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ABSTRACT

DESIGN AND PERFORMANCE ANALYSIS OF DOUBLE -FLUX
SUPERSONIC AIR EJECTOR

BOZKIR, Berk
M. S., Department oRerospacdzngineering
SupervisorProf.DrrH¢, seyin Nafiz ALEMDAROJLU

May 2018 116 pages

The main purposef this studyis to design a doublfux supersonic ejector and to
evaluate its performance associated with its entrainment rdip employng
Computational Fluid Dynamicsethod as well as ne-dimensionabpproachSince
the performance of thejector systems istrongly dependent on the desitnis study
concentrates on maximizing teatrainment ratibdy varying the corresponding angles
andthelengths of theritical segmentsuch as mixing angle, divergence angle, mixing
throat length et¢c.while keepirg the operationgbarametersinaltered. Numerically
computedresultsand the onedimensional calculations have beeompaed. It is
found thatthe proper design is mandatoryrfachieving efficienentrainment ratigs
and has prominent effect on the operation of the sydtamfound thataimost 20%

of enhancement oantrainment performanaan beobtained solely bynodifying the

|l engt hs and angl es gmehts withoechamgingtlietoperating cr i t
conditions. It is alsodeducedthat during these modificationghe complex flow
structure through the system, should not be disregarded for a thorawagtityization

of the performance and an efficient operation efefector.

Keywords: Supersonic [ector Design CFD, Hector Performance Maximization,
EntrainmentRatio, One Dimensional pproach
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CHAPTER 1

INTRODUCTION

1.1.Objective of theThesis

The main purpose of thikesisis to design a doubl#ux supersoniair ejectorsystem

with air-air as the working fluidand to evaluatés performance associated with its
entrainment ratioStudy concentrates dhe maximization ofheentrainment ratioy

varying the geometrical parameters of the ejector systevhjle keepirg the
operationabarameters unaltered since the ejector systems are strongly dependent on

the design.

In this context, the operational parameters of an ejector system along with the
geometrical aspects will be introduced and investigated in detail, incltigireffects

of these aspects on the performance of an ejegtbem

1.2.Literature Survey
1.2.1 Definition of the Ejector Systens

The ejector system can be defined as an alternative jet pump or a vacuum system which
is used for removing or relocating any fluid fmoa given location. Type dthe
operatingluid is referredtégi wo r Kiun gl of, and at | arge; air,

refrigerants aramong the mosised as working fluslusing thisystem.

The system mainly composes of a primangla secondary iet, a nozzle section, a
mixing region, a diffuser section and asecharge outlet. The design and the

geometrical properties of such regions vary depending on the desiredarperat



operational conditiondNozzle sectioncan bedesigned as convergingnozzle(i.e.
Ejector system) or a converghuiverging nozzle (i.e. Supersonic ejector system),
depending on the desired vacuum level or the pressures of the fluid inlets in order to
achieve the desired operation. A generic scheme of a supersonic eystton &

shown in Figurel.

-

Converging Diverging
Nozzle

§—— Mixing Section ————prg——— Diffuser Section ———p»

Figurel. A generic supersonic ejector scheme and its main components

The generic scheme of afector system given irigure2 describes the ejector system

is composed of & p r i ma rthatisfthie supptiedl, higienergy, higkpressure and

so calledthefimot | wvied dfaadondathayis thel lawenérgy, low

pressure fluid which is desired to be vacuuroat andthatis calledthefient r ai ned

fl uThdeo .idi scharge fl ui do i snsavatons)thetwtall d be ( cc
of the primary andthe secondary fluid after which the twastreams are weknixed,

and the pressure is balanced out with what the ambient pressure is. The design or the
geometrical properties of the system is substantial by means of the degeledf

vacuum as well as thenixing of such two streams and the gsererecovery

throughout the ejectqd].

The high pressure primary fluidbds pressure €
with the help of the nozzle system so that the pressure of such stream is reduced and a

Avacuumor egi d or med just after the nozzl e ex



nozzle)asshown inFigure?2. If the pressure of this vacuum region is lower than that
of the secondary fl uidés pdargfluidoutaijts t he

location, through this vacuum regi, and such two streams magthis zone.

Vacuum
Region

Second Throat
(Mixing Throat)

e
m»s --------------------------------------------------------------------------

Converging Diverging
Nozzle
«4¢— Mixing Section ————p+g¢—— Diffuser Section ———p=

Figure2. A generic supersonic ejector scheme, its components along with the descriptions

Subsequently, thenixing operation within the soalled mixing region commences,
which is one of the mogtfluential phenomenon held within the geomefi3j While
designing sucla system, a proper mixing of such two streams should be coedider

and ensured, in order to achieve efficient and smooth operation of the ejector system.

During mixing process, the velocity of
ejector, the velocity of the flow is reduced to subsdoiww at the downstrearand of

the mixing region), thus the static pressafélow is increased with the help of the
frictional forces, turbulent shear layer formed between such two different streams, and
even the shocks forrdewithin andduring the operation which will be invegited in

more detaiktthefollowing chapters.

As it is pointed out irfFigure 3, Mach number of the flow varies through the system
itself. This Mach number variation can shortly and simply be commentated as;
accelerion of the primary flow through the nple and of the secondary flow as a
consequence tfelow-pressure vacuum regianeatecht the nozzle exit, deceleration

of the flow throughthe mixing regiondue tothe frictional forces and shocks within,
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and furher deceleration through the diffuser sectimtipwed by anequalization of

the flow pressurat the downstreantocation Through the upstream of the diffuser,

the flow is subsonic; however, the pressure of the flow is still lower than that of the
ambien pressure at the downstreand of the ejector. Therefore, further decrease in
velocity, thus the increase in pressure, is essential in order the flow to attain the
backpressure value. In a sense, the process from upstream locations of the vacuum
region Figure3) t o the downstream | ocations of

recoveryo.

Increase in Mixing process & Decrease

Mach Number T4 P in Mach Number through -

through | Subsonic Speeds

. Supersonic | (ie M>1>M<1)
Speeds |
lie M >M>1) |

Further Decrease in

i
|
i
|
I
Increase in Mach I
Number 4_1 H » Mach Number & ¢

(i.e from M =0) Pressure Balance
(i-e Priow = Pambient)

Figure3. A generic supersonic ejector geometry and velocity contribution

The main advantagef an ejector systens that; t has no moving parts, elements or
sections and due to thiact, maintenance or suchlike operati@renot necessargs
the system only uses the pressure energies of prsezgndary inlets and discharge
outlet. Once thgeometry/contour is properly set, the sysismeliable andoperates
troublefreely. In this respegtan ejector is aery low-cost system and ia simple

solution for creatinggacuum.
1.2.2 Applications and Investigations of the Ejector Systems

Ejectorsystens haveusage in the backpressure control of a bttown wind tunnel
test sectionKigure 4), in a closed return type supersonic or subsonic wind tunnel

applications, and in refrigeration systems etc. with various corresponding types of

t
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working fluids[3] as well as various number of stagleat is, a number of operating

ejectors consecutivelg].

The ejector configuration of which the current thesis study is focusedhere the
working fluids are airis generallyused forcontrolling thebackpressure of essentially
the blowdown type wind tunnel$BDWT). In order to simulate high altitude flow
conditions at these facilitieq[5], [6]) the pressureof the test sectiorhas to be
controlledaccordingly, and this has to be achieved with a vacuum sy§éni8]).
As blowdown type wind uinnds include air storage tanksir reservoir)that have
sufficient amount of pressurized air withthg primary fluid of the ejector system is
usually supplied from these air storage tanks as showigume4. Considering these,
ejector systems are widely used for purpadeseating vacuurng].

Pressure .
/_\ Test Ejector

/Regulator Section System
( //"'__‘\,
Air /" setting
Reservoir —/—\ Chamber
\\__//

Nozzle Diffuser

N

Figure4. A generic scheme of a bleglown wind tunnel with an ejector system

The utilization of ejector systems improves the test envelope of such test facilities as
can be seen iRigure5 showing thecapabilitiesof the DLRCologne Trisonic Wind
Tunnel[10]. This plot shows the abilities of tifecility with or without an ejectognd

it can apparently be observed that, in order to achieve mainly the high allitghe
Mach numbeiflight conditions as well as the low Reynolds number conditions, the

use of an ejector system is necessary.
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Figureb. Test envelope of the DL-Rologne Trisonic Wind Tunng10]

Ejector systems are firstly introduced in earl{’ 2@ntury and are in use for purposes

of vacuum since then. Several investigations aiming the improvement of the ejector
performanceas Dutton and Carrglll] and Bartosiewicz et aJ12] have performe,
considerations of the cesfficiency [13], optimization of theejector opemtion as
Manikanda et al[8] and Mattos and Medronhfil4] have carried outdifferent
appoaches on the operatiar designas Croquer et alf15], Gagan et al[16],
Maghsoodi et al[17] and Yamamoto et a[18] have accomplistd and suchlike
studies regarding the ejector systems Haean carried out so far tharte available in

the literatureand proper references amted along the study whei@ guidance is

applicable

However, investigation of the ejector systems is not quite popular and obtaining a
specific desired information related to such systems can be challenging.reg#rig
a study informingthe ejector operationthe modifications & the ejector parameters

and its effects on the ejectperformance igarried outalong this study.



1.3. Motivation of the Study

Even though an ejector system is considered an effective, mainténemanda
convenient vacuum implementation tool, it has several drawbadmgide. Since

the geometry itself is the key for the operation, these issues must be considered along
with the design process.

