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Study of the Effect of Over-expansion Factor
on the Flow Transition in Dual Bell Nozzles
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Abstract—Dual bell nozzleis a promising one among the atitude
adaptation nozzle concepts, which offer increased nozzle
performance in rocket engines. Its advantage is the simplicity it offers
due to the absence of any additional mechanical device or movable
pats. Hence it offers reliability along with improved nozzle
performance as demanded by future launch vehicles. Among other
issues, the flow transition to the extension nozzle of a dual bell
nozzle is one of the major issues being studied in the development of
dual bell nozzle. A parameter named over-expansion factor, which
controls the value of the wall inflection angle, has been reported to
have substantial influence in this transition process. This paper
studies, through CFD and cold flow experiments, the effect of over-
expansion factor on flow transition in dual bell nozzles.

Keywords—Altitude adaptation, Dual bell nozzle, Nozzle
pressure ratio, Over-expansion factor

Nomenclature

AR  AreaRatio

COP Constant Pressure Profile

DBN Dua Bell Nozzle

LIP  Linearly Increasing Pressure Profile
NPR Nozzle Pressure Ratio

PAM  Parabolic Approximation Method
PIP  Parabolicaly Increasing Pressure Profile
Notations

a Over-expansion factor

¥ Ratio of specific heats

Awpr  Differencein NPR
8- Angle at inlet to extension nozzle
G4 Angle at exit to base nozzle

J,  Prandtl Meyer function at base nozzle exit

J,,  Prandtl Meyer function at extension nozzle exit

AR, Exit AR of base nozzle

AR, Exit AR of extension nozzle

M Mach number

P Stagnation pressure

P, Ambient pressure

P, Nozzlewall pressure

R Radius of the nozzle at the throat
X  Distance along the axis of the nozzle
Y Radia distance of the nozzle wall
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. INTRODUCTION

UTURE space transportation systems like reusable single-

stage-to-orbit launch vehicles, which aim for reduction of
Earth-to-orbit costs, look forward to the increase of
operational efficiency and launcher reliability for success [1].
Rocket engines with high performance and low system
complexity are the key for the development of such launch
vehicles. The performance of existing expendable launch
vehicles is aso very much dependent on the performance of
engines. Combustion efficiency and thrust efficiency are the
two factors that contribute to the engine performance.
Combustion efficiencies of different propellant combinations
have reached the practica thermo-chemical limits and hence
scope for more improvement is possible in the field of
designing high performing nozzles.

In present booster engines, which operate in the varying
pressure environment between the sea level and the near
vacuum conditions, the nozzle exit area ratio (AR) is limited
due to the usage of conventional nozzles. This limitation is to
avoid the problems associated with flow separation that
happen at the sea level. This curtails the high altitude
performance of the engine. Altitude adapting nozzles offer
solution to this problem and improve the performance of
booster rocket engines. Being a simpler and more reliable
option among the dtitude adapting nozzles, Dua Bell Nozzles
(DBN) and researches on the development of DBNs acquire
the foremost place.

The concept of DBN appeared in the literature in 1949 [2].
Rocketdyne patented the concept in the 1960s [2]. Recently it
has gained renewed interest in U.S., Japan, Europe and Russia
[3] duetoits suitability in the futuristic launch vehicles.

DBN is a combination of two differently designed
conventional nozzles [4]. One is a base nozzle with small AR,
which stabilises flow separation at the wall inflection point.
The profile for the base nozzle is equivaent to that of a
conventiona bell nozzle. The other is an extension nozzle
with a larger AR, which provides for the considerable higher
thrust performance in vacuum[5]. At low altitude, stably
controlled and symmetrical flow separation occurs a the
inflection point [6]. This controlled flow separation at wall
inflection point prevents the generation of dangerous side
loads commonly observed in conventional over expanded
nozzles. The small effective AR of the base nozzle generates
increased sea level thrust. At a certain dtitude of the flight
trajectory, the transition conditions to high altitude mode are
reached and the flow attaches abruptly in the whole extension
to the wall, up to the nozzle exit plane. The full AR is now
used and leads to optimized high atitude thrust generation
[2].Fig. 1 shows the schematic of a DBN subjected to the two
modes of operation.
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Fig. 1Schematic of a DBN under the two modes of oper
(From Fig.1 of [4])

