
AbstrAct
Flow separation results in many problems to single expansion ramp nozzle (SERN) and hypersonic 
vehicle. However, little research has been conducted on the separation patterns and their effects on 
SERN’s performance. In the present paper, the numerical simulation is adopted to get the intuitive 
results and help to analyse the separation phenomena in SERN thoroughly. The main separation 
pattern is the restricted shock separation (RSS) in SERN, and the free shock separation (FSS) 
only appears in a small range of the nozzle pressure ratio (NPR), which is much different from 
the axisymmetric rocket nozzle. Further CFD results show that the separation pattern transition 
makes great effects on the performance of SERN, especially the lift. Moreover, the performance 
of SERN has an extreme in the separation pattern transition because of the main jet impinging 
on the expansion ramp. The transitions occur in both the startup and shutdown processes but the 
critical nozzle pressure ratios of the separation pattern transitions are different, which leads to a 
hysteresis loop of SERN performance.
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NoMeNclAture
CFD	 computational	fluid	dynamics
FSS free shock separation
He height of the exit
Ht height of the throat
MOC method of characteristic
NPR nozzle pressure ratio
P static pressure
Pa ambient pressure
Pt total pressure
qRSS quasi-restricted shock separation
RBCC rocket based combined cycle
RSS restricted shock separation
RSS(flap)	 restricted	shock	separation	with	separation	bubble	forming	on	flap
RSS(ramp) restricted shock separation with separation bubble forming on ramp
SERN single expansion ramp nozzle
T static temperature
Tt total temperature
TBCC turbine-based combined cycle
TIC truncated ideal contour
TOC thrust optimised contour
TOP thrust optimised parabolic
UDF	 user	defined	function
X x co-ordinate
Y y co-ordinate

1.0 INtroductIoN
Flow	separation	in	the	nozzle	will	appear	when	the	vehicle	flies	at	a	low	Mach	number,	and	the	
nozzle	works	under	a	serious	over-expanded	condition.	The	flow	separation	in	nozzles	is	undesirable	
because it can lead to critical unsteady force, which might threaten the safety of the vehicle, and 
damage the nozzle. Several separation patterns might exist in a nozzle, which is usually designed 
under	a	high	pressure	ratio	condition.	In	addition,	the	specific	separation	pattern	always	occurs	in	
a	definite	range	of	nozzle	pressure	ratio	(NPR), which is the ratio of the total pressure at the inlet 
of the nozzle to the back pressure. Moreover, the separation patterns have their own special forms 
and	make	different	influences	on	the	performance	of	the	nozzle.	During	the	startup	or	shutdown	
process, the operating NPR changes continuously, so the different separation patterns might occur 
in sequence, but the performance changes suddenly and intensively during the separation pattern 
transition processes, which can reduce the life time and the stability of the nozzle.
With	the	development	of	hypersonic	vehicle,	the	flight	Mach	number	range	becomes	much	

wider and the combined cycle engines, such as the TBCC (turbine-based combined cycle) and 
RBCC (rocket-based combined cycle), are regarded as the most promising propulsion system for 
the future. SERN (single expansion ramp nozzle) is often adopted on hypersonic vehicle because 
of	its	better	adaptability	and	lightness	of	the	structure.	The	simplified	scramjet	schematic	diagram	
is shown in Fig. 1 and the sketch of vehicle afterbody equipped with SERN is shown in Fig. 2. 
The afterbody of the vehicle is a part of the SERN which offers a good integration into the aircraft 
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and have a certain self-adapt ability at off-design operation(1). The TBCC engine uses the turbojet 
propulsion part from take-off to approximately Mach 4, then the engine transfers to the ramjet/
scramjet propulsion system for the increased velocities(2). The SERN adopted on TBCC is always 
designed	at	high	Mach	number,	but	at	low	flight	Mach	number,	SERN	performance	is	greatly	
influenced	by	flow	separation	and	the	location	of	separation	point(3).Therefore, the separation in 
SERN is a key problem when the TBCC engine works at low speed.
The	flow	fields	of	the	over-expanded	SERN	had	been	show	by	Xu(4) with PIV experiment, and 

the numerical simulation method had been validated in his study. In the PIV experimental results, 
the structure of the shock waves had been shown clearly and the separation bubble could be 
observed easily. The k-ε	turbulence	model	was	adopted	in	the	numerical	simulation.	Gamble	and	
Haid(5) discussed the performance of the off-design SERN and tried to improve the performance 
by	using	fluidic	injection.	In	their	study,	two	kinds	of	separation	patterns	would	occur	in	SERN.	
The	first	mechanism	was	free	shock	separation	(FSS).	This	occurred	in	over-expanded	nozzles	
when	the	compression	required	to	bring	the	boundary	layer	flow	at	the	trailing	edge	of	the	nozzle	
up to ambient conditions induces boundary layer separation(5). The second mechanism was shock-
induced separation (SIS). This occurred when a shock impinges on the SERN ramp surface and 
resulted	in	a	pressure	increase	sufficient	to	separate	the	flow(5). Fluidic injection had been shown to 
improve	nozzle	performance	at	off-design	flight	conditions.	The	shock	accomplished	by	injecting	
fluid	traversed	the	gas	path,	impinged	on	the	SERN	ramp,	and	induced	separation	to	decrease	the	
drag	due	to	over-expansion.	The	prediction	of	the	separation	point	was	also	a	difficult	problem	in	
over-expanded nozzles. Schmucker presented a separation criterion based on the axisymmetric 
rocket	nozzle,	but	the	criterion	was	not	fully	suitable	for	SERN.	Ge(6) revised the criterion and it 
made a good prediction of the separation for SERN.
The	various	separation	patterns	were	firstly	found	in	rocket	nozzles	about	60	years	ago.	In	

intensive study, the characteristics of different separation patterns were revealed and the separation 
pattern transitions were found in the processes of startup and shutdown. In the early 1950s and 
1960s, the free shock separation (FSS) in nozzles was reported in many publications(7). In FSS, 
the main jet did not reattach to the wall after the separation, just like the behaviour of the free jet 
downstream the separation point. According to the literature(7), the FSS was the most common 
separation pattern in axisymmetric rocket nozzle. In 1973, a new separation pattern, restricted 
shock separation (RSS), was found in the experiment of the subscale model of J-2S, for which 
the	flow	reattached	to	the	wall	downstream	the	separation	point	and	formed	a	closed	recirculation	
bubble(8). For a long time, it was considered that RSS only occurred in subscale experiment with 
cold air, but it was proven later that RSS could also appear in full-scale nozzles and hot condi-
tions(9). After that, the separation pattern transition and its effects on the nozzle performance have 
been concerned by more and more researchers(10-25).

