
INSTITUTE OF FLUID-FLOW MACHINERY
POLISH ACADEMY OF SCIENCES

TRANSACTIONS
OF THE INSTITUTE OF

FLUID-FLOW MACHINERY

108

tWl
\lTr

GDAŃSK 2001



TRANSACTIONS OF THE INSTITUTE
MACHINERY

OF FLUID-FLOW
Appears since 1960

Aims and Scope
Transactions of the Instżtute ot Fluźd,-Flow Machinery have primarily been establi-
shed to publish papers from four disciplines represented at the Institute of Fluid-Flow
Machinery of Polish Aca,demy of Sciences, such as:

r Liquid flows in hydraulic machinery including exploitation problems,
r Gas and liquid flows with heat transport, particularly two-phase flows,
r Various aspects of development of plasma and laser engineering,
r Solid mechanics, machine mechanics including exploitation problems.

The periodical, where originally were published papers describing the research con-
ducted at the Institute, has now appeared to be the place for publication of works
by authors both from Poland and abroad. A traditional scope of topics has been
preserved.
Only original and written in English works are published, which represent both the.
oretical and applied sciences. A1l papers are reviewed by two independent referees.

EDITORIAL COMMITTEE

Jarosław,Mikielewicz(Editor-in-Chief), Zbigniew
Edward Sliwicki (Managing Editor)

EDITORIAL BOARD

Bilicki, Jan Kiciński,

Zbigniew Bilicki, Brunon Grochal, Jan Kiciński, Jarosław Mikielewicz
( C hairman), J euy Mizer aczyk, Wiesław Ostachowicz, Wo j ciech Pietrasz-
kiewicz, Zenon Zakrzewski

INTERNATIONAL ADVISORY BOARD

M. P. Cartmell, Unźuers,i,ty of Glasgow, Glasgow, Scotland, UK
G. P, Celata, ENEA, Rome, ItalE
J.-S, Chang, McMaster Uniuersity, Hamilton, Canada
L. Kullmann, Technische Un,iuers,itrit Budapest, Budapest, Hungary
R. T. Lahey Jt., Rensselaer Polytechnic Institute (RPI), Troy, USA
A. Lichtarowicz, Nott,ingham, UK
H.-B. Matthias, Technische Un,iuers,ittit Wźen, W,ien, Austńa
U. Mueller, Fors chung s zentr"urrl K arlsruhe, K arlsruhe, G ermany
T. Ohkubo, O,ita Un,iuersitg, O,ita, Japan
N. V. Sabotinov, Inst,itute of Solźd State Physi,cs, Sofia, Bulgaria
V. E. Verijenko, Unźuersi,ty of Natal, Durban, South Afri,ca
D. Weichert, Rhe,in,-Westf. Techn. Hochschule Aachen, Aachen, Germang



EDITORIAL AND PUBLISHING OFFICE

IFFM Publishers (Wydawnictwo IMP), Institute of Fluid Flow Machi
nery, Fiszera 14, 80-952 Gdańsk, Poland, Tel.: t48(58)34lt27l ext. 141,
Fax: *48(58) 34L6I44, Bmail: esli@imp.gda.pl

@ Copyright by Institute of Fluid-Flow Machinery, Polish Academy of Scien-
ces, Gdańsk

Financial support of publication of this journal is provided by the State Com-
mittee for Scientific Research, Warsaw, Poland

Terms of subscription
Subscription order and payment should be directly sent to the Publishing
Office

Warunki prenumeraty w Polsce
Wydawnictwo ukazuje się przeciętnie dwa lub trzy razy w roku. Cena nu-
meru wynosi 20,- zl * 5,- złkoszty wysyłki. Zamówienia z określeniem okresu
prenumeraty, nazwiskiem i adresem odbiorcy należy kierować bezpośrednio
do Wydawcy (Wydawnictwo IMP, Instytut Maszyn Przeplywowych PAN, ul.
Gen. Fiszera 14, 80-952 Gdańsk), Osiągalne są również wydania poprzednie.
Prenumerata jest również realizowana przez jednostki kolportażowe RUCH
S.A. włŃciwe dla miejsca zamieszkania lub siedziby prenumeratora, W takim
przypadku dostawa następuje w uzgodniony sposób.

