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Abstract  The dual-bell nozzle is a kind of altitude adaptive nozzle for improving the per-
formance of space launchers as well as future reusable launch vehicles. Numerical investiga-
tions have been conducted on a planar dual-bell nozzle to illustrate the flow characteristics at 
sea level, “sneak” transition, and altitude modes, respectively. Findings from computational fluid 
dynamics have been contrasted with experimental data from the open literature. The normal-
ized pressure distributions along the dual-bell nozzle wall for different turbulence models are 
compared to the pressure measurements taken during the experiment by fixing the nozzle 
pressure ratio (NPR) at 29.8. The NPR value gradually rises across a large range from 6 to 55
to explore the evolution of the flow characteristics. The pressure distributions along the nozzle
wall and shock position have been investigated. The hysteretic behaviors occur in dual-bell 
nozzles close to the contour inflection. The wall pressure and hysteresis behaviors have been 
expounded in detail. 

 
1. Introduction   

Th All types of rockets that attain high performance primarily depend on the engine's ability to 
provide more thrust with a simpler structure design and fewer mechanical moving parts [1]. The 
traditional bell nozzles have been used extensively in recent decades in a variety of contempo-
rary engines for the aerospace industry. The fixed shape of the bell nozzle, however, restricts 
the engine's comprehensive performance throughout the ascent phase. To meet the perform-
ance requirements of the traditional bell nozzle throughout the design phase, some compro-
mises must be made. Some other components that contribute to thrust losses are quite impor-
tant [2]. Fig. 1 shows various thrust losses in a conventional bell nozzle, which primarily stem 
from a flaw in the mixing, vaporization, combustion processes, chemical non-equilibrium, re-
compression shocks, friction, heat loss, interactions with the atmosphere, flow separation in 
over-expanded situations, divergence, and non-uniformity of exit flow. The engines that use 
traditional bell nozzles have their comprehensive performance constrained by the aforemen-
tioned causes. 

Considerable improvements in engine performance can be realized across all operating con-
ditions if the nozzle has the capability of continually adjusting the effective expansion area ratio 
[3]. Frey et al. [4], Hagemann et al. [5], and Perigo et al. [6] studied several altitude-adapting 
nozzles, such as the plug nozzle, extendible nozzle, and dual-bell nozzle, in search of maxi-
mized advantages. However, many constraints prevent the achievement of the objective, in-
cluding price, weight, cooling issues, and complicated mechanical moving components [7]. 
Taylor et al. [8] conducted the experimental comparison of the dual-bell and expansion deflec-
tion nozzles utilizing the hot gas, in which the operating conditions are 1000 K and 12 bar in 
pressure. Although the room for improvement is clear in the optimization of both nozzle types, 
the expansion deflection nozzle suffers deep aspiration drag resulting in underperforming in low 
NPR regimes. Hence, it has been excluded as a candidate for main-stage applications and the 
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adoptions for compact upper stages. The dual-bell nozzle is an 
attractive design thanks to its relatively simpler design versus 
plug nozzles, at the compromise of a step-wise altitude com-
pensation instead of a continuous altitude compensation. Even 
though the dual-bell nozzle makes it possible to reduce the 
non-adaptation losses in engines working from sea level to 
almost vacuum conditions, the natural transition between the 
two modes usually takes place prematurely during the ascent 
trajectory and destructive side-loads arise. Ferrero et al. [9] 
demonstrated that fluidic control reduces the order of magni-
tude of the side load that could arise during the transition proc-
ess, indicating its potential as an enabling technology for the 
application of dual-bell nozzles on real engineering applications. 
Legros et al. [10] expounded on the effects of secondary injec-
tion on the dual-bell nozzle, which can allow the transition NPR 
to be increased by nearly 24 % and the lateral force can be 
reduced to less than 1 % of the thrust. Stark et al. [11] experi-
mentally found that the operation mode transitions are stable, 
which are independent of the adjusted cooling film mass flow. 
Hagemann et al. [12] illustrated the design concept which is 
relying on the wall contour inflection technique to drive the flow 
separation at the expected position. 