Figure 1. Simplified scramjet schematic diagram. Figure 2. Sketch of vehicle  
afterbody equipped with SERN.
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The	flow	separation	and	various	separation	patterns	appear	as	well	when	SERN	is	operating	
under over-expanded condition, which were observed when the nozzle worked in the processes 
of startup and shutdown. Figure 3 shows the sketches of various separation patterns in SERN. 
In Ref. 10, it has been pointed out that FSS is the most common separation pattern in the rocket 
nozzle and RSS just occurs in a few special kinds of contours. However, in SERN, it is obviously 
that the RSS is the most common separation pattern, while the FSS in the SERN is not a very 
stable status and only appears in a quite narrow NPR range. Comparing with the characteristics 
of separation patterns in axisymmetric rocket nozzle, the NPR of FSS in SERN is lower than that 
in rocket nozzles, and there is no strong normal shock wave in SERN, only the oblique separation 
shock waves appear. On the contrary, the Mach disk is the main shock wave of FSS in rocket 
nozzles, and there is a recirculation zone after the Mach disk, which is encircled by the shock train 

(a) Sketch of FSS in short flap SERN (b) Sketch of RSS in short flap SERN

(c) Sketch of FSS in long flap SERN (d) Sketch of RSS in long flap SERN,  
separation bubble on expansion ramp

(e) Sketch of RSS in long flap SERN, separation bubble on flap

Figure 3. The sketches of various separation patterns in SERN.
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downstream	of	the	separation	shock.	When	SERN	works	in	RSS,	the	flow	is	restricted	on	one	
side,	and	the	recirculation	zone	is	filled	by	ambient	air	and	appears	on	the	other	side.	But	when	
the	rocket	nozzle	works	in	RSS,	the	flow	behind	the	separation	shock	waves	will	all	reattach	to	
the	wall.	There	are	two	kinds	of	RSS	in	SERN	with	long	flap,	and	the	NPR corresponding to the 
separation bubble forming on the expansion ramp status is much higher than that of the separation 
bubble	forming	on	the	flap.

The separation pattern transition from FSS to RSS during the startup process, and from RSS to 
FSS during the shutdown processes of rocket nozzle, have been found(10-13). Because side loads 
were always observed during the startup and shutdown process, it was naturally to associate the 
side load with separation pattern transition. Frey and Hagemann(10-13) made a series of researches 
on	flow	separation	prediction,	flow	separation	pattern	transition	and	side	loads	in	rocket	nozzles.	
They	pointed	out	five	potential	origins	altogether	for	side	load,	and	considered	the	separation	
pattern transition in nozzles as the main origin(10). In the paper, the process of the separation 
pattern transition in the rocket nozzle was described, and it was shown that the critical transition 
NPR from RSS to FSS during the shutdown process was lower than the one from FSS to RSS 
during the startup. Figures 4 and 5 show the phenomenological sketch of FSS and RSS in rocket 
nozzle respectively.
Because	the	flow	separation	could	affect	the	performance	of	rocket	nozzle,	more	and	more	

researchers	 kept	 their	 eyes	 on	 separation	patterns	 and	 their	 transitions	 in	 it.	 Firstly,	 the	flow	
separation would cause serious problems to the performance and the structure of the nozzle. For 
example, in the test of LE-7A engine(14) which is the main-stage cryogenic liquid rocket engine 
of the H-IIA launch vehicle, the large side loads and the damage of some regenerative cooling 
tubes were found during the nozzle startup and shutdown process. It was presumed that the side 
load peak was caused by separation pattern transition, and the damage of regenerative cooling 
tubes was resulted by the reattachment of the RSS. Watanabe(15) tried to use a cooling step inside 
the nozzle to reduce the side load caused by the separation transition, but it could not solve the 
problems fundamentally. Secondly, the separation patterns and their transitions phenomena were 
very	complex,	which	would	vary	depending	on	 the	different	expansion	wall	profiles	and	 the	
operating NPR of the axisymmetric nozzle. For example, Nasuti(16) simulated the separation patterns 
in	the	nozzles	with	three	different	profiles,	shown	as	Fig.	6,	namely	the	truncated	ideal	contour	
(TIC), thrust optimised contour (TOC) and thrust optimised parabolic (TOP). From the analysis 
of the separation patterns, it was found that only in the TOP contour nozzle both RSS and FSS 
separation patterns appeared, and only FSS appeared in the TOC and TIC contour nozzles for all 
the NPRs, because the Mach disks in the TOC and TIC contour nozzles were less curved than that 

Figure 4. FSS phenomenological sketch(10). Figure 5. RSS phenomenological sketch(10).
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in the TOP nozzle. Furthermore, the quasi-restricted shock separation (qRSS) was discovered by 
Kwan and Stark(17). From the CFD results, a special status in startup process was observed that RSS 
only occurred in part of the nozzle, and the nozzle would become fully RSS soon if the NPR was 
increased continuously, and this status was named as qRSS. Wang(18,19) simulated the process of 
separation pattern transition in 2D and 3D by CFD method. The unsteady process of the transition 
in startup was showed and the changes of the side load were captured by the numerical simulation.

Besides the numerical simulation method, a lot of experiments of over expanded rocket nozzle 
have been conducted in recent years. Reijasse et al(20) analysed the experimental results of subscale 
model of TIC and TOC, discussed the characteristics of the nozzle operating under the over 
expanded condition, and showed the unsteadiness of the pressure distribution on the wall. Verma, 

(a) TOP contour, RSS, operating NPR = 30

Figure 6. Results of numerical simulation, TOP, TOC and TIC, reproduced from Nasuti(16).

