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Experimental investigations of the influence of mixing chamber
geometry on performance of water-air ejector

The paper deals with the experimental investigations of a two-phase water-air ejector. The experi-
mental apparatus and procedure are described. The aim of the research was to investigate the influence
of the ejector geometry on its performance. A special attention was paid to the influence of the mixing
chamber length on the gas suction rate, ejector efficiency as well as on the friction loss coefficient of the
mixing chamber.

Nomenclature
A - cross sectional area, m? Ly, - distance between the origin of the mixing
b - nozzle/mixing chamber area ratio, zone (or condensation zone) from
b= A, /A, the origin of the mixing chamber, cm
¢ - gas annulus/nozzle area ratio, m - mass flow rate, kg/s
2 c=(1-10)/b, D —  pressure, Pa
D - diameter, m Re - individual gas constant, J/(kg-K)
k - coefficient, see Eq. (2), Pa-s/kg T - temperature K,
Ky — friction loss coefficient for mixing V-  volumetric flow, m3/s
section dimensionless, w - velocity, m/s
L - length, m ¥ — density ratio, ¥ = pai/pw
X — volumetric flow ratio, x = -V, /- Vi p —  density, kg/m?
nr - isothermal efficiency, see Eq. (14), II — dimensionless compression coefficient,
7 — friction shear stress, Pa II = (pd — Pai)/(Pwi — Pa)
Subscripts
8. ...;air, s — saturation,
ai —  air at suction chamber, t - mixing chamber exit,
5 -  barometric, th — mixing chamber,
d -  diffuser, w —  water; wall of the mixing chamber,
n — nozzle, wi — water at the nozzle entrance,
o -  mixing section entrance, wo — water at the mixing chamber

"nstitute of Fluid-Flow Machinery, Fiszera 14, 80-952 Gdansk, Poland
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1. Introduction

Recently one can observe the growing interest in using ejectors in many tech-
nical cases such as: conventional and nuclear power, refrigeration, chemical en-
gineering, sanitary technique, food processing industry, vacuum technique and
others. Practically in all cases a decisive factor about implementation of the ejec-
tor is not its efficiency, but technical and operational features, particularly the
operational reliability. Such situation determined in the past a little interest in
research directed towards to the increase of the efficiency of ejectors [1-3]. This
situation has been changed during last years with respect to two-phase ejectors
with regard to their potential application in the cooling systems of nuclear reac-
tors, particularly of BWR type [26].

In the present paper a two-phase water-air ejector is considered (Fig. 1). The

n d

Fig. 1. Pictorial diagram of a liquid-gas ejector.

ejector is fed by a stream of the working liquid. The liquid inlet cross-section
to the ejector is denoted by the symbol wi. The working liquid expands in the
nozzle. The outlet cross-section of the nozzle is denoted by n. The stream of gas
is supplied to the suction chamber of the ejector. The inlet cross-section of this
phase is denoted by the symbol ai. The entrance of the mixing chamber is de-
noted by the symbol o. At the entrance of the mixing chamber we are mostly
dealing with annular flow of liquid and gas, where two phases flow separately. At
some location in the mixing chamber the liquid stream looses its stability and
the split of the stream takes place. The mixing chamber is filled out with white
water-air froth. This is the area of formation of the shock wave (which causes
mixing), beyond which we are dealing with a homogeneous two-phase flow (wispy
flow) of liquid and gas. At this location there is an increase of the static pressure
of the two-phase flow. It ought to be stressed that in the entry part of the mixing
chamber there are observed reversing currents of the froth, which reverse against
the main stream and then are captured by the main stream and conveyed to
the final part of the mixing chamber and further to the diffuser. The end of the
mixing chamber is denoted in Fig. 1 by the symbol ¢. Due to the increase of the
cross-section in the diffuser there is observed an increase of the pressure of the
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two-phase flow. The outlet from the diffuser to the outlet pipeline is denoted by
the symbol d.