It can be observed in Fig. 2 that the discontinuous wall con-
tour is featured in a dual-bell nozzle which is divided into the 
upstream part (base nozzle) and downstream part (extension 
nozzle). Indeed, the wall contour inflection method of single-
step altitude adaptation is simply accomplished, and certain 
design concerns are avoided. To boost engine performance, 
the effective area ratio must be increased when the flow ad-
heres to the nozzle wall and the dual-bell nozzle exit pressure 
exceeds the ambient pressure. The symmetrical and regulated 
flow separations for the sea-level scenarios in Fig. 2(a) are 
situated near the inflection point. The flow will progressively 
increase as a result of the ambient pressure lowering and NPR 
rising as a result. The NPR value reaches a high level, the 
separation point rapidly moves in the direction of the extension 
nozzle exit from the inflection point. By definition, the “sneak” 
transition is a phenomenon wherein, between low-altitude and 
high-altitude operation modes, there is an intermediate flow 
condition that occurs before the actual sudden change takes 
place. In the extension nozzle for the altitude mode in Fig. 2(b), 
the flow is filled to the top such that the thrust increases con-
tinually. On the other hand, Nürnberger-Génin and Stark [13, 
14] carried out a series of experiments based on experimental 
observation to show the phenomenology of the flow by the 
change from sea-level to high-altitude mode. They demon-

strated how the "sneak" transition process is affected by the 
geometric dimensions of the base and extension nozzles. 
Davis et al. [15] conducted the numerical and experimental 
comparison of the flow structure within the proposed dual-bell 
nozzle contour to those of a conventional nozzle contour and 
reported that similar flow features are obtained. Génin et al. 
[16] carried out the experimental and numerical heat flux inves-
tigations of the dual-bell nozzle and reported that Ansys Fluent 
can give an excellent agreement in flow topology and the 
shape of the shock wave system. 

How does hysteresis work? In many natural and artificial sys-
tems, when a future event is affected by earlier ones, the hys-
teresis phenomenon is generally present. In magnetic material 
fields, it typically exists. Due to several useful engineering ap-
plications, research on hysteretic behaviors in compressible 
flow systems has recently attracted more and more interest. 
Jiao et al. [17] numerically studied the hysteretic behaviors of 
the hypersonic inlet at the high Mach number. They argued 
that the cowl angle and downstream pressure variations can 
induce hysteresis behaviors. Feng et al. [18] carried out ex-
perimental and numerical investigations on hysteresis charac-
teristics in a dual-mode combustor and argued that the wall 
static pressure distributions of selected feature points depicted 
an obvious hysteresis phenomenon with the geometry path 
continuous variation. Chpoun and Ben-Dor [19] conducted 
numerical simulations to study the shock wave reflection over 
the straight reflection surfaces in the steady flow and reported 
the existence of the hysteresis phenomenon from regular re-
flection to Mach reflection. Later, the shock-reflection hystere-
sis phenomenon was studied in the low-density and highly 
under-expanded jet by Gribben et al. [20]. Irie et al. [21] illus-
trated the hysteresis phenomena, which is caused by the pres-
sure ratio in the under-expanded supersonic dry air jet. Addi-
tionally, the distinction between startup and shutdown tran-
sients was developed. By manipulating the pressure ratio, 
Otobe et al. [22] studied the distinctive behavior of the jets 
during startup and shutdown transient processes and demon-

 
Fig. 1. Flow phenomenon and thrust losses in a conventional bell nozzle. 

 

 
Fig. 2. Phenomenological characteristics in two operation modes: (a) sea-
level mode; (b) altitude mode. 
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strated how the hysteresis phenomenon manifests in under-
expanded jets. Kim et al. [23] found that the non-equilibrium 
condensation that took place in the under-expanded settings 
caused the moist air jets to cause fewer hysteretic behaviors 
than the dry air jets. 