(b) TOC contour, FS, operating NPR = 30

(c) TIC contour, FS, operating NPR = 30
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S.B. and Haidn, O. et al(21) discussed the qRSS in subscale TOP contour model. Brown(22, 16) used 
the	Quasi-Static	Strain-Gage	to	measure	the	side	load	of	the	nozzle	and	studied	the	effect	of	the	
flow	separation	on	the	nozzle.	Ruf(23,24) tested the separation pattern transition process from FSS 
to RSS, then to FSS again, and the pressure distribution on the wall was given. Baars(25) measured 
the changes of the side load and analysed its unsteady characteristics.

The separation pattern transition in rocket nozzle can cause the side load which will result in 
the serious control problem to rocket and can damage the structure. There are various separation 
patterns in SERN and the separation pattern transition exists in SERN as well, but the force 
caused by the transition, which is called side loads in rocket nozzle, is on the direction of lift in 
SERN. So the SERN performance has a suddenly change when the separation patterns transition 
happens, which is a great challenge to the structural strength and the control system. There is a 
large Mach disk when the rocket nozzle works in FSS and RSS, so only a little part of the jet, which 
is	behind	the	separation	shock	and	near	the	wall,	is	influenced	by	separation	pattern	transition.	
However, in SERN, there is no or very little normal shock wave when SERN works in FSS and 
RSS,	therefore,	the	flow	field	changes	greatly	during	the	separation	pattern	transition.	Moreover,	
the direction of the jet of SERN also changes during the process of separation pattern transition. 
In	general,	the	separation	pattern	transition	makes	more	serious	influences	on	the	performance	of	
SERN than of rocket nozzle.
Although	the	flow	separation	can	result	in	many	problems	to	SERN	and	hypersonic	vehicle’s	

performance, the separation pattern and the separation pattern transition have not attracted much 
attention of the researchers yet. In the following, the characteristics of the SERN separation pattern, 
which are different from rocket nozzle, and the effects of the separation pattern transition on the 
SERN performance will be discussed. Furthermore, the unsteady CFD simulation was conducted 
to study the hysteresis loop of the SERN performance occurring in the startup and shutdown 
process of the SERN.

2.0  sepArAtIoN pAtterNs IN the eXperIMeNt of 
serN

2.1 test facilities

The test is made in the Internal Flow Research Center of Nanjing University of Aeronautics 
and Astronautics (NUAA). It is a cold blow down wind tunnel and the size of the cubic vacuum 
chamber is 1·8m × 1·7m × 1·7m. Test air is supplied from a high pressure vessel and the maximum 
stagnation pressure ranges from 0·4 to 0·6MPa. The low ambient pressure is supplied by vacuum 
pump and the back pressures range from 0·02 to 0·05MPa. Quartz windows are installed in the 
opposite walls of the test section for Schlieren and other nonintrusive techniques. The Schlieren 
system is a two-concave-mirror system and the diameter of the mirror is 150mm. The high 
definition	videos	and	images	can	be	taken	by	this	system.	The	error	of	the	pressure	transducer	
used in the test system is 0∙05%. The sketch and photograph of the test facility is shown in Fig. 
7 and Fig. 8, respectively.

Figure 9 shows the SERN model tested in the experiment, and the photo of the SERN model 
installed in the wind tunnel is shown in Fig. 10. The area of the throat is 419·9mm2 and the area 
of the exit is 1290·58mm2. The aspect ratio of the throat is 2·5. The length of the expansion part 
is 92mm and the length of the contraction part is 30mm. The contour of the model is designed by 
the method of characteristic (MOC) and the angle at the exit is 0°.
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2.2 the separation transition in the startup process in the experiment

There are various separation patterns and the separation pattern transition occurs when the SERN 
model	works	in	the	process	of	the	startup.	At	the	beginning	of	the	wind	tunnel	starting,	the	jet	flows	
along	the	flap.	When	the	main	valve	is	turned	on	gradually,	the	total	pressure	at	the	inlet	of	the	
nozzle	increases.	Then	the	shock	train	becomes	stronger.	Figure	11(a)	shows	the	jet	flowing	along	
the	flap.	When	the	total	pressure	is	high	enough,	the	jet	jumps	to	the	expansion	ramp	suddenly	and	
the	Mach	stem	appears	in	the	flow	field.	Figure	11(b)	shows	the	flow	field	after	the	transition	of	the	
separation	pattern.	The	flow	field	changes	tempestuously	and	the	jet	deflects	the	thrust	direction,	
so the transition will make adverse impact to the SERN performance. 

Although the different separation patterns and their transition process have been observed in the 
experiment,	no	further	details	could	be	provided	for	such	a	complex,	unsteady	flow	field	owing	to	
the limitation of the test facilities. It is hard to describe it precisely only based on the experimental 
data at hand at the present time. While the numerical simulation can give the intuitive results and 
help to analyse and understand the phenomenon. Therefore, in the following, the separation patterns 
and effects of the separation pattern transition on the SERN’s performance will be discussed based 
on the numerical simulations.

Figure 7. Sketch of the wind tunnel. Figure 8. Blow down wind tunnel facility.
 

Figure 9. Photo of SERN model 
tested in the experiment.

Figure 10. Photo of SERN model installed in the wind tunnel.
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2.3 experimental validation of numerical simulation method

The	model	is	a	subscale	two-dimensional	SERN	with	cold	airflow	through	it.	The	density	based	
solver is adopted in the simulation. The discretisation method is the second order upwind and the 
viscous model is k-ε	turbulence	model.	The	CFD	results	are	computed	by	FLUENT	software.	The	
boundary conditions are set as in the experiment, and the NPR of the nozzle is 3∙5. The boundary 
conditions for numerical simulation are showed in Fig. 12 and Table 1.
The	geometry	of	the	SERN	has	been	meshed	by	Gambit	with	a	structured	mesh.	The	grid	is	

shown in Fig. 6. The node distributions in the x and y directions of regions 1, 2, 3, 4, 5 and 7 are 
80 × 80, 150 × 80, 150 × 80, 120 × 80, 40 × 50 and 150 × 50, respectively. The node distributions 
in regions 6 and 8 are 120 × 50. The y+ in the simulation varies in the range 10-80. In the over-
expanded	flow	field,	the	separation	phenomena	are	complex.	Separation	and	reattachment	occurs	

(a) RSS with the separation bubble forming on flap in 
startup process, operating NPR = 2·4.

