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Abstract 
 
A numerical investigation of transient side-loads in axisymmetric over-expanded thrust optimized contour nozzles is presented. These 

nozzles experience side-loads during start-up and shut-down operations because of flow separation at the nozzle walls. Two types of flow 
separations, FSS and RSS shock structures, also occur. A two-dimension numerical simulation was carried out over axisymmetric TOC 
nozzles to validate the present results and investigate oscillatory flow characteristics for start-up processes. Reynolds Averaged Navier-
Stokes equations are numerically solved using a fully implicit finite volume scheme. Governing equations are solved via the coupled 
implicit scheme. The Reynolds Stress turbulence model is selected for this work. It was found that the present computed pressure at the 
nozzle walls closely matched the experimental data. The phenomenon of hysteresis was also observed between these two shock struc-
tures. The transition from an FSS to RSS pattern during the start-up process showed maximum nozzle wall pressure and fluctuations in 
shear stress values. Oscillatory pressure was observed on the nozzle walls with high pressure ratio. The present results show that the 
magnitude of nozzle wall pressure variation is high for the phenomenon of oscillation. 
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1. Introduction 

A large scale launch vehicle requires a nozzle which can 
produce maximum specific impulse and thrust with reduced 
nozzle length. Various supersonic nozzles, such as Thrust 
Optimized Contour (TOC) and Compressed Truncated Perfect 
(CTP) contours, have been developed to meet such demands. 
TOC nozzles are currently used in Vulcain, Space Shuttle 
Main Engine (SSME), or J2S launcher engines. These rocket 
engines experience long periods of over-expanded operation 
with flow separation in a transient phase at engine start-up or 
shut-down. In general, two separation patterns are observed: 
shock separation (FSS) and restricted shock separation (RSS) 
[1]. The FSS structure can be observed in various types of 
nozzles, such as conical contour nozzles and bell type nozzles, 
including TP, TOC, and CTP nozzles. In FSS, the flow sepa-
rates fully from the nozzle wall due to an oblique shock that 
originates from the nozzle wall and is directed towards the 
nozzle centerline. The separated shear layer continues as a free 
jet (Fig. 1). Since no reattachment occurs down the separation 

location, this separation flow pattern is termed as free shock 
separation. Downstream from the separation location, a back 
flow region exists where ambient air is sucked into the nozzle 
due to the entrainment effect of the separated jet flow [2]. The 
nozzle flow thus fully separates from the wall at a certain ratio 
of wall to ambient pressure. 

RSS is a peculiar type of separation pattern observed only in 
TOC and CTP nozzles at a certain range of pressure ratios. In 
RSS, the flow separation is restricted over a short axial dis-
tance. The separated shear layer reattaches to the nozzle wall, 
thus generating shocks and expansion waves. Due to the very 
short separated region, this flow regime is called restricted 
shock separation (Fig. 2) [2]. The reattached flow results in 
wall pressures above ambient, which can initiate unsteady 
side-loads depending upon the asymmetry of the overall flow 
pattern, and the oscillatory behavior of the associated shock 
system. The RSS separation pattern exists in nozzles which 
experience internal shock because of the large divergent angle 
of the nozzle wall. However, the presence of an internal shock 
in the nozzle does not mean that RSS flow conditions will 
appear ubiquitous. Both FSS and RSS can exist in such noz-
zles at different operating conditions. According to a previous 
work [1], it is known that the separation pattern evolves from 
FSS to RSS when the pressure ratio increases. Transitions  
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Fig. 1. Free shock separation pattern (Ref. [2]). 

 

 
 
Fig. 2. Restricted shock separation (Ref. [2]). 
 
between these two kinds of separation patterns result in the 
hysteresis phenomenon. High peaks of side-loads are observed 
during transitions from FSS to RSS and vice versa. This hys-
teresis phenomenon appears typical during the start-up and the 
shut-down processes. Also, FSS to RSS transition is rather fast, 
and the total impulse communicated to the nozzle wall will 
therefore be limited by the short duration of this phenomenon. 
The essential mechanisms that cause FSS and RSS phenom-
ena in propulsion nozzles are due to shock boundary layer 
interactions, as described in many previous researches. In the 
present study, we focus on the FSS/RSS and their transitions, 
which can be influenced by many parameters, such as bound-
ary layer characteristics, nozzle geometry, pressure ratio, 
thermal conditions of nozzle wall, working gas, turbulence, 
etc. The present work does not take into account gas tempera-
ture effects. 