At present there is relatively a small number of papers referring to modelling
of the two- phase water-air ejector [4-15]. In principal, the models are based on
the lumped parameters with many coefficients describing processes taking place
in the nozzle, the mixing chamber and the diffuser. Values of these coefficients are
adjusted to experimental data. In the majority of cited above papers description
of operation of the two-phase ejector is based on equations derived for the case
of liquid ejectors, which lead to not very good results. Regretfully, the number of
experimental works regarding the two-phase water-air ejectors is relatively small,
which results in the inability to produce more accurate performance characteri-
stics of the ejector.

From the available experimental data it may be concluded that the princi-
pal ejector geometry parameters influencing the operation are: the length of the
mixing chamber and the shape and dimensions of the nozzle and diffuser. Other
geometrical parameters such as the distance between the nozzle and the entry to
the mixng chamber do not play significant role [1, 17] if only the ratio L,/D,
falls in the range 0.0 + 7.3.

It ought to be stressed that relatively most of attention has been paid to the
problem of the influence of the ratio of the feeding nozzle to the mixing chamber
diameter on the performance of the two-phase ejector [22], neglecting the effect of
the length of the mixing chamber. Based on the available reports we can probably
expect, that the influence of the latter parameter can prove to be very significant
[9, 16, 21].

Scarce reports on that topic enable to conclude that the most optimal is such
a length of the mixing chamber, where the shock wave is appearing in the final
part of the mixing chamber just prior to the entrance to the diffuser (Fig. 2a)
[9, 16]. If the length of the mixing chamber will be too short, then, as shown
in Fig. 2b, the shock wave will be formed inside the diffuser and even partially
in the outlet pipe beyond the diffuser. We must expect that the available ejec-
tor performance will be lower in this case. According to [21], obtaining of higher
efficiencies for longer mixing chambers must be explained by the fact that the
increase of the pressure in the mixing chamber takes place over a significantly
longer distance and all losses concerned with the presence of the shock wave will
then be relatively lower.

In the literature there is a lack of relations enabling theoretical determination
of the optimal length of the mixing chamber which guarantees a maximum per-
formance of the ejector under given conditions. There has also to be noted that
experimental data for the discussed case are scarce and incomplete. Additionally,
in the reports devoted to the problems of calculation of two-phase ejectors, the is-
sue of the length of the mixing chamber is omitted [6], [10-13], [15], or is modelled
by generalisation of experimental data [14], or is accounted for by introduction
of a relevant coefficient obtained during experiments [5, 7, 9].

Unsatisfactory state of knowledge on the influence of geometrical parameters
of two- phase liquid-gas ejector and the length of the mixing chamber in particular,



116 D. Butrymowicz, M. Trela, E. Ihnatowicz, J. Karwacki

al b)
liquid ”qUii
T gas ~ gas
gas annulus
liquid jet |1

{1 imixing zone
. \(shock wave)

mixing zone

bubbly
mixture flow

Fig. 2. Schematic diagram of liquid-gas ejector: a) with elongated mixing chamber, b) with short mixing
chamber.

on the ejector efficiency served as a basis for carrying out systematic experimental
investigations in this area. The results of these investigations, comparisons with
other authors data and conclusions are presented in this work.

2. Research stand and measurement procedure

Research stand, where investigations have been performed, has schematically
been presented in Fig. 3. The rig conforms to ISO 9001 quality standards imple-
mented at the Institute of Fluid-Flow Machinery PASci. The main components
of the rig are: a horizontal liquid-gas ejector, water tank and pumps. Investiga-
ted ejector consists of the suction chamber (1) with attached feeding nozzle (9),
mixing chamber (2) and a diffuser (3). A design of the suction chamber enables
change of the feeding nozzle location with respect to the entry to the mixing
chamber.

Water is pumped from the main tank (5) to the nozzle feeding the ejector by
means of, coupled in series, two rotating pumps. At the same time the ejector
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sucks the atmospheric air into the suction chamber (1). There is a possibility of
throttling of sucked air using the control valve. A gas-liquid mixture flows from
the ejector to the outlet pipe (4) and further to the main tank (5). Beyond the
outlet pipe there is also a control valve mounted to vary the back-pressure at the
outlet from the ejector.