(b) RSS with the separation bubble forming on ramp 
in startup process, operating NPR = 2·6.

Figure 11. Different separation patterns in subscale SERN experiments.

Figure 12. The grid case of the SERN for numerical simulation.

table 1 
parameters of the serN and the boundary conditions for numerical simulations

Parameters Data
Expansion area ratio 3·07
Pressure inlet Pt = 124,008·5Pa, T1 = 296·5K 
Pressure	far	field	 P = 35,422·69Pa, T1 = 296·5K, Ma = 0 
Pressure outlet Pt = 35,422·69Pa, T1 = 296·5K 
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in	SERN	and	the	flow	speeds	are	quite	different	between	the	main	jet	and	the	separation	bubble.	
As a result, the y+ location varies to a large degree.
The	grid	case	used	above	is	defined	as	medium	one,	and	the	grid	independence	study	has	been	

conducted with the node distributions in the x and y directions being increased by a factor of 2 
(fine)	and	decreased	by	a	factor	of	0·5	(coarse).	The	medium	grid	case	constitutes	the	baseline	as	
described above. The variability of the pressure on the expansion ramp between the three cases 
was within 3%, as shown in Fig. 13. As a result, the medium grid distribution was deemed suitable 
for further investigation. The numerical results for the over-expanded SERN are credible when 
the NPR of the nozzle is near 3.
Figure	14	shows	the	Ma	flood	contour	and	the	pressure	distributions	of	the	expansion	ramp.	

From the CFD results, it can be found the pressure distributions by the experiment and CFD 
method agree well with each other. The position of the separation point predicted by the numerical 

Figure 13. Wall pressure distribution of the test model.

Figure 14. Numerical simulation results and experimental data validation.
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simulation is almost the same as the experiment. The phenomenon of the reattachment is also 
observed in the numerical results. Moreover, the structures of the shock waves are well simulated 
by	CFD	method,	with	the	separation	shock	waves,	the	Mach	stem	and	the	λ	shock	wave	structures	
can	be	distinguished	in	Fig.	15,	which	is	similar	to	the	flow	field	showing	in	the	Schlieren	photo.

3.0 sepArAtIoN pAtterN of serN

3.1 fss in serN

In this paper, the straight expansion ramp SERN will be considered for investigation as it has a 
relatively simple design and the geometry of the nozzle can be easily controlled. In our simulation, 
the	expansion	area	ratio	is	2·896	and	the	expansion	angle	is	25º.	The	short	flap	SERN	model	and	
long	flap	SERN	model	will	be	discussed	below	and	the	nozzle	configuration	at	different	flap	
lengths is shown in Fig. 16.
FSS	is	a	special	separation	pattern	in	SERN.	The	flow	does	not	reattach	to	the	wall	any	longer	

after	the	main	flow	separates	from	the	expansion	wall,	which	is	like	the	behaviour	of	the	free	jet	
downstream	of	the	separation	point.	There	is	no	separation	bubble	in	the	flow	field	near	to	the	
expansion	wall	and	the	flap,	and	the	ambient	air	will	be	entrained	into	the	recirculation	zone,	so	
the pressure in the recirculation zone is near to the ambient pressure. 
Figure	17	and	Fig.	18	are,	respectively,	Mach	number	flood	contour	and	static	pressure	flood	

contour	of	the	FSS	in	SERN	with	short	flap,	where	the	length	of	the	flap	is	only	about	40%	of	the	
whole	expansion	wall	length.	If	the	flap	is	short	enough,	the	flow	separation	does	not	appear	on	

Figure 15. Schlieren photograph and CFD density 
gradient field of the SERN model for validation, 

operating NPR = 3·5.

Figure 16. The configurations of short  
flap SERN and long flap SERN.

Figure 17. Ma flood contour of FSS in  
short flap SERN, operating NPR = 3·0.

Figure 18. Static pressure flood contour of FSS  
in short flap SERN, operating NPR = 3·0.
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the	flap	and	the	jet	only	separates	from	the	expansion	ramp.	There	is	a	shock	at	the	trailing	edge	
of	the	flap,	which	is	generated	owing	to	the	abrupt	pressure	difference	between	the	inner	flow	
field	and	the	ambient.	Usually,	the	separation	shock	in	the	FSS	is	relatively	weak	comparing	to	
the axisymmetric rocket nozzle, so the normal shock wave does not appear when the two shock 
waves intersect. Then, there is a shock train formed by expansion waves and compression waves 
that are similar to free jet. Because the reattachment does not appears in the nozzle, the ambient 
gas get into the recirculation zone on the expansion ramp and the pressure on the wall after the 
separation point is near to the ambient pressure. The pressure distributions on the wall are shown 
in Fig. 19 and the velocity vector contour at the separation spot is shown in Fig. 20.
Figure	21	and	Fig.	22	are	Mach	number	flood	contour	and	static	pressure	flood	contour	of	the	

FSS	in	SERN	with	long	flap,	respectively.	The	length	of	the	flap	is	the	same	as	the	whole	expansion	
wall	length.	In	this	case,	the	jet	separates	from	both	the	expansion	ramp	and	the	flap	under	the	
serious	over-expansion.	The	separation	shocks	are	stronger	than	those	in	short	flap	SERN,	and	there	
might	be	a	Mach	stem	when	the	two	shock	waves	intersect	with	each	other,	so	the	two	λ-shape	
shock	wave	structures	appear	in	the	flow	field.	While	FSS	is	not	a	very	stable	status,	the	NPR 
range	of	FSS	in	long	flap	SERN	is	quite	small,	from	3·2378	to	3·3128,	due	to	the	Coanda	effect.	
Similar	to	the	FSS	in	short	flap	SERN,	there	is	no	attachment	in	FSS	in	the	long	flap	model.	The	
recirculation	zones	on	ramp	and	flap	are	opened	and	the	pressure	in	the	recirculation	is	nearly	the	

Figure 19. Pressure distributions on the ramp 
and the flap of short flap SERN, FSS, operating 

NPR = 3·2.