Even though DBNs have been not introduced intohfl
engines, flight performance analysis of the condeg® bee!
done by substituting the nozzles of -7A and RD-180
engines and the trajectoayeraged specific impulse gain o
the original nozzles is about 10 s for both theireg[7]

Appropriate desigmphilosophy, reduction of side loads &
vibration levels, performance prediction, timingdaduration
of flow transition, profile design for abrupt flotransition in
the extension nozzle, heat transfer problems atriftection,
geometry of the infleabn are some of the major issues rel:
to the development of DBN.

Il. DESIGN OFNOZzZLES

Reference [8] discusses a methodology for desigbiBiy
profiles. It decribes a parameter, named expansion
factor @) that amplifies the difference between the Pitl
Meyer functions at ARand AR, The exit angle of the ba
nozzle is added to this amplified difference ofrieith Meyer
functions to obtain the angle at the inflectionntdbetweer
the junction of the base nozzle and the extensizzla. Si

6, =04 +a(d, —Jy) «H)]

€
Where &, and are calculated using o-dimensional
isentropic flow relation as shown below.

_ vyl _ o |y-1. ., =] 2
J=[F—tan" | %X¥—(M* -1 —tar M<-1 (2
[t [t e D

Reference [B brings out that the value
greater than unity ensures sufficiently instamvftoansition tc
the extension nozzle. It cautions that there exéstseiling
value for considering the fabrication feasibilitiytbe DBN. It
also states that the ceiling value is different for eiiéint
nozzle bell percentages adopted for designingwlrertozzle
contours of a DBN.

Reference [9] discusses the use of three diffesetd ol
profiles namely, COP, LIP and PIP for the extensioezle of
DBNs. It concludes that the nozzle extension witro:
pressure gradienshows good transition behavior whereas
positive pressure gradient shows better behavitir avsudde!

jump of separation from the inflection point to mlez exit.
Method d Characteristics is unable to provide the desicniy
of the profile of the extension nozzle with any ides
resolution because of the spreading effect of ¥paesion far
on the characteristic lines of the opposite fanf@j; In this
context, here, prctically widely used parabolic approximati
method (PAM) profiles, which are simpler to be desd,
were used for the extension nozzle; also. This agr is
quite reasonable as the aim of the study is onbotapare th
effect of the variation od in flow transition

Thus three DBN profiles were designed
o= 0.7, 1and 1.4. The base nozzle is kept same for al
profiles. Theratio of extension nozzle length was kept san
0.7 for all the nozzles. F. 2 shows the nozzle profiles
studied.
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Fig. 2DBN profiles studied

Ill. CFDANALYSIS

Numerical simulation had been performed by commég
CFD software for the colflow conditiors.30 sector of each
nozzle variant formed the computational domainotder to
get good resolution of the boundary laystructured prismatic

elements with highegrid densitywere used at the nozzle wall.

Tetrahedral elements were used elsewhek-¢ turbulence
model was used for the simulation. CFD analysiduweap the
flow transition and served as the basis for conmgarhe
results obtained through cold flow tes

IV. CoLD FLow TESTS

In the flight trajectory nozzles operate mostlgamstant
and gradually decreasing. But in the experiments increasi
the R gradually and maintaining the nozzle pressure
(NPR) at the desired level is adopted, as the figetion of
DBN looks for the NPR rather than the actui or P.
References [2] and [3] &b report such methodology 1
experiments. The fluid used is dry Nitrogen whidgtieg the
advantages of being cheap, easy and safe for {&g
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Out of the nozzle profiles designed, two profileghwo=
0.7 ando= 1.4 were realizedor the cold flow tes. The
design NPR and the CFD analysis served for settip
reference pressures for the pressure measurement:
increase of the £ flow gradually developed inside the DE
and crossed each wall pressure measurement locatro
wall pressures recordeghve the qualitative indication of flo
crossing a particular AR and quantitative meastitte NPR
for that AR to flow full.