IssN 0079-3205



TR-ĄNSACTIONS OF THE IN§TITUTE OF FLUID-FLOW MACHINERY

No. 108,2001, t37-156

DARIUSZ BUTRYMOWICZ, MARIAN TRELA,
EUGENIUSZ IHNATOWICZ, JAROSŁAW KARWACKII

Experimental investigations of the effect of nozz|e geometry on
performance of water-air ejectors

The paper deals with experimental investigations of a two-phase water-air ejector. The aim of rese-
arch is to find out the influence of the ejector geometry on its performance. Particular attention is paid
to the influence of the nozzle geometry on the gas suction rate and the ejector efficiency.
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cross-sectional area, m2,
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constant, see Eq. (5),
friction loss coefficient for mixing chamber, -
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mass fiow rate, kg/s
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Subscripts

velociĘ m/s
density ratio, ,y = 1ol/pu
derrsity ratio, "y = p2ź/ pl
volumetric flow ratio, x:'t"/V-
isothermal efficiency, see Eq. (11),
density, kg/m3
dimensionless compression,
rI: (pa - p"ł)/(P-;. - p"t)
velocity coefficient, dimensionless

a - air,
ai - air at suction chamber,
b - barometric,
d - diffuser,
n * nozz|e,
o - mixing chamber entrance,
§ - saturation,
t - mixing chamber exit,
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mixing chamber,
water,
water at the nozzle entrance,
motive fluid,
secondary fluid,
motive fluid at the nozzle entrance,
secondary fluid at suction chamber.
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1. Introduction

During recent yeaTs one can observe widespread use of two.phase ejectors,
T'his situation takes place in various branches of practical applications such as:
conventional power) refrigeration, chemical engineering, sanitary technique, food
Processing industry, vacuum technique and others. Gas-liquid two-phase ejectors
enjoy a particular favour, where a liquid phase is a motive medium and gas or
vapour is sucked [1].

Fig. 1, Pictorial diagram of liquid-jet ejector.

The merit of the present paper is to investigate a two-phase liquid-gas ejector,
schematically presented in Fig. 1. The ejector is fed by the stream of the motive
liquid. The liquid inlet cross-section to the ejector is denoted by the symbol
'r.ui. Motive liquid expands in the nozzle, The outlet cross-section is denoted by
n. The stream of gas is supplied to the suction chamber of the ejector. The inlet
cross-section is denoted by the symbol ai,. The entrance cross-section of the mixing
chamber is denoted by the symbol o. At the entrance of the mixing chamber the
annular flow of liquid and gas occuls, where two phases flow separatelv. At some
location in the mixing chamber the liquid stream looses its stability and the
sPlit of the stream takes place. The mixing section is fitled out with a water-air
froth. This is the region of formation of the shock wave, which causes mixing,
beyond which we are dealing with a homogeneous two-phase flow (wispy flow) óf
Iiquid and gas. At this location there is an increase of the static plessule of the
two-phase medium. It ought to be stressed that in the entry part of the mixing
chamber the reversing currents of the froth occur, which reverse against the main
stream and then are captured by the main stream and conveyed to the final part
of the mixing section and further to the diffuser. The end of the mixing sectión is
denoted in Fig. 1 by the symbol ź, Due to the increase of the cross-section in the
diffuser there is observed an increase of the plessure of the two-phase medium.
The outlet from the diffuser is denoted by the symbol d.