Figure 20. Velocity vector contour at the separation  
spot of FSS in short flap SERN, operating NPR = 3·0.

Figure 21. Ma flood contour of FSS in long flap 
SERN, operating NPR = 3·25.

Figure 22. Static pressure flood contour of FSS in 
short flap SERN, operating NPR = 3·25.
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ambient pressure. The pressure distributions on the wall are shown in Fig. 23 and the velocity 
vector	contour	at	the	ramp	and	flap	separation	spot	are	shown	in	Figs	24	and	25	respectively.
The	shape	and	the	strength	of	the	separation	shock	on	the	SERN	expansion	ramp	and	the	flap	

are different, because it is asymmetrical, i.e., the expansion degrees on them are not the same. 
Therefore,	in	FSS	pattern,	the	separation	shock	on	expansion	ramp	is	stronger	than	that	on	flap,	
and the l-shape shock wave structure caused by separation shock on expansion ramp is larger 
and more obvious.

3.2 rss in serN

Figure	 26	 and	 Fig.	 27	 are	Mach	 number	 flood	 contour	 and	 static	 pressure	 flood	 contour	 of	
the	RSS	in	SERN	with	short	flap	as	shown	above,	respectively.	RSS	is	a	common	separation	
pattern	in	SERN.	The	separated	main	flow	reattaches	to	the	wall	some	distance	downstream	of	
the	separation	point,	and	the	main	jet	seems	to	be	restricted	near	to	the	wall.	If	the	flap	is	short	
enough,	the	flow	only	can	reattach	to	the	expansion	ramp.	Because	of	the	reattachment,	there	is	a	
separation	bubble	in	the	flow	field,	and	the	exhaust	air	stream	behind	the	shock	will	be	entrained	
into the separation bubble, so the pressure in it is much higher than that on the separation point. 
The pressure distributions on the wall are shown in Fig. 28 and the velocity vector contour at the 
separation spot is shown in Fig. 29.

The critical NPR	of	the	RSS	in	SERN	with	short	flap	is	higher	than	that	of	FSS,	and	the	normal	
shock	wave	might	appear	when	the	two	shock	waves	intersect.	When	the	short	flap	SERN	operates	

Figure 24. Velocity vector contour at the ramp 
separation spot of FSS in short flap SERN, 

operating NPR = 3·25.

Figure 25. Velocity vector contour at the flap 
separation spot of FSS in short flap SERN, 

operating NPR = 3·25.

Figure 23. Pressure distributions on the ramp and the flap of long flap SERN, FSS, operating NPR = 3·25.
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in RSS mode, the main jet will deviate from the thrust direction, which will affect the nozzle 
performance.
If	the	flap	is	long	enough,	the	reattachment	can	happen	not	only	on	the	expansion	ramp	but	also	

on	the	flap.	Figure	30	and	Fig.	31	is	respectively	Mach	number	flood	contour	and	static	pressure	
flood	contour	of	the	RSS	in	SERN	with	long	flap,	with	the	separation	bubble	is	restricted	near	
to	the	expansion	ramp.	It	is	similar	to	the	RSS	in	short	flap,	except	there	is	a	large	recirculation	

Figure 26. Ma flood contour of RSS in short flap 
SERN, operating NPR = 3·0.

Figure 27. Static pressure flood contour of RSS in 
short flap SERN, operating NPR = 3·0.

Figure 28. Pressure distributions on the ramp and the 
flap of short flap SERN, RSS, operating NPR = 3·0.

Figure 29. Velocity vector contour at the 
separation spot of RSS in short flap SERN, 

operating NPR = 3·0.

Figure 30. Ma flood contour of RSS with separation 
bubble on expansion ramp in long flap SERN, 

operating NPR = 3·4.

Figure 31. Static pressure flood contour of RSS with 
separation bubble on expansion ramp in long flap 

SERN, operating NPR = 3·4. 

https://doi.org/10.1017/S0001924000009192 Published online by Cambridge University Press

https://doi.org/10.1017/S0001924000009192


Yu et al     The sepArATion pATTern TrAnsiTion phenomenA in The sern And Their effecTs on The... 413  

zone	rather	than	separation	bubble	appears	on	the	flap.	Then	the	ambient	air	is	entrained	into	the	
recirculation zone, and the pressure in the recirculation zone is almost the same as the ambient 
pressure. The pressure distributions on the wall are shown in Fig. 32 and the velocity vector contour 
at	the	ramp	and	flap	separation	spot	are	shown	in	Figs	33	and	34,	respectively.
Figure	35	and	Fig.	36	is	Mach	number	flood	contour	and	static	pressure	flood	contour	of	the	

RSS	in	SERN	with	long	flap	as	mentioned	above,	respectively.	In	this	pattern,	the	separation	
bubble	appears	on	the	flap	of	SERN,	and	the	recirculation	zone	on	the	expansion	ramp	is	filled	

Figure 33. Velocity vector contour at the 
ramp separation spot of RSS with separation bubble 

on expansion ramp in long flap SERN, operating 
NPR = 3·4.

 Figure 34. Velocity vector contour at the 
flap separation spot of RSS with separation bubble 
on expansion ramp in long flap SERN, operating 

NPR = 3·4.

Figure 32. Pressure distributions on the ramp and the flap of long flap SERN, 
RSS with separation bubble on ramp, operating NPR = 3·4.

Figure 35. Ma flood contour of RSS with 
separation bubble on flap in long flap SERN, 

operating NPR = 3·2.

Figure 36. Static pressure flood contour of RSS 
with separation bubble on flap in long flap SERN, 

operating NPR = 3·2.
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by	ambient	air.	The	separation	bubble	leads	to	the	pressure	increase	in	it	on	the	flap,	and	the	main	
jet	might	be	driven	to	turn	downward	the	flap	when	the	separation	bubble	is	near	the	trailing	edge	
of	flap.	The	pressure	distributions	on	the	wall	are	shown	in	Fig.	37.	When	the	long	flap	SERN	
works	in	RSS	case	with	the	separation	bubble	on	the	flap,	there	is	no	normal	shock	in	the	flow	
field,	and	the	separation	shock	on	flap	is	quite	short,	which	results	in	the	separation	bubble	to	be	
very	small.	The	velocity	vector	contour	at	the	ramp	and	flap	separation	spot	are	shown	in	Figs	
38 and 39, respectively.