P, measurement made on the stagnation chamber ani
wall pressure measurements formed the major ingtntstion
set up. Wall pessures were measured at crucial local
along the flow direction of the DBN. These locascare jus
upstream of the inflection point, just downstrear tbe
inflection point, at around 75%ngth of the DBN and ju:
upstream of the nozzle exit. Fig.shows the schematic of t

test set up.

Chamber DBN

Fig. 3 Schematic of thestsetup

The pressure measurements were done at the rat&Hd.
The values are filtered, smoothened, «démensionalised and
compared with the CFD results.

V. RESULTS ANDDISCUSSIONE

The CFD simulation done on the nozzle variants cle
captured the flow transition behaviours in the hezariants
Fig. 4 shows the instants just before and after ftbe
transition with the different nozzle profiles. Thgnificance
of highera is underlined hereHigher the value oa, delayed
is the onset of &msition. The base nozzles flow full at -
same NPR for all the nozzles. The delayed onsetpéitions
for nozzles with highelx result in anchorage at inflectic
points even for higheralues of NPR. Consequently, 1
ranges of anchorage for nozzles with higa are higher, as
shown in fig. 5 Based on the results, fi. 6 summarises the
flow characteristics of the DBNs studied.

a=14,NPR=16.5 1

Fig. 4 Mach ontoursshowing flow transition

@=14,NPR=17

11 /
~ 10 - ‘
[
4 /
L
e 9
15
=
2
< 8
o
=}
S
g5r -
6 —
5 1 1 1 1 1 1 1 1
06 0.7 08 0.9 1.0 1.1 1.2 1.3 1.4 1.5
o
Fig. 5 Ranges ainchorage for different
18
16 Lo
[ Transition to Extension Nozzle | ;
) i :
12 - 4 % ;
: —=— Base Nozzles Flow Full
I —e— Transitions Start
Z 10 |
Flow Anchorage at Inflection
6 = g - - ]
: ‘Flow Seperation in Base Nozzle
4 1 1 1 1 1 1 ] 1
06 07 08 09 1.0 1.1 1.2 1.3 1.4 1:5

o
Fig. 6 Flow tharacteristics of the DBI

Fig. 7 to fig. 9show the CFD results for the salient fli
behaviours in the nozzle variants witl 0.7,0= 1 anca= 1.4
respectively. Experimental results are alscduded for those
hardware for which cold flow tests had been ca out.
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Experimental and CFD results show good
validating the procedures followed.
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Fig. 7 Nozzle wall pressurexiation in the DBN withu=0.7
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Fig. 8 Nozzle wall pressurexiation in the DBN withu=1
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Fig. 9 Nozzle wall pressurexiation in the DBN withu=1.4

The difference in NPRAwpR) is the measure of quickness

and smoothness of flow transition. Lesser Aypgr, quicker
and smoother is the transition. From results of the above
studies the\\prOf the three nozzles studied are estimated
the measurement location of Pw3, which correspomdsore
than 75% of the lggth of the nozzle, as referenceig. 10
compares the ratio dpr to the range of anchorage NPR
the different nozzle profilestudied
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Fig. 10 Plot of ratio o\\pr to the range of anchorage NPR

A. Inference

Higher the value o delayed is the instant of transitic
Hence, this factor signifies the holding pcial of a DBN at
its inflection point.So by manipulating the value @, designs
of DBNs that undergo flow transition at the desiedtitude of
the flight trajectory can be made. This guaraniegsroved
performance, which result from selection optimum
transition altitude. Again, higher the value of tfector
quicker and smoother is the transition. It is emideom Fig. ¢
that witha greater- thanunity appreciable jump happens w
small rise in pressure. The fact that this effecséen ven in
nozzle profiles with negative pressure gradient lithose
generated by PAM, signifies the crucial role ta plays in
flow transition.