Apparently, the contour itself shall be designed such that, the accelerated primary flow
carves out enough vacuum levels at the spwading locations in order toqperly

draw the secondary flow jmnd the complications that may possibly arise due to the
complexity of the flow stroture should not be disregardd®]. The main aspect to
consider is to marize the performancenhichis to drain the highest possible amount

of secondary fluid through the system with khast amount of resources ipgimary

fluid, which is also associated with mostly the emina@nt ratio[20]. One may not
provide a certain mass flow or a pressure energy in order operate the system at the
desired suction level, or may operate inefficiently which would obvioushviaste

of resources, if the geometry is not designed propeily

On the other hand, while maximizing the performance of the system, the reasonable
lengths, openings, diverging or converging angles, esessonal areas; simply the
overall layout of the geometry should tesigned.n order to eliminate the possible
troubles[21] that may arise due to for instance separation, choking, blockage, vortex
formation, improper mixing, inadequate recovery of pressure, or any kind of flow
obstaclesluring the opeation whichmay dramatically affect the performance of the
system[22].

Therefore, his study basically originates from suobtnsiderations of maximizing the

performancevhile observing the flow chiacteristics of correspondirdesigng23].






CHAPTER 2

THEORETICAL INVESTIG ATION OF AN EJECTOR
AND
ONE DIMENSIONAL APPR OACH

In this chapter, a theoretical investigation of an ejector system is detailed and a one
dimensionalapproach for thesvaluationof the ejector operatioms well as its

performances presented.
2.1. Theoretical Investigation of an Ejector

The operation through an ejector system is informed including the aspects to be
considered while designing such a systeithin this sectionAs the current study is
concentrated on thevaluation and the maximization of the ejector performatnee

main components of an eject@s well as the entrainment ratio that defines the

performance of such systemsdetailed.
2.1.1Components of an Ejector
2.1.1.1. Converging-Diverging Nozzle

The convergingliverging type of nozzle has a variety of usage, especially, in
applicationswhere supersonic velocities are to be creaf@ppositely, deceleration
of the supersonic flows into subsonic wa@ties.) The basic scheme attteoperational

demonstration of a convergetiitzergent nozzle is shown Figure®6.

Convergendivergent nozzl@peraes as accelerating the subsonic flow first to sonic

then to supersonic velocities (or the exact opposite) with the help of the three distinct



segments which are called ; converging section, throat section and diverging section,

as shownn Figure6.

In a supersonic ejector systemconvergentivergent nozzle is used for accelerating
the highenergy, higkpressurized fluid to supersonic velocities, ghand so, the
pressure of the stream is dropped into very low valyegeneratig a vacuum region

at the exit section.

S
Throat
Section

I

I

: Convergin, Divergin,

i > gng 1\ . Bing
Section Section

Figure6. A typical convergingliverging nozzle scheme

2.1.1.2. Vacuum Region

The most prominent part of anejectoy st em i s t he fivacuum regi on
the highpressue primary flow is accelerated and the prassof the fluid is far

reducedFigure7).

_ Vacuum
gl Region
I

g

Figure7. Vacuum region and the process description
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If the pressure of the accelerated primary flow is lower enough, then the system drives
t he A s e c osurdoandiyg the primarydfloid at this locati@s shown ifrigure
7.

2.1.1.3. Mixing Region

Mixing region (or chamber) is the section in which two incoming streamsgpy

and secondary) meeeach other and the process of mixingtaking place athe
downstreamlocation By means of performance, the sizing and the geometrical
properties of the mixing chamber hasportant effect over the flow itselfTwo

different mixing behavia and correspnding geometries are widelysed in the
literature. Thesar e cal | eglr dicorsd amitxi ng c-lareamber 0
mi x i ng c¢hhtarssboamn id-igure8. There are no apparent advantages of one
approah to the other, antthe choice varieBom condition to conditionCurrent study

focusses othe constardpressue mixing approach.

T—bConstant Pressure Mixing#—
i |

‘ |
s ------ M Eiﬁg Throat

|
, |Mixing |
Throat

l—b Constant Area Mixing 4—'

Figure8. Constarpressure mixing (top) versus constarga mixing (bottom)
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Within the mixingchamber, some important incidents take place. As the flow exiting
from nozzle has less pressure value than thabhe$econdary flowthere forms a
boundary as shown by tra#ashed linesHigure 9) which gets narrowe(radially)

through the downstream of the chamber (as the flow mixes).

Flow exiting from the nozzle has a tendency to further expand its area but as it meets
with this jet boundary, an oblique shock is formed. Such nozzle configuration is called

ioerexpad e d nfR4.z1 eo

» Mixing Region <«

Expansion Waves

Boundary

* Compression Waves

*" Oblique & Reflected
Oblique Waves

Figure9. Mixing patterng shock cells visualization

Secondary Mixing Layer

Flow — ;
Primary _ e

Flow

Oblique Shock-
Expansion Train

Figurel0. Instantaneous Shilieren image of shock cgis]
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The obliqgueshock meets its twin coming from the opposite side and both are reflected
back outwards. The pressure of the flow passing through the oblique shock increases,
but this time, it exceeds the pressure of the surrounding flow so a series of expansion
waves fron both sides is formed. Flow passing through these expansion waves,
expands, resulting a decrease in pressure again. But for this time the pressure of the
fluid becomes lower than the surrounding fluid so this time a series of compression
waves are formettom both sides and flow passing through these, turns through the
centerline ad its pressure increases adg&i]. Also, an example of flowisualization

of such series of shock pattera® alsasshown inFigure 10, where these are called
shockecells (25], [27]).

So this series of compression and expansinesgoes on until the pressure is
balanced andhe streams aréotally mixed. At the endf this mixing if the flow is

still supersonic, a normal shock wave is formed. The mixing throat (which alse refer
asthesecond throat) shown Figure2 is where the flow is expected to be mixed and

the transition@r jump) to sbsonic velocity ioccurred.

2.1.1.4. Diffuser Region

Discharge

——

Mach NumberJ'

Pressure

Discharge

T
i
\
\
i

———— Diffuser Section +——

Figurell. Diffuser region and the explanation

Diffuser section is the region where velocity of the mixed flow is further reduced and

the pressure of the mixed flow is balanced whidt of the ambierdir in order notto
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disturb the smooth operati¢®8]. The effect of the ambient pressure (also refers as
backpressure) will be invegtited in the following chapterst is known thatthe
backpressure ianother remarkable fact for the vacuum operation as its presence is
one of the main causes for the fluid motion witfa]. A view of an example diffuser
region, including its operationdkhaviors is showim Figurell.

2.1.2 Entrainment Ratio

The most important aspect considering the performance of an ejettterss called
Afentrai nment r at iasfiowoafinERaoohthe getfoymartesaf the e d

ejector is associated with this ratio

DEEWOT N EYDO Q

Qhé
06 B 6 G0a EYoh 6 Q @)

N T
%1 I3 A OG0 Qsﬁ‘

It is basically the ratio of seconddryl u makDflsw rate to the primafyl u matd s
flow rate and descrilsdnow much othesecondary fluid, the system is able to vacuum

out or drain for a uniof supplied primary fluid.
2.2.0ne Dimensional Approach

In order to examine the flow within agector system (onedimersionally), severa
assumptionsare implementedto choose the appropriate meth@d0], [31]). The

system is divided into segmemtsdthe stations are assignedseen inFigure12.

. \ LN S iy
2 2 ; :
(A= LB {36 g S —— L 5e-1lAtm)
Y / .| N~ il \\ 7
-

LN

—
~

Figurel2. Ejectorgeometry withtheassignedtations
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Theindicesii 06 ref ers t o st adtfee Xiii th®,, théStataat m eff e

i t h r othe todresponding stations showrFigurel2 and are arranged as follows
Segment {1}A converging diverging rozzle

Segment {2}A secondary inlebranch

Segment {3}A mixing chamber

Segment {4}A mixing throat

Segment {5}A diffuser

So, within the corresponding segments, the conservation equateapplied in order

to acquird13] 1-D aerothermodynamic properties tie flow ([23], [32]).

— nooo g & @)
g1 70 i
°T% Qo ©)

Conservatiorequationsandisentropic relationare usedo get thecorresponding -D
calculationsto get a FORTRAN code.hE flow is assumed tbe steady, inviscid,
adiabatic, compressibland onedimensional[33] and the fluid is assumed to be

calorically perfects gas
2.2.1 Converging-Diverging Nozzle Calculations

As a first step, such calculations are based on the assumption of isentropic flow for
which the flow is assumed beidealand shocKree, thus change in flow variables is

negligibly small.

Thedesired peration is fulfilled with the @ai Mach number relation between sonic
(throat) region and desired region (can be both upstreamiownstreamend), and
the remaining flow variables can be calculated by the hel@3jfisentropic flow
equationsTheseequations (Equati@#-7) considered are as follows;
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— p —D (7

By use of these equations/relations, afermodg/namic flow properties at the inlet,
exit and throat (sonic, *) locations withinonvergendivergent nozzle can be
calculated with ease within the knowledge of stagnation (tstai@ properties of the
fluids [34].

2.2.2Secondary InletBranch Calculations

Figurel3. Zoomed view of the nozzle exit and the secondary fluergsection
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Throughout the investigation of the flow along the secondary mkstch,several
assumptions should be taken ictmsideration. Inlet properties are taken as, ambient
conditions from where the fluid is to be drained, and ideal, isentropic flow
assumptions; the pressure of tomvergentdivergent nozzle exit (statiebe) and the
secondary pipe exit (stati?e) is dso taken adeingequal at thentersectionline
(i.e.0 0 ) shown inFigure13. In this manner, the whole initial (inlet) properties
as well as the exit pressuredistermined, which simplifies the procg38].

2.2.3Mixing Chamber Calculations

Similar to the previousection assuming the pressure of the mixing ing&t{on3i),
convergendivergent nozzle exitgation-1e) and the secondabyanchexit (station
2e)equal (i.,ed 0 0 ) (Figure13 andFigure14) , and the individal flow

properties of primary ansecondary seamsare already determined.

