitesimal asymmetry of the flow is generated from an intrin-
sic asymmetry of the unstructured grid. However, once developed
to a certain level such as computed here, the flow asymmetry has
physical significance independent of the initial small disturbances.
In a real engine operation, various geometrical and operating pa-
rameters, as well as their disturbances, decide the temporal behav-
ior of the sudden transition between the two stable flow structures
(FSS and RSS).

A comparison of the magnitude of side loads between calculated
and measured is of significance. The magnitude of the calculated
side load is 120 kN at NPR = 52, which is in accord with the firing
test, 75-100 kN. The side loads are compared by the magnitude
measured at an actuator of the engine. If the NPR is increased from
52, the reattached part passes the nozzle exit and the flow structure
becomes FSS again. This is called the end effect, which is another
cause of a side load. Although a slight distortion of the separation
line is observed at O /F = 6, the supersonic jet stays away from the
nozzle wall (Fig. 7). Therefore, the wall pressure behind the separa-
tion line is nearly equal to the ambient pressure, and the transition
to RSS does not occur. The magnitude of the calculated side load is
20 kN at NPR =52.

In both cases, a cap shock type pattern is observed, and the cir-
culation region is formed downstream. However, the curvature of
the cap shock is larger when O /F =6 than when O/F =3. The
agreement between the simulation and the experiment in the NPR
where the large side load occurs and the O / F at which the transition
from FSS to RSS is obtained is reasonably good. NPR =35 ~ 59
and O/F =2.8 ~ 4.1 in the subscale experiment.'® Therefore, it is
shown in both computational simulation and the experiment that
the O /F, in other words, the ratio of specific heat, has an important
effect on the flow transition.

Capture of Fine Flow Structure

Next, the obtained flow structure inside the CTP nozzle (LE-7A
original nozzle) is compared with that inside other nozzles. Inside
TO and parabolic nozzles an internal shock is generated from the
throat, and an inverse Mach reflection at the centerline downstream
of the throat forms a cap shock structure.® Thus, the momentum of
the flow toward the nozzle wall increases, hence, pushing the su-
personic jet toward the nozzle wall, resulting in the generation of
RSS flow (Fig. 8). However, little is known about a CTP nozzle.
In particular, although the cap shock structure is observed indepen-
dent of the O /F, it is not clear whether the bending contour of the
Mach number corresponds to the internal shock wave, which is char-
acteristic of TO and parabolic nozzles. Therefore, using the shock
function,?® we first investigate whether an internal shock exists. The
shock function is defined as follows:

fe

u gradp
¢ |grad p|

This function represents the Mach number of the velocity com-
ponent perpendicular to the pressure discontinuity. Therefore, if
a shock wave exists, the function changes from greater than one
upstream to less than one downstream. The contour line where
f(x) =1 is satisfied indicates the shock wave. When this function
is applied to numerical results, the contour usually includes several
cells, depending on the resolution of the shock wave. Figures 9 and
10 show the contour where f (x) =1 is satisfied whenthe O /F =3
and 6 under the full-flow condition, NPR = 124. The white points
indicate f(x)=1. In both Figs. 9 and 10, we can observe the cap
shock structure, the separation shock emanating from the nozzle lip,
the small shock from the step for film cooling ports, and the shock
waves included in the supersonic jet. Although there are regions
where the contour of the Mach number is bent and concentrated,
which suggests the concentration of compression waves, no shock
wave is detected. Compression waves generated from the wall con-
tour downstream of the initial expansion (circular arc) may coalesce
into a shock wave depending on the compression ratio of the TP noz-
zle and the smoothing technique in connecting the circular arc and
the downstream contour. We believe that for the CTP nozzle studied
here, the internal shock wave, if it exists, is too weak to be detected
by the shock function under the mesh size used.

Itis necessary to investigate in detail the compression and expan-
sion in the flowfields to understand the difference of flow structures
with varying O /F . Therefore, we introduce the compression func-
tion defined here and try to capture the flow features:

C(x) = (grad p/pc) - (u/lul)

This function becomes positive (negative) when the pressure in-
creases (decreases) along a streamline. Note that this function has
a dimension of per meter. Figures 11 and 12 show the compres-
sion function applied to the same computational results of Figs. 9
and 10. The schematic of the flow structure inside the CTP noz-
zle is presented in Fig. 13. The black part indicates the expansion
region where the flow is efficiently expanded by the nozzle. The
gray to white gradation, including the shock wave detected by the
shock function, indicates the region where the flow is not expanded
or accelerated efficiently. A strong correlation is observed between
this low-expansion region and the contour of the Mach number.
The concentrated and bending contour corresponds closely to the
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Fig. 7 Wall pressure (pascals; left) and Mach number distribution (right), O/F = 6.
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Fig. 8 Schematic of flow structure inside thrust optimized or parabolic
nozzle, Vulcain or space shuttle main engine nozzle.

