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ABSTRACT
This paper addresses the concept of thrust augtienta

through bubble injection into an expanding-confrachozzle.
Two-phase models for bubbly flow in an expandingtcacting
nozzle are developed, in parallel with laboratoxperiments,
and used to ascertain the geometry configuratiothi® nozzle
that would lead to maximum thrust enhancement updrble
injection.

For preliminary optimization of experimental sesup
design, a quasi 1-D approach is used. Averageddisantities
(such as velocities, pressures, and void fractiomsy cross-
section are used for the analysis. The mixture igoity and
momentum equations are numerically solved simutiasly,
along with equations for bubble dynamics, bubblgiomp and
an equation for conservation of bubble number. Ofei
geometric parameters such as the exit and inletsatbe area
of the bubble injection section, the presence tifraat and its
location, the length of the diffuser section ane kbngth of the
contraction section are varied, and their effects tbrust
enhancement are studied. Investigation on the tefiécthe
injected void fraction is also carried out. The kalyjective
function of the optimization is the normalized tstrparameter,
which is the difference between the thrust with thebble
injection and the thrust before the bubble injattivormalized
by the inlet momentum.

An approximate analytical expression for the
normalized thrust parameter was also derived staftom the
mixture continuity and momentum equations. This|yital
expression involved flow variables only at threedltions; inlet
section, injection section, and outlet section, Bmedexpression
is simple enough to produce a quick concept desigihe
diffuser-nozzle thruster. The numerical and ancifti
approaches are verified against each other ankéhthations of
the analytical approach are discussed.

NOMENCLATURE

A : Cross-sectional area
C : Ratio of the exit area to the inlet area
C, : Sound speed on bubble surface

C, : Drag coefficient
C, : Friction coefficient
C,, : Ratio of the exit area to area of the injectient®n

k : Polytropic gas constant
N : Number of bubbles per unit volume
p : Pressure

p, : Bubble gas pressure
p, : Vapor pressure

R: Bubble radius
R, : Exit radius of the expanding-contracting nozzle

R, : Radius of injection section of the nozzle

R.« : Inlet radius of the expanding-contracting nozzle
u, : Local bubble velocity

u,,: Mixture velocity

a :Void fraction
a,: Injected void fraction

£ : Volume fraction of liquid {-a )

B, Volume fraction of liquid at injectionl-a,)
y: Surface tension parameter

M Liquid viscosity

o : Liquid density

P, - Mixture density

¢, - Normalized thrust parameter
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INTRODUCTION

Recent studies [1,2] have indicated that bubble
injection in a waterjet can significantly improveet net thrust
and overall propulsion efficiency. The importancé tbis
concept was attributed to the fact that bubble amed thrust
can be achieved even at very high vehicle speedi&eun
traditional propulsion devices.

Various analytical, numerical and experimentabef
have been carried out since to formalize the canckpubble
augmented thrust [3,4], and a number of prototypee been
built for experimental verification of this concdpt6]. In most
of these experimental set-ups, the fluid enterangjat where it
is compressed first by passing through a diffusem(effect),
then pressurized gas is injected into the fluid miging ports,
which acts like the energy source of the ramjet Thltiphase
mixture is then accelerated through a convergirgzieo

To obtain a first approximation of the mixture flow
field inside the air augmented nozzle numericallye can use
classical quasi-one dimensional analyses [7-11]. slich
approaches, flow quantities are assumed to be rumifo a
direction perpendicular to the axis of the nozzle. (only
guantities averaged over a cross-section are usady. models
[12] often neglected the relative motion betweea kubbles
and the liquid. These effects, however, were lateluded to
account for the inertial effects on bubble dynam[dsS].
Furthermore, a more advanced model has been pmrbgose
characterize the bubble dynamics using the Rayleigbset
equation [8-10]. By capturing inertial effects,smodel is able
to represent transient shock waves in a bubblyuréxt A few
recent works [7,14] have used similar models foalgses of
bubbly flows in converging diverging nozzles.

