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Nomenclature 
CF thrust coefficient at low-altitude operating conditions 
CF0 thrust coefficient at adapted conditions 
CF∞ thrust coefficient at vacuum conditions 
P static pressure, Pa 
Pa ambient pressure, Pa 
r radius, m 
x streamwise distance, m 
y spanwise distance, m 
θ angle, deg 

Subscripts 

i arbitrary contour point i 
j arbitrary contour point j 
k arbitrary contour point k 
m nozzle inflection point 
n nozzle exit point 
t nozzle throat 

I. Introduction 

T HE use of a thrust-optimized contour (TOC) [1,2] for the 
supersonic nozzle in a rocket engine will inherently maximize 

the propulsive efficiency and payload capacity of the entire launch 
system. A TOC can be approximated using a skewed parabola, 
commonly referred to as a thrust-optimized parabola (TOP) [3], and 
the TOP contour can be manipulated to avoid undesirable flow 
separation during low-altitude operation by increasing the static wall 
pressure at the expense of thrust (approximately 0.1 0.2%) [4]. For 
this reason, a TOP design is often used in nozzles with a high area 
ratio, such as those used in the Vulcain [5] and Vulcain 2 [6] core-
stage engines, and suggests that ensuring full-flowing operation at 
low-altitude conditions can be considered a nozzle design 
requirement. Unfortunately, any thrust-optimized nozzle may excite 
an undesirable shift between a free shock separation (FSS) and 
restricted shock separation (RSS) mode during engine startup and 
shutdown [7]. 
The shift between an FSS and an RSS flow regime was first noticed 

during operation of the high-area-ratio J2-S engine, and the RSS 
condition consequently was deemed responsible for inducing high 
structural loading to the nozzle walls [8]. However, it was later found 
that the highest levels of side loading were, in fact, caused by the 
transition process to and from the RSS flow condition, as opposed to 
the RSS phenomenon itself [5,9,10]. Because the precise flow 
mechanisms that drive the transition to and from the RSS condition 
are still not fully understood [11], the structural loading that occurs as 
a result of RSS appears to currently be accepted as a design 
consideration in core-stage rocket nozzles [6]. 
A nozzle contour that was capable of suppressing the RSS flow 

condition itself would inherently prevent the transition to and from RSS 
and, therefore, decrease the structural loading that occurs during these 
transition phases. For a net benefit to be realized, the resulting nozzle 
must produce an equal or greater thrust coefficient compared to the 
existing design, as well as avoid flow separation during low-altitude 
operation. In this paper, a set of equivalent thrust-optimized nozzle 
contours have been produced using an arc-based design method to 
determine if the suppression of RSS could be achieved by manipulating 
the contour geometry. The subscale Volvo S1 TOP nozzle that was 
designed by Volvo Aero Corporation (now GKN Aerospace Engine 
Systems) was selected as the test case due to the availability of experi-
mental data that captures the transition from FSS to RSS [5,9] and to 
ensure that a positive result may be applicable to a full-scale rocket 
engine, because this nozzle has been shown to possess equivalent flow 
characteristics to the core-stage Vulcain engine nozzle [5]. 

II. Numerical Model 
A numerical approach was used to evaluate the separation behavior 

and thrust coefficient of the Volvo S1 TOP nozzle and all arc-based 
nozzle variants considered in the work. The existing Volvo S1 
contour geometry was directly replicated to represent the baseline 
design [3,5]. Because of the long test times used to cover the startup 
process in the existing Volvo S1 experiments (>40 s), all numerical 
results were generated from the steady Reynolds-averaged form of 
the Navier Stokes equations using the commercially available 
ANSYS Fluent 14.5 finite volume code. An implicit, pressure-based, 
axisymmetric solver was used, and all terms discretized in space 
using second-order upwind schemes. Air behaving as an ideal gas 
was selected as the working fluid and viscosity modeled by a three-
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Fig. 1 Numerical domain, including inlet and downstream exhaust 
region (not to scale). 