Figure1l4. Zoomed view of the upstream and downstream mixagipn

Another assumt i on onstamprdsgurenii x i ngo approach whi cl
within previous chaptef85]. In a sense, this assumption uncovers the pressure at the

exit of the mixing segment i.®. 0 which is also obtained as 0 0
(Figurel3 andFigurel4).

In addition similar to the previous twsectionsthe flow is assumed to be ideal and
isentopic, without anyobliqueexpansiorcompression patterns/shocks, atie

mixing of primary andecondary streams realizdsally.
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During the mixing process, the velocity of the flow is assumed to be gradually
decreased in consequence of flow friction or resistance between streams depending on
the Reynoldsnumber of the flow itself, correspondingea ratios, flow rates dn
velocities of the streamg36]. Such relatios are determinedrom the following
formulations that are acquired from the literatytg], where, refers as the

coefficient of flow friction between thi&svo mixing streams

° % o8 o, empun
@ 0 . X © ., emtu
@ 0 4 w ©° |, emtn
w ° W ©° , emcu
w ° o, empm ®

whereMach number of the mixed flosanbe calculated using one dimensional and

ideal mixingbe calculated as;

0 , ©)

The flow is assumed to be perfectly mixedth constant flow properties in the

downstreansection of themixing region.

2.2.4Mixing Throat Calculations

P [

AN N
__!{3 e_/!|(4./_ _ _(4(3_! o

|
/ ! \1 \

Normal Shock

Figurel5. Mixing throatsection andNSW
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Flow in the mixing throat segmem assumed to be stabilizefdthe velocity is
subsonichowever if the flowin this section isupersonic, then it is expected (desired)

thata normal shocko be formed there

In orderto obtainthe flow properties at the downsam of normal shock wave

i.e.® @ , following equationg37] areutilized,

- (10

— 11

- r pd° ¢
T LY ¢

— (13

(14

y y 15
whered 0 andstate 4i is upstream, 4e is downstream of the normal shock.

2.2.5Diffuser Calculations

!

|
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|

@lsiy——— (-Se 1{Atm
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|
|

Figurel6. Diffusersection andstations
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Along this segmenthe objective is to balance, level the pressure of the flow which
passes through the normal shock wave (NSW) &b ofi the flow to be discharged
(i.eD 0 © 0 ) (Figurel6).

The pressure at downstream of the diffuser section can be acquired from the ambient
pressure (i.® 0 ), and geometricalformalizing of such can be arranged

accordingly.
2.2.6Length of the Segments Prestimation

Thereexists several lengthatios which providesefficient operation othe ejector
system that can baetermined from literature surveys. However, thesgesdepend
strongly on the operational conditisn and therefore may vary significantly

dependently othe conditions of the operation

Figurel7. Lengths of theorrespondinglementsalong with the convergence and

divergence angles representation

Therefore the length oeach section of the ejector should be studied in datakder

to obtaina better performant ejector, a parametric study must be ref8&ped

In this context, by keeping the cressctional area of the statioddurel?) constant,
the convegence angles of mixing region asdcondary inledimensionsand the
divergence angles dhe nozzleand thediffuser sectios shouldbe altered. These
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geometrical parameters as wellthe length of the gaf® ) and themixing throat

section(0 ) canbe visualized as a whole from the model showRigurel7.
Therefore, apecific geometry foan efficient ejectoroperation can be obtain¢ti].
2.3. Theoretical Evaluation and the Outcomes

Discovering the operation of the ejector and obtainkiydalculationsa preliminary
ejector geometrygerethermodynamic properties at the critical locatiand the most

of all; the entrainment ratiare acquired for the given conditions of the operation. This
output provides sufficient information for an initial evaluation of the system as well as
leadsdetailed analyses of ejector performance maximizatigrsh will be performed

in the following sections.
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CHAPTER 3

COMPUTATIONAL METHOD S AND TOOLS FOR THE ANALYSES

In order to determine the distribution of the pressure and the flow field within the
geometry of the ejector, computational fluid dynamics (CFD) methods are used. Two
popular commercial CFD codes, ANSYS Fluent and FIoEFD, are used for this
purpose. Furthemore, the CFD results obtained by using these codes are also

compared with the-D FORTRAN coderesults written within the scope of the thesis.

This section presents the method and the computer programs that are used to validate
the computational result®if the present studys a validation of the methods and
tools, two different geometries are taken from the literdtl2eand[39]. Thenthe

D andthe CFD results are compared with the corresponding results miy2], [15],

[16], [39] and[40]. These two diférent geometries are evaluated within the separate

sections and named as fAValidation Part |
3.1.Validation of the Computational Methods andToolsi Part |

In the first instance, a geometrya/ supersonic ejector model is taken from the
literature,[39] which is shown irFigure 18 indicatingthe dimensions angeometry

of the ejector used for this stufiy6].

In addition to dimensional and geometrical properti€ggure 18), operding
conditions as well athe nondimensional design parameters of the present system is
alsogiven inTable 1l and Table 2. For thetest case used in this stydiie system

operates witha primary flow of pressurer43000 Paa secondary flowof pressure
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86300 Pascal anaddischarge presure 0f137000 Pa, same as used in the literature
[39].

10,6
23,5
35°

| 8°
25,6

D34

28

60°
2

§%
%)
%)

Figure18. Cross sectional view of theskificationcasegeometryi | [39]

This verification caseas explained in detail, and tHeD Fortran code develepl is

used for calculating the pressures and other flow parameters along the various
components of the same ejector as used in the litergB®}e Then a more

comprehensie computational study is initiated by using a commercial CFD code,

FIOEFD, i ncluding the fAideal wall o 4&gmealysis in
Euler computations, inviscid solutign) and fr eal wal | o-slipnal ysi s i

boundary condibns are appliei.e. N-S computations, viscous solution)

The use of a CFD code requires an appropriate geometry and to help generating the

geometry, first a commercial CAD design package, SolidWorks is Gééalanalysis

24



is performed by setting pressuboundary conditions to the flempenings. (i.e.

pressurenilet B.C. to primary/secondary apdessure outlet B.C. to discharge)

Tablel. Verification case operating conditionk

_ Static Pressure
Primary Fluid (Inlet) P, == 743000 Pa
Secondary Fluid (Inlet) P, == 86300 Pa
Discharge (Outlet) Pout== 137000 Pa

Table2. Verification case nodimensional parameters

Secondary/ Secondary/ Mixing throat/ NozzleExit/
Primary Nozzle Throat Nozzle Throat | Nozzle Throat
Area Ratio 2.19 5.77 8.54 2.637
Secpndary/ Discharge/ Nozzle Exit/Primary
Primary Secondary
Pressure 0.116 1.65 0.058
Ratio

In addition tothis, the same ejector geometry is investigated implementintyvthe
well-known turbulencemodels which are K realizable and SSTshear stress
transport)k-omega,for the simulatiors performed usinghe commercial ANSYS
Fluentcodein order for the elaboration of the study and determination of the proper
solver code with pros and cons evalaatfor the study. Same procedure mentioned
previously for setting the boundary conditions are performed together with the axis

boundary condition is set to theaxis.

For the entire flow simulations, the grid convergence is checked as a first instance. In
order to be certain if the grid is capable of capturing the solution accurately and cost
effectively, a grid convergence study is performed. Several grid densities and
distributions are arranged for each tool to be taken benefit of and corresponditsg resul

are analyzedFor the studies, a coarse, a medium, a fine and a very fine grids are
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gener ated, named as Agrid#10, Agri d#20,

corresponding restd are evaluated and presented.

The problem is computeth such a \ay that,firstly a converged solution of only the
primary flow is obtained, then the secondary flow is enabled for both FIoEFD and
ANSYS Fluent analyses. Besidesnverged solutions for theviscid (ideal wall) and
viscous (real wallppproachesf FIOEFD, 15tand 29 ordermethodsof ANSYS Fluent
areobtained step by step for eaahalyss in order to obtain the final solution of the
problem. Therefore, series of steps are carried out for an ultimate result at each
analysisThis yields a minimum solutiotime of ~3 to ~4 hours as well as a maxm
solution time of ~62 to ~63ours for each result over the course of this thesis,

including the grid convergence study.
3.1.1.Grid Convergence

For generating the grid® be performedor FIOEFD, a grid convergenceusly is
performed. These grids that are to be observethi®study has cell sizes as follows;

U Grid#l A 16683cells
U Grid#2 A 129177 cells
U Grid#3 A 560435 cells

0 Grid#4 A 1121865cells

The problem is solved with the indicated ggideswhich refer taicoarse, imediun,
fifined andfivery fined cartesiatMmeshes respectivend the results for thentrainment
ratio correspondindo each grid size are analyzedcelbehavior bthe analyses and
how the solutions varwith further refinement of the grid is compared ahdwnin
Figurel9.

As it can clearly bebservedrom Figure19, following the medium grid (#2), the
variation of the entrainment ratio has cruised to the converged value ofAD.tirs
point it can be decided that further refinement of the grid would not worth the effort,

meaning that the variation in the soluti@nminor whereas the computational time is
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increasing dramaticallyChis value is taken as the convergence criteria for the fineness
of the grid used in the computations. We can see clearly from the gr&mune19

that with increasing mesh size, the entrainment ratio approaches asymptotically the
limited value of the entrainmentlt is decided therefore thdine grid (grid #3)is
selected to be used for the further analyseshmwn ananarked in the plotfigure

19.