Thrust enhancement demonstrations require further
modeling and controlled experimentation as we assgntly
undertaking aDYNAFLOW. One of the primary objectives of
our study is to optimize the nozzle geometry foreapanding-
contracting nozzle, BAP(Figure 1), in order to obtain good
thrust enhancement. In the present paper, two rnmgdel
approaches are described. The results from theselsmserve
as good starting guidelines for experimentation.

Injection Riegion
Figure 1. Expanding-contracting Nozze.

The first approach (1-D BAP) is a one dimensional
numerical technique for solving the mixture flowthre nozzle.
The second approach (0-D BAP) is purely analyticderived
starting from the mixture continuity and momentuquations

1 BAP: Bubble Augmented Propulsor

in the expanding-contacting nozzle. Even though gbeond
approach has certain limitations, it is very usefulerifying

the results from the first approach for simple samed also for
generating quick concept designs.

NUMERICAL PROCEDURE
MODEL)

The unsteady 1-D flow of a bubbly mixture through a
nozzle of varying cross-section arel, can be described by:

(1-D BAP MIXTURE

P 1A _
Jat A Ox
Pl , 1 9(PounAUy) L TP _
ot A 1704 X

1)

wherep,,, u, andp are the mixture density, velocity and

pressure. If we consider the case where the bubléemjected
as a continuous stream, and look for the steady stdution of
the cross-section averaged flow quantities, (1uced to the
following form:

2(Putn® _
1 d?; u.Au.) 2ap @
el m-'m 'm +_:0.
A 17 170

In this study, the liquid is assumed to be

incompressible, i.e. all compressibility effects tbe mixture
arise from the disperse gas phase alone. By asguim the
density of the injected air/gas is negligible conmgglato the
density of the surrounding liquid, we can expréss iixture
density in terms of the liquid density, and the void fraction,

a .

Pn=p(1-a). 3)
The void fraction, a, is nothing but the volume
occupied by the bubbles per unit mixture volumeisTdan be

written using the number of bubbles of radiRs per unit
volume,N;(R):

a = mYRNR). @

Furthermore, in this paper, we assume that othaar th
at the injection location, no bubbles are createdlestroyed.
This leads us to the equation of conservation efrthmber of
bubbles:

ON _an, 10(uA)

Dt ot A X

= O,
Dt ot

®)
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where, u, is the local bubble velocity. This reduces (under t
guasi steady assumption) to the following form:
0

—(u,AN)=0.

x (6)

To describe the dynamics of a local bubble, werassu
that the bubble behavior is governed by the madifieller-
Herring equation [15-17]:

(u, )

Row. 3. R .._
(1—a)RR+§(1—§)R_ ;

, (7)
d 2y R

=) p,+tp, - p-—=-4u—|.
){pv P P-5 ,UR}

In the above equatiorRis the bubble radiusp, is the bubble

gas pressureC, is the sound speed on the bubble surfgge,

is the liquid vapor pressurg; is the surface tension parameter
and y is the dynamic viscosity of the liquid. It is alassumed
that the gas inside the bubble follows the politop

compression law:
3k
_ R
Pg - ng (E '

where, K is the polytropic gas constanp,, is the initial bubble

(8)

gas pressure ang, is the corresponding initial bubble radius.

The local bubble velocity is obtained by solving th
equation for bubble motion [18]:

y b, 3dp_3

u -u|C
b dX (um_ub)| . b| S

R
+3= (U, -U,). (@
b x4 R g Un =) (9)

In the above equatio@, is the drag coefficient for a spherical
bubble [19]:

C, =%(1+ 0.19R™ + 2.6¢ 10R})

10
meRlum_ub | ( )

Reb =
M
Since our approach is quasi-steady, the following
space-time transformation is applied for each bailblorder to
convert the time derivatives into derivatives alathg axial
direction:

0
—=Ub&. (11)

ot

The above set of equations is integrated in spaitgyu
adaptive embedded explicit Runge-Kutta integratidrhe
difference between the solutions of th® and the B order
accurate schemes is taken as a measure of theaitibegerror
and is used to control the forward step size. Iditaah to the
above explicit scheme, an implicit scheme was usedthe
numerical integration, which made the convergencerem
robust. The inlet velocity and the exit pressureveseas two
convenient boundary conditions.