It should be stressed that processes taking place in the ejector are vely com-
Plex [2,3], Primarily due to the presence of a two-phase shock wave, as weli as the
change of the flow structure in the mixing chamber. If the two-phase flow formed
in the region of the shock wave will be regarded as homogeneous, then we can



Experimental investigations of the effect . ..

prove that the flow upstream the shock wave is subsonic. Witte [4] calls that phe-
nomenon as mixing shock. Mixing shock shows some similarities and differences,
when compared against a shock wave of a compressible fluid. The similarities are
as follows:

o In the region of shock mixing there is the pressure increase and the decrease
of velocity.

o Phenomena of the pressule increase and the velocity decrease are accompa-
nied by the kinetic energy dissipation.

on the other hand the differences are as follows;

o Processes taking place in the mixing wave can be regarded as isothermal,

o upstream to the mixing wave the interface slip usually occurs.

o The length of the mixing wave is much more greater than the thickness of
a gasdynamic shock wave.

It must be stressed that the present state of knowledge in the area of physical
phenomena taking place in the liquid-gas ejectors is highly unsatisfactory as far
as prescription of accurate performance characteristics is concerned. Particularly
important, from the practical point of view, is the knowledge of the influence of
principal geometrical parameters of the ejector on its performance and available
efficiency.

In the up to date publications the diameter ratio b of the motive nozzle to the
mixing chamber is regarded as the most important geometrical parameter [2+16].

Systematic investigations of the influence of the ratio b as well as the motive
nozzle diameter profile on the efficiency was conducted by Cunningham [11].
A conclusion may be drawn from these investigations, that from the point of view
of the efficiency the most appropriate is to use a sharp-edged nozzle rather than
convergent nozzle, for example of Bendemann type. This result was explained by
Cunningham in such a way, that in the case of convergent nozz|es he obtained
lower values of the velocity coeffi.cient. Additionally, he suggested that in the case
of convergent-divergent nozzles there is a sudden flow distribution in the suctiorr
chamber, which results in impairment of gaseous phase supply to the mixing
chamber. In the case of a nozzle with a conical profile one can expect existence of
significant friction losses close to the nozzIe outlet, primarily due to the boundary
layer separation, Cunningham [11] pointed out attention to the fact, that in the
case of the nozzles with different geometries, an optimal length of the mixing
chamber varies, which seems to be consistent with the results of experimental
investigations presented by the authors in the paper [1].

Explanation given by Cunningham [11] cannot be regarded as fully reliable in
the case of application of a sharp-edged nozzle from the point of view of phvsical
phenomena, which take place in the ejector, because a key problem in that case is
the influence of, a nozz\e geometry on the flow split in the mixing chamber, which
was one of the incentives to conduct present investigations. It can be expected,

139
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that even in the case of lower value of the velocity coefficient of the motive nozzle,
the higher value of the ejector efficiency could be achieved.

It ought to be noted, that some researchers [13] suggest, that the effect of the
diameter of the motive nozzle is independent on mixing section diameter, i.e. for
the same value of the ratio ó obtained can be different values of the compression
ratio and the ejection coefficient at similar parameters of liquid.

It should also be added, that one of the methods of improvement of the ejector
efficiency is application of a multi-nozzie system. Such solution has been applied
for the first time in single phase liquid ejectors, however experimental invóstiga-
tions proved a high efficiency of such solution in the case of two-phase ejectors.
Witte [4] obtained the highest efficiency of the ejector using liquid fóeding through
79 nozz|es.

In Practice swirling tapes prior or beyond the nozzle [17] are used apart from
the solutions described above, which are aimed at intenŚifi-cation of mómentum
transfer between phases and in effect improvement of the mixing process and the
efficiency of the ejector operation.

It should be noted, that in principal, remaining geometrical parameters rece-
ived considerably less attention, and in that case a very little attention has been
devoted to the length of the mixing chamber, which has been pointed out by the
present authors in the paper [1].

It must be however stressed that such state results from the widely assumed
Point of view that two-phase liquid-gas ejectors can be modelled using łhe theory
developed for single phase liquid ejectors |2,3, 5,12], where the diańeter ratio 

-b

is a Principal parameter. Derived also have been equations for liquid-gas ejectors
after some relevant changes to single phase flow descriptions arl_d iniomó cases
satisfactory results have been obtained [5], That issue has been critically discussed
in the following part of the present paper.