coefficient Sutherland approximation [12]. The Reynolds number 
based on the nozzle throat diameter varied between 5.76 × 106 and 
28.8 × 106 as the inlet stagnation pressure was increased from 1 to 
5 MPa, and the inlet stagnation temperature was maintained at 450 K, 
consistent with the experimental conditions [5,9]. 
The startup conditions were modeled using a pressure stepping 

process, starting from an inlet to outlet pressure ratio (PR) of 10 and 
finishing at 50, which corresponded to the low-altitude operation of 
the Volvo S1 nozzle, where full-flowing conditions could be expected 
[5]. The PR was increased by increments of one between a PR of 10 
and 30 and two between a PR of 30 and 50. Comparatively, the outlet 
pressure was reduced to model the adapted (PR = 350) and vacuum 
conditions (PR → ∞) once the initial PR of 50 was reached. The 
thrust coefficient was calculated from the flow conditions at the 
nozzle exit plane, and the dimensions of the downstream exhaust 
region were selected to ensure the domain boundary did not affect the 
solution. The numerical domain, including dimensions of the inlet 
and downstream exhaust regions, is shown in Fig. 1. The numerical 
model was verified by demonstrating independence of spatial 
discretization, as well as determining the effect of the chosen 
turbulence closure model. Validation of the model was achieved by 
comparing the static pressure distribution with the existing 
experimental results. A comprehensive account of the model 
verification and validation process is given in [13]. 
The spatial discretization of the domain was completed using 

quadrilateral elements, such that a nondimensional wall distance (y+) of  
less than 1 was maintained in all models. Refinement of the grid was 
focused primarily on the nozzle region and a grid convergence study 
conducted at three levels using a coarse, standard, and fine grid, 
comprised of approximately 5 × 104 , 8 × 104, and  15 × 104 elements, 
respectively. The coarse grid indicated a greater streamwise distance 
before the second recirculation zone at RSS conditions and 
underpredicted the pressure inflection in the initial separated zone 
compared to the experiment. The standard level of grid refinement was 
therefore accepted and used to produce all results. In addition, the thrust 
coefficients at low-altitude (PR = 50), adapted (PR = 350), and 
vacuum (PR → ∞) conditions were calculated to determine the effect 
of grid density on thrust. However, no variation in thrust was observed 
relative to grid density at all conditions to an accuracy of 0.001 (<0.1%). 
Verification of the turbulence model was assessed by comparing 

the Spalart–Allmaras (SA) model [14] and Menter’s shear stress 
transport (SST) model [15] to an inviscid solution. The thrust 
coefficient was overpredicted by 0.42% in the inviscid solution under 
all conditions, which was expected due to the influence of the 
boundary layer on thrust. Comparatively, the difference in thrust 
between the SA and SST solutions was less than 0.1% at all 
conditions. The point of initial separation in the SST solution was 
predicted to be upstream of the experimental value by appoximately 
7.5%, whereas the variation in the SA model was less than 1% under 
both FSS and RSS conditions. As a result, the SA model was selected 
for use in all future models. 

III. Contour Variation 
All variants of the Volvo S1 nozzle contour were generated using a 

design method that is based on a finite series of circular arcs [16,17], 
using the notation given in Fig. 2. In all variants, the spanwise and 
streamwise dimensions of the nozzle were kept consistent with the 
existing Volvo S1 design to facilitate a direct comparison between 
configurations. This can be achieved by considering the total nozzle 
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Fig. 2 Representation of a turning curve arc segment as two right-
angled triangles. 

dimensions as a right-angled triangle and assuming the tangent of the 
resulting angle will approach the angle itself. Variation of the contour is 
then determined by the selected inflection and exit angle, as shown in 
Eq. (1). 

ymn 

xmn 
= tan θmn ≈ θmn ≈ 

θm + θn 

2 
(1) 