The design of the ejector enables the change of the feeding nozzle, change of

T

BF
system |
\Al

computer optical
system

Fig. 3. Schematic diagram of the testing rig: 1 — suction chamber, 2 — mixing chamber, 3 — diffuser, 4 —
outlet pipe, 5 — water vessel, 6 — water pump, 7 — water turbine flow meter with sensor, 8 — air turbine
flow meter with sensor, 9 — nozzle, 10 — computer, PS — pressure transducers, MRT — programmable indi-
cator/counter of water and air flow rates, DM — multi-manometer, MPS — multiplier, T — thermocouples
(the numbers of pressure measuring points are circled).

its location with respect to the mixing chamber and the exchange of the mixing
chamber. Investigated mixing chambers have been made of perspex, which ena-

bled visualisation of two-phase flow during investigations.
The following quantities have been measured during measurements:

e absolute pressure of fluids in the ejectors (Fig. 3) and the atmospheric pres-
sure by means of electronic pressure sensors PS-2 with the measuring accu-
racy class of the entire measurement line of 0.1,

e water temperature in points denoted in Fig. 3 by the thermocouples with
the measuring error of the entire measurement line of 0.2 K,
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e volumetric water flow rate by means of the turbine flow-meter with the
magnetic sensor of accuracy class of 0.1,

e volumetric air flow rate by means of turbine flow-meter with a modulation
sensor of accuracy class of 0.1.

A fundamental geometrical parameter, which was varied during measurements
was the length of the mixing section. Investigations were conducted using three
mixing chambers of the length: L;, = 280 mm; 530 mm and 840 mm. In each
case there were five impulse holes manufactured for the sake of the pressure
measurement. In the case of the shortest mixing section the pitch was 50 mm, in
the case of the chamber of the length 530 mm the spacing was 112.5 mm, and in
the case of the longest one — 190 mm. Each of the chambers had its first impulse
hole for the pressure measurement in the distance of 20 mm from the entrance.
The internal diameter of each investigated mixing chambers was 14.0 mm. The
diffuser geometry has not been varied. The length of the diffuser was 152 mm,
and its abtuse angle was 5°57".

The nozzle was used in the present experiments as a feeding element, which

TSI EOG DT WG
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Fig. 4. Sharp edged nozzle.

shape is shown in Fig. 4. Measurements have been conducted for three different
outlet diameters: D,, = 3.45 mm; 6.00 mm; 9.50 mm. In all measurements the
distance of the nozzle outlet cross-section from the inlet mixing chamber was the
same and was equal to 42 mm.

Conducted have been two kinds of experimental investigations: investigations
of performance characteristics of the ejector and investigations of the ejector
performance in limiting cases.

Investigations of performance of the ejector equipped with the mixing chamber
and a nozzle with adjusted geometrical features have been conducted in such a way
that in the case of a steady water flow rate the compression rate was controlled
by throttling of intaken air by means of the control valve located prior to the
suction chamber (see Fig. 3). Further investigations have been repeated for the
second value of the water flow rate.

The second part of investigations encompassed investigations in two limiting
cases of the ejector operation:
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e The first limiting case occurs, when the suction pressure and the outlet
pressure are equal to the atmospheric pressure. In such case the control
valves on the suction side of air and beyond the balancing pipe are fully
opened. The ejector sucks under such conditions the maximum amount of
air.

e The second limiting case is when the ejector does not intakes air. Then
the suction control valve is fully closed and the control valve at the ejector
outlet is fully opened. Under such conditions there are achieved maximum
values of the compression rate in the ejector.

3. Ejector performance under limiting cases

Investigations of the ejector limiting cases were aimed at determination of the
range of the ejector performance as well as obtaining of information about the
influence of the ejector geometrical parameters and the parameters of the media
on the extreme values of compression rate and the ejection coefficient.

In the case of the first limiting case (see section 2), the suction and discharge
pressures are equal. Air is sucked then under the pressure equal to the atmospheric
one and is pumped from the ejector to the outlet pipe, where there also is pressure
equal to the atmospherical one. Under such conditions the ejector reaches highest
values of ejection coefficient ;.

The fundamental geometrical parameter having the most significant influence
on available ejection coefficient is the ratio of the nozzle diameter to the mixing
chamber diameter b [22]. Up to now lower attention has been paid to the influence
of the mixing chamber length on the coefficient ;.