ANALYTICAL APPROACH (0-D BAP MIXTURE MODEL)

The axisymmetric expanding-contracting nozzle
geometry can be defined by the following three sresctional
dimensions (Figure 1):

* Inlet Radius: R«

* Injection RadiusRy;

o Exit Radius:Ryt

Based on these dimensions, the following contractio
area ratios between these sections can be defined:

c, (&} , c{ﬁ] .
J an I%nlet

The velocity and pressure are defined at the three
locations as well:
* \Velocity and pressure at the inlet:
Vinie @nd piet
e \Velocity and pressure at the injection section:

(12)

Vin and pig ,
* Velocity and pressure at the exit:
Vexit and Pexit -
Continuity
When there is no bubble injection, the mass
conservation requires:
Y Rila\/inla =P Rij\/inj,o =P Razdtvexit,O’ (13)

where, the index 0 implies pure liquid. This indexot used at
the inlet because we assume that there we alwaxes dgpure
liquid.

After injection, if we think of the mass flow rate
terms of mixture density and mixture velocity, cengtion of
mass gives us the following relation:

Iol Rila\/inla = Rfu pm,inj\/inj a = I1f<it10m,®<itvexit,a’ (14)
where, the indexa indicates that the fluid is a mixture.
Expressing the mixture density at the injectionataan and at
the exit (0, » Pmea) IN terms of the liquid density and void

fraction (3), we have, after simplification:
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Rila\/inla = R?\] (1—0' ) inj,a R@qt (1 O’) exit,a ! (15)

where, a, is the injected void fraction andr is the void
fraction at the exit. For convenience, we define:

B, =1-a,

L=1-a (16)

In our 0-D analysis, we assume no slip between

phases i.e. the mixture velocity is same as thedigelocity at
these locations.

Momentum

When there is no injectionusing momentum

conservation (Bernoulli's equation), we have in pluee liquid:
pl V2

2 A plvz ple

plnle( O 2 inj,0 pe>dt 2 exit ,0*" (17)

=Pnot

If there is injection, we write the Bernoulli eqigat
separately upstream and downstream of the injectipplying
Bernoulli's equation between the inlet and a pdimnediately
before the injection location (subscript —), we drav

Py o f
pinleta 2| \/lriet - pinj’,a +_2|\/inzj’,a ' (18)

Applying Bernoulli equation (assuming void faction
the medium is low) between a point immediately raftiee
injection location (subscript +) and the exit, vavé:

LA
2

1-a, V2, =p,, +2(1-a)V2
inj* exit 2

exit,a ?

I:)irlj* a (19)

where, the(1-a,) and (1-a)terms multiplied byg account
for the mixture density.

(pinj— |nj )]TRH] _(p|n1+ +p| (1 a ) |n]+)anJ * (22)

Thus, the pressure jump across the injection lonas given as
follows:

(2§

o]

Ap=p _-p.=pV>
p pmj pmj p' inj 1_0,0 (23)

= pl\/ijra’o (1—0'0) .

Relationship between Inlet Pressure and Exit Pressure
Using (13) and (15), we have:

(24)

V.., = V...
exit,a (1—0') inlet

From continuity between a point after the injection
location and the exit (using Eqn.(16)):

(25)

Vinj*,a lru @qt a (ﬁ/ﬁo) (26)

From continuity between a point before the injecttio
location and the inlet:

V. =C, Cl\/

inj~a inlet *

(27)

Using (18) to (23) in order to relate the inlet gmare
and the exit pressure, we have:

Applying mass conservation (ignoring air mass) Using (26) and (27), (28) becomes:

between a point just before the injection (subscrpand a
point just after the injection (subscript +), wevba