Nguyen et al. [3] highlighted an uncommon phenomenon 
observed at high pressure ratios for TOC nozzles. At high 
pressure ratios, the separation structure repeatedly moves 
downstream and upstream of the nozzle resulting in the oscil-
lation of nozzle wall pressure. Chen et al. [4] first observed the 
reattached flow in their numerical simulations, and showed the 
presence of a trapped vortex immediately downstream of the 
central normal shock. Soon after, Nasuti et al. [5] and Onofri 
et al. [6] explained that an inviscid mechanism causes the 
generation of the vortex, which generates side-loads. Frey et al. 
[7, 8] showed the existence of a specific cap shock pattern, 
which is a key driver for the transition from FSS to RSS and 
vice versa [9, 10]. They observed that irregular movements of 
oblique separation shock and the cap shock pattern, relative to 
each other, are responsible for the initiation of flow transitions 
[11]. On the other hand, Nguyen et al. [3] showed the end-
effects which induce very high levels of fluctuation. These 
experimental findings were numerically reconfirmed by Neb-
bache et al. [12]. The rocket engine transient side-load is a 

very complicated problem because it is a strongly unstable 
process. Morinigo et al. [13] first captured the phenomenon of 
cyclic transition between reattached and non-reattached flow 
separation modes. They also confirmed the role of separation 
bubble dynamics in high side-load peaks. According to Ha-
gemann et al. [14], momentum balance across the cap-shock 
pattern, with the radial momentum toward the wall generated 
by the reflected internal shock, causes the re-attachment. 
Nasuti et al. [15] explained that flow reattachment to the wall 
depended on the values and type of upstream pressure gradi-
ent, regardless of the existence of internal shock. 

The literature review above shows that rocket nozzles dem-
onstrate the hysteresis effect, the transition of FSS to RSS, and 
the oscillation of nozzle wall pressures at high pressure ratios. 
Numerical and experimental studies have been conducted to 
reveal the actual physics/mechanism behind the transition of 
FSS/RSS and side-loads. Many researchers have presented the 
occurrence of lateral side-loads, but failed to explain the de-
tailed mechanism for them. Also, the key parameters govern-
ing fluctuations remain unknown. Why do side-load fluctua-
tions increase in the transition? Will these fluctuations be the 
same in different nozzle geometries? Answers to these ques-
tions have not been satisfactorily given. These unanswered 
questions are the motivation for the present work. Validation 
and reproduction of the known mechanisms are essential be-
fore taking up the actual work of finding answers to the ques-
tions above. In the present study, a computational fluid dy-
namic analysis of the transient flow during start-up was car-
ried out to validate the previous findings from experiments. 
Side-loads were observed during the transition from FSS to 
RSS. In addition, the oscillatory phenomenon was observed at 
high pressure ratios. This work represents the first phase of 
investigations regarding the side-load fluctuations of rocket 
nozzles in start-up processes. 
 

2. Governing equations 

The flow simulation is based on the solution to Reynolds 
Averaged Navier-Stokes equations with Reynolds-stress clo-
sures for the corresponding Reynolds-stress transport equa-
tions. 
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where U is a conservation variable vector, F and G are invis-
cid flux vectors, and Fv and Gv are viscous flux vectors. Q is 
the source term corresponding to turbulence. i ju u′ ′  is the 
Reynolds stress of the RSM model. In Eq. (1), t is the time, x 
and y are the space coordinates, ρ is the density, p the pressure, 
u and v are the components of fluid velocity, and e is the spe-
cific internal energy. These governing equations are closed by 
equations of state. In the Reynolds Stress Model (RSM) for 
modeling turbulence, iζ is the molecular diffusion term, 
which is defined as: 
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where ijP , ijφ , and ijφ are the production, dissipation, and 
pressure strain terms, respectively. These properties can be 
represented as: 
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Among the various terms in these exact equations, ijP does 

not require any modeling. However, ijφ and ijφ need to be 
modeled to close the equations. 
 

3. Numerical procedure 

Reynolds Averaged Navier-Stokes equations are numeri-
cally solved using a fully implicit finite volume scheme. Sec-
ond order accuracy in space is achieved by using the upwind 
method. RSM is employed to close the governing equation 

systems, which are solved by a coupled implicit scheme. The 
RSM model is considered in the present work because it is the 
most elaborate turbulence model which considers the anisot-
ropic eddy-viscosity hypothesis. It is appropriate for unsteady 
state calculations while other turbulence models are based on 
time-average treatments. It reflects the effects of streamline 
curvature, swirl, rotation, and rapid changes in strain rate in a 
more rigorous manner than one-equation and two-equation 
models. 