In the light of own experimental investigations presented in the paper [1] we
can conclude that there exist important deficiencies of above mentionód appiobch,
It is also important, that the amount of available in the literature results of sys-
tematic investigations in the area of the influence of the motive nozzle g"o*"iry
on the ejector Performance has to be regarded as highly unsatisfactory. rukirrg
the above into account, the issue of the infi,uence of fundamental geomelrical pal
rameters and the motive nozzle profile remains still open and requires systematic
exPerimental investigations. A principal aim of investigations present-ed in the
Present work was to determine the influence of the motive nozzle profile and the
value of the module b on the efficiency of the two-phase ejector.

2. Research stand and measurement procedure

The testing rig as well as the measurements procedule are described in detai}
in the accompanying paper [1].

In Presented investigations utilised have been two types of motive nozzIes: a
sharp-edged one and a Bendemann one. The shapes of thóse nozzles are showed in
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Fig. 2. The geometry of investigated nozzles.

Fig. 2. Measurements have been conducted for three different outlet diameters of
the nozzlesi Dn :3.45 mm; 6.00 mm; 9.50 mm. In all measurements the distance
of the nozzle outlet cross-section from the entry to the mixing chamber was the
same and was equal to 42 mm. The results of experimental investigations available
in the literature precisely indicate [2, 3] that the distance between the nozzle
Iocation with respect to the entrance of the mixing chamber has not influence on
operation of a two-phase ejector.

Similarly as in [1] experimental investigations conducted have been in a two-
fold manner: investigations of performance characteristics of the ejector and in-
vestigations of the ejector performance in limiting cases. These cases aTe defined
in the accompanying paper [1].

For a longer mixing chamber (Lrn : B40 mm) performed have also been inve-
stigations of performance characteristics obtained by the change of back-pressuTe.
The change of discharge plessure rvas rendered by flow throttling in a valve loca-
ted on the outlet pipe (see Fig. 3 in [t]).

3. Characteristics of ejector operation

As it has been indicated in the Introduction there exists a widespread opinion
[2-4], that in the calculation of the ejector performance characteristics there can
be used an equation of momentum conservation in a similar form as in the case
of single phase ejectors.

In order to develop of momentum equation for liquid ejectors we assume that
the liquid streams at inlet to the mixing chamber have yet to decrease, and hence
we are dealing with an axisymmetrical flow of motive liquid stream ńr and feeding
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Iiquid stream ń2, which is feeding the mixing chamber in the annular way. It is
assumed that pressures of both streams at inlet to the mixing chamber are the
same. Additionally, we assume that at the outlet from the mixing chamber a
complete mixing of streams occurs. The momentum balance of both motive and
feeding media is conducted in the control volume of the mixing chamber. The
momentum balance equation has the form:

(p, - po)A" * (pr - po)Ao: (ńtwu ł ń2w2o)ętn - (ńt * ń2)ry, (1)

where: Ao is a cross-section area of the feeding liquid stream; Ao : At - An.
Having used the relations linking the velocities of the flow and the pressure with
the geometrical parameters of the ejector one can obtain from Eq. (1) the following
dimensionless formula [2]:

pd-p2i _
ptź - p2ź

,l*|r,n * (r" - h) *""x? - ę - rh**G + l,,xu)] (z)

In the above relation ęn is a nozzle coefficient of velocity, and respectively ęg,
- mixing chamber one, p6 - diffuser one, and rp; - suction chamber with the
intake nozzle, Under conditions of a hypothetical two-phase ejector with the same
densities of media (i.e. for T2 : 7) [2,12] we obtain a simplified version of Eq,(2):

pd * pzi
p7i, - pzi

An important fact, from the point of view of conversion of Eq.(2) to the .J':}
liquid-gas ejectors, is that on the flow path of gaseous phase from the suction
chamber to the mixing chamber there is no pTessure drop, This fact can be in-
terpreted as [2] that Azt * oo, hence AnlAzł = 0 and the term describing the
pressure drop at inlet to the mixing chamber can be omitted. In effect we as-
sume the following equation of momentum conseTvation for the case of liquid-gas
ejectors:

u:2ę2.blr"- (r-+) *^r+l..x,)'f (3)