:0|\/inj— = IOI (l_ao)\/inj+ (20)
or

V.=V _/(1-a,). (21)

inj in

Applying momentum balance (ignoring air mass)

between a point just before the injection locatjsabscript —)
and a point just after the injection location (st +), we
have:

— pl 2 _y\y2
plnla,a - pinj’ a 2 (VmJ a Vinla)
= pmj* a Ap+ A (\/”fj a _\/lrﬁet)
(28)
- + P
pexn : (ﬁveqta _:80 inj* a)
+Ap+—- A (V,:J a _Vnia)
pinlel,a = ps(it (B(ﬁolﬂ) Clrlj ﬁO)Vinzj*ﬂ
(29)
+ap+2(ch e -1,
ReplacingAp from (23), we have:
plnla,a = pexit +%|:ﬁ0(ﬁo Can2 inj* a:|
(30)

ﬁ %Vz'* (ClnC 2 1)V|nla
2 BO in~,a l}
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ExpressingV,_ " in terms of\/inj, , by using (21), we get: ‘£ :1072 {1 (&”roc'm ],3 }+C (,8 _1) (39)
P = Pus +’;{(’3""3ﬁf"")v; R e\ } i g
(31) Relati_onship between Exit Void Fraction and Injected Void
Expressingv in terms oW, , by using (27), and I:raCtlonAn equation relating the injected void fractiom,, to
simplifying, we get: the exit void fraction,a , can be derived. Since the injected air

obeys the polytropic gas law, we can write:

(32)

inlet *

EO /ﬁ+ aoclij ) ]

all :
Prea = Peit + 2 [W 1V |nJ a( ) = Pait (0’) (40)

The above equation is an important approximate Plugging the above expression in (19), we have:

relation between the inlet pressure and the egtgure.

k

a Y

Normalized Thrust Increase Pt [(?J 1] 2' [ﬂ\/ema - BN inj* a:|' (41)
The thrust (without bubble injection) of the expind 0

contracting nozzle with circular cross sectiongiven by:

Using equation (26) in the above expression to
Ta = 7] Pest Rt = PrieoRiie + ARGV o0~ ARGVinw |- (33)  replace/ ., we have:

k
When there is air injection, the thrust of the Poct [ij -1|=Hv2, aﬁ[l Jin ,BC.n,] (42)
expanding-contracting nozzle can be given as falow a,
= 71] Pt R = Pea Rt * ARG (1= ) Vet o = AR ieVie ] - (34) Using expression (25) in the above equation, wehav
Let us define the normalized thrust gain paramaser a k 0 B
follows: Peit (—] —11 = Vi C7B { |n1:| (43)
Tra _TR TRa TR % 2 '80
{m = = , (35)
Tm—inlet 773| Rnla inlet Therefore’
. 1/k
where, T, ., iS the inlet momentum rate. e, B c?
a=a,|1l+ .maC gt G . (44)
exit 0

Using expressions (33) and (34) , we have:

) ) Givena,, the above equation is solved iteratively to abtai
- pinlel,a +10| (1 a)vexn a + plnle(,O _pICV@(n 0

I (36) and henceg .
pl |nla
Using (16), and expressing all velocities in terofis
the inlet velocity [(24) and (25)], we have: RESULTS AND DISCUSSION
(Priao = Priea) * ,0|CV.§|a [c?pt-c?] Validation of 1-D BAP
$m = oV - (87 Independent studies [3] were conducted atAFLow
Ve using 1-D BAP for a particular expanding-contragtimozzle
configuration and the results were verified agamasults from
Using equations (17) and(32), we have: our Discrete Bubble Model (DBM) — 3INAFS DSM°,
P , A (ﬁolﬁmoc,m) . (38) coupled with EUENT. Figure 2 indicates that the total thrust
Po ™ P =5 (€7 -1V 2| (1ma,)C "1 Vi predicted by thd-D Quasi steady (1-D BAP) model compares

well with results from DBM coupled with Fluent.