Yasunobu et al. [24] talked about how the shocks of an over-
expanded supersonic jet exhibit hysteretic characteristics. Ad-
ditionally, Matsuo et al. [25] conducted an experimental investi-
gation into the relationship between hysteresis behaviors and 
the rate of pressure ratio change over time in the context of 
over-expanded axisymmetric supersonic jets. In addition, Se-
toguchi et al. [26] investigated the hysteretic behaviors on 
shock waves in internal flow using experimental and computa-
tional approaches, and they showed the connection between 
the hysteresis behaviors and the rate at which pressure ratios 
change over time. Wu et al. [27] studied the formation mecha-
nism of the hysteresis phenomenon in a counter-flow thrust 
vectoring nozzle by changing its pressure ratio. Kumar et al. 
[28] conducted a numerical analysis to depict the fluid flow and 
thermal characteristics from a realistic nozzle geometry. Ther-
modynamically, it is analyzed that compared to medium and 
low-pressure fluids, the change in fluid density for high-
pressure fluids is more substantial hence giving the basics for 
the hysteresis phenomenon. Verma et al. [29] carried out a 
two-dimensional axisymmetric simulation to assess the flow 
characteristics and understand the film cooling process in a 
dual-bell nozzle. The cooling effect is expounded through the 
pressure distributions along the dual-bell nozzle wall, in turn, 
the separation point movement. Nasuti et al. [30] discussed the 
design of the second bell profile based on results obtained 
from suitable test cases and found that slightly different geome-
tries designed by the method of characteristics yield modest: 
performance changes but severe differences in behavior dur-
ing the transition phase. Barklage et al. [31] analyzed the influ-
ence of the Reynolds number on the transition behavior of a 
dual-bell nozzle with special regard to hysteresis. The com-
parison of computational and experimental results indicates a 
consistent shift of the transition to lower values for turbulent 
flow. 

In the present work, the flow characteristics of a particular 
dual-bell nozzle, with a simple straight extension nozzle con-
tour were studied in detail at a wide range of NPRs. Firstly, the 
steady work served to illustrate the transition of the shock wave 
pattern at various stages. The focus was placed in particular on 
all the defining behaviors that are very close to the "sneak" 
transition. After that, unsteady simulations were run to indicate 
the hysteresis phenomenon's presence and impact. Practical 
implementations of the dual-bell nozzle must be subject to the 
process of the pressure increasing or decreasing, practically 
the transition process should be focused especially. Therefore, 
the current work aims to expound the hysteretic behaviors in 
the specific transition process by varying the NPR, where the 
NPR is varied with time linearly. The formation and evolution 
mechanism of the hysteresis phenomenon in a dual-bell nozzle 
has been illustrated.  

2. Methodology 
2.1 Computational model and boundary condi-

tions 

The geometry of the dual-bell nozzle with detailed parame-
ters is shown in Fig. 3. A dedicated Table 1 gives the details of 
the 2D planar nozzle, in which the design chamber conditions, 
gas properties, and expected performance are demonstrated. 
Air is a mixture of several gasses in which the two most domi-
nant presences in dry air are 21 % oxygen and 78 % nitrogen, 
along with 0.934 % argon and carbon dioxide of about 0.03 %. 
the molecular weight of air is 28.96 g/mol. The dual-bell nozzle 
consists of two parts, the base nozzle, and the extension noz-
zle. The base nozzle is selected from a nontruncated ideal 
nozzle to limit the three-dimensional effects with a Mach num-
ber of 2.8. Furthermore, it produces a shock-free flow. For the 
base nozzle which operates from sea level to high altitudes, 
the internal shock in the nozzle has a strong influence on the 
global shock pattern of the exhaust plume and determines the 
flow separation shock pattern and the side load behavior. If 
upper-stage engines are not used for stage separation there is 
no considerable flow separation at the start-up, hence the 
conical nozzle contour can be used to design the extension 
nozzle. The numerical simulations are carried out in a 2D pla-
nar computational domain, as shown in Fig. 4, and boundary 
conditions are shown. To achieve an accurate simulation, the 
computational domain also extends 25 times along the axis 
and 15 times above and below the dual-bell nozzle exit height. 
As shown in Fig. 5, a fully structured mesh is created to pre-

 
Table 1. Details of the 2D dual-bell nozzle. 
 