It should be noted that Zinger and Sokolov |2, 12] introduced the momentum
balance for the case of the two-phase ejector based on relation (2a) for a hypo-
thetical ejector, and hence it does not include the difference of densities between
liquid stream and feeding gas. Then:

: r',*l,r,n* (,r,n *) *"? - (2 - v'łfio + ń,] ,

n :2ę2,blr" - (r - +) bG + x)'f , (3o)
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Equation (3a), suggested without any comment by Zinger and Sokolov [2], can be
explained by a suspicion, that the momentum transfer most probably takes place
in the mixing chamber between water as a working medium and foam surrounding
that stream coming from reverse flows in the mixing chamber. Velocity of foam
is small, however its mass flow rate is comparable with the stream of a working
medium. This can eventually form justification for omission of a ratio of densities
of feeding and working streams,

An issue of correctness of equations of the type (2a) and (3a) is, in our opinion,
doubtful and the only justification could be the easiness in application of such
equations in some practical and very limited range of cases. A similar arbitral
approach in construction of the momentum balance equations for a two-phase
ejector is presented by Filipczak [4]:

TI:29 (3b)

hence he arbitrarily assumed a volumetric ejection coefficient instead of a mass
one. Berman and Efimotschkin [16] whilst considering the tubular ejectors, i,e.
without a diffuser (9a:0), also omit the ratio of densities of media and suggest
a following form of momentum conservation equation for the case of a mixing
chamber:

Pt - P,(T.l)
, (3")

where: p"(T.) is a saturation pressure wich depends on water temperature Tąal,
The momentum equation for a two-phase ejector has been most rationally and

independently from the above mentioned ones presented by Cunningham [10]. He
assumed that up to the mixing zone (shock wave) both phases flow separately
and after transition through the mixing wave the two-phase flow is homogeneous
and the interface slip is equal zero. Additionally, the pressuTes at the entrance
of the mixing chamber and in the suction chamber are equal and hence \Me can
assume Xź: Xo.Bearing in mind the assumptions of Cunningham [10] it can be
shown that the operational characteristic of a turbular ejector takes the following
form:

,1: rr- (2 + K,n)bz (, *ofir,) (1ł lo.x) +z.y"-x?Ł. (3d)

There exists a density tatio 1o, of both phases in the ejector.
As can be seen from the presented literature survey the abundant number of

available forms of the momentum balance equation for the mixing chamber can
be a reason for significant discrepancies in obtained results in the Tange of the
influence of the ejector geometrical parameters and the ratio b in particular, on
its performance.

Apart from the influence of the form of equation describing the ejector perfor-
mance characteristics an important impact have also the velocity coefficients of

1,43

n:2ę2,b|r,^- u(t+xo

?b|ę*- (,_ *)*,n*ń'f ,

),]
Pat - Ps(Twe)
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the nozz|e, mixing chamber and diffuser. Zinger and Sokolov [2] suggest to use in
calculations following values of the velocity coeffi.cients: 9n : 0.950; ąth:0.975;
ia : 0.900, Available in the literature [16] data on the velocity coefi.cient for
sharp-edged nozzles fall in the limits from gr: 0.93 + 0.98, and values of the
coefficient ąth are usually close to 0.90.

As a comment, it should be noted that the relations in the form of Eqs. (3)
are practical to implement when there is a need to calculate the pressure after
the diffuser at given plessures of both media at inlet, the ejection coefficient and
ejector geometry. In the case of designing an ejector destined for gas suction (for
example of air from the vacuum system of the condenser) we have to deal with
another problem, i.e, we know the air mass flow rate, water and air pressures at
inlet and the water-air mixture at outlet, and we are searching for the ejection
coefficient, corresponding water flow rate and principal geometrical parameters
of the ejector, It turns out then [i6], that using relations (3) we obtain sometimes
significant discrepancies between calculated results and measured values. It ought
to be noticed also, that the accuracy of prediction of the velocity coefficients
irr the presented case is of great importance. Mentioned discrepancies between
theoretical and experimental values can be explained by the fact that in the case of
large values of the ejection coefficient yi the corresponding values of compression
ratio fI change insignificantly and hence small range of compression ratio variation
is accompanied by a significant range of variation of the ejection coefficient. These
circumstances force some researchers to investigate empirical relations between
the compression ratio and the ejection coefficient, which often are not based on
the momentum conservation equation.