VI. CONCLUSION

A study had been carried out through experimentisGiFD
simulation about the effect oo on the flow transition
phenomena in DBNs. Even from the study theed PAM
profiles, which featureegative pressure gradient along ¢
length, it is found that transition is significanthfluenced b
this factor and its value above unity aids smoatd faste
transition. Also higher value of the factor deldlys instar of
transition, it is verified. This factor thus is @aag too for
practical designers who want the transition to leappt
particular altitude in the flight trajectory, fomprovement i
performance and fasther reason

ACKNOWLEDGMENT
The authors thank the following persons for theiildgnce
and support. Dr Narayanan V., ISRO; Dr Bhaskar IKT,

1541



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950
Vol:6, No:8, 2012

Madras; Bijukumar K. S., ISRO; Dr Ramakrishna P, Br
Muruganandam T. M., IIT Madras; Siju K. Mathew,Jengse
A., ISRO; Rajiv Kumar, Senthil Kumar P., Sujith Raviku-
mar Thampi V. R., Amit Kumar Panigrahi, lIT Madras.

REFERENCES

[1] Hagemann, G., Immich, H., Nguyen, T. V., and Dumn&: E.,
“Advanced Rocket Nozzles,” Journal of Propulsion &ower, Vol. 14,
No. 5, September-October 1998 pp. 620-634

[2] Genin, C., and Stark, R., “Experimental Study oowFITransition in
Dual Bell Nozzles,” Proceedings of the 45th AIAA/ME/SAE/ASEE
JPC and Exhibit, August 2009, Denver, Colorado. AR2009-4855.

[3] Bijukumar K. S., Mathew George, Baiju A. P., Balaodran P.,
Rajamanohar and N. K. Gupta, “Development of Duell Blozzle for
Future Launch Vehicles,” Proceedings of [ISc CeatgrConference &
Exhibition on Aerospace Engineering 2009,May 2@®¥nhgalore, India.

[4] Tomita, T., Takahashi, M., and Sasaki, M., “Invgstion on
Characteristics of Conventional-Nozzle-Based Adt@uCompensating
Nozzles by Cold-flow Tests (ll)-Side-Load Charaistiics During
Transition,” Proceedings of the 43rd AIAA/JASME/SARSEE JPC and
Exhibit, July 2007, Cincinnati, OH. AM2007-5472.

[5] Tomita, T., Takahashi, M., Sasaki, M., and Tamtita,“Investigation
on Characteristics of Conventional-Nozzle-baseéusle Compensating
Nozzles by Cold-Flow Tests,” Proceedings of the d2n
AIAA/ASME/SAE/ASEE JPC and Exhibit, July 2006, Saewento,
California. AIAA 2006-4375.

[6] Kimura, T., Niu, K., Yonezawa, K., Tsujimoto, Y.na Ishizaka, K.,
“Experimental and Analytical Study for Design of &wBell Nozzles,”
Proceedings of the 45th AIAA/ASME/SAE/ASEE JPC aBxhibit,
August 2009, Denver, Colarado. AIAA 2009-5149.

[7] Miyazawa, M., Takeuchi, S., Takahashi, M., “Fligherformance of
Dual-Bell Nozzles,” AIAA 2002-0686

[8] Otsu, H., Miyazawa, M., Nagata, Y., “Design Criteriof the Dual-Bell
Nozzle Contour,” IAC-05-C4.2.08.

[9] Nasuti, F., Onofri, M., and Martelli, E., “Role afall shape on the
Transition in Dual-Bell Nozzles,” 39th AIAA/ASME/SAASEE JPC
and Exhibit, Jul. 2003, Huntsville, Alabama. AIA®@3—4911

1542