Parameter Value 

Throat radius (Rth) 9 mm 
Base nozzle area ratio (ε1 = R1/Rth) 3.9 

Extension nozzle area ratio (ε2 = R2/Rth) 7.1 

Base nozzle length (L1) 135.9 mm 
Extension nozzle length (L2) 107.1 mm 

Inflection angle (α) 15° 

Total pressure 6-55 bar 
Far-field pressure 1 bar 

Total temperature 293.15 K 

Air (21 % oxygen, 78 % nitrogen, 0.934 %  
argon, and 0.03 % carbon dioxide) Ideal gas 

Molecular weight 28.96 g/mol 

Design Mach number of based nozzle 2.8 

 

 
Fig. 3. Geometrical parameters of the planar dual-bell nozzle. 
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cisely capture the flow phenomenon, and a greater grid density 
is maintained close to the dual-bell nozzle's throat, inflection 
point, and exit. After the dual-bell nozzle exits, the gradient grid 
resolution is retained along the positive axis. For the current 
geometrical model, the flow field was solved using ANSYS 
Fluent 18.0. The Reynolds-average Navier-Stokes equation 
was solved by combining the ideal gas state equation. The 
density-based server was considered. Implicit formulation and 
advection upstream splitting method (AUSM) were utilized. 
More accurate information was reported in the flow field using 
the second-order upwind scheme. The SST k-ω turbulence 
model is used. By adjusting the inlet total pressure, the dual-

bell nozzle properties were steady and unsteady studied for a 
range of NPRs.  

 
2.2 Mesh independence study 

Three resolutions were used for the mesh independence 
study: 75462 nodes, 158000 nodes, and 291088 nodes. The 
pressure distributions of several meshes along the dual-bell 
nozzle wall are shown in Fig. 6 and are used to determine the 
best resolution for all numerical simulations. It can be observed, 
there is not much of a difference between grids 2 and 3. The 
medium grid, which has 158000 nodes, is therefore sufficient 
for the remaining simulations in the current task. 

 
3. Results and discussion 
3.1 Validation 

The experiment conducted by Génin et al. [16] was used to 
validate the current numerical approach. The experimental 
tests have been carried out within a short test duration be-
tween 5 s and 60 s in a steady state. The dual-bell nozzle is 
mounted on a horizontal test rig and tested for ambient situa-
tions at a pressure of 0.1 MPa. The operating conditions of the 
dual-bell nozzle are that the stagnation pressure is P0 = 2.98 
MPa and the stagnation pressure is T0 = 293.15 K. Wall pres-
sure measurements were placed along the centerline of the 
nozzle contour. The numerical simulation was done by using 
the same boundary conditions as the experiment to validate its 
accuracy.  

The pressure measurements made during the experiment at 
NPR = 29.8 are contrasted with the normalized pressure distri-
butions throughout the dual-bell nozzle wall for various turbu-
lence models, as shown in Fig. 7. In comparison to the stan-
dard k-ε turbulence model and the realizable k-ε turbulence 
model, the SST k-ω turbulence model shows more accurate 
agreement with the experimental data recorded by Génin et al. 
[16]. Therefore, in subsequent numerical simulations, the SST 

 

 
Fig. 4. Computational domain and boundary conditions. 

 

 
 
Fig. 5. Partial mesh of the computational domain. 

 

 
 
Fig. 6. Static pressure distributions along the nozzle wall for three different 
grids. 

 

 
 
Fig. 7. Comparison of pressure distributions along the dual-bell nozzle wall 
in CFD result and experiment. 



 Journal of Mechanical Science and Technology 37 (9) 2023  DOI 10.1007/s12206-023-0819-5 
 
 

 
4643 

k-ω turbulence model is employed to explain the flow behavior 
of the dual-bell nozzle.  

 
3.2 Effects of NPRs 

Fig. 8 illustrates the pressure distributions along the base 
and extension nozzle wall at various NPRs. The horizontal axis 
represents the non-dimensional distance and the vertical axis 
represents the non-dimensional static pressure. The NPR val-
ue increases progressively at a wide range (from 6 to 55) to 
investigate the evolution of flow characteristics and thrust per-
formance respectively. All these cases can be divided into 
three modes as follows: sea-level mode, sneak transition proc-
ess, and high-altitude mode. The flow attaches to the base 
nozzle wall gradually with the increase of NPR (from 6 to 15) 
while the dual-bell nozzle is in the start-up stage. 