In Fig. 5a, b presented are sample distributions of the pressure in the ejector
operating in the first limiting case equipped with a nozzle of diameter D, =
9.50 mm. Due to the fact that the suction and discharge pressures are equal
to the atmospheric pressure we observe the increase of pressure in the chamber
followed by its decrease. In the case of a shorter mixing chamber (Fig. 5b) there
has been observed a higher pressure increase in its middle part. In the case of the
longer mixing chamber (Fig. 5b) there has been achieved a significantly higher
pressure increase, and its maximum falls in its final part.

The relations of the maximum ejection coefficient as a function of water
flow rate are presented in Fig. 6. As indicated in [22], the ejection coeflicient
significantly depends on the ratio of the feeding nozzle diameter and a diameter
of the mixing chamber, and the highest values can be obtained for the nozzles
with the lowest diameters. Based on obtained results we can conclude that the
influence of the mixing chamber length L;, on values of the ejection coefficient
xi can be regarded as significantly lower, particularly for lower values of the
diameter ratios b. It can, however, be concluded from presented diagrams that
highest values of ejection coefficient have been obtained for the mixing chamber
of the length 530 mm. It is highly probable that there exists an optimal length of
the mixing chamber, where the obtained value of x; will be highest. This issue,
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Fig. 5. Pressure distribution within the ejector for the case of the maximum air flow rate (the first limiting
case) for various water flow rates: a) D, = 9.50 mm, L), = 280 mm; b) D, = 9.50 mm, L;, = 840 mm.

however, requires further more systematic investigations.

The second limiting case is the operation of the ejector under conditions of
the ejection coefficient x; equal zero, i.e. without suction of air. In this case, the
highest compression ratio is obtained, as in the mixing chamber there exists lowest
possible pressure. In the case of investigated liquid-gas ejector the lowest pressure,
which can arise on the suction side of the ejector, is equal to the saturation
pressure of water at given temperature. In Fig. 7a, b presented are representative
data of the pressure distributions in the ejector equipped with a nozzle of diameter
Dp = 9.50 mm. For the shortest mixing chamber in the case of majority of
measurements we can observe the beginning of the pressure increase zone not
earlier than in the diffuser — see Fig. 7a. In the case of the longest mixing section,
the beginning of a sudden increase lied in the middle or final part and was a
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Fig. 7. Pressure distribution within the ejector for the case of zero air flow rate (the second limiting case)
for various water flow rates: a) D = 9.50 mm, Ly, = 280 mm; b) Dy, = 9.50 mm, L = 840 mm.

function of the water flow rate. In both cases obtained have been lowest pressures
equal to water saturation pressure, which indicates that at the nozzle outlet the
expansion of water was taking place and a sudden increase of pressure should be
considered as related to formation of a condensation shock wave. If there is diluted
air in water (as it was taking place during experiments) then it is being released
from the stream in the mixing chamber. Sample pictures of the condensation
shock wave in the shortest and the longest mixing section have been shown in
Fig. 8. In the case of a shock wave formed in the entry part of the mixing chamber
we could observe that beyond the condensation shock wave we are dealing with
a flow of water with a small number of air bubbles.

The location Ly, of the beginning of the condensation shock wave as a function
of water flow rate is presented in Fig. 9. From the presented diagram we can
conclude, that the location L., increases with increasing water flow rate. In the
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Fig. 8. The photographs of condensation shock wave zones: a) Dn = 9.50 mm, Ly, = 280 mm, Vi =

56.4 1/min (the whole length of the mixing chamber is visible); b) D = 9.50 mm, L¢;, = 840 mm, %,
62.7 1/min (only the beginning of the condensation shock wave zone is visible).
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Fig. 9. Distance of the condensation zone from the mixing chamber entrance for various mixing chamber
lengths.
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case of highest rates of water the condensation shock wave is located in the final
part of the mixing chamber and the location of its beginning is almost independent
of water flow rate.