Grid Convergence Plot

0.8
0.75
0.7
0.65

0.6
—o

0.55

0.5

Entrainment Ratio

0.45 Experimental Data [39]
0.4

0.35

0.3

Grid #

Figure19. Grid convergencelot for FIoEFD simulation

Moreover,the effect ofthese separate grid densit@sthe axial pressure distribution
are comparednd the results are shownkigure21. Thus, the grid dependency of not
only the entrainment ratio but also the flow characteristics through tlesrsigstifted.
The grids are indicated as #1, #2, #3 anda#dtheir comparison withhose that of
the literaturg39] data areshown inFigure21. Looking at the results, grigl defined
as coarse mesh, could not be able to capture the pressure ossjllati@neas the
remaining griddefined asmedium,fine andvery fine mesh respectively, all match
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the pdtern. One can derve from grid #3 and ##&igure 21) that, refining the grid
will not worth the effort fom that point on so that grid #3, the fine gr&dselectedo

be used for such operatiand is presented figure20.

Figure20. A sectional view of the selectgdidf or t he Fl oEFD si mul ati ons,

Axial Pressure Comparison
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---------- Literature CFD Data|[39] Coarse grid (#1) Medium grid (#2)
Fine grid (#3) Very fine grid (#4)

Figure21. Grid distributioneffects on thdlow structure with comparisof89]

Secondly, ANSYS Fluent CFD tool is alssedincluding two different turbulence

models For the kepsilon ralizable turbulence modeind assuming that the grid
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density be enough foesolving the flow within the domain, a studyesried out. The
method uses axisymmetrapproach and solves tBeD geometrythe number ofthe

cells are fewer relative to &D geornetry, and corresponding grids are prepaaed

follows;
U Grid#1 A 1543 cells
a Grid#2 A 5015 cells
U Grid#3 A 18044 cells
u Grid#4 A 36102 cells

The problem is solved with teegrid densities and theomputedentrainment rati®
for the correspondinguadrilateralgrids are plotted ifrigure22. As it can explicitly
observedrom Figure 22, the entrainment ratio progression with refining the grid is

approaching a limiting value

Grid Convergence Plot
0.8

0.7

06 ExperimentaData[39]

0.5

0.4
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Entrainment Ratio
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0
¥/ 2 3 4
-0.1
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Figure22. Grid convergencelot for the ANSYS Fluent withdepsilonrealizableturbulence

modelimplementation
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Figure23. A view of the selected grid#3 for the ANSYS Fluent simulations wipdilon

realizable turbulence modelmp | ement ati on, #Afine grido

The variation over the &dion is obtained to be up tH03% and followed by the

fluctuations within the range of3% to ~30%. For thethird gridr ef er ri ng t o Af i
g r | abrdaining 1844 cells, these fluctuationseadiminishel as low as ~0.18%

~1.50%. Once it is concluded th#te limiting value is reached for the entrainment

value, ndfurther refinement of the grid woulak necessary. Therefore, grid #3 that is

the fine grid,is selectedas the appropriate grid size and nahar refinement was

necessary as shownkigure22.

Following these,computations performed bRANSYS Fluent CFD togl another
turbulence model usintpe SST komega turbulence modate implementedn order
to make surdahat the grid density is adequate enough to resolve the details,

multiple grid distributions arased in the computations indicated as follows;

0 Grid#l A 6045 cells
u Grid#2 A 17743 cells
i Grid#3 A 56284 cells
0 Grid#4 A 156573 cells

The problem is solved with the corresponding grid densities andcahmputed

entrainment rati® are showim Figure 25.

Figure24. A crosssectional view of the selected grid#3 for the ANSYS Fluent simulations

with SST komega turbulence modelmp | ement ati on, #Afine grido
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Grid Convergence Plot
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Figure 25. Grid convergencelot for the ANSYS Fluent with SST-amegaturbulence
modelimplementation
Looking at the plot, it is observed that as ofttied grid referring to the fine gridthe
entrainment value is reachthn almostonstant value. Since further refinement does
not worh the effort, grid#3with 56284 cellsis selected as the grid density for the

analysis as can be viewed frigure24.

For the kepsilon realizable turbulence model implementation in ANSYS Fluent
solver, the first cell height near the wall is specified in such a way that to y+ value
shall emain within the rage of from ~30 to 300 whereas for the SSTdimega
turbulence model implementatio, y + i s a p p o+1nOn thelotharvand, o w
for the smulations performed with FIoEEDho such methods are performed as the
solver automatically determines the neall regions, and resolves such regions with
modified kepsilon 2equation model. Also, local refinement of meshes are performed

for the critical regions of the system such as;dhevergentdivergentnozzle, flow
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intersections and regions where theads are expected to be form&tablesolutions

are achieved for each analysis, with the grid resolution showalite3.

Table3. Gridresolution for corresponding flow simulatiohs

FLUENT

k-Urealizable turbulence FLUENT
FIOEFD model, y+= from~30 to SS:;\'(‘)'J’eI t+:~r1 bul
~300 Y
# of cells 560435 18044 56284

3.1.2Numerical Convergence

Numerical convergence of the solutions achieved,and the variation of the

parameters of interestre monitored during the computatiodong the analyses

performed by FIOEFD, mass flow rateough the inlets together with the entrainment

ratio is additionally set to be judged for the convergence of the soapart from the

flow variables.

0.0003 0.03
0.0002 \ 0.02
[}
=
© \
> 0.0001 0.01
5 ‘
D \
: \/ —
o 0 1000/ 2000 3000 5000 6000 7000 8000 9000
E -
- .0.0001 _ 0.01
4
=
-0.0002 \/ -0.02
-0.0003 - -0.03
Iterations
—— Secondary Mass flow rate —— Primary Mass Flow Rate Entrainment Ratio

Entrainment Ratio - Delta Value

Figure26. Numericalconvergencelot for the computation performed ByoEFD
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The numerical convergencetbie mass flow rates together with the entrainment ratio
asdescribed irFigure26is obtainedAs it can clearly be observed, primary mass flow
rate is converged to its value afte@00 iterations and almost no change can be
observedor both o1the entrainment ratio value atieesecondary mass flow raadter
5000 iterations and through 8000n&tions.

In a similar manner, besidthe flow variables, primary and secondary mass flow rates
are monitored througiut the analyses performed by ANSYS Fluent. For both
turbulence modslimplementations, convergence criterion for the entire parameters
areset to be 19and the resultare shown irFigure27 andrigure 28, confirming the
convergence of the computedlutions.

1e-08
62500 63000 63500 84000 64500 85000 65500 86000 66500 67000 67500

Iterations

Figure27. Residual plofor the computation performed by ANSYS Fluent wi8T k
omegaturbulence model implementation

39500 40000 40500 41000 41500 42000 42500 43000 43500 44000 44500

Iterations

Figure28. Residual plofor the computation performed by ANSYS Fluent wkitepsilon
realizableturbulence model implementation
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3.1.3Present Study and the Comparison

These computatiorsre compared each widach other as well doth CFD reslts
[39] and experimental resul{$6] available in the literature, as theass flow rates,
entrainment rati@as well asthe axial pressure arMachnumber otthe flow contours

later on

Table4. Verification case studgndanalyses resulfs|

Primary Mass Secondary Entrainment
Mass Flow .
Flow Rate Ratio (w)
Rate
Experiment
(39], [16] ' ' 0553
CFD Resuits 16.43 9.30 grams/sec 0.566
[39] grams/sec
One-Dimensional
16.83 10.78
FORTRN\! Code grams/sec grams/sec 0.641
Prediction
CFD Results (FIOEFD / 16.95 11.96
A ) 0.705
Inviscid Solution) grams/sec grams/sec
CFD Results (FI(_)EFD / 16.42 9.47 grams/sed 0.577
Viscous Solution grams/sec
CFD Reosults (FLUENT/ 16.04 9.05 grams/seq 0.564
k-U reali za grams/sec
CFD Results 16.17
(FLUENT / SST k-¥ ) grams/sec 8.76 grams/seg 0.542

So the acquired results and the literature datashosvn in Table 4 and Table 5

including the percentage of errors as a separate table.

Looking at the resultgnvolving the 1D approach, 3 inviscid and viscous CFD
solutions ofFIOEFD as well athe 2-D axisymmetric approaches using ANSYS Fluent
seems tdoe in agreememith the expectations and stasthin the acceptable ranges
Only the result forinviscid solutionhas anerror percentagef 25% Even 1D

calculationseems to be good method tprick prestudy for designing and analyzing



such a systemResults acquired from -B real wall CFD analysis and-R2
axisymmetric analysis with impteentation of turbulence models apptestay within

thexceptable acdWracy | imits. (~ O

Tableb. Verification case study arahalyses erratablei |

Primary Secondary Entrainment
Mass Flow Mass Flow Ratio (w)
Rate Rate
CFD Results 0
[39], [16] ' ' e
One-Dimensional FORTRAN 0 0 13.17 %
Code Prediction 243 % 5.91% 15.83 %
CFD Results (FIoEFD / 0 0 24.56 %
Inviscid Solution) 3.16% 28.60 % 27.49 %
CFD Results (FIoEFD / 0 0 1.94%
Viscous Solution 0.06 % 1.83 % 4.34 %
CFOD Results (F!_UENT/ 0.35 %
k-U realizabl e 1.89 % 1.18%
1.99 %
model)
CFD Results (FLUENT / 0 0 4.24 %
SSTky tur bul engqd 1.58 % 581 % 1.99 %
(% --) Error w.r.t Literature CFD Resulf33]
(% --) Error w.r.t Experimental da{83], [36]

Reviewing the literature, it igbservedhat, the percentage of error (accuracy) of such
kind of analysis should be below 20%. It can be said that the error below 20% is
acceptable, below 10% is go¢dil] but as the computational ability and power is
improving rapidly, nowadaysthis accuracyof the computations can be obtained

around or below ~5%.

Moreover, in ordeto investigate these methadgletails, pressure variati@ongthe
centerline of thejector(axial pressure variation) @mputed and compared with the

CFD results acquired from the literature cémputedpressurevalues obtainedfom
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the papef39] is digitized, andheresulting data is plotted with the centcomputed
values on the same graghigure29.