Fig. 9 Shock function (white points) and Mach number distribution,
O/F =3, full-flow condition, NPR =124.

Fig. 10 Shock function (white points) and Mach number distribution,
O/F =6, full-flow condition, NPR =124,

low-expansion region (thin triangular white region). By this low-
expansion region, we roughly define the internal core, where the
contour of the Mach number becomes nearly perpendicular to the
nozzle axis, and the outer region bounded by the separation shock
from the nozzle wall (Fig. 13).

If the O /F =3, the internal core becomes broad radially. There-
fore, the curvature of the Mach isolines is small. This results in a
small curvature of the cap shock downstream. It is quite natural that
the curvatures are similar because the shock wave is formed to bal-
ance the flows passing through the shock wave itself. For example,
when the NPR equals 10, both the curvature of the Mach isolines
and the shock downstream are convex as seen from the nozzle exit
(Fig. 14). Therefore, the flow behind the shock is bent toward the
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Fig. 11 Compression function (per meter) and Mach number distri-
bution (contours), O/F =3, full-flow condition, NPR = 124.
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Fig. 12 Compression function (per meter) and Mach number distri-
bution (contours), O/F = 6, full-flow condition, NPR =124,

L supersonic jet
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outer region

low-expansion region
P g cap shock

internal core

Fig. 13 Schematic of flow structure inside compressed truncated per-
fect nozzle, LE-7A original nozzle.

symmetry axis (contrary to the flow behind a cap shock), which does
not strengthen the trapped vortex observed behind a cap shock.
Another notable point is that the radial widths of the outer bound-
ary of the low-expansion region and the end of the cap shock are
nearly identical. For TO or parabolic nozzles with an internal shock,
the contour of the Mach number inside the internal core region is
nearly straight, generating the normal shock (Mach stem) down-
stream. In this case, the Mach stem and the conical shock are
clearly distinguished (Fig. 8). For the CTP nozzle studied here,
the low-expansion region could include a weak shock. Therefore, if
we think that the low-expansion region corresponds to the internal
shock inside the TO or parabolic nozzle, the flow structures look
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Fig. 14 Mach number and velocity vector (only subsonic part shown),
O/F =6, NPR =10.

Fig. 15 Mach number and velocity vector (only subsonic part shown),
O/F =3, NPR =40.

similar qualitatively. However, because the low-expansion region
has a small effect on changing the flow structure downstream, the
Mach stem and conical shock are not clearly distinguished but united
to form a smooth cap shock.

Because there is no precise theory to describe the Mach reflection
or the oblique shock in an axisymmetric flow configuration, it is very
difficult to explain analytically the flow structure inside a nozzle.
However, note that the compression function introduced here reveals
a strong correlation between the outer boundary radial widths of the
low-expansion region and the end of the cap shock. This function
captures the mild compression flow structure inside the nozzle where
an internal shock is not detected and helps in understanding the flow
transition between FSS and RSS.

O/F Effect on Flow Transition

Based on the knowledge just obtained, we next consider why the
transition occurs only when the mixture ratio equals three by com-
paring the flow structure just before the transition to RSS, NPR = 40.
The causes of the flow transition in the LE-7A original nozzle are
summarized as follows:

1) The first cause is the difference of the distance between the
supersonic jet and the nozzle wall. Figures 15 and 16 show the
Mach number distribution and velocity vector where the flow is
subsonic. When O /F = 3, as we have shown in Figs. 11 and 12, the
low-expansion region becomes broad radially. This makes the cap
shock broad radially, and the supersonic jet widens downstream.
Therefore, a broad circulation region (trapped vortex) is created and
the supersonic jet is nearer to the wall.

2) The second cause is the difference of the trapped vortex behind
the cap shock. When O/F =3, the contour of the Mach number

Fig. 16 Mach number and velocity vector (only subsonic part shown),
O/F =6, NPR =40.
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Fig. 17 Z component of vorticity (per second) and velocity vector (only
subsonic part shown), O/F =3, NPR =40.

inside the internal core region is nearly straight (Fig. 15). As a
result, the curvature of the cap shock, which is concave as seen
from the nozzle exit, shrinks. Therefore, the radial component of
the momentum (toward the nozzle wall) behind the cap shock is
small (maximum value of about 60 kg/m? - s). Also, as shown in
Fig. 17, the z component (perpendicular to the paper) of the vorticity
behind the cap shock is small. When O /F =6, the curvature of
the cap shock increases compared to that when O /F =3, locally
generating an oblique shock (Fig. 16). It makes nearly all of the
flow behind the cap shock remain supersonic, which creates the
large radial component of the momentum (maximum value of about
90 kg/m? - s) and the large vorticity (higher contrast of positive and
negative vorticity behind the cap shock in Fig. 18 compared to that
in Fig. 17).