4. Characteristics of the ejector performance

The performance characteristic of a liquid-gas ejector in the mode of vacuum
pump is presented usually in the form of the dependence of the pressure in the
suction chamber as a function of the mass flow rate of intaken gas. Taking into
account the geometry of the ejector, the pressure in the suction chamber is re-
garded as constant and equal to the pressure at the outlet from the nozzle of the
working medium. Regarding air as a perfect gas we can present this relation in
the form

Dai = ps(Tai) o k(Tai)mai- (1)
A value of the coefficient k£ can be calculated from the formula
k= EG—TM-. (2)
Vai

According to [17], for given geometrical parameters of the ejector, constant tem-
peratures of water and air as well as water pressure at inlet results in a value
of coefficient k being constant. Only in the range of very small water flow rates
we can expect some changes of this coefficient. It results from there, that if men-
tioned above quantities are constant, then the volumetric flow rate remain also
constant. The above conclusion means also that the characteristic pg; = f(144)
should be linear in almost entire range of the air flow rate.

In Fig. 10a presented are characteristics of performance of the ejector equ-
ipped with a nozzle of diameter D,, = 3.45 mm, and in Fig. 10b similar charac-
teristics referring to the nozzle of diameter D,, = 9.50 mm. Volumetric rate of
air has also been measured. Values of the mass flow rate have been obtained by
multiplication of V; by the air density calculated from the perfect gas equation
based on measured values of the pressure and the temperature. In preparation of
the characteristics the following additional parameters have been included: the
length of the mixing chamber and water flow rate. Considering obtained charac-
teristics we can conclude that most of them does not have a linear character. This
means that the coefficient k£ cannot be regarded constant. In presented investi-
gations it varied, for different rates of intaken air, even more than one order of
magnitude. Such large changes cannot be explained by unavoidable temperature
fluctuations of intaken air or water in the range of 1-3 K. Additional conclusion,
which can be drawn from obtained results is that for the equal water flow rate
and different lengths of the mixing sections the characteristics in almost entire
range of air mass flow rate are the same. The only exception is shown in Fig. 10a
regarding a nozzle with the smallest diameter and small water flow rates. In this
case, for small values of 1714; obtained characteristics differ significantly between
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Fig. 10. Ejector performance: a) nozzle diameter Dy, = 3.45 mm, Vi =137 1/min (dashed line), Vi =
9.3 1/min (solid line), L¢p = 280 mm, Ly, = 530 mm, Ly, = 840 mm; b) nozzle diameter Dy, = 9.50 mm,

Vo = 76.5 1/min (dashed line), V., = 51.5 1/min (solid line), Ly = 280 mm, Ly, = 530 mm, Ly = 840
mm.

themselves. It must be stressed, however, that obtained under-pressures are re-
latively small in this case and the divergence in characteristics does not play an
important role in practical applications.

Another type of the performance characteristics of the two-phase ejector is
suggested by Sokolov and Zinger [1] in the form of dependence of non-dimensional
compression rate II on the volumetric coefficient of ejection x;. Based on a the-
ory of the single phase ejectors they adjusted the coefficient of velocity and the
coefficient of the mixing section friction losses, based on the results of their expe-
riments, and put forward the following relation describing the performance of
two-phase liquid-gas ejectors

I = 1.77b — 1.126%(1 + x;). (3)

Sokolov and Zinger postulate [1], that for a given geometrical parameter b, the
performance characteristics of the ejector calculated according to (3) should be
the same independently of the changes of water and air parameters and geometri-
cal parameters, including the length of the mixing chamber. It must be stressed
that the relation (3) was constructed based on experimental data, where only
the influence of the diameter ratio b was considered assuming other geometrical
parameters of the ejector constant. More detailed considerations regarding the
characteristic IT = f(x;) have been presented by the present authors in [22].

In Fig. 11a-11c presented are experimental characteristics I = f(x;) prepa-
red for a given diameter ratio b and assuming the length of the mixing chamber
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Ly, as a parameter. On the basis of obtained results we can conclude that the re-
lation provided by Sokolov and Zinger (3) does not adequately describe obtained
experimental results, particularly for lower values of the parameter b. It is also
important that the character of the distributions of experimental data is comple-
tely different from the curve described by equation (3). This is of no surprise to
the authors as equation (3) does not reflect correctly even Zingers results [1, 10]
and therefore should only be used in estimations of the problems.