For the case of the Volvo S1 nozzle, an angle sum of 37.5 was used to 
both replicate the nozzle dimensions and to eliminate the effect of the 
expansion curve radius, which was maintained at half the throat radius 
for similarity with the existing design [5]. The nozzle area ratio and 
throat radius in all variants were kept consistent with the existing Volvo 
S1 nozzle at a valuea of 20 and 33.54 mm, respectively [5], and a single 
arc segment was used for the turning curve in each nozzle variant. Five 
equivalent nozzle contours were generated using selected integer values 
for the ratio of inflection to exit angle. The geometric information 
regarding each equivalent nozzle  contour  is  given in Table  1.  
All equivalent nozzle contours were evaluated with respect to flow 

behavior and predicted thrust. Static pressure distributions along the 
divergence wall at PRs of 14, 18, 24, 30, 38, and 50 were selected to 
identify if the transition between the FSS and RSS flow regimes 
occurred during the simulated startup process of the nozzle (Fig. 3). 
The thrust coefficient was calculated for low-altitude, adapted 
(PR = 350), and vacuum (PR → ∞) operating conditions (Table 2) 
to ensure that the suppression of RSS was not accompanied by an 
adverse effect on predicted thrust. 
The variation between the Volvo S1 and KS9 configurations was 

minimal, which was to be expected given the similarity in contour 
geometry. In both cases there was evidence that the RSS separation 
bubble had moved downstream of the nozzle exit at a PR of 30, 
consistent with the expected behavior of the Volvo S1 nozzle [5]. The 
RSS flow phenomenon was also observed in the KS6 configuration. 
Comparatively, the RSS flow condition was suppressed in the KS4, 
KS3, and KS2 nozzle configurations, where the point of initial 
separation for all PRs was shown to move upstream as the ratio of 
inflection to exit angle was reduced. Evidence of separated flow at 
low-altitude conditions was observed in the KS4, KS3, and KS2 
contours, where the point of separation was observed to be 2, 4, and 
12% upstream of the nozzle exit respectively. 
The predicted thrust coefficient was equal in the KS9 and Volvo S1 

nozzles at all operating conditions, whereas all other nozzle 
configurations indicated an increase in predicted thrust at adapted 

Table 1 Inflection and exit angles in each equivalent 
nozzle contour 

Variable Volvo S1 KS9 KS6 KS4 KS3 KS2 

θm∕θn — —  9 6 4 3 2 
θm 35.0 33.75 32.14 30.0 28.125 25.0 
θn 4.0 3.75 5.36 7.5 9.375 12.5 
r — —  20.4rt 22.8rt 27.2rt 32.6rt 49.0rtmn 
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Fig. 3 Static pressure distributions of the equivalent nozzle contours during startup conditions. 

and vacuum operating conditions. A decrease in the thrust coefficient 
of 0.23% was observed in the KS2 configuration at low-altitude 
operating conditions, which was predominantly a function of flow 
separation occurring considerably upstream of the nozzle exit. The 
potential increase in thrust at each operating condition ranged 
between 0.39 and 0.43% compared with the existing design, and it 
was particularly significant in this case, considering that the highest 
performing configurations also suppressed the transition to an RSS 
flow condition. However, assuming that unseparated flow at low-
altitude operating conditions was a design specification, none of the 
equivalent nozzle contours represented a valid alternative to the 
existing Volvo S1 design. Additional consideration of the equivalent 
nozzle configurations was therefore desirable and has been addressed 
by the use of two arc segments in the turning curve of the KS3 nozzle. 

IV. Turning Curve Manipulation 
The design of a dual-segment turning curve nozzle follows similar 

principles to a single curve arc-based nozzle; however, the notation 
used in Fig. 2 is insufficient for the design of a dual-segment nozzle 
and therefore was replaced in the notation used in Fig. 4. If the 
expansion curve is retained, two possible configuration types can be 
defined for a dual-segment turning curve. These are best defined by 
comparing the contour angle at the nozzle exit to the existing exit 
angle, which is ultimately determined by the ratio of the turning curve 
segment radii. A detailed account of the design process in a dual-
segment turning curve nozzle is given in [13]. 
Four nozzle variants of the KS3 configuration were generated, and 

the geometric parameter values are given in Table 3. Two variants were 
generated from ratios of curve segment radii that were less than one and 
two variants from ratios greater than one. These values were chosen to 
represent a considerable range of the geometric design limits and to 
ensure that the predominant effects of introducing a second arc 
segment into the turning curve of an arc-based nozzle were identified. 