AXIAL PRESSURE COMPARISON

»

Pressure[Pa]
w

0 0.1 0.2 0.3 0.4 0.5 0.6
x/L
FLUENT(k-epsilon realizable) FLUENT(SST k-omga)  «+++ Literature Data [34]

0.8 0.9 1

1-D Code FIoEFD (Viscous)

w x100000
L4

Pressure[Pa]

0.2 0.3 0.4 0.5

Figure29. Comparison of the computational results and the numerical literatur@ajata

[39] and thezoomedview in the mixing region (bottom)

Looking at the results,-D predictions seems to act like a trdime of the pressure
variation throughout the system:DLcode only calculates the flow at the stations as
discussed in previous chapters and assuhatthe mixing to be ideal and shotilee,

it can be treated amcceptableas the pressure values at the defined stationsedre
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captured Figure29). However, the code is iapable of obtaining the oblique shocks

and expansion wavgatterrs if that is the matter of concern.

The whole remaining approaches of CFD cases are able to ctguepansion and
compression patterns, however, theegsilon realizable turbulence model
implementation appeats reflect reslts that do not agretaroughthe downstream
locations of the mixing region. Moreover, sucbmputationaimethod seemo be

inadequate especially foapturingthe locations following the second pressure peak.

As it can be clearlpbserved from the pras® plot Figure29), boththe viscousCFD
analysis (FIoEFD) and the SSToknega turbulence model implementation, the
locations of the oscillations caused by the expars@mnpression patterns are
successfully capturedthereas the pressure values are under predisigecifly for

the first two patterns with slight shifts ftire locations opressurgeaks.

Thus, boththe viscousCFD analysigesultsand the SST domega approactesults
apparently comeut to be apptiable (with each having its advantages on separate
concerns)in terms of locating the axial pressure oscillations and expansion

compressionwvavepatterns formatios) throughout the system

As also shown inthe literature[39], super soni ¢ r eg heogven( MO1)
geometry is invest@fed usingseveral turbulence models, and corresponding Mach
contours are plotted. Therefofer comparisonsame procedusareperformedn the
presentstudy casesHigure 30), andthe results are shown and compared with the

literature

Although, theresults obtained using t8ST komega approacks slightly more
accurate than tHeoEFDanalysis, it is decided that theeof thecommercial software
packaye Solidworkg=low Simulation (FIOEFD) together with the CAD taok found
to bemore conveniergince the geometrical amgerationabspects of the system will
be investigateds a whole packaghkroughout the study. Using such a tonbkesthe

preparabn of the modebeometry, performing the computational analysedthe
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overall study advantageous wheoonsidering the effort and the computational

rapidity.

The variation ofthe Mach number (acquired from thdoEFD - viscousstudy) as a
pseudecoloredvisualization through the whole system is presented Shaavn in

Figure31.

i k-epsilon realizable turbulence model
i k-epsilon RNG turbulence model

7

k-omega standard turbulence model 26
25
24
23
22
-

k-omega Shear Stress Transport (SST) turbulence model 18
17
15
15
14
Reynolds Stress Model turbulence model 11
10

Mach Number

Figure30. Supersonic regio(M >1) Mach contours; (upper fivegference cas484], [38] -
lower threerealwall studyviscous) k-epsilonandSST komegaturbulence model
implementationsespectively)
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28
H“
22

Mach Number

Figure31l. CFDresults for viscous solution ®10EFD, Machnumbercontour

The obligue shoclexpansiorcompression patterns for suehcase can also be
observedclearly from the velocity vectors plotted for thiscous FlIoEFDanalysis.
(Figure32)

oblique shock - expansion and
compression wave patterns

Figure32. Velocity vectorswithin themixing region (vector spacing = 0.16m) for the

present study (viscous FIOEFD solution)
3.2.Validation of the Computational Methodsand Toolsi Part Il

For further verification of thgoresent methods of analysis used in ghigly, another

geometry is obtainefilom the literaturg¢12].

The ejector model is obtained frditerature papefl2], whichis shown inFigure33

indicatingthe ejectorgeometry and the dimensions.

As opposd to the previougieometry thisejectormodel is operated at three different
flow conditions[12]. Thereforethis test case is in fantore than on&stcaseso one
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canbenefitfrom the results available for further validating the methods uséde
analysis within the scope of the present thesis.
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Figure33. Verificationcasegeometry- 1l [12] (dimensions in m)

Table6. Verification case operating conditionsl

_ Case #1 Case #2 Case #3

P1=405300 Pa| P1=506625Pa| P1=607950 Pa

Primary Fluid (Inlet) or or or
P. =4 atm P. =5 atm P; =6 atm
Seco(r:gf;%’ Fluid 1 4 o= 0.028 kg/s| & sec= 0.028 kg/s| & sec= 0.028 kg/s
Pout= 101325 Pa| Pou= 101325 Pa| Poy,== 101325 P3
Discharge (Outlet) or or or
Pout=1 atm Pout=1 atm Pout=1 atm

Similar approaches are implementaslin the previous cas€he only differencehis

time is the fact thathe secondary mass flow rate&keptfixed asin the literaturecase
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[12]. Thus, instead of implementing the fixed pressure boundary corsliioall of

the flow openingsthe secondary pressure is varied, by trial and error, until the mass
flow rate of 0.028 kg/s is reached. Thisludesthe onedimensional Fortran code as
well as the numerical flow simulatierwhich are performedusing thecommercial
SolidWorks FIOEFD / Flow Simulation program for all three circumstantiesse
simulations are realized to determine how accurately thefloassates are calculated

and discussed.

The three casesxplained previously are first implemented itt® Fortran codethen
correspondin@-D geometry is generatedth the help of SolidWorks CAD program
and theresultingsecondary pressuredslculdaed for thesecondary mass flow rate of
0.028 kg/s. CFD analysis is performed by setthgpressure boundary conditions to
the flowropenings. (i.e. pressurelét B.C. to primary/secondary aptdessure outlet
B.C. to discharge)

Table7. Verification case study arahalyses resulisll

- | (Experimental o
Case # (CFD) [12]) Error %
#1- || =405300 Pa 73950 Pa 79034 Pa 6.43%
#2- || =506625 Pa 59570 Pa 68901 Pa 1354%
#3- || =607950 Pa 43700 Pa 40530 Pa 7.82%
I I 9
S (1-DCode) | (Experimental[12]) | E"™O'%
#1- || =405300 Pa 45579 Pa 79034 Pa 4233%
#2- || =506625 Pa 52634 Pa 68901 Pa 2361%
#3- | =607950 Pa 59524 Pa 40530 Pa 46.86%

Similar to theprevious test case, the grid convergence anduheernical convergence
of the solutionsare achievedand the flow parametersre monitored during the
analysesAlong the analyses performed by FIOEFD, mass flow rates through the flow

inletsandthe entrainrent ratioareadditionally set to be judged for the convergence
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of the solutim apart from the flow variables. Therefore, thegermation provides

evidence that the results are converged to expected values.

Looking atTable7, which shows the corresponding errors,-dimeensional approach
seems to yield the solution with an error of around ~4Bixcethe codeapproximates

the flow ideally and ashockfree; except a single normal shock; as well as inviscid
and free of anydisturbancse, it is normal to have such a large difference in

computationsDespite these assumptions, initial guessing of the flow characteristics

with this percentage of accurafor such a complex flow structure can be considered

as acceptabl®n the othehand, the numerical simulations showearorto be around
~10% andit can beconcluded that the errors appear to be withiratteeptable ranges.

Case #1- Axial Pressure Variation
------------- Literature Experimental [12] ----- Literature Numerical [12] Current Study
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Figure34. Axial streamlinepressurecomparisorof P1=4atntestcase #lwith that of the

literature values]2] and the corresponding pressuregsmtour
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Furthermoredetailed variatios of pressure along the axial direction presented in

in Figure34 andFigure35. These figures indicate how the pressure changes with axial
direction and compare the present computational results with those of nuraedcal
experimental results dfL2]. Looking at the plotsKigure 34 and~igure 35) which
shows the comparison of the CFD study with that of therexpataland numerical
resultsfrom the literatureindicate good agreement with both the data satme minor
differencesSuchdifferences cabe consideredsacceptable whichredue to several
causes such asumerical emors and grid distributiothat has already been discussed

previously.

Case #3 Axial Pressure Variation

------- Literature Experimental [12] - - - - Literature Numerical [12]

Current Study

x 100000

Pressure [Pa]

: =
0.1% 0.2 0.24 0.28 0.32 0.36 0.4 O.4A// 0.48
-

280 300 320 M0 360 380 400 420 440 460 480 500 520 540 560 580 600

Figure35. Axial streamlinepressurecomparisorof P1=6atntestcase #3with that of the

literature value$12] and the corresponding pressureésmtour
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As a result, one cactonclude thatthe locations and the magnitude of oscillatitors
pressure values are captured accuragaelyugh with only minor shifts and variations.

It reveals the practicability dhe methodfor predicting the flowwithin a supersonic
ejector system.
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CHAPTER 4

RESULTS AND DISCUSSION

In order to achieve aefficient operatiorfor the ejector several adjustments to the
geometry should (or can) corporated42]. Such adjustments include arrangthg
proper anglesfor the diverging or converging sections or proper lengths of
corresponding segments of the geometry it$elthis way effective operation can be

reached and performance of the system can be maximized.

Multiple design options are examinatid the effect of these variations on thee
observed. Thesdesign optionsnclude thedivergenceand convergence angles and

thelengths of the segmendsindicated inFigure36.