The computational domain consists of a typical TOC nozzle 
as shown in Fig. 3. A TOC nozzle consists of re and ri as the 
nozzle exit and inlet radii, respectively. The throat radius rt 
considered was 0.01362 m and the length of the nozzle was 
approximately 15rt. The computational grid had 560 points in 
an axial direction (460 points inside the nozzle) and 121 points 
in a radial direction. Grid cells numbered more than 67,760. 
The total length of computational domain was 300rt in the 
axial direction, and 40rt in the radial direction. Boundary con-
ditions considered at the inlet are total pressure (Po) and total 
temperature (To). At the outlet boundary, static pressure (Pa) 
was given as the back pressure (Fig. 3). Air was chosen as the 
working substance and treated as an ideal gas. The wall was 
treated as a non-slip and adiabatic boundary. The viscous co-
efficient was calculated by Sutherland’s formula. The mesh 
was clustered close to the nozzle wall in order to have a y+ 
value less than 1. 

A steady state pressure ratio (Po/Pa) of 10.2 was considered 
at the beginning of the start-up process. The total pressure and 
temperature values at inlet were Po = 10.2x105 Pa and To = 270 
K, respectively. The computational domain was initialized by 
Pa = 105 Pa, Ta = 288 K with zero velocities. Steady state 
computations then used the previously computed flow field as 
an initial condition. 

An unsteady calculation was carried out with a time step of 
2 x 10-6 s by changing the flow boundary conditions. The pres-
sure ratio was increased in the computational procedure of the 

 

 

 
 
Fig. 3. Computational domain with boundary conditions and nozzle 
geometries. 
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Fig. 4. Comparison of wall pressure distributions present along the 
nozzle wall. 
 
start-up transient process, that is, it was increased by 1 for 1 
ms to obtain a linear increment followed by a stabilization 
period of 9 ms. At a particular pressure ratio, the experiment 
was carried out for 10 ms. The computations were repeated 
until the desired pressure ratio was achieved.  

A validation study was carried out for pressure ratios of 
10.2, 15.4, and 20.0. Figure 4 shows the comparison of the 
wall pressure (Pw/ Po) distributions present along the nozzle 
wall with the results of Nguyen et al. [3]. The present compu-
tational results show a good match with the experimental data. 
 

4. Results and discussion 

The FSS structure was observed for the pressure ratios 10.2, 
15.4, 18 and 20.0. In FSS, the boundary layer separated, and 
never reattached to the nozzle wall (Fig. 1). The transition 
from FSS to RSS was seen by increasing the pressure ratio 
from 20.0 to 23.9. A cap-like shock structure, which generated 
during the increase in pressure ratio, forced the separated 
boundary layer to reattach to the nozzle wall (Fig. 2). The RSS 
pattern was obtained at a pressure ratio of 23.9 and by de-
creasing the pressure ratio from 23.9 to 18.0 to 13.0. The FSS 
pattern was again observed when the pressure ratio was de-
creased from 13.0 to 12.0. At these pressure ratios, the hys-
teresis cycle between the FSS and RSS was observed (Fig. 5). 
The present numerical calculations thus show the cycle of 
hysteresis in the pressure ranges of 12 to 23.9, against the 
range, demonstrated in experimental data, of 12 to 24 [3].  

The transition of FSS to RSS occurred during the start-up 
process, when the pressure ratio was increased from 20.0 to 
22.0. The pressure ratio was increased linearly in two steps. In 
the first step, the pressure ratio was linearly increased from 
20.0 to 21.0 in 1 ms, followed by a stabilization period of 9 ms. 
The second step increased the linear increment of pressure 
ratio from 21.0 to 22.0 in 1 ms as shown in Fig. 6. At t = 0.001 
s, FSS shock structure was observed, which corresponded to a 
pressure ratio of 20.0, and showed the absence of wall pres-
sure (Pw) fluctuations. As the pressure ratio was linearly in- 

 
 
Fig. 5. Hysteresis cycle observed in present CFD. 

 
creased, the cap-shock pattern slowly appeared (Fig. 2). Ini-
tially, the pressure remained very close to the ambient pres-
sure, Pa = 105 Pa, downstream to the shock structure (Fig. 
7(a)). The shock structure moved downstream from the nozzle, 
as the pressure ratio increased. The separation point moved 
downstream because the static pressure was less than the am-
bient pressure in the recirculation bubble between the separa-
tion and reattachment points. The wall pressure at the nozzle 
exit increased to reach the external value Pa. Oscillations of 
wall pressure around Pa appeared at t = 0.0067 s and devel-
oped strongly in the reattaching region starting from t = 
0.0075 s, as shown in Figs. 7(a) and 7(b).  