In these patterns, almost all shock waves are oblique and the separation shock waves are the most 
important	shock	in	the	flow	field.	When	the	separation	bubble	is	generated	on	the	expansion	ramp,	
the	separation	shock	on	the	flap	becomes	stronger.	And	when	the	separation	bubble	is	generated	
on	the	flap,	the	separation	shock	on	the	expansion	ramp	also	becomes	stronger.

4.0 sepArAtIoN pAtterN trANsItIoN IN serN
The separation pattern transition always happens in the process of startup and shutdown, and it 
just takes very little time. Separation pattern transition in SERN is an unsteady process, so the 
unsteady	flow	solver	in	the	Fluent	Software	is	adopted,	and	the	user	defined	function	(UDF)	is	
used in the numerical calculation to simulate the total pressure change at the inlet of nozzle. In 

Figure 38. Velocity vector contour at the ramp 
separation spot of RSS with separation bubble on 

flap in long flap SERN, operating NPR = 3·2.

Figure 39. Velocity vector contour at the flap 
separation spot of RSS with separation bubble on 

flap in long flap SERN, operating NPR = 3·2.

Figure 37. Pressure distributions on the ramp and the flap of long flap SERN, RSS with separation bubble 
on ramp, operating NPR = 3·2.
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the calculation, the time steps 0·0001s, 0·00005s and 0·00002s have been used to simulate the 
FSS-to-RSS	transition	of	the	short	flap	SERN	model,	with	the	length	of	the	nozzle	as	52·9mm,	
the maximum velocity in the nozzle as about 520ms–1, and therefore the time-scale is about 
0·0001s during the separation transition process. Figure 40 shows the results of thrust changes in 
the	separation	transition	process	with	various	time	steps.	It	can	be	found	from	the	figure	that	the	
thrust changes of different time steps are the same before and after the transition and the transition 
pressure ratios of 0·00005s and 0·00002s are almost the same, so the time step size 0·00005s has 
been chosen in the simulation and the maximum iterations per time step is 300.

The simulation results are discussed in the following. As mentioned above, the kind of the 
separation pattern that occurs in the over expanded SERN depends on not only the NPR, but also 
the	relative	length	of	the	flap.	So	the	separation	pattern	transitions	problem	will	be	discussed	in	
short	flap	SERN	at	first,	then	in	the	long	flap	SERN.

4.1 separation pattern transitions in short flap serN

In the experiment, it can be found that the process of the separation last for a very short time, and it 
seems that the separation transition completes instantaneously from visual observation. Therefore, 
a	suitable	method	is	needed	to	show	the	flow	field	in	the	separation	transition,	and	the	numerical	
simulation is the practical and easy one. The NPR of the model changes 0·2 per second. The NPR 
changes slowly in order to prove that the separation transition is the inherent unsteady phenomena 
rather than caused by rapid changing of NPR.
The	model	for	numerical	simulation	is	a	SERN	with	the	length	of	flap	as	40%	of	the	nozzle	

length. The total pressure at the inlet is increased continuously to simulate the process of startup. 
The NPR of the FSS status is lower than that of the RSS status, so the separation pattern changes 
from FSS to RSS in the process of startup. In the transition, the jet jumps to the expansion ramp 
from the free jet status, then the main jet reattaches on ramp, and then the separation bubble 
appears. In the process of transition, the separation point moves downstream rapidly and a Mach 
stem	is	formed	in	the	flow	field.	As	a	result,	the			shock	wave	appears	and	the	jet	deflects	a	large	
angle.	The	jet	deflects	the	thrust	direction	and	it	makes	negative	effects	on	the	performance	of	
the SERN. From the results, it can be found that the transition begins at NPR = 3·052 and ends 
at NPR	=	3·056.	The	transition	lasts	less	than	0·02s	and	the	Ma	flood	contours	in	the	separation	
pattern transition process are shown in Fig. 41. 

Figure 40. Thrust changes with different time steps during 
the FSS-to-RSS transition of the short flap SERN model.
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Figure 42 is the changes of dimensionless performances such as the thrust, lift and moments in 
the separation pattern transition, which are non-dimensionalised by the thrust, lift and moments 
before the separation pattern transition. Thrust is calculated by the wall pressure and shear stress 
integration of the wet wall projected on x axis. Lift is calculated by projecting them on y axis. 
Moment caused by them is calculated corresponding to the intersection point of the throat and 
the	flap.	During	the	transition	process	of	FSS	to	RSS,	the	thrust	reduces	17·74%,	the	lift	reduces	
32·39% and moment reduces 7·24%. Due to the effect of the main jet impinging on the expansion 
wall in the transition process, the change of the performance reaches its peak in the transition, and 
the performance is stabilised after the oscillation. The maximum drops of thrust, lift and moment 
are 20·09%, 36·84% and 12·70%, respectively.

(a) t0, operating NPR = 3·05430 (b) t0 + 0·00025s, operating NPR = 3·05435

(c) t0 + 0·0005s, operating NPR = 3·05440 (d) t0 + 0·00075s, operating NPR = 3·05445

Figure 41. Ma flood contour of short flap SERN in FSS to RSS transition.

Figure 42. Performance of SERN from FSS to RSS in short flap.
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 After the FSS transfers to and stabilises as RSS, the total pressure at the inlet begins to decrease 
and the NPR decreases at a rate of 0·2/s. In the transition process of RSS to FSS, the critical NPR 
is	lower	than	that	of	the	process	of	FSS	to	RSS.	As	a	result,	the	shock	wave	in	the	flow	field	is	
weaker. Before the separation transition happens, the separation bubble on the expansion ramp is 
quite large and the jet just reattaches at the trailing edge. The reattachment makes the separation 
bubble	enclosed.	But	when	the	transition	process	is	finished,	the	separation	bubble	opens	to	the	
surrounding and the ambient air get into the recirculation zone. The recirculation zone occupies 
almost all the expansion ramp, so the jet cannot expand enough on the ramp, and the velocity 
of	the	air	is	much	lower	than	that	before	the	transition.	When	the	jet	flows	along	the	flap,	it	is	
similar to free jet and the direction of the jet is nearly along the thrust direction. Therefore, the 
performance of the SERN will get better after the RSS-to-FSS transition. The transition begins at 
NPR = 2·349 and ends at NPR = 2·347, with the transition process lasts less than 0·01s, and the 
Ma	flood	contours	in	the	separation	pattern	transition	process	are	shown	in	Fig.	43.