Figure36. A genericsupersoniggjectorscheme withstudyparameters
As it can clearly be observed frdagure36, these parameters include;

f A thefecondarynletinnerwallan g1 e 0
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1 A bhefsecondarynletouterwallan g | e 6

1 AC othefinozzledivergencean g1 e 0

1 A dhefixing convergencan g1 e 0

1 A«d tidiffeserdivergenceen g1 e 0

§ 0 othefigaplengt ho and r ef er @nvérdemdivalgerst ance bet
nozzle outlet andnixing section inlet ,

! 0 othefsecondthroatle ngt ho and refers the |l ength o
throat.

1 AOO0 s h o wimmetehofconvergertdivergentnozziehr oat 6 and 1 s use

for nondimensionalization (oo obtain relative length ratios).

Theparameters are separatelyigd andheir effect on th@erformance of the system
are analyzetb obtaintheefficiency of the ejector configuration and in the meantime,
to determine theffects of theedesignparametersn the flow characteristics which
primarily can be investigated and commented with the help of tlesuling

entrainment ratio valuand by théVlach contours as well élse pressure is@ontous.

Each parameter is varied keeping the remaining parameters fixedeariddividual
effectsare analyzedStuly isfollowed by selecting the best case of eacbdification

andanalyse®f performancencluding improving the computational cost.

Throughout the study, following ranges of variablesaarayzed

N

U A0 from 891Ato 33.16A
b A0 from 16.13Ato 4794A
fi¢ 0 A from21.2%to 3601A
i d A0 from 0.06Ato 011A
ficd A from 1.03Ato 514A

N

= =2 4 -4 A -

A—0A from 0.30to 148

T A—o A from059to 2367
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These ranges are selected considering the reseitératinnent ratio of the ejector

system from the CFD analyses.
4.1. Computational Mesh Properties

The properties ofthe generalandthe local meshesre presented vthin the scope of
this chapter.

The crosssectional view of the computational mesh in whaaleneral view as well

asthelocational zoomed viewarepresented ifrigure37.

xmaiﬁinﬁiﬁwmmmad s S s B e 1
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d. e.

Figure37. Computational mesh crosectional view a. overalliew b. crosssectional views
of corresponding lations ¢ mixing + inletsd. inlets + nozzle + upstream mixiegmixing

throat + upstream diffuser
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Mesh distributiorin the system is as shown atin@ objective geometry is taken from

gap length analysis, 1 mm of gap length trial. As the length/sitegfdometry, thus,

the mesh distribution varies from case to case, a particular case is selected to
demonstrate the computation mesh properties, however, the mesh density of the
sections is kept constant. (Though thenber of cells vary.) Through th&uwdy, the
numbes of computational cellare changetbetween700000to 90MO00 cellsduring

the trials.

The local refinementsra implemented to the critical regioothegeometry such as
the primary andthe secondary inletsthe mixing region. Hrther refinement# the
region where the expansi@mompressioroblique waves are prexpected to be formed

(tubelike local refinement, that can be spottedrigure37), and the diffuser region.
4.2. Analyses Results

In this chapter, effects of the parameters over the performance (entrainment ratio) is
investigated botlby comparisons othe corresponding Mach number amekssure
graphs as well as contours. The study involves bothkdonensional approach and

viscousCFD studies

4.2.1 Convergentdivergent Nozzle Divergence Angle Analysi§ )

\W/

Figure38. Nozzle divergence angle illustration
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This chapter includes the detailed investigation convergendivergent nozzle
divergence angle effects over the flow and the performance of the supersonic ejector

system, which is shown figure38.
4.2.1.1. Entrainment Ratio Analysis

The resultant entrainment ratio values for corresponding anglessisrped as table
in Table8.

Table8. Entrainmentatio resultsfor thecorrespondingnozzle divergence angles

CFD Analyses 1-D Approach
Entrainment Entrainment
Ratio (w) Ratio (w)
21.2A 1.282
25.0A 1.284
28.8A 1.284 1.293
32.0A 1.283
36.01A 1.276
Effects of Nozzle Diverge Anglgly )on Entrainment Ratio
1.290
1.285
B
o
S
@
£ 1.280
[¢]
£
I
0
1.275
1.270
20.00 23.00 26.00 29.00 32.00 35.00 38.00
y (degrees)

Figure39. Change of entrainment ratio wittvzzledivergenceangle
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The correspondin§ vs entrainment rati¢w) plot wherethe performance behavior
can beexamined, is showfor the viscousCFD analyses. As in validaticgections

the most effective tool (method of analysis)selected to beiscous solution of
FIOEFD,theviscousresults are taken into consideration. Looking at the results, (both
Table8 andFigure39), efficient operational range seems tdrbéhe range of25A<

¢ <~34A

4.2.1.2. Mach Number and PressureDistribution

In order to further examine the flefield, Mach number contours through the system

as well as isobars following the start of the mixing process is plotted and compared.
More detailed information about the effects of thenvergenidivergent nozzle
divergence angle to the flow can babserved from Mach number and pressure

variations

Mach Number

T T T T T T T T T
1 1 1 1 1 1 1 1 1

0102030405060708098 1 111213141516 171818 2 2122 23 24 25 126

Figure40. Machnumbercontoursfor thegivennozzle divergence angles
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As it can be seen from the Mach number contokirgufe40) there occurs almost no
observableeffect onMach number among such different arsglgpart from the slight
variation of the expansiecompression patterns. In order reveal these changes,

Mach variation through the central streamline is plotted for the entire cases within the

same graph and shownhigure41.

Effects of Nozzle Divergence Angle () on Mach Number Variation

Mach Number

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
x/L
——y=21.29% —— y=25.03’ y=28.83 ——y=32.03% —— y=36.01

Figure4l. Effects of nozzle divergencegle on Mach number variation along the centerline

Looking at the Mach number vs x/L pld&igure4l), variation of the number and the
location of oscillations caused hyet expansiortompression wavesan be observed
further in detail. Following the first two common patterns, locations of the oscillations
as well as the amount varies slightlye to different radial velocities of the flow exiting
the nozzle from case to case, calig different divergence angles. Generally, it is
accepted that the lesser the radial velocity exiting the nozzlendihe uniform the
flow gets. Athough in such ejector applicat®mt may help the mixing of the primary

and the secondafiow streams rare efficiently.
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Agreeing with the expectations, the results seems to siavan efficient range of
nozzle divergence angle should be arranged in order to prevent large amounts of radial
velocity of the flow exiting the nozzle (defines the upper limit¢gfand in the
meantime, to pave the way of efficient mixing process of the primary and the

secondary flows (defines the lower limit©j.

The pressure variation of the flow inside the system is also examined as isobars,

especially following the start @lfie mixing process and is plottedkigure42.
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Figure42. Pressure isgontoursfor thecorrespondingnozzle divergence angles

As one can see from tikégure4?2, thereareslight changes betwedinesecases. It can
be concludedthat, higher anglerozzle divergence anglessultin quicker mixing,
pressure balancinghd a large number ofexpansiorcompressiorpatterns, whereas

lower angles resuih the oppositdehaviors
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It must be noticed that iRigure42, the legend for pressure variatiotimsited to 20k

100k Pascal in order to observe the mixing and balancing proweelearly and

precisely.

Furthermore, pressure variation through the exdine streamline is also plotted in
order to ascertain the analysis, which can be spott&dgure 43. Similarly, slight

shifts of the locations of aglation can be observed fropressure [Pa] vs X/L plot in

Figure43,

Effects of Nozzle Divergence Angle () on Pressure Variation

x 100000

Pressure [Pa]
w

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x/L
——y=21.29 —— y=25.0% y=28.8F ——y=32.0 — y=36.0T

Figure43. Effects of nozzle Wergence angle on pressure variation along the centerline

4.2.1.3. Conclusion

Forthe whole study, (includingntrainmentratio, @mputational performance, Mach
andpressure results) the bestand mostefc t i ve oper at i 63Aand s

is selected fothe study and correspondiegtrainmentratio is obtained to be 283.

In the meantime, the efficient operational raisgebtained dr ~25A< y < 34A
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4.2.2 Secondary Inlet Inner-wall Angle Analysis( U)

In this section a detailedinvestigationof the secondarynlet innerwall angle effects
over the flow itself and over the efficiency of the supersonic ejector sysitenn as

a zoomed view iffrigure44, is performed.

Figure44. Secondarynletinnerwall angleillustration
4.2.2.1. Entrainment Ratio Analysis

Entrainmentratio (w) results for theiscous (real walllCFD studies as well as one
dimensional approach is presentadrable9. The plotof U engainment ratio is
plotted, in order to observe and compare the effects clearly.

Table9. Entrainmentatio resultsfor thecorrespondingecondary inlet innaewall angles

CFD Analyses 1-D Approach
Entrainment Entrainment
Ratio (w) Ratio (w)
8.91A 1.311
10.57A 1.306
16.78A 1.311 1.293
23.54A 1.283
33.16A 1.198
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Looking at theresults showing the numerical dgfagure45), a sharp critical point
ar ound ddgrees cah 6learly be spottédirther increase in the angle results
performance reduction. OstBmensional approaatioes not exhibit this behavior and

predictsthe average of whole cas@s can be observed frofable.

One can also observe thhat effective rage of the secondary inlet innesall angle

for designpurposes is takems ~12A< U< ~18Afor theentrainment ratio.Rigure45)

Effect of Secondary Inlet Innerwall Angle(U) on Entrainment

Ratio
1.330

1.310

1.290

1.270

1.250

Entrainment Ratio(w)

1.230

1.210

1.190
5.00 10.00 15.00 20.00 25.00 30.00 35.00

U(degree$

Figure45. Change of entrainment ratio wighcondaryinletinnerwall angle
4.2.2.2. Mach Number and PressureDistribution

After the entrainment ratio investigation, a¢ghermodynamidlow propeties are also
examined in detaiMachnumberc o nt our s f @wasdseraserted @igugel e U

46. Figure48 shows the corresponding pressure distributions for the same conditions.
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Looking at the Mach contourene can concludthatt he hi ghe getsthbe angl e U
lower the velocity 6the primary flow jet becomedhis may possiblydue to the
increase in the anglgving more inclined secondary stream that may preyaick)
the primary flow to proceed further developing. Thosyer velocitiesare acquired

which can be observed Fgure46.