Taking into account the velocity coefficients assumed by Zinger [12], based on
equation (3a) we obtain the following equation of performance characteristic of a
trvo-phase ejector [2, 3, 11]:

f7:7.77b_7,L2b2G+x)2. (4)

Sokolov and Zinger [2] suggest also an empirical relation for volumetric ejection
ratio as a function of the compression ratio in the form:

1
X|:KłI7 1, (5)

where in the case of two-phase ejectors they assumed: K : 0,85. Relation (5)
is, in some approximation, an envelope of characteristics obtained for particular
łalues of geometrical parameter b of ejectors, Points of tangency of a curve given
by (S) with performance characteristics described by (a) correspond roughly to a
value of the ratio b of cross-section areas of the nozzle and mixing chamber often
regarded in the literature [2,3] as optimal. Its value can be determined from the
condition:

aIT

ab:0, (6)
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F}om Zinger and
obtain:

Sokolov equation (3a) and using the empirical relation (5) we

b:ęffin. (7)

Assuming the velocity coefficients suggested by Sokolov and Zinger l21ę": 0,90

;;a ęo:'0.90, K: Ó,85, we obtain from (7):

b: 1,05fI . (8)

performance characteristics of the two_phase ejector_obtained in own investi_

gations for different 
"ur,"", 

of the module b and two different nozz1e profiies are

presented in Fig. 4. Detailed information on the parameters of working and fe_

eding media used in investigations are_ contained in reports [18, 19l, In the graphs

presented are also .rrrrr", dltermined based on experimentai relations due to Zin_

ger and Sokolov (ł1 anJ (5). It o_usht to be stressed that the measurements for a

given nozzle in the 
"5""to'r'harru 

bóeo performed at two different volumetric flow

rates.^*" 
norn presented graphs in Fig. 4 an analogous conclusion can be drawn as

i" ń;;;p", tr], i.":tń;-""periirental characieristics usually differ a lot from

Zinger and Sokolov characterlstics given by formulas.(Ą 1nd 
(.5), Rarticul"'ly,it

the case of lower ,ralues of the modń b. rńis means that the relations (a) and (5)

provided by zinger .rra somtov can only serve for preliminary calculations, Ad_

ditionally, a characteristic feature of the 
"di*tribrrtioos 

of characteristics consisting

of experimental points is that for a given module b the points are aligning along

some curves, which are practically iidependent from the water flow rate, Due to

that it can be concludeb that characteristics in the form fI : f(Xi).are.a good

description of the performance of the twophase ejector and the additional neces_

sary paxameters for their prescriptr,on arei moduló b and, in line with the results

obtained in [1], a non_ dińensional length of the ejector ĘMos cham]oer Lpl,!";
Another conclusiorl,b*"J;" presente{experimental results can be drawn is that

for a given value of irr" 
"j""tiÓ" 

coefficieni xi in the case of a sharp_edged nozz1e

obtained have been io*ó ,rut,r"s of the cońpression ratio fI, compared with a

Bendemann profile nozz|e.