A more important conclusion results from present investigations that for dif-
ferent lengths of mixing chambers, but the same ratio b, we obtain different cha-
racteristics of the two-phase ejector performance. Awareness of this fact is rather
little known, probably due to the works by Sokolov and Zinger [1], which have an
established position in the problems of ejectors calculations.

In all investigated in the paper cases the lowest values have been obtained for
the ejector characteristics equipped with the shortest mixing chamber, whereas
the performance characteristics for the length of the mixing chamber of Ly, =
530 mm and Ly, = 840 mm are differing between themselves to a much smaller
extent, particularly in the region of large values of the ejection coefficient x;.

5. Friction losses in the mixing section

Bearing in mind considerations presented in the former chapter there arises
now an issue of including a parameter, which would describe the influence of the
length of the mixing chamber on the ejectors performance. A small number of
investigators [5, 7, 9] consider the length of the mixing section by introduction
of a relevant coefficient obtained experimentally. In the works [5, 7] it is assumed
that proposed there coefficients of friction losses in the chamber are constant for
a given ejector geometry, i.e. they are independent on the ejection coefficient x;.

The influence of the length of the mixing chamber on the coefficient of friction
losses Ky, will be analysed here using some elements of Cunninghams model [9].
In this model it is assumed that air compression in the ejector is isothermal. Ad-
ditionally it is assumed [9], that up to the mixing zone (shock wave) both phases
fow separately and beyond the transition through a shock wave the two-phase
How is homogeneous and interfacial slip is equal zero. It is considered also that
during the flow of both phases through the ejector the solubility of the gaseous
phase in the liquid one does not change. Additionally, at the beginning of the
mixing chamber there is the pressure equal to the pressure in the suction cham-
ber and hence it can be assumed that x; = xo. The momentum equation for the
mixing chamber can be written as follows

(pO ¥t pt)At — TAy = (mw + ma)wt — Ty Wepo — TaWa;- (4)

Bearing in mind the above assumptions (4) will be transformed to [9)

2
(Po —pt) — T% = [+ )1+ X8 = (14722 )8 puride.  (5)
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Friction losses appearing on the left hand side of equation (5) can be calculated
using the relation [9]

1
2 =427 = “Kyppw?, (6)

which is a definition of the friction loss coefficient Ky, in the mixing chamber.
Including the relations linking the air parameters of state during its isothermal
compression, from relation (6) we can obtain [9, 23]

Ay

1
——7 = =K (1 + 7x0)(1 + xt)b% puw. (7)
Ay, 2

From (5) and (7) we get a sought formula describing the friction loss coefficient
in the mixing chamber

biioPri— B0
2+ 27 - =
Kth = bl - 2. (8)

b2(1 4+ vxo0)(1 + x¢)

As can be seen, the coefficient Ky, is a function of geometrical and flow para-
meters of the ejector. A value of the ratio of gas and water volumetric flow rates
can be calculated based on the assumption of isothermal air compression

Xt XOIE- (9)
Dt

Cunningham [16] obtained in his experimental investigations the values of
friction loss in the range from Ky, = 0.15 at Ly, /Dy, = 16 to Ky, = 0.43 at
Ly /Dy, = 28, and the measurements were conducted at the diameter ratio b =
0.30. A characteristic feature of results obtained by Cunningham [16] was that
K}, remained constant in the range of the ejection coefficient x; from zero up to
some threshold value obtained at the level of about 1.5 to 1.75 (greater values
for longer mixing chambers). Above this value of x; the coefficient of frictional
losses first slightly rises and than decreases. It must be stressed, however, that
Cunningham [16] conducted his experiments in a narrow range of the ejection
coefficient, i.e. up to x; = 2.00 and only for one diameter ratio b. Therefore, his
results cannot provide a sufficient database for the assessment of the influence
of the length of the mixing chamber and the ejection coefficient on a value of
the friction loss coefficient in the mixing chamber. It ought to be noticed also,
that Cunningham [16] suggests, that in calculations of the two-phase ejectors a
constant value of the friction loss coefficient should be taken, however, without
its specification.

