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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 altitude
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
parts. 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 mgjor issues being studied in the development of
dua bell nozzle. A parameter named over-expansion factor, which
controls the value of the wall inflection angle, has been reported to
have substantia 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.
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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  Parabolically Increasing Pressure Profile
Notations

a Over-expansion factor

¥ Ratio of specific heats
Anpr  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, Nozzle wall 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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I. INTRODUCTION

UTURE space transportation systems like reusable single-

stage-to-orhit 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 practical 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 atitude
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 réliable
option among the atitude adapting nozzles, Dua Bell Nozzles
(DBN) and researches on the development of DBNSs 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] dueto its suitability in the futuristic launch vehicles.

DBN is a combination of two differently designed
conventiona 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
conventional bell nozzle. The other is an extension nozzle
with alarger AR, which provides for the considerable higher
thrust performance in vacuum[5]. At low dtitude, 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
trgjectory, 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 condegst 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 theirmesy[7]

Appropriate desigmphilosophy, reduction of side loads
vibration levels, performance prediction, timingdagiuration
of flow transition, profile design for abrupt flowansition in
the extension nozzle, heat transfer problems atrhection,
geometry of the infleatin are some of the major issues rel:
to the development of DBN.

Il. DESIGN OFNOZZLES

Reference [8] discusses a methodology for desigbiBdl
profiles. It describes a parameter, named «expansion
factor @) that amplifies the difference between the Ptl
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 inflectionmdbetweer
the junction of the base nozzle and the extensiazla. S

O, =04 +a(d, -5y) 1)

€
Where 7, and Jare calculated using o-dimensional
isentropic flow relation as shown below.

9= /y—ﬂtan‘1 y—_l(MZ—l)—tar‘1 (M?-1 (2
y-1 y+1

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

Reference [9] discusses the use of three diffesets of
profiles namely, COP, LIP and PIP for the extensioezle of
DBNs. It concludes that the nozzle extension wigro:
pressure gradienshows good transition behavior whereas
positive pressure gradient shows better behavitir avsudde!
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jump of separation from the inflection point to ale exit.
Method d Characteristics is unable to provide the desioniy
of the profile of the extension nozzle with any ides
resolution because of the spreading effect of ¥pamsion far
on the characteristic lines of the opposite fan@l; In this
context, here, @rctically widely used parabolic approximati
method (PAM) profiles, which are simpler to be desd,
were used for the extension nozzle; also. This aaagr 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
a= 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 commk
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-g turbulence
model was used for the simulation. CFD analysigwapl the
flow transition and served as the basis for conmggithe
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 figation of
DBN looks for the NPR rather than the actug or P.
References [2] and [3] s report such methodology 1
experiments. The fluid used is dry Nitrogen whidteg the
advantages of being cheap, easy and safe for (&g
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Out of the nozzle profiles designed, two profileghw=
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 f 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 meastithe NPR
for that AR to flow full.

P, measurement made on the stagnation chamber an
wall pressure measurements formed the major ingtntetion
set up. Wall pessures were measured at crucial local
along the flow direction of the DBN. These locasoare jus
upstream of the inflection point, just downstrearh tbe
inflection point, at around 75%ngth of the DBN and jut
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 ratkHd.

@=0.7,NPR=11

a=14,NPR =165 1 a=14,NPR=17

Fig. 4 Mach ontoursshowing flow transition

Range of Anchorage NPR

The values are filtered, smoothened, «dimensionalised and

compared with the CFD results.

V. RESULTS ANDDISCUSSION:

The CFD simulation done on the nozzle variants cle
captured the flow transition behaviours in the t@zariants
Fig. 4 shows the instants just before and after ftbe
transition with the different nozzle profiles. Thignificance
of highera is underlined hereHigher the value oa, delayed
is the onset of &mnsition. The base nozzles flow full at
same NPR for all the nozzles. The delayed onseapsitions
for nozzles with highen result in anchorage at inflectit
points even for higheralues of NPR. Consequently, 1

ranges of anchorage for nozzles with higa are higher, as ‘ ‘
shown in fig. 5 Based on tbe results, fi. 6 summarises the 6 = - & : - ]

flow characteristics of the DBNs studied.
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Fig. 6 Flow taracteristics of the DB!

Fig. 7 to fig. 9show the CFD results for the salient fli
behaviours in the nozzle variants withs 0.7,0= 1 anco= 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 agree The difference in NPRAwrR) is the measure of quickness
validating the procedures followed. and smoothness of flow transition. Lesser Aypr, quicker
and smoother is the transition. From results of the above
0.6 studies the\yprOf the three nozzles studied are estimated
——CFD_NPR=5.3 . .
______ CFD NPR = § the measurement location of Pw3, which correspomasore
0.5 F e CFD NPR =11 than 75% of the lagth of the nozzle, as referenceig. 10
I.T.T.ﬁgig—ﬁgﬁfiﬁs compares the ratio dfypr to the range of anchorage NPR
= Expt NPR=53 the different nozzle profilestudied
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Fig. 7 Nozzle wall pressurexiation in the DBN withu=0.7 e 0.4 r
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----CFD_NPR =17 Fig. 10 Plot of ratio of\ypg to the range of anchorage NPR
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A.Inference
&003 Higher the value ofy delayed is the instant of transitic
S Hence, this factor signifies the holding pctial of a DBN at
its inflection point.So by manipulating the value a, designs
0.2 of DBNs that undergo flow transition at the desiedtitude of
I O Pt DY PRD PIN B the flight trajectory can be made. This guarantegsroved
o1k : performance, which result from selection ptimum
N e I transition altitude. Again, higher the value of tifector
\(-—-;_-_-_':'_'_::_'___.:f _________ LT quicker and smoother is the transition. It is extdieom Fig. ¢
= ; — o thatwitha greater- thanunity appreciable jump happens w
small rise in pressure. The fact that this effectéen ven in
X/R, nozzle profiles with negative pressure gradient lithose
Fig. 8 Nozzle wall pressureaiation in the DBN withu=1 generated by PAM, signifies the crucial role ta plays in
flow transition.
0.6
—— CFD _NPR =53
,,,,,, CFD NPR = 6.5 VI. CONCLUSION
O5F e C‘F_D_N':R= 16.5 A study had been carried out through experimentsGiD
=l simulation about the effect oa on the flow transition
04l = Expt NPR=5.3 phenomena in DBNs. Even from the study theed PAM
e Expt NPR=6.5 profiles, which featuraegative pressure gradient along ¢
e ; & Dot MG =100 length, it is found that transition is significanthfluenced b
S " E:g:—ggg;iz this factor and its value above unity aids smoatt faste
- - transition. Also higher value of the factor delalys instar of
- o transition, it is verified. This factor thus is @agl too for
...................... ® @ practical designers who want the transition to keapgt
particular altitude in the flight trajectory, fomprovement i
__________ A —— A performance and fasther reason
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Fig. 9 Nozzle wall pressurexiation in the DBN withu=1.4
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