Figure 44 is the variations of the thrust, lift and moments in the separation pattern transition. In 
the process of RSS-to-FSS transition, the thrust increases 38·04%, the lift increases 59·62% and 
the moment increases 23·81%. The maximum raise of thrust, lift and moment is 46·52%, 68·20% 
and 29·85%, respectively. From the results, it can be found that the lift changes the most, just like 
the trend during the transition from FSS to RSS.

Comparing the SERN performance variation in the separation pattern transition process of FSS to 
RSS with that from RSS to FSS, it could be found that the performance changes more dramatically 
when the separation transfers from RSS to FSS. The pressure distributions on the expansion ramp 
have been extracted from the CFD results in order to analyse the reason of performance changing 
during the transition process. Figures 45 and 46 are respectively the pressure distributions on the 
expansion ramp in the processes of FSS transferring to RSS and RSS transferring to FSS. During 
the process of FSS transferring to RSS, the separation point moves downstream gradually with 

(a) t0, operating NPR = 2·3484 (b)  t0 + 0·001s, operating NPR = 2·3482

 (c) t0 + 0·002s, operating NPR = 2·3480 (d) t0 + 0·003s, operating NPR = 2·3478

Figure 43. Ma flood contour of short flap SERN in RSS to FSS transition.
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the NPR	 increasing	before	the	transition	finally	occurs,	and	the	separation	point	moves	about	
0∙9ht at the most. After the transition, the wall pressure in front of separation point on expansion 
ramp is much lower than the ambient pressure. As a result, the separation shock is weak and the 
pressure behind the separation point is not high enough. Therefore, the performance of the SERN 
reduces when the separation pattern transfers from FSS to RSS. In the process of RSS transferring 
to FSS, the phenomenon of separation pattern transition is the counterpart of the process of FSS 
transferring to RSS. The separation point moves upstream with the NPR decreasing before the 
transition	finally	occurs,	and	the	separation	point	moves	about	0·5ht	at	the	most.	The	critical	NPR 
of the RSS to FSS transition is lower than that of the FSS to RSS transition, so the separation 
point on the expansion ramp is nearer to the throat. Then the recirculation zone occupies almost 
all the expansion ramp, and the pressure on the ramp is near to ambient pressure. Therefore, the 
performance changes more greatly when the RSS to FSS transition happens.

From the computational results, it could be found that the critical transition NPR of FSS to 
RSS is about 3·0544, and the critical transition NPR of RSS to FSS is about 2·3481, so both the 

Figure 44. Performance of SERN from RSS to FSS in short flap.

Figure 45. Pressure distributions on expansion ramp 
in FSS to RSS transition.

Figure 46. Pressure distributions in RSS to FSS 
transition.
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FSS and RSS are possible to occur in the NPR range of 2·3481 to 3·0544. As Fig. 47 shows, the 
difference of the critical NPR of the separation pattern transition leads to a hysteresis loop of the 
SERN	performance,	and	method	of	active	flow	control	could	be	used	to	improve	the	performance	
in the process of separation pattern transition.

The separation pattern transition is harmful to the nozzle performance and brings great challenges 
to the lifetime and the stability of SERN. In the future, the method to reduce the unfavourable 
influence	on	the	SERN	performance	or	even	get	rid	of	the	transition	should	be	studied.

4.2 separation pattern transition in a long flap serN

As	mentioned	above,	there	are	two	kinds	of	RSS	in	the	long	flap	SERN:	the	separation	bubble	
on	expansion	ramp,	RSS(ramp),	and	the	separation	bubble	on	flap,	RSS(flap).	In	the	process	of	
startup,	the	RSS(flap)	transfers	to	FSS	at	first,	then	from	FSS	to	RSS(ramp),	and	finally	stabilises	
on the expansion ramp. However, in the process of shutdown, the FSS might disappear and the 
separation	pattern	transfers	directly	from	the	RSS(ramp)	to	the	RSS(flap).	Therefore,	RSS	is	a	
stable	separation	pattern	in	long	flap	SERN	rather	than	the	stable	one	as	FSS	in	the	rocket	nozzle.

When the NPR	of	long	flap	SERN	is	increased	step	by	step,	the	transition	of	RSS(flap)	to	FSS	
happens	firstly.	In	this	process,	the	main	jet	turns	upwards	little	by	little,	and	the	separation	bubble	
on	the	flap	is	finally	opened.	As	a	result,	the	ambient	air	gets	into	the	recirculation	zone.	From	
the numerical simulation, it can be found that the transition begins at the NPR 3·236 and ends at 
the NPR 3·24. Figure 48 shows the changes of the thrust, lift and moments during the transition 
process. It can be found that lift changes the most, then the moments, and the thrust changes the 
least. The thrust reduces 1·09%, the lift reduces 114·57% and the moment reduces 11·21%. And 
the direction of lift is reversed in the transition process. The pressure distributions on the expansion 
ramp	and	flap	in	the	processes	of	RSS(flap)	to	FSS	transition	are	shown	in	Fig.	49	and	Fig.	50,	
respectively. Before the transition, the separation bubble is closed and the ambient gas cannot get 
into the separation bubble. When the separation completes, the separation bubble is opened and 
the	ambient	gas	fills	in	the	recirculation	zone.	The	velocity	vector	contour	at	separation	point	is	
shown in Fig. 51.

Secondly, it is the transition from FSS to RSS(ramp). In this transition process, the main jet 
reattaches to the expansion ramp in a very short time and the separation point on the expansion 
ramp	moves	downstream	rapidly.	The	flow	direction	of	the	jet	changes	a	lot,	hence	the	transition	

Figure 47. A hysteresis loop of thrust in SERN.
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Figure 48. Performance changes of long flap SERN 
in RSS(flap) to FSS transition.