4. Influence of nozzle geometry on ejector efficiency

one of more important problems in the case of the two_phase ejector is the in_

fluence of the motive rtozzlegeometry on its efficiency. As it results from relations

presented above, one of the ńore important parameters influencing the liquid_gas

ejectorperformanceisthecoefficien.tofthevelocityofthemotivelozz|e,
In Table i p."."rrt"J-are values of tn" velociiy coefficients for investigated

nozz|es. These coefficients have been calculated from the following relation:

Ą V. t:p* - p"
;ąU"-r;9n --

(9)
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Table 1. Velocity coefficient cp, of investigated nozzles

Nozzle profile Dn:345 mm Dn :6.00 m Du:9.50 mm
Bendemann 0.97 0.95 0.94
Sha,rp-edged 0.62 0.70 o.64

(10)

The most rational efficiency of the ejector is defined by the following equation:

(1 1)

At this Point We face a pToblem of prediction of the optimal value of the
module Ó. We maY bear in mind for ths purpose a value of maximum compression
Iatio or the ejector efficiency. In Section 3 presented has been a relaiion (5)
describing the optimal value of the module b with respect to the 

"o-pr".ri,rńratio proposed by Zinger and Sokolov [2, 3]. In the opinion of present authors a
more rational definition of the optimal value of the module b is such a value at
which a maximum efficiency is obtained in the ejector, i.e.

(W) r:,r.,n: 
O '

Polln ł!
Tr:Xł4

Pul - Pd

Bearing in mind, that 1o, is at most of the order of 10-3, which enables to make
an approximation: 1* lxł ł 1, from (3d) we obtain:

-,] (l2)^.. _ Pt
^x-- Pai

Then, from equations (10), (11) and (12) we get a following value of the optimal
ratio b:

bo,p6:n/ę'" . (13)

This result is comparable to the one obtained by Zinger and Sokolov [2, 3] -see Eq. (8). Obtained result means that in ordei to uĆhi"rr" high value or ine
compression ratio (II --+ 1) we must use nozzle relatively higher diameter Dr, and
in the case of searching for high value of the ejection toeńcient Xź (i,e.n"-* 0)
it is desired to use nozzle of lower diameter with respect to the diameter of thó
mixing chamber.

Results of own experimental investigations of the influence of the motive noz-
zle diameter on available ejector efficiency have been presented in Fig. 4 for the
ejector equipped with a mixing chamber of the lengtń Lth :530 mń, whereas
in Fig. 5 for a mixing chamber of the length Lth:840 mm. Curves presented in
these figures are an approximation of the points obtained in experiments. FYom
Presented graPhs one can conclude that in principal the highest efficiencies have
been obtained for the nozzle of the largesi diameter, i.e. Tor the highest value
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of the module b, independently of the nozzle profile. Only in the case of a lon-
ger investigated mixing chamber, in the case of a Bendemann nozzle, obtained
have been the eiector efficiencies close to the maxirnum value for nozzles of the
diameters Dr" :6.00 and Dr: 9.50 mm.

It is an important issue, that despite significantly lower values of the coefficient
of velocity in the case of a sharp-edged nozz|e, higher values of the efficiency have
been obtained. The similar conclusion has also been reached by other teseatchers,
for example [11]. Another important conclusion resulting from Fig. 4 and 5 is
that there is a value of the ejection coefficient, where a maximum value of the
efficiency is reached, which when exceeded, in the case of nozzles characterised
by a higher module ó, an abrupt decrease is observed. This is a very important
conclusion from the practical point of view.

In Fig. 6 presented are values of the ejection coefficient, which have been
obtained during investigations, as a function of the water flow rate for different
nozz|e geometries and two different lengths of the mixing chamber. As results
from enclosed graphs, at identical water flow rate obtained have been, in the
case of a sharp-edged nozzle, significantly higher values of ejection coefficient x6
independently from the length of the mixing chamber. This effect is responsible
for reaching higher effi.ciencies in the case of sharp-edged nozzles, as values of the
compression ratio differ only a little between both investigated profiles, because
presented results pertain to the first limiting case of the ejector performance.

It ought to be stressed that a primary objective of present investigations was
an empirical determination of the influence of the lozzle profile and value of the
module b on the efficiency and not reaching of a maximum value of the ejector
efficiency. Presented above results of investigations obtained have been under
pTessure conditions at outlet from the ejector close to atmospheric pressure and
the volumetric stream of intaken air and pressure was controlled by a throttling
valve. In this way obtained have been the conditions of operation close to those.
which exist under operating conditions during suction of air from vacuum systerns
of power plant condensers.