Therefore, equation (37) becomes:

5 Copyright © 2010 by ASME



2800~

2600 = /'
I 1-D Rayleigh-Plesset /
L gooooocc 1-D Quasi-steady /
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Net thrust from propulsion (N)
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OOO 0.1 0.2 0.3 0.4 0.5

Void fraction

Figure 2. Comparison of the total thrust obtained using different approaches

(3.

Dependence of Normalized Thrust Parameter on
Contraction Area Ratio C
The analytical expression fof,, (obtained using 0-D

BAP) was compared against results from the 1-D RABe.
Figure 3 shows the length dimensions of the expandi
contracting nozzle under study. The 1-D BAP runsevearried
out for different values o€ (ratio of the exit area to the inlet
area defined in (12)). The runs were carried autgitwo inlet
velocities of 2.4 m/s and 3.57 m/s, an exit pressirl01,325
Pa and &, of 9.35 cm.

Figure 4 shows the variations of the normalizedighr
parameter §.) with variation ofC (varying Re) for an inlet

velocity of 2.4 m/s. The curves have an optimunselnC=1.
Also, as expected, the normalized thrust paranigteigher for
higher injected void fraction. It must be notedttthee analytical
expression compares better with the numerical tesiien the
injected void fraction is small. Figure 5 showsimikr set of
results for an inlet velocity of 3.57 m/s. The 1HAP curves
for these two inlet velocities are almost identiddie analytical
results, on the other hand, are slightly differémt the two
cases. For a higher inlet velocity, the analytiegproach
predicts much higher thrust gain. This is becabhsecomputed
exit void fraction [from equation(44)] is signifioly higher
than the injected void fraction when the inlet aitlp is large.
Even though this effect is expected in reality, BBP results
suggest that the 0-D model over-predicts the thgadéh for
larger inlet velocities. As mentioned earlier 1-DAB shows
similar trends, i.e. the thrust gain increases whien inlet
velocity increases (Figure 6). However, the inletoeity must
be large (10 m/s for the case shown in Figure 6)s¢e
significant improvement in thrust gain.

Injection Region

Figure 3. Dimensions of the expanding-contracting nozze.

- —=— - 0,=0.01
Numerical (1-D BAP) : Dashed Lines . _. _ . oy = 0.05
0.08 - == - 0,=01
i Analytical (0-D BAP) : Solid Lines % = 0.01
- ——— 1, =0.05
—— =01
0.06

002l L1

Figure 4. Normalized thrust parameter versus C (Ve = 2.4 m/s). Analytical
expression for {m is compared against results from the 1-D BAP code.

— —=— - ¢,=0.01
Numerical (1-D BAP) : Dashed Lines _ _, __ _ a,=0.05

- ——- =01

Analytical (0-D BAP) : Solid Lines U
—_—

002t

Figure 5. Normalized thrust parameter versus C (\/inlel =3.57 m/s). Analytical

expression for {m is compared against results from the 1-D BAP code.
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— —a— - g, =0.01,V,,,=10.0 m/s
0.08 - NUMERICALRESULTS — —*~ = %= 0.05, V; =10.0mis
= (1-D BAP) - —— - ,=0.10, V_ ,=10.0m/s
L —— ,=0.01,V, = 2.4mis
< ,=0.05,V,__=24mis
0.06 —— 0, =01,V =2.4m/s
| ——
| -~ T~ P,.= 101325 Pa
v -
0.04
E
ey
0.02
0
-0.02

Figure 6. Effect of increasing theinlet velocity on Normalized thrust
parameter: 1-D BAP.

In addition, one can observe from equation (39} tha

for C=1, & =a, /(1—ao)x[(1—c.2 )/2] (assumingr = a, ).

inj

Figure 7 shows the variation g, with variation of the injected
void fraction a, as obtained from the two approaches (for

C=1). The results reaffirm the fact that increading injection
void fraction increases thrust gain.

1.2 4

1

£

=

]

3

£ 0s

&

o

g 0.6

=

=

T 04

= ——1-D BAP

g 02 —=—0-DBAP

5

=

0 : : : : : : : :
0 0.1 02 03 04 05 06 07 0.8

Injected Void-Fraction (Oty)

Figure 7. Normalized thrust parameter versus injected void fraction:C=1.