Figure 49. Pressure distributions on expansion ramp 
of long flap SERN in RSS(flap) to FSS transition.

(a) t0, operating NPR = 3·2362 (b) t1 = t0 + 0·01s, operating NPR = 3·2382

Figure 51. Velocity vector contour at separation point of long flap SERN in RSS(flap) to FSS transition.

Figure 50. Pressure distributions on flap of long flap SERN in RSS(flap) to FSS transition.
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affects greatly on the performance of the SERN. From the numerical simulation, it can be found 
that the transition begins at the NPR 3·310 and ends at the NPR 3·314. The transition lasts less than 
0·01s	and	the	Ma	flood	contours	in	the	separation	pattern	transition	process	are	shown	in	Fig.	52.	
	Figure	53	shows	the	performance	changes	of	the	long	flap	SERN	in	the	separation	pattern	

transition	from	FSS	to	RSS(ramp).	As	shown	in	the	figure,	the	lift	changes	the	most	and	the	thrust	
changes	the	least,	which	is	different	from	the	regularity	in	the	transitions	of	short	flap	SERN.	From	
the beginning to the end of the separation pattern transition, the thrust reduces 20·65%, the lift 
reduces 82·52% and the moment reduces 67·89%. For the peak of the changes at the instant of the 
transition, the thrust reduces 21·66%, the lift reduces 83·71% and the moment reduces 71·06%. 
Comparing	with	the	FSS-to-RSS	transition	in	short	flap	transition,	the	direction	of	the	main	jet	
changes	less	in	the	long	flap	SERN.	Therefore,	the	effects	of	the	impingement	and	the	oscillation	
of the main jet become weaker.

When the NPR of the nozzle is decreased 0·2 per second in the numerical simulation, the 
transition	process	of	RSS(ramp)	to	RSS(flap)	begins	at	NPR = 2·357 and ends at NPR = 2·355. 
The	transition	lasts	less	than	0·01s	and	the	Ma	flood	contours	in	the	separation	pattern	transition	
process are shown in Fig. 54. 

Figure 55 is the variations of the thrust, the lift and the moments in the separation pattern 
transition process, in which, the thrust increases 39·31%, the lift increases 100·08% and the moment 
increases 132·62%. The maximum growth of the thrust, the lift and the moment is respectively 
53·39%, 105·15% and 154·54%. The transition NPR	in	long	flap	SERN	is	greater	than	that	in	
short	flap	SERN.

Figure 56 shows the NPR range of each separation pattern and the transition point. It can be 
found	that	the	long	flap	causes	another	separation	pattern,	RSS(flap),	and	the	separation	pattern	
transitions	are	different	from	those	in	short	flap	model.	Moreover,	the	transition	NPR of the SERN 

(a) t0, operating NPR = 3·3126 (b) t0 + 0·0005s, operating NPR = 3·3127

(c) t0 + 0·001s, operating NPR = 3·3128 (d) t0 + 0·0015s, operating NPR = 3·3129

Figure 52. Ma flood contour of long flap SERN in FSS to RSS(ramp) transition.
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with	long	flap	is	greater.	In	the	long	flap	model,	the	FSS	status	occurs	in	the	NPR from 3·2378 to 
3·3128, which is a period in a twinkle in the startup process, so the FSS is not a stable status and 
the	RSS	is	the	main	separation	pattern	in	the	long	flap	model.	It	is	also	noted	that	the	length	of	the	
flap	can	affect	the	separation	patterns	and	the	transition	NPR, even the performance of the SERN, 
when it works under over-expanded condition. Further research should be done to understand 
the	influences	caused	by	the	length	of	the	flap,	and	then	to	guide	the	design	of	the	SERN	under	
over-expanded condition in the future.

(a) t0, operating NPR = 2·3562 (b) t0 + 0·0005s, operating NPR = 2·3561

Figure 53. Performance of SERN from FSS to RSS(ramp).

(c) t0 + 0·001s, operating NPR = 2·3560 (d) t0 + 0·002s, operating NPR = 2·3558

Figure 54. Ma flood contour of long flap SERN in RSS(ramp) to RSS(flap) transition.
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5.0 coNclusIoNs
In the present paper, the different separation patterns and the separation pattern transition 
phenomena in the over-expanded SERN are shown. The intuitive results are helpful to analyse 
and understand the phenomena more thoroughly. Based on the study, it can be found that there 
are many differences between the separation patterns of SERN and the common axisymmetric 
rocket	nozzle.	The	conclusions	could	be	drawn	as	following:

1.  Both FSS and RSS can occur in SERN, while RSS is the major and common separation 
pattern, which can be observed in almost all the SERNs. The separation bubble generated 
in	the	RSS	is	usually	on	the	expansion	ramp,	but	it	may	appear	on	the	flap	if	the	flap	is	long	
enough.

2.	 Oblique	shock	wave	is	the	principal	form	of	shock	waves	in	the	separation	flow	in	SERN.	
The jet angle will change when the separation pattern transfers.

3.	 In	the	short	flap	SERN	model,	when	the	separation	pattern	transfers	from	FSS	to	RSS,	the	
decreases of the thrust, the lift and the moment is 17·74%, 32·39% and 7·24%, respectively. 
And the increases of the thrust, the lift and the moment is 20·09%, 36·84% and 12·70%, 
respectively in the transition process of RSS to FSS.

4. From the computational results, it can be found that the lift changes the most and the SERN 
performance has a peak in the transition due to the dynamic effect of the jet impinging on 
the ramp.

5.  The critical transition NPR of FSS to RSS transition is about 3·0544 and it is about 2·3481 
for RSS to FSS transition. The difference of the separation pattern transition NPRs leads to 
a hysteresis loop of the SERN performance.

6.	 In	the	transition	of	RSS(flap)	transferring	to	FSS,	the	flow	field	and	the	performance	of	the	
SERN do not change very much.

7.	 In	long	flap	SERN	during	the	process	of	shutdown,	the	FSS	might	disappear	and	the	separation	
pattern	might	transfer	directly	from	the	RSS(ramp)	to	the	RSS(flap).

Figure 55. Performance of SERN 
from RSS(ramp) to RSS(flap).

Figure 56. The separation pattern transition point 
and the NPR range of each separation pattern.
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