Mach numbewariationalong the central streamline is plotted for all cag@sclose
inspectionas showrin Figure47. Looking at thigplot, especially to the ft pattern,

same commentthati gher U r e s ucantbededucedrer vel ocity

Mach Number

T T T T T T T T T
1 1 1 1 1 1 1 1 1

010203040506070809 1 11 121314151617 1818 2 2122 23 24 25 26

Figure46. Machnumbercontoursfor thecorrespondingecondary inlet innewall angles

Moreover, completely different behavior of mixing for each case cab&ervedso
it can be concluded that, the radial velocity of the secondary flow or the inclined



secondary stream has importaneffect on the flow properties itself, mixing process

asalreadydiscussegbreviously inthe entrainment performansection

Effects of Secondary Inlet Inner-wall Angle (¢) on Mach Number
Variation
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Figure47. Effects of secondary inlet innerall angle on Mach number variation along the

centerline

Pressure variation within the systenalsostudied, and presentadisobars especially
within region where the mixing processdapressure recoverytaking placeas well

astheplot of pressur@ariationalong the centerline.

As it can clearly be observed from the isobar plbtgure48), which is also similar

to what

of the primary streansuchthatthe pressure are developed earlier and earlier mixing

can be observed.

Thisis also the reasdior thedecreasing entrainment ratio behavior, as the pressure of

wa s

di s c u s sirelaveredocitiegtheis highehpregshre r

the vacuum regiors increased, sudhattheentrainmenperformances decreased.
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Figure48. Pressure isgontours for theorrespondingecondary inlet innewall angles

Effects of Secondary Inlet Inner-wall Angle (¢) on Pressure
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Figure49. Effects of secndary inlet innemwall angle along the centerlipeessure variation
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Also, as the pressure difference betwelea primary andthe secondary streams
becomed ar ger f or | o wessustsdilatiens @dusedlny expamsion e
compression waves) in aetitermodynamidehaviorsof the flow is expected to be

stronger, which can be observed from the pressure iearzibt shown inFigure49.

The variation of the centerline pressure versus thedmagnsional x/L distance along

the downstream direction of the efer is presented iRigure49.
4.2.2.3. Conclusion

All these results indicate that thest caséor higher entrainment ratio, computational
performance and stable mixn g pr ocess i BSAascetheemtraimment a s
ratio is found to be.B11. It can also be said that, influential entrainment performance

is acquired within the range of secondangtiinnerwall anglefor ~12A<  <{3-18A
4.2.3Secondary Inlet Outerwall Angle Analysis( b )

The effect of the outewall for thesecondary inlet angle is studied and examiasd,
shown inFigure50. Theeffect over the aerthermodynamic behavior of the fluid can

beanalyzed

Figure50. Secondarynletouterwall angleillustration
4.2.3.1. Entrainment Ratio Analysis

The results can babserved fronTable 10, for numerical analyses as well as 1hB

code outputsThe values imablel0are plotted aentrainment ratioy inbFigure51.
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Table10. Entrainmentatio resultsfor the correspondingecondary inlet outewall angles

CFD Analyses 1-D Approach
Entrainment Entrainment
Ratio (w) Ratio (w)
16.13A 1.302
20.287\ 1.320
25.41A 1.320
- 1.293
31.16A 1.311
36.46A 1.297
47.94A 1.263
Effects of Secondary Inlet Outerwall Angle (b) on Entrainment
Ratio
1.330
1.320
1.310
% 1.300
T
a4
‘ch 1.290
E
S
£ 1.280
L
1.270
1.260
1.250
15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
b (degrees)

Figure51. Change of entrainment ratio wighcondaryinlet outerwall angle

As one can clearly observe froRigure51, there forms aefficient entrainment ratio

range between18A< b < ~30Afor the whole CFD analyseSor entrainment ratio, the
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maximumentrinment ratio is obtainefbr the secondary inlet outevall angle of
b = 287

4.2.3.2. Mach Number and PressureDistribution

In order to obtairiiner and more detailed information, the Mach contours of each trial
as well as the pressurso-contours are plottetbr the entrainment ratg) shown in

Figure52 andrigure54.

Mach Number

Figure52. Machnumbercontoursfor the correspondingecondary inlet outerall angles

Similar to the previousection studiesthe secondary inlet outeva | | angle b
significant effects and limitations on the velocitgd pressuralistribution, over the



primary streanmet This can be explainethe same way as theffectofangl e U, and
the blockage of the secondary streanth® primaryflow. The radial velocity of the

secondary flow arises wiihcreasinen gl e b .

Theplot of Mach number as a function of x/L along the central line foradllesare

graphedn Figure53.

Effects of Secondary Inlet Quter-wall Angle (o) on Mach Number
Variation
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Figure53. Effects of secondary inlet outerall angle on Mach number variation along the

centerline

The pressuraso-contourswithin the critical region of the system is plottedrigure

54. Similar comments can be made for pressure distributioagtefhs and mixing

periods can be observed from the plots.

With increasingd values, the difference between the primary and the secondary air
stream is increased and the effect is demonstrated visually on the pressure

distributions
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The limitations on the pressure legend (frofik 20 100k Pascal) isetin order to
capture more precigethe information of pressure variation through the mixing and

discharging process of the flow.
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Figure54. Pressuréso-contours foithe correspondingecondary inlet outexall

angles

The pressure behavior of the flovoag the centerline is plotted gure55. Looking

at the plot, highevaluesof vacuum forlowew al ues of b can <cl ear |
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Therefore, thdigher performance of the ejector system is expected to occuthsith
lower valus o This bommenis partially shown in the entrainment rasection
except for the angles lowerthan A(8i . e. A b < ~18

Effects of Secondary Inlet Outer-wall Angle (B) on Pressure
Variation
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Figure55. Effects of secondary inlet outerall anglealong the centerlinpressure variation

4.2.3.3. Conclusion

The secondary inlet outev a | | a n gdnaude(itd give thesbest caséor an

efficient operationj s sel ect ed f 28hdegveashith eorresdondihg = 2 0.
entrainment ratiof 1.320. The range of18A< b < ~30Ais observed to be afficient

operatonal range.

4.2.4Gap Length Analysis(y + L.

In this part of the study, the distance betweenetkie of the convergenidivergent

nozzleand thestart of themixing chamberis calledthefigaple ngt hdo and i s shown
Figure56.
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This distance effects significantly the behawbrthe flowinside themixing region

[18]. The effect of thislistancewill be investigatec@ndtheeffectiveoperational range

and theentrainment ratio maximization witle performed

4.2.4.1. Entrainment Ratio Analysis

The effect ofthe figap le n g t hthe eatrinmentratio is examined andthe
corresponding resulgserformed bynumerical analyses as well with 1-D analysis
are presenteih Table 11.

Table 11. Entrainmentatio resultsfor the correspondingap lengths

Figure56. Gaplengthillustration

CFD Analyses | 1-D Approach
Entrainment Entrainment
Ratio (w) Ratio (w)
0.00 1.320 1.293
0.30 1.461 1576
0.59 1.507 1.871
0.89 1.501 2.187
1.18 1.501 2.489
1.48 1.438 2872

Throughout

nozzle throati.ed /O.

s t u-dinyepsiomnalized byitigealipmetereohtiget h 0
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The most significant and noticeable charigethe performance fathe supersonic
ejector system is observed in this regidhis isdue to the crossectional area of the
secondary flow at thimtersection of th@rimary andhesecondary flowThe location

where these two streams meetsa significant effect orthe performance of the

system.

The effect of gap on thentrainment ratio behavior is shown as a pidtigure57.
The numerical study indicates first a sigrafit increase thmea slight decrease as the
gap length is increased. This behav®due to the saturation of the system émel

disability ofthe systento handle angxtrafluid of thecomplex mixing process.

Effects of Gap Length on Entrainment Ratio

3.000
2.800
2.600
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Entrainment Ratio (w)
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—0 = —
1.400

1.200
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0.00 0.25 0.50 0.75 1.00 1.25 1.50

L_gap/Dt
—&—1D Prediction = —@—Real Wall Analysis

Figure57. Changeof entrainment ratio witlygaplengthfor both 2D calculations and the

viscous (real wall) results

The 1-D FORTRAN code was developed such that, the superspeator system
operates ideallyand the calculations are performed withquations,such that a
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continuous, linear and a proportional increasehmentrainment is expected with
increasinggap length. In agreement with #eexpectations, such behavioeigpected.
The higher thigap length getshefurther the difference between thélpredictians
and the numerical analyses becontige to the assumption of ideal behavior and
equations wthin the code.

4.2.4.2. Mach Number and PressureDistribution

More detailed investigation of the Mach number and pressure distributions within the

ejectorsystem is stuéddand thecontoursof Mach number and pressure are presented.

Mach Number
T T T T T T T T
(LTI TR T T
010203 040506070809 1 111213141516 171819 2 2122 23 24 25 26

Figure58. Machnumbercontoursfor theindicated ratio values for the correspondiyagp
lengths
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Effects of Gap Length (I._gap) on Mach Number Variation

Mach Number
I [ [
[ .- N

-

0.8
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——L gap/D t=0.89 —L gap/D t=1.18 L gap/D t=1.48

Figure59. Effects of gap length on Mach number variation along the centerline

Furthermore, thpressureontours within the system is plotted for eaelse in order

to observeahe pressure variatia epecially in the mixing regiofrigure60.

Strongerexpansion and compression patterns can clearly be observed for higher gap

lengthtogether withhigher number opressure oscillationsSigure60.