Based on relation (8) we could attempt to assess the extreme values, which
could be taken by the friction loss coefficient. Bearing in mind that the density
ratio +y is of the order of no more than 1073, the following simplification is justified:
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1+vxo ~ 1. If we were to consider the first limiting case, i.e. assume p; — py = 0,
than based on (8) and (9) we obtain

b
R
K =——2— -2 (10)
B(—+1
If we respect a fact that in the considered limiting case the ejection coefficient
reaches values tending to infinity then we get

Kip = —2. (11)

Such value of the friction loss coefficient is concerned with a limiting case, where
the amount of air supplied to the mixing section is so large that it is not possible
to pump it through the mixing chamber and the entire flow goes in the direction
of the suction chamber. Obviously, such case is practically unattainable, as the
amount of intaken air is linked with achieving of the speed of sound in a two-phase
flow in the mixing chamber [9, 23].

In the other limiting case we have a value of the ejection coefficient equal zero.
Than on the basis of (8) and (9) we get

bt — Do

Kipo =2 :
th2 c+ Pogul,

(12)

The values of the friction loss coefficient must be contained between discussed
above limiting cases and hence

Kin £ K < Kipo. (13)

It must be borne in mind that outlined above relations are valid only when at
the outlet from the mixing chamber there is a homogeneous two-phase flow. Ob-
servations of the structure of two-phase flows existing inside the mixing chamber
prove that such situation is not taking place in all considered cases, as sometimes
we have to deal with at least a partially separated flow. Such situation inclines to
deduce, that we can expect significant discrepancies in analysed coefficient K
in cases of other geometries and operational conditions.

In Fig. 12 presented are experimental values of Ky, calculated using (8), for
two different diameters of feeding nozzle (b = 0.0607 and b = 0.430) and different
lengths of the mixing chambers (L, /Dy, = 20.00; 37.86; 60.00). Therefore, pre-
sented results encompass a much wider range of parameters in comparison with
described above Cunninghams investigations [16].

It is very interesting that in the results presented in Fig. 12b, there appears
an influence of water mass flow rate at the ejection coefficient y; < 0.8. Usually -
the influence of water flow rate on the friction losses is neglected by many investi-
gators. As can be seen, such influence exists and under some conditions is quite
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Fig. 12. Friction loss coefficient of the mixing chamber for nozzle diameters: a) D, = 3.45 mm, b) Dy, =
9.50 mm.

perceptible.

The following conclusions result from presented distributions of K. Firstly,
the coefficient Kj; varies significantly with the change of a volumetric ejection
coefficient x;, which means, that its constant value cannot be assumed, as it has
been done in [5, 7, 9].

The second very important conclusion is a fact, that a negative value of this
coefficient has been obtained in the majority of experimental points. This can
be explained in a twofold manner. The first is that in a final part of the mixing
chamber there exists a non- homogeneous structure of the two-phase flow, which
causes that the necessary conditions in the relation (8) are not fulfilled. A second
circumstance is that by means of observations of the two-phase flow there have
been found the secondary flows in the vicinity of the mixing section walls. Exi-
stence of such flows is a well known phenomenon [1]. In such situation it can be
expected that the direction of shear stresses on the wall will be negative to the
direction present when the flow in the entire volume of the mixing chamber would
flow toward the diffuser.

A next conclusion, which can be drawn on the basis of graphs presented in
Fig. 12 is that in the range of larger values of the ejection coefficient there is a
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surprisingly good consistency between the curves obtained for different lengths
of mixing chambers, particularly in the light of discussion presented above about
the two-phase flow structure. It can therefore be said, that the suggested relation
describing the friction loss coefficient Kj;, has been adequately specified and is
suitable for calculations of friction losses in the mixing chamber of the two-phase
flow ejectors. It can therefore be presumed, that in this case lack of influence of
the length of the mixing chamber results from the extent of friction losses. These
losses, in the two-phase flow ejector, are only decisive in the area of the shock
wave, and prior to its occurrence they can be neglected [24].