Dependence of Normalized Thrust Parameter on
Contraction Area Ratio C;;

Physical intuition suggests that increasing théeorat
the injection area to the exit area would increhsenormalized
thrust gain. This is because, increasing the iigacrea would
imply that the bubbles are injected at a highewfiwessure and
their expansion at the exit (lower pressure) wquidminently

cause the liquid at the exit to flow out with higheelocity,
contributing to higher thrust.
Figure 8 and Figure 9 capture the variationégfwith

the variation of 1, for two different values af,. In these

runs, C is fixed at 1.1 (close to optimum). It appearsttha
increasing the area of the injection region does$ mave
significant effect on the normalized thrust parandteyond a
certain limit. For instance, wherr;=0.05, &, for 1/Ci;=6 is

approximately 95% of the value ¢, for 1/Ci;=12.

Again, the 0-D BAP captures the trend better winen t
injected void fraction is small.

0.06 -
005 . Numerical (1-D BAP)
- Analytical (0-D BAP)
0.04 -
003
* ° ®
002F
£
s r
0.01fF
I Vit = 2.4 m/s
o P,.= 101325 Pa
001h o, = 0.05
c=11
0.02
Y| N B T B SR I S| R I R
L 2 4 6 8 10 12
1/C

inj

Figure 8. Normalized thrust parameter versus 1/Cinj - a'o =0.05, C=1.1.

0.06 -
0.05F .
0.04
0.03F
Numerical (1-D BAP)
002 L Analytical (0-D BAP)
£
ap r
0.01
I Vi = 2.4 mis
oF P, = 101325 Pa
001 0y =0.10
c=11
002
O N B S S SRR SR
0.03 2 4 6 8 10 12
1Ic,,

Figure9. Normalized thrust parameter versus 1/Cinj - 0’0 =0.10, C=1.1.

Presence of a Throat
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After establishing that the normalized thrust paeten
is optimum forC=1, we studied the effect of the presence of a
throat just before the exit of the expanding-cartirgy nozzle.
Starting with a basic configuration, Figure 10a, otw
modifications are applied. The first modificatiomvolves
reducing the length of the contraction sectionuFeégl0b, and
the second modification involves extending the thngf the
contraction section, Figure 10c, in order to incogte a throat.
It must be noted that both these modifications engheatC=1.
Within the second modification, different configtioms were
tried. These configurations, essentially, deterntingesize of the
throat (Figure 11). Configuration 1 has no thratgtshed line in
Figure 10 (c)] while Configuration 10 has a veryroa throat.

Ri,j=9.35cm

Ryt = 2.64 cm

O

I
1
|
|
|
|
................................................ [ ET TEP RO TP PRT TP PEPEPPOR
|
|
1
|
1

Eq—-l
7.72cm
(a) Basic Configuration

60.92 cm 58.50 cm 49.53 em

Ripiet = 5.08 cm =5.08 cm

inlet

60.92 cm

[+ 37.48 cm

60.92 cm 49.53 cm |

R =2.64 cm
(c) Extended Exit

Figure 10. Geometry of the expanding-contracting nozze.

0.15

Cut Exit

Extended Exit -
Extended Exit -
Extended Exit -
Extended Exit -
Extended Exit -
Extended Exit -
Extended Exit -
Extended Exit -
Extended Exit -
Extended Exit -

config 1
config 2
config 3
config 4
config §
config 6
config 7
config 8
config 9
config 10

0.05

[ 1]1]

TS | 1 1 1 !
0 12 14

06 04 02 0 02 04 06 08 1
X(m)

Figure 11. Different configurations (expanding-contracting nozze) studied.

Figure 12 shows the variation of the normalizedishr
parameter¢, ., with variation of the injected void fraction, and

Figure 13 shows the variation of the total thrustsus variation
of a, for an inlet velocity of 2.4 m/s.