Meanwhile, the flow separation moves downstream step by 
step. Combined with the Mach number contours in Fig. 9, it can 
be observed that the qualitative variation process on flow char-
acteristics. In addition, some other variations on the shock 
wave system with the increase of NPR value are depicted in 
Fig. 9. Normal shock wave (Mach disk) only existed at NPR = 6. 
It keeps decreasing until it reduces to a point with the increase 
of NPR value. At NPR = 6, the flow is controlled by the oblique 
shock wave toward the center line, which is caused by the flow 
separation. The oblique shock wave hits the normal shock 
wave at the triple point, and it is reflected as the triple shock 
wave. Later, the triple shock wave strikes the shear layers and 
guides the flow parallel to the center line. 

The static pressure and streamlines are depicted at NPR = 6 
in Fig. 10. The red solid circles make it clear that two areas 
between the mainline and extension nozzle wall are covered in 
recirculation bubbles. The static pressure values in these areas 
are marginally less than the atmospheric pressure value as a 
result of these recirculation bubbles. Even though it causes an 
extra thrust loss, the dual-bell nozzle's performance is only 
marginally impacted. As seen in Figs. 9(b) and (c), the usual 
shock wave vanished when the NPR value is more than 8. The 
oblique shock wave impacts the flow, while the shear layers 
are affected by the reflected shock wave. On the dual-bell noz-

zle wall, flow separation points were indicated, and it can be 
seen that the separation point is getting close to the contour 
inflection point at NPR = 15. 

Additionally, it is evident in Fig. 8 that when the NPR value 
increases steadily from 15 the separation point position contin-
ues to travel downstream along the base nozzle wall. However, 
when the NPR value fluctuates between 15.2 and 15.5, the 
separation site is unaffected, due to the formation of pseudo-
steady flow separation close to the inflection point. While the 
flow separation front approaches the inflection point at NPR = 
16, it first ceases even if the NPR value keeps rising. 

 
Fig. 8. Pressure distributions along the dual-bell nozzle wall for different 
NPRs. 

 

(a) NPR = 6 
 

(b) NPR = 8 
 

(c) NPR = 15 
 
Fig. 9. Sketch of details on the inflection point in the mach number contours 
at different NPRs. 
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A constrained range of NPRs stabilizes the flow separation 
at the contour inflection. The flow separation advances down-
stream along the extension nozzle where the real changeover 
will take place when the NPR value continues to rise. The 
pressure gradient on the dual-bell nozzle wall is negative close 
to the inflection point, which is defined as the inflection area 
and has a limited value at the inflection point due to the impact 
of viscosity. In the remainder of the extension nozzle, the pres-
sure gradient remains constant. 

The expectant rapid transition to the altitude mode does not 
happen and the separation point moves instead progressively 
down the extension. The altitude option becomes available as 
the NPR value rises even higher. In particular, the extension 
nozzle at NPR = 55 has very little pressure dispersion through-
out the dual-bell nozzle wall. When seen in conjunction with the 
Mach number contour in Fig. 11, it is apparent that the flow 
completely attaches to the extension nozzle, which corre-
sponds to the application of the dual-bell nozzle. 

A variety of precise sites for the shock wave, including the 
previously described normal shock wave and oblique shock 
wave, are distinguished. Fig. 12 depicts the connection be-
tween the NPR value and the precise shock wave position. 
When the NPR is between 15 and 18, it is seen that the shock 
wave travels along the nozzle wall slowly as the NPR value 
rises.  

3.3 Hysteretic effects of NPRs 

Dual-bell nozzles should properly depict the stage where the 
separation flow is extremely close to the contour inflection for 
the volatility in NPR value over time due to the formation of 
side load. The NPR fluctuation process corresponds to hys-
teresis tendencies in many real situations. As a result, when 
the NPR value changes linearly from 15 to 16.5, the hysteresis 
phenomena were investigated. The computational approach 
used to increase and decrease NPR levels is shown in Fig. 13. 
The result was used as the beginning condition for the first step 
of the unsteady case after the steady case calculation. The 
NPR up-ramping and down-ramping simulations were run. To 
obtain the final state when it attained the maximum NPR value, 
an unsteady simulation period was maintained. The NPR value 
then fell analogously till it reached its starting point. The inde-
pendent NPR up-ramp or down-ramp started at the same time. 
The total time for a single increasing or decreasing process 
was 1.2 seconds and a time step of 10-6 was chosen. 