Table 2 Predicted thrust coefficient in the equivalent 
nozzle contours 

Nozzle CF Δ% CF0 Δ% CF∞ Δ% 

Volvo S1 1.273 — 1.617 — 1.674 —
 
KS9 1.273 0.000 1.617 0.000 1.674 0.000
 
KS6 1.277 0.314 1.621 0.247 1.678 0.239
 
KS4 1.278 0.393 1.623 0.371 1.680 0.358
 
KS3 1.277 0.314 1.624 0.433 1.681 0.418
 
KS2 1.270 −0.236 1.622 0.309 1.680 0.358
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Fig. 4 Notation for a dual-segment turning curve nozzle contour. 

The static wall pressure distribution and predicted thrust coefficient in 
the KS3 variants are shown in Fig. 5 and Table 4, respectively. 
The transition to RSS was avoided in all KS3 nozzle variants across 

the entire range of startup operating conditions, highlighting the influ­
ence of the expansion curve in this process. An upstream shift in the 

Table 3 Dual-segment turning curve 
nozzle parameters for the KS3 

configuration variants 

Nozzle KS3_1 KS3_2 KS3_3 KS3_4 

θj 16.41 17.97 19.92 22.27 
θk 14.06 10.94 7.031 2.344 

26.1rt 30.1rt	 37.3rt 54.9rtrij 
130rt 43.4rt	 23.8rt 15.4rtrjk 

Table 4 Predicted thrust coefficient in the KS3 nozzle 
variants 

Nozzle CF Δ% CF0 Δ% CF∞ Δ% 

Volvo S1 1.273 — 1.617 — 1.674 —
 
KS3_1 1.271 −0.157 1.624 0.433 1.681 0.418
 
KS3_2 1.275 0.157 1.625 0.495 1.682 0.478
 
KS3 1.277 0.314 1.624 0.433 1.681 0.418
 
KS3_3 1.278 0.393 1.623 0.371 1.680 0.358
 
KS3_4 1.273 0.000 1.616 −0.062 1.674 0.000
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Fig. 5 Static pressure distributions of KS3 nozzle variants during startup conditions. 

separation point at low-altitude operating conditions was observed in 
both the KS3_1 and KS3_2 variants, whereas the separation point was 
shifted to within 0.90% of the nozzle exit in the KS3_3 variant and led 
to an adverse pressure gradient and early full-flowing condition in the 
KS3_4 configuration. The result suggested that unseparated flow at 
initial conditions independent of RSS could be achieved in a dual-
segment turning curve variant of the KS3 configuration. 
An upstream shift in the separation point that was observed in the 

KS3_1 and KS3_2 variants resulted in a reduction in thrust at low-
altitude conditions due to the greater influence of the separated region. 
Comparatively, a downstream shift in the separation point in the KS3_3 
configuration caused an increase in the predicted thrust coefficient at 
low-altitude operating conditions. The adverse pressure gradient 
observed in the KS3_4 variant was responsible for reducing thrust to 
approximately equal that of the Volvo S1 nozzle. An increase of 0.05– 
0.06% in the adapted and vacuum thrust coefficient was predicted in the 
KS3_2 variant compared with the KS3 configuration, whereas a 0.06% 
decrease was predicted in the KS3_3 variant under these conditions. 

V. Conclusion 
Suppression of the RSS flow phenomenon during the numerically 

simulated startup process of a subscale rocket nozzle has been 
achieved. All equivalent nozzle contours returned an equal or greater 
thrust coefficient relative to the existing design (Volvo S1), where 
three of these configurations also avoided the RSS flow condition 
(KS4, KS3, and KS2). However, the suppression of RSS in all 
equivalent nozzle contours was accompanied by separated flow at 
low-altitude operating conditions, and further manipulation of the 
nozzle contour was considered by representing the turning curve as 
two arc segments. The use of a dual-segment turning curve nozzle 
presented a feasible design method for the suppression of RSS that 
was coupled with a likely increase in predicted thrust coefficient of 
0.36–0.39% relative to the Volvo S1 nozzle at all operating 
conditions. Although comparison in this case was restricted to a 
single subscale TOP nozzle, the net benefit in terms of predicted 
thrust and the suppression of RSS in an equivalent arc-based nozzle 
configuration may increase the performance and reliability of a core-
stage rocket engine, and should be investigated further. 
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