6. Efficiency of ejector performance

From the point of view of the influence of the length of the mixing chamber
on the ejector performance it is of importance to investigate the level of available
efficiency with respect to the length of the ejector. It must be stressed, that the
issue of definition of the efficiency of the ejector may still be a matter of discussions
[25]. In the present work, as the most appropriate definition we have assumed a
ratio of isothermal power of gas compression and the power of isochoric pumping
of motive liquid [23]

Pq

Pm‘lni{)—_
D= X 14
1pwi_‘pd ( )

In Fig. 13 presented are graphs of the dependence of efficiency on the ejection
coefficient for two values of nozzle diameter (D,, = 3.45 mm and D,, = 9.50 mm)
and three different lengths of the mixing chamber under two different values of
water flow rate. It results from the graphs that there is a significant influence
of the mixing chamber length on the isothermal efficiency. The lowest values of
the efficiency have been obtained in the case of the shortest investigated mixing
chamber. In the case of the nozzle of diameter D,, = 3.45 mm the most efficient
was the longest mixing chamber, and in the case of a nozzle of diameter D,, =
9.50 mm the highest efficiencies have been obtained for the length of the mixing
chamber Ly, = 530 mm. It should be recalled (see Fig. 6), that in the case of this
chamber there were obtained the highest values of the ejection coefficient in the
majority of runs. A second conclusion which can be drawn, based on presented
results, is that the influence of the mixing chamber length on the efficiency is
similar for all cases, independently of water flow rate, even though the efficiency
itself depends on such flow rate. A highest efficiency of the order of about 12% has
been obtained in the case of the ejector equipped with a mixing chamber of the
ength Ly, = 530 mm and a nozzle of diameter D,, = 9.50 mm and a volumetric
dow rate of V,, = 51.5 1/min (see Fig. 13d).
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7

Conclusions and final remarks

There are presented the results of extensive experimental investigations of the
influence of the two-phase flow ejector geometry on its operational characteristics
and the efficiency. The analysis of the distribution of the coefficient of friction
losses Ky, in the mixing chamber for different cases of the ejector performance
has been investigated. Based on obtained results of experimental investigations
we can draw following conclusions:

There exist two limiting cases of operation of a two-phase flow ejector. In the
first limiting case obtained are the highest values of the ejection coefficient
and in the second limiting case obtained are extreme values of compression
ratio.

There is an influence of the length of the mixing chamber on maximum
values of the ejection coefficient, and in the majority of measurements the
highest values of this coefficient have been obtained in the case of a chamber
with intermediate length of all investigated chambers.

A condensation shock wave, which is formed in the second limiting case,
changes its location with respect to water flow rate. In the case of the
highest values of volumetric water flow rate, the beginning of the shock
wave is located at a final part of the mixing chamber, just prior to the
entrance to the diffuser.

The influence of the length of the mixing chamber on operational charac-
teristics of ejector in the form pa; = f(rhe;) and II = f(x;) is not very
significant, if the shock wave occurs in the mixing chamber.
Characteristics pa; = f(rhg;) are not linear, which means that the propor-
tionality coefficient in relation (1) is not constant, contrary to the contem-
porary belief.

Characteristics of the ejector operation prepared on the basis of widely ac-
cepted relations due to Sokolov and Zinger (3) do not satisfactorily describe
experimental data, mainly due to the fact that they do not account for the
influence of the length of the mixing chamber.

Based on conducted analysis of the coefficient of losses Kjj, in the mixing
chamber it has been shown that it is variable (and not constant as usually
assumed) and a range of its variations has been determined.

In the case of higher values of the ejection coefficient obtained are nega-
tive values of the coefficient of frictional losses Ky, which can be expla-
ined by the existence of secondary flows in the mixing chamber and a
non-homogeneity of the two-phase flow structure.

There has not been observed influence of the length of the mixing chamber
on a value of the friction loss coefficient, if the ejection coefficient is beyond
some limiting value. In the case of conditions determined in Fig, 12a the
limiting value x; is close to zero, whereas in the case of conditions presented
in Fig. 12b it is equal to about y; = 0.8.
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e There is a strong dependency between the length of the mixing chamber and

the ejector efficiency. The lowest values of the efficiency have been obtained
in the case of the ejector fitted with the shortest mixing chamber.

Above remarks and conclusions refer to a two-phase water-air ejector, with a

sharp-edged nozzle. It should be expected that, due to the influence of the shape
of the nozzle on the flow stability, there will also be the influence of the shape of
a nozzle on performance of the ejector.
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