Fig. 14 depicts the hysteresis loop on shock movement for 
various NPRs. The vertical axis displays several non-
dimensional shock sites that are derived from the centerline 
pressure in the up-ramp and down-ramp operations, while the 
horizontal axis represents the NPR value. Different symbols 
were used to illustrate the locations of the produced shock 
waves in the NPR increasing and decreasing processes at the 
same value. The NPR value corresponds to the computation in 

 
Fig. 10. Details on recirculation flow area in pressure contour at NPR = 6. 

 

 
Fig. 11. Mach number contour at NPR = 55. 

 

 
 
Fig. 12. Shock locations for different NPRs.  

 

 
 
Fig. 13. Computational procedure for varying the NPR value. 
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Fig. 14 and ranges from 15 (point a) to 16.5 (point g) before 
returning to 15 (point a). The formation of the hysteresis loop is 
seen. When the NPR value increases throughout the up-ramp 
process (from NPR = 15 to NPR = 16.5), the shock wave posi-
tion shifts downstream. The value of the shock wave location 
then falls when the NPR value (from NPR = 16.5 to NPR = 15) 
drops during the NPR down-ramp procedure. Additionally, the 
obtained shock location values for the NPR down-ramp proc-
ess are higher than those for the NPR up-ramp process. When 
compared to the NPR up-ramp procedure, the shock wave 
travels different paths during the NPR down-ramp stage even if 
the NPR value is the same. Hence, as per the numerical anal-
ysis on the hysteresis loops, the impact of hysteresis on the 
shock wave is observed. In conclusion, our findings show that 
the hysteresis phenomenon occurs within the range of chang-
ing NPR values and that it had an impact on shock wave mi-
gration. The pressure fluctuations caused by the unsteady 
variations of the recirculation bubbles transmit from down-
stream to upstream along the subsonic boundary layer affect 
the hysteresis phenomenon significantly. The large hysteresis 
effect should be avoided while taking into account the stability 
of the dual-bell nozzle. 

 
4. Conclusions 

As one of the most promising choices for the future, the dual-
bell nozzle was demonstrated in achieving high performance. 
The flow characteristics were studied in a particular dual-bell 
nozzle within a wide range of NPRs. It was evident that there is 
an excellent agreement on pressure distributions for NPR = 
29.8 between the CFD and experimental results. Pressure 
distributions along the nozzle wall and shock wave location are 
discussed.  

For sea-level operating mode, the flow is separated symmet-
rically. The movement of the shock wave is found to be in-
creased rapidly with the increase of NPRs. With the further 
increase of NPR level, the shock wave moves downstream 
tardily during the sneak transition process. 

The rapid transition to the high-altitude phase does not hap-

pen. During the altitude mode, the shock wave starts to move 
downstream rapidly. The existence of the hysteresis phe-
nomenon was proved when the separation flow is very close to 
the contour inflection. The change process of the shock wave 
was well illustrated in changing the NPR with time. The hys-
teresis loop of shock wave location was formed when the NPR 
value increases and decreases linearly with time. 

 
Acknowledgments 

The authors are grateful for the support from the Natural Sci-
ence Foundation of Zhejiang Province (Grant No. LQ22E 
060002), National Natural Science Foundation of China (Grants 
No. 52206058, No. 12002241), Zhejiang Sci-Tech University 
Foundation (Grant No. 21022247-Y), the China Postdoctoral 
Science Foundation (No. 2020M681393), and Graduate Course 
Construction Project of Zhejiang Sci-Tech University (Grant No. 
YKC-202108). 

 
Nomenclature------------------------------------------------------------------ 

A : Exit area  
At  : Throat area 
Ma  : Mach number  
NPRs  : Nozzle pressure ratios  
P0  : Inlet stagnation pressure  
Pa  : Ambient pressure  
Pc  : Centreline pressure  
Pw  : Static pressure on the nozzle wall  
R1  : Radius of the base nozzle exit 
R2  : Radius of the extension nozzle exit 
Rth  : Throat radius 
T0  : Stagnation temperature  
α  : Inflection angle 
ε1  : Base nozzle area ratio  
ε2  : Extension nozzle area ratio 

 
References 
[1] K. Wu, Z. Liu, R. Y. Deng, G. Zhang, Z. C. Zhu, V. R. P. Se-

thuraman and X. H. Su, Study on the aerodynamic perform-
ance of novel bypass shock-induced thrust vector nozzle, J. 
Appl. Fluid Mech., 16 (4) (2023) 765-777.  