Based on own and available from literature experimental investigations [11.
13] we may suspect that the availability of high values of the efficiency is most
often a pre-requisite of obtaining an increase of back-pressure after the ejector.
In Fig. 7 presented is a comparison of the ejector efficiency obtained during inv+,
stigations under conditions of control of the amount of intaken air by means of
throttling at the intake (continuous curves are an approximation of experimental
points) and by regulation of back-pressure by throttling at outlet (a set of filled
in points). It can be concluded from presented graphs that the higher values of
the efficiency have been obtained under conditions of the back-pressure increase.
where a different character of the relation qr : f (x) can be observed in compa-
rison against data obtained by throttling of intaken air. This is a very important
conclusion, which casts a new light on the issue of two-phase ejectors operating
under different conditions. This issue has yet to be considered from that point of
view in the literature of the subject.

In Fig. 8 presented are very interesting photographs of the structures of
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6 Pb = 20.1 kPa A Pb = 17.4 kPa

Pn = 14.4 kPa A Pb = 12.B kPa

A Pb = 0,1 kPa

flow direction

Fig. 8. PhotograPhs of the mixing zone obtained for the sharp edge nozzle of the diameter Dn : 9.5o mtn
for various back-pressures Apa = pa - pó; water flow rate Ż. : 33,6 l/min.

two-phase flow, obtained in own investigations, which are formed under condi-
tions of different values of back-pressure. In the case of the highest back-pressures
there can be observed a a beginning of a mixing wave, which is located at the en-
trance to the mixing chamber. Reduction of the back-pressure renders movement
of the beginning of the mixing wave in the direction of the diffuser and at the
same time increase in the length of the mixing wave is observed. Under conditions
of small back-pressures oT its complete lack in the mixing chamber, there cannot
be discerned an unanimous location of the mixing wave and also obse*ved is a
formation of a homogeneous flow with bubbly structure with visible reverse flows
taking place in the vicinity of the chamber wall.
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5. conclusions and final remarks

In the work presented are results of own extensive experimental investigations
of the influence of the two-phase flow ejector geometry on its performance charac-
teristics and the efficiency, Presented and critically analysed have been different
forms of performance equations of the two-phase ejector which can be found in the
literature. Presented have been assumptions, based on which obtained have been
particular forms of these equations, Based on obtained results of experimental
investigations the following conclusions can be drawn:

1. There is an optimal value of the geometrical module b with respect to ava-
ilable compression ratio and the ejector efficiency. It has been showed, that
values of the optimal module b calculated from the characteristic equation
proposed by Zinger and Sokolov [2, 3] are similar to values calculated based
on Cunningham model [10], Eq, (3d).

2. In order to obtain higher values of the compression ratio there ought to
be used nozzles of higher diameters Dn, and in cases where high values of
the ejection coefficient X,i ate required it is desired to use nozz|es of lower
diameters with respect to the diameter of the mixing chamber.

3. The highest ejector efficiencies are obtained under conditions of using noz-
zles with sharp-edged profile, independently from the fact that the velocity
coefficients measured for these nozzles are significantly lower in compari-
son with ones for Bendemann profile. This is an important finding from
the practical point of view, as it eliminates the necessity of using nozzLes
with profiled cross-sections (much more expensive) in two-phase liquid-gas
ejectors.

4. Higher values of the efficiency for the sharp-edged nozzles can be explained
by the fact that these achieve higher values of the ejection coefficient. It has
been confirmed by the results of investigations obtained under conditions
of the first limiting case of the ejector operation,

5. Increase of the back-pressure at the outlet of the ejector diffuser renders
major changes in the picture of two-phase flow structures in the mixing
chamber (location of the mixing wave), where at the same time there is a
general increase of the efficiency of ejector operation.

6. The mixing wave can be influenced by different two-phase flow water-air
structures. This is not only a homogeneous flow as it is usually assumed in
modelling. Sometimes there appeared a separated flow. It can be expected
that such aspect should also be considered in future investigations, as it
influences the ejector operation.
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