These wall pressure fluctuations occurred due to the expan-
sion and compression waves reflected between the wall and 
central recirculating vortex. The maximum wall pressure dur-
ing this transition was observed to be close to 2.0×105 Pa. 
Wall pressure and wall shear stress profiles at Locations A, B, 
and C are shown in Figs. 8(a) and 8(b), where Pw (t) and τw (t) 
represent the time history of wall pressure and wall shear 
stress, respectively. Pw (t),avg and τw (t),avg are the average 
values over time t. Location A was at the upstream region of 
separation, while Locations B and C were at the downstream 
regions. Fluctuations in wall pressure and shear stress were 
observed during transition of FSS to RSS at Location A. Lo-
cations B and C, being at the downstream region of separation, 
did not show fluctuations. This high pressure value means that 
a small asymmetry of the flow can give important side-loads 
[16]. Thus, the origin of side-loads in thrust optimized nozzles 
is due to the transition of FSS to RSS. 

In the present study, the behavior of nozzle wall pressure at 
a high pressure ratio was also studied. An unsteady numerical 
simulation was carried out at a high pressure ratio of 48.2. 
Numerical simulations were conducted for 0.05 s at this pres-
sure ratio. Pressure variations were calculated at Locations D 
and E, which were at X/L = 0.905 and X/L = 0.944, respec-
tively , X/L denotes the axial location (Fig. 3). At this high 
pressure ratio, the RSS pattern was observed. The time history 
of wall pressure Pw (t) at Locations D and E are shown in Figs. 
9 and 10. Additionally, strong pressure variations were ob-
served at these locations.  
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Fig. 6. Unsteady time variation plot for FSS/RSS transition simu- 
lation (Not up to scale). 

 

 
 

(a) 
 

 
 

(b) 
 
Fig. 7. Time dependent wall pressure distributions for the start-up 
process. Time proceeds from (a) t = 1 to t = 6.9 ms, and (b) t = 7.2 to t 
= 15 ms. 

 
Location E, which was near the exit of the nozzle, showed 

more pressure peaks than those observed at D. Pressure oscil-
lations were even seen at Location D, which was at X/L = 
0.905. Thus, pressure oscillations were visible up to some 
axial distance from the nozzle wall exit. Fig. 11 presents the 
power spectral density (PSD) of the wall pressure shown in 
Figs. 10 and 11. The wall pressure fluctuations showed a peak 

 
(a) 

 

 
(b) 

 
Fig. 8. Time dependent wall (a) pressure and (b) shear stress distribu-
tions for the start-up process. 
 
located at about 550 Hz and 130 Hz for the Locations D and E, 
respectively. Hence, at high pressure ratio, pressure oscilla-
tions showed a high frequency for Location D and a low fre-
quency for location E. The origin of the side load phenome-
non was due to the appearance of the sudden peaks of wall 
pressure. The maximum value of unsteady wall pressure pro-
files was observed during the oscillatory phenomena (Figs. 9 
and 10). Hence, the oscillatory phenomenon showed wall 
pressure peaks higher than those that appeared during the tran-
sition of FSS to RSS (Fig. 8(a)). 
 

5. Conclusions 

A numerical investigation of axisymmetric thrust-optimized 
contour nozzle flow separation was performed using the RSM 
turbulence model. The present computational results were in 
good agreement with experimental and other numerical data. 
The numerical simulations showed the occurrence of hystere-
sis between the free shock separation (FSS) and restricted 
shock separation (RSS) patterns. The transition from FSS to 
RSS patterns was numerically reproduced during the start-up 
process. Peaks in wall pressure were observed during the tran-
sition. Pressure oscillations on the nozzle wall were also ob-  
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Fig. 9. Time dependent wall pressure during oscillatory phenomena at 
Location D (Po/Pa = 48.2). 

 

 
 
Fig. 10. Time dependent wall pressure during oscillatory phenomena at 
Location E (Po/Pa = 48.2). 

 

 
 
Fig. 11. Power spectral density plot of wall pressure oscillation at 
Locations D and E (Po/Pa = 48.2). 

 
served at high pressure ratios. These pressure oscillations were 
observed even at the upstream region of the nozzle. Low fre-
quencies were observed near the nozzle wall exit, whereas 
high frequencies were observed at the upstream region of the 
nozzle. Finally, the magnitude of the wall pressure variation 

associated with the oscillatory phenomenon was greater than 
that associated with the transition from FSS to RSS patterns. 
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