[2] H. Kbab, O. Abada and S. Haif, Numerical investigation of 
supersonic flows on innovative nozzles (dual bell nozzle), J. 
Appl. Fluid Mech., 16 (4) (2023) 819-829.  

[3] J. Östlund, Flow processes in rocket engine nozzles with focus 
on flow separation and side-loads, Licentiate Thesis, Royal In-
stitute of Technology (2022). 

[4] M. Frey, A. Preuss, G. Hagemann, S. Girard, T. Alziary De 
Roquefort, P. Reijasse, R. Stark, K. Hannemann, R. Schwane, 
D. Perigo, L. Boccaletto and H. Lambare, Joint European effort 
towards advanced rocket thrust chamber technology, Proc., 
6th Int. Symposium on Launcher Technologies, Munich, Ger-
many (2005) 1-12. 

 
 
Fig. 14. Hysteresis loop of shock location in NPR up- and down-ramp 
processes. 

 



 Journal of Mechanical Science and Technology 37 (9) 2023  DOI 10.1007/s12206-023-0819-5 
 
 

 
4646  

[5] G. Hagemann, H. Immich, T. V. Nyuyen and G. D. Dumnov, Ad-
vanced rocket nozzles, J. Propul. Power, 14 (5) (1998) 620-634. 

[6] D. Perigo, R. Schwane and H. Wong, A numerical comparison 
of the flow in conventional and dual bell nozzles in the pres-
ence of an unsteady external pressure environment, Proc. 39th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conf. and Exhibit, 
Huntsville, USA (2003) 1-9. 

[7] C. Génin, D. Schneider and R. Stark, Dual-bell nozzle design, 
Future Space-Transport-System Components under High 
Thermal and Mechanical Loads, Springer, Cham, 146 (2021).  

[8] N. Taylor, J. Steelant and R. Bond, Experimental comparison 
of dual bell and expansion deflection nozzles, Proc. 47th AI-
AA/ASME/SAE/ASEE Joint Propulsion Conf. and Exhibit, 
Huntsville, USA (2011) 1-13. 

[9] A. Ferrero, A. Conte, E. Martelli, F. Nasuti and D. Pastrone, 
Dual-bell nozzle for space launchers with fluidic control of tran-
sition, Acta Astronaut., 193 (2022) 130-137. 

[10] B. Legros, L. Léger, A. Kourta, A. Sefir, M. Sellam and A. 
Chpoun, Fluidic control of flow regime transition and retransi-
tion in a dual-bell launcher nozzle, Proc. Space Propulsion 
Conf., Estoril, Portugal (2022) 1-10.  

[11] R. Stark, P. J. Kallina, S. General and D. Schneider, Hot firing 
of a film-cooled ALM dual-bell nozzle, Proc. Space Propulsion 
Conf., Estoril, Portugal (2022) 1-10. 

[12] G. Hagemann, M. Terhardt, D. Haeseler and M. Frey, Ex-
perimental and analytical design verification of the dual bell 
concept, J. Propul. Power, 18 (1) (2002) 116-122.  

[13] C. Nürnberger-Génin and R. Stark, Experimental study on 
flow transition in dual bell nozzles, J. Propul. Power, 26 (3) 
(2010) 497-502. 

[14] C. Nürnberger-Génin and R. Stark, Flow transition in dual bell 
nozzles, Shock Waves, 19 (2009) 265-270.  

[15] K. Davis, E. Fortner, M. Heard, H. McCallum and H. Putzke, 
Experimental and computational investigation of a dual-bell 
nozzle, Proc., 53rd AIAA Aerospace Sciences Meeting, Kis-
simmee, USA (2015) 1-15.  

[16] C. Génin, A. Gernoth and R. Stark, Experimental and numeri-
cal study of heat flux in dual bell nozzles, J. Propul. Power, 29 
(1) (2013) 21-26.  

[17] X. L. Jiao, J. T. Chang, Z. Q. Wang and D. Yu, Hysteresis 
phenomenon of hypersonic inlet at high mach number, Acta 
Astronaut., 128 (2016) 657-668. 