Since the 0-D BAP analytical approach only involves
the area ratio€ and Ci; and does not include the geometry
variation occurring in-between, it cannot captuhe trends
when a throat is introduced before the exit. Theilte from 1-

D BAP for cut-exit match the 0-D BAP results quitell
(Figure 12).

From the 1-D BAP results, it appears that introdga
throat is not beneficial in increasing thrust gaifhis is
somewhat contrary to physical intuition. One woelgect the
presence of a throat to accelerate the liquid (audubble
expansion) and consequently improve thrust gainortier to
confirm the trend for other flow conditions, a siation with a
higher inlet velocity was performed. It was thougdt having
higher flow velocity would lead to a higher voidétion in the
throat region and would consequently increase thgasn.
Figure 14 shows the variation of the normalizedushr
parameter,&,,, with the variation of the injected void fraction

for selected configurations at the inlet velocifyl@m/s. Even
in this case, presence of a throat did not hel@mdhieving
higher thrust gain.
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03

B ———— Cut Exit

B e Extended Exit - config 1

B = Extended Exit - config 2

B Extended Exit - config 3

B Extended Exit - config 4

025 ———— Extended Exit - config 5

- Extended Exit - config 6

= Extended Exit - config 7

o =  Extended Exit - config 8

|- Extended Exit - config 9

02F Extended Exit - config 10
cxd B -] 0-D BAP
£ IC
w015 i
0.1F
0.05
0 — L l Ll = I L L I
0.05 0.1 0.15 0.2 0.25 0.3
o
0

Figure 12. Normalized thrust parameter versusinjected void fraction
(different configurations, C=1, \/inI o =2.4m/s).

Cut Exit

Extended Exit - config 1

Extended Exit - config 2

Extended Exit - config 3

Extended Exit - config 4 [ ]
Extended Exit - config 5

Extended Exit - config 6

Extended Exit - config 7

6 - Extended Exit - config 8

Extended Exit - config 9

Extended Exit - config 10 a
0-D BAP

[=-]
1

Thrust (N)

i iy 4
0.15 0.2
Uy

i J
0.25 0.3

0 0.05 0.1

Figure 13. Total thrust versusinjected void fraction (different

configurations, C=1, \/inlet =2.4m/s).

CONCLUSION
One of the primary objectives of this study was to

optimize the geometry of an expanding-contractiogzie in
order to obtain high thrust enhancement. To achtbig two
modeling approaches were followed. The first appho€l-D
BAP) used a quasi one dimensional numerical tectenifpr
solving the mixture flow in the nozzle. The secamproach (0-

D BAP) involved analytical derivation of the nornzaid thrust
parameter.
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01
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Figure 14. Normalized thrust parameter versusinjected void fraction
(different configurations, C=1, Vi =10 m/s).

The analytical approach is very useful in providing
physical understandings of the bubbly flow phenoomeim the
nozzle, verifying the results of the first approachand
generating quick concept designs. On the other héedfirst
approach, with the use of numerical solutions, peadict the
nozzle performance more accurately with more dedail
considerations including the followings:

1) The approach accounts for the dynamics of indiMidua
bubbles in the mixture.

2) The approach allows slip between the bubble and the
mixture flow around.

3) The approach includes the geometric variation along
the nozzle including multiple contractions. Hentte,
can capture the effect of a throat if exists.

An even further complete approach involving 3D
computation coupling an Eulerian viscous computatioth a
Lagrangian discrete bubble description is preseptsdwhere
[3,4]. For simple configurations, it was found thfa® maximum
normalized thrust gain occurs when the exit aresgisal to the
inlet area. Additionally, the thrust gain is highfar higher
injected void fraction. It was also found that im&sing the area
of the injection region (relative to the exit) irases the
normalized thrust gain to a certain extent.

Moreover, the 1-D BAP simulations indicated that th
presence of a throat under the conditions we hawudiesl
reduces thrust gain. This conclusion should beamixed with
further analysis and experiments since the 1-D BA&e does
not capture the complex flow physics (e.g. sepamati
compressibility of the mixture, non-uniformity inadial
direction etc.) that would prevail in the presenta throat.
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