In addition to stronger patterns, the value of presautée locationvhere the two
streams reach an equilibrium increases so that a shock is formed dap athlues
exceptfor Lgaz=0, within the mixing throategion duringthe pressure recovery. (i.e

pressure balance with that of the discharge)

Variation of pressure along the centerliaglotted as a function of xAor each gap

lengthvalues inFigure61.
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Figure60. Pressure isgontoursfor the correspondingap lengths
4.2.4.3. Conclusion

As a result the gap length analysis performed ingéetion the gap length of 2 mm,
0 /O =059, is selected as the magipropriate valuemong theother test case

values

The ®orresponding valuéor theentainment ratio is fountb be 1507.The efficient

operational range af /O is observed to be betweed.50 <0 /O < ~0.90.
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Effects of Gap Length (L._gap) on Pressure Variation

x 100000

Pressure [Pa]
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Figure61. Effects of gap length on pressure variation along the centerline

4.2.5Mixing Convergence Angle Analysig d )

Figure62. Mixing convergencangleillustration
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In this sectionthe mixing chamber convergence angle, wiathepictedn Figure62

is investigated and analyzed.

Also, it must be noticed that byekping other pameters fixed including the cress
sectional areas and varying tla@sglechangeghe length of the mixing chdver as

well.
4.2.5.1. Entrainment Ratio Analysis

The computedesults can bebservedrom Tablel12, showingthe numerical analyses

as well as the-D coderesults.

Table12. Entrainmentatioresultsfor the correspondingiixing convergence angles

CFD Analyses 1-D Approach
Entrainment Entrainment
Ratio (w) Ratio (w)
0.05A 1.450
0.064A 1.507
0.070A 1.507
0.076A 1.506 1.871
0.084A 1.501
0.096A 1.499
0.108A 1.498

The values that are also showswplottedase nt r ai n me mtFigure&3 Tihe
numerical results indicate thate can clearly observe the efficient ramjenixing

conver ge nbeteeera~0.068aad ~00754 which providesentrainment ratio
values of over B05.

Fromthe entrainment results, the most efficiealue ofd seems to be 070Afor the

ejector system.
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Entrainment Ratio(w)

Effect of Mixing ConvergenceAngle (d) on Entrainment Ratio
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Fromtheoretical point of viewthemixing convergence angénd therefore the mixing
chamber lengtthave a significant effectrohow well and proper the primary and
secondary streams are mixed. In this respect, Mach number and pressure sar@ation

investigated in detail fadifferentangles andthe results arpresentedh this section

The Mach number pseudmlored contourgre formedfor differentd angles and the
results argresented ifFigure64. As notedpreviously studyis performed in such a
way that, all the remaing parameterare kept unaltered while the mixing angke
varied. Looking at the Mach number contours, the variation in the mixing chamber

length (thus the length of the overall supersonic ejector system) is the first thing to

Figure63. Change of entrainment ratio withixing convergencengle

4.2.5.2. Mach Number and PressureDistribution

notice.
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Figure64. Mach number contoufer the correspondingixing convergence angles

Apart fromthed = Aand®BO®A the overall behavior of the flow stagysactically

the same with minor changes (slightly sharper expansion and comprpatienms
with an i nkEoreads4it c@n bk )commented that the system is
unnecessarily long which may haagverse ad negative effect on the mixing process
as shown irthe entrainment ratio study. On the other handdfor = A thelléhdh

of the mixing region is not longnough for the streanfisr effectively mixng, where
the flow separation anits attachmenat the downstream location of the system can
clearly be observed.
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Machnumber distributiorlong thecenterlines plotted for eackl

are given inFigure65.

c amdstlee results

2.6

Mach Number

Effects of Mixing Convergence Angle (0) on Mach Number Variation

0.4 0.5 0.6 0.7 0.9 1
x/L
— 0=0.059" 0=0.064 0=0.070° 0=0.076 0=0.084 0=0.094 —— 6=0.108"

Figure65. Effects of mixing convergence angle on Mach number variation along the

centerline

Anotherapparent fact is that thgper limit ofMach number within the systemkspt

at 24 (It was up ¢ 26 in previoussection$ for the present caselie to theselection

of the most effective gap lengtbespite the decreasé Mach number (thus increase

in pressure or decrease in vacuum level), higher csessional area of the primary

and the secoraily stream at the intersection resuftanore influential entrainment

ratios.

Furthermore, the behavior of tpeessure variation iflow is also examined, arttie

constantpressure lines are plotted within the system fordaracterization of the

flow within the mixing region.
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Pressure[kPa]
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Figure66. Pressure isgontoursfor the correspondingixing convergence angles

Correspondinglysharper and stronger flow patterns can clearlgldservedrom the
pressure contourgsigure 66. Additionally, for the angles (trialsanalyzedas the
efficient operational range fof ~0063A< d~0.07% a normal shock wavie formed

at the downstr@m location of the mixing region

Slight shifts of the curves on bothe Mach number and pressuwrariationalong the

centerlineFigure64 andFigure66, aredue tathe nondimensional x/L length distance
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which showsthatthe ratio of a location to the overall length and as the total length of

the ejector system hangedn the present study.

Effects of Mixing Convergence Angle (0) on Pressure Variation

x 100000

Pressure [Pa]
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Figure67. Effects of mixing convergence angla pressure variation along the centerline

This studyshows that, for the current supersonic ejector model, proper geometrical
mod el cosstarttpressurefni X i n g 0 wathey thant b Bonsfantarea
mi X i apgraach for thentrainment ratio study as wakfor theanalyse®f the flow

characteristics giving the most efficient results for a converging duct during mixing.

4.2.5.3. Conclusion

At the end of the mixing chambangle analysis, it can be concluded that the most
appropriag¢ value ofdis selected to be @704 andtheentrainment ratio is found to be
1.507. In addition, it can also lw®ncluded thatfor thebestoperationof the ejector

the angled shouldbe selected within the range€9.063A< d < ~0.075A
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4.2.6Length of Mixing Throat Section Analysis (3 ¢)

This section covershe investigation of theffect of the length of the mixing thrgat
which is alsocalledas thesecond throatfor the performanceanalysisof an ejector
system as shown iRigure 68. This study is performedy inspecting the system
responsewith changingengtts the throat whilether geometrical parametenekept

unchanged.

—_— L,

Figure68. Mixing throat length illustration
4.2.6.1. Entrainment Ratio Analysis

By means of entrainment performance, toenputedresults for both numerical and
one dimensioal studies are presentedTable13.

Tablel3. Entrainmentatio resultsfor the correspondingixing throat lengths

CFD Analyses 1-D Approach
Entrainment Entrainment
Ratio (w) Ratio (w)
0.00 1.505
0.59 1512
1.78 1.501
2.96 1.507
1.871
5.92 1.510
8.88 1518
14.79 1.526
23.67 1419
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The length ratiosised in this analysisefers to0, 2, 6, 10, 20, 30, 50 and 80 nuh

mixing throat lengthsespectively.

Thecorresponding plofor theentrainment rati®as a function ob /O is shown in

Figure69. Looking at the numerical analysissultsshownin Figure69, variation of

performarce up tad /O of ~15 is observed

It can be commented that if the ceéficiency is the main concern, théns variation
can be disardedand the sym can be designed accordindgiyppwever,asthe current
study is concentrated on te#icientsystem performance, the effective mixingotir
length range is observed @¢O equals from ~5 te-15 andit can be said that the best

case appears to ber 0 /O =14.79 caséwhich isO =50 millimeters.

Mixing Throat Length Effects on Entrainment Ratio

1.600

1.550

1.500

1.450

Entrainment Ratio (w)

1.400
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0.00 5.00 10.00 15.00 20.00 25.00

L_t2/D_t

Figure69. Change of entrainment ratio with thexing throatlength
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4.2.6.2. Mach Number and PressureDistribution

Mach number and pressure characteristiggation length ofthe second throat is
investigatedStudy is performed by presenting and comparing the pseakboediso-
contourcontributions as well athe plots of the pressure and Mach versus the x/L
distance for each case

Mach Number

1 1 L 1 I 1 L
0 01 020304050607 0809 1 111213141516 1.7 18 19 2 21 22 23 24

Figure70. Machnumbercontoursfor the correspondingixing throat lengths
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Apart from the last triabf Figure 70, cases arebservedto beidentical, with the

exception of slighdifferences in thg@attern stengtts andthe sharpness.

Further investigabn of Mach number variatioalong the central line with x/L distance

IS given inFigure71.

Effects of Mixing Throat Length (L._t2) on Mach number Variation

Mach Number

x/L
—L 2/D t=0.00 —L t2/D t=0.59 L t2/D t=1.78 ——L t2/D t=2.96

L 2D t=592 ——Lt2/Dt-888 — L 2D t=1479 ——1L (/D t=23.67

Figure71. Effects of the mixig throat length oMachnumbervariationalong thecenterline

As stated previously, all cases, exceptihéO = 2367 casetogether with the most

efficient case of entrainment performance, that igO = 1479, gives identical

results.

It canbe said that, as the length of the thmeg@ionincreases, entrainment ratio has an
increasing trend andhend /O = 2379, it can benoteddue tosuch oveiincrease

one may faceadditional problems. (i.e. flow blockage or additional shocks €tag
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difference ford /O = 14.79 can be explained withrger entrainment capability of
the systenwhile making themixing processougher

Furtherincreasing the length of the throat regiyalds pressure variation along the
ejector system with theixing throat length alteratioffrigure72.

Pressure[kPa]

92 96 100

0 70=0.59

0 7O=1.78

0 ¥O=2.96

0 7O=5.92

0 7O0=8.88

0 TO=14.79

0 ¥O=23.67

Figure72. Pressurdso-contours fottheratio values indicated for the correspondiniying

throat lengths
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