Figures 19 and 20 show the pressure distribution and the velocity
vector just explained. When O /F =3, the shock cell structure is
observed. However, the series of pressure increase and decrease is
weak and asymmetric. In contrast, when O /F =6, the shock cell
structure inside the supersonic jet is symmetric and coherent.

The trapped vortex is bounded by the supersonic jet and the first
pressure rise in the wake region. When O /F = 6, the first pressure
rise in the wake region is large (maximum value of 0.130 MPa) be-
cause the strong supersonic jet becomes narrow and interacts down-
stream. The large pressure difference between this rise and the region
behind the cap shock generates the large backward velocity (maxi-
mum value of 590 m/s), enhancing the circulation. When O /F =3,
the backward velocity is low (maximum value of 450 m/s) because
of the small pressure difference (maximum value of the first pressure
rise of 0.113 MPa). As a result, when O/F =6, there is a strong
local trapped vortex downstream of the cap shock.
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Fig. 18 Z component of vorticity (per second) and velocity vector (only
subsonic part shown), O/F = 6, NPR =40.
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Fig. 19 Pressure (pascals) and velocity vector (only subsonic part
shown), O/F =3, NPR =40.
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Fig. 20 Pressure (pascals) and velocity vector (only subsonic part
shown), O/F =6, NPR =40.

The supersonic jet, which includes a series of shock waves and
expansion waves, inherently has an unsteady nature and is the most
essential origin of the instability of the whole flow structure. The
fluctuation of the pressures in the separated region is another source
of the disturbance of the separation line because the location of
the line depends on the NPR. The whole flow structure including
the shock structures and trapped vortex is always exposed to the
disturbances mentioned earlier. As we have explained, once the su-
personic jet approaches the nozzle wall enough to decrease the wall
pressure, the supersonic jet suddenly reattaches to the wall. There-

fore, when O /F =3, because the supersonic jet becomes broad ra-
dially and the weak circulation is unstable against the disturbances,
the flow is likely to become RSS. When O /F = 6, the flow structure
is relatively coherent and remains FSS. In the LE-7A engine, the
O /F fluctuates sharply at the transient. Therefore, the supersonic
jetis repeatedly widened and narrowed, increasing the instability of
the shocks’ flow structure and the trapped vortex behind them. In
addition to detecting the obvious flow structures, such as a cap shock
and an internal shock, we found that understanding the fine structure
of the flow is the key in determining whether the flow becomes RSS
or FSS in the CTP nozzle.

Here, we will briefly mention the RSS flow at the shutdown tran-
sient. Generally speaking, the RSS flow is more likely to be gener-
ated by a shutdown transient than a startup transient. When the NPR
is decreased from the full-flow condition (FSS flow), the separation
line and separation shock move upstream slowly due to the viscous
effect. In other words, the hysteresis of the location of the separa-
tion line is observed. At the same NPR, the separation line of the
shutdown transient is located further downstream than that of the
startup. The hysteresis of the location of the cap shock is smaller
than that of the separation line. As a result, the axial positions of
the separation line and cap shock become closer or reversed at the
shutdown transient, and the structure approaches that of an RSS
flow.

Summary

The transition of the flow structure from FSS to RSS inside a CTP
nozzle was numerically reproduced and explained. The mixture ratio
is the key to determining flow structure. A simple method using the
compression function is proposed to capture the flow structure and
understand the transition; the method is especially valid for the
flow without an internal shock that is easily detected by the shock
function. This method can be applied to the result of steady full-flow
calculation to investigate the low-expansion region that affects the
important flow structure downstream, such as in a supersonic jet and
a trapped vortex. Because there is no internal shock detected inside
the CTP nozzle studied here, the transition to RSS is less likely to
occur than in the TO and parabolic nozzles. However, with an off-
design mixture ratio, the contour of the Mach number connecting
the internal core and outer region bends more than that for the design
mixture ratio, widening the internal core region where the flow is
accelerated and expanded. Thus, the flow structure becomes closer
to that inside TO or parabolic nozzles. To avoid FSS—RSS transition
so that the side load in startup and shutdown transients is within a
permissible level, a transient simulation under an off-design mixture
ratio is recommended.
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