[18]  S. Feng, J. T. Chang, C. L. Zhang, Y. Y. Wang, J. C. Ma and W. 
Bao, Experimental and numerical investigation on hysteresis 
characteristics and formation mechanism for a variable geometry 
dual-mode combustor, Aerosp. Sci. Technol., 67 (2017) 96-104. 

[19] A. Chpoun and G. Ben-Dor, Numerical confirmation of the 
hysteresis phenomenon in the regular to the Mach reflection 
transition in steady flows, Shock Waves, 5 (4) (1995) 199-203. 

[20] B. J. Gribben, K. J. Badcock and B. E. Richards, Numerical 
study of shock-reflection hysteresis in an underexpanded jet, 
AIAA J., 38 (2) (2000) 275-283. 

[21] T. Irie, H. Kashimura and T. Yasunobu, Hysteresis phenom-
ena of Mach disk formation in an underexpanded jet, Theor. 
Appl. Mech., 53 (2004) 181-187. 

[22] Y. Otobe, T. Yasunobe, H. Kashimura, S. Matsuo, T. Setogu-
chi and H. D. Kim, Hysteretic phenomenon of underexpanded 
moist air jet, AIAA J., 47 (12) (2009) 2792-2799.  

[23]  H. D. Kim, M. S. Kang, Y. Otobe and T. Setoguchi, The effect of 
non-equilibrium condensation on hysteresis phenomenon of un-
der-expanded jets, J. Mech. Sci. Technol., 23 (3) (2009) 856-867.  

[24] T. Yasunobu, K. Matsuoka, H. Kashimura, S. Matsuo and T. 
Setoguchi, Numerical study for hysteresis phenomena of 
shock wave reflection in over-expanded axisymmetric super-
sonic jet, J. Therm. Sci., 15 (3) (2006) 220-225. 

[25] S. Matsuo, T. Setoguchi, J. Nagao, M. Md. A. Alam and H. D. 
Kim, Experimental study on hysteresis phenomena of shock 
wave structure in an over-expanded axisymmetric jet, J. Mech. 
Sci. Technol., 25 (2011) 2559-2565. 

[26] T. Setoguchi, S. Matsuo, M. M. A. Alam, J. Nagao and H. D. 
Kim, Hysteresis phenomenon of shock wave in a supersonic 
nozzle, J. Therm. Sci., 19 (6) (2010) 526-532. 

[27] K. X. Wu, Y. Z. Jin and H. D. Kim, Hysteretic behaviors in 
counter-flow thrust vector control, J. Aerosp. Eng., 32 (4) 
(2019) 04019041. 

[28] M. Kumar, R. K. Sahoo and S. K. Behera, Design and nu-
merical investigation to visualize the fluid flow and thermal 
characteristics of non-axisymmetric convergent nozzle, Eng. 
Sci. Technol. an Int. J., 22 (1) (2019) 294-312. 

[29] M. Verma, N. Arya and A. De, Investigation of flow character-
istics inside a dual bell nozzle with and without film cooling, 
Aerosp. Sci. Technol., 99 (2020) 105741. 

[30] F. Nasuti, E. Martelli and M. Onofri, Role of wall shape on the 
transition in dual-bell nozzles, J. Propul. Power, 21 (2) (2005) 
243-250. 

[31] A. Barklage, S. Loosen, W. Schröder and R. Radespiel, Rey-
nolds number influence on the hysteresis behavior of a dual-
bell nozzle, Proc. 8th European Conference for Aeronautics 
and Aerospace Sciences, Madrid, Spain (2019) 1-11. 

 
 
 

Kexin Wu received the Ph.D. degree 
from Andong National University in the 
Republic of Korea. Recently, Prof. Wu is 
working at Zhejiang Sci-Tech University 
in China. Prof. Wu’s research interests 
involve aeronautics and astronautics, 
and deep-sea mining. 
 

 
Heuy-Dong Kim received Ph.D. from 
Kyushu University in Japan. Recently, 
Prof. Kim is working at Andong National 
University in the Republic of Korea. Prof. 
Kim’s research areas involve thrust vec-
tor control, pseudo-shock wave, shock 
wave/boundary layer interactions, shock 
wave and shock tube, supersonic wind 

tunnel technology, and high-speed fluid machinery. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


