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Abstract. In the paper, the hydrodynamics of the liquid-gas mixture in the mixing chamber of the
ejectors at different spatial positions was analyzed and the comparative study of such ejectors was
carried out. It was found that a more ordered mode of movement of the mixture in the mixing chamber
is created as a result of the coincidence of the velocity vector of liquid drops and the direction of gravity
in the vertical position of the ejectors. This leads to increasing the volume entrainment ratio almost
twice. The analysis of the liquid-gas mixture flow in the mixing chamber, evaluation calculations and
research allowed to develop and to patent a jet apparatus with a conical-cylindrical (combined) mixing
chamber. It was also found that for such ejectors, the volume entrainment ratio is 15–55 % higher
than for a jet apparatus with a cylindrical mixing chamber due to the reduction of the resistance of
the passive flow into the mixing chamber and prevention of the formation of reverse-circulating flows.
A study has been conducted on liquid-gas ejectors in the range of the main geometric parameter m
(ratio of the mixing chamber area to the nozzle area) 9.4–126.5, which allowed to establish its rational
values at which the maximum volume entrainment ratio is achieved (m = 25–40).
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1. Introduction
A jet apparatus (ejectors) is rather simple and reliable
equipment that has not been fundamentally changed
since its invention and at the same time, it is complex
in terms of processes occurring in the flow part [1–4].
A significant disadvantage of such an apparatus is the
low efficiency, which does not usually exceed 30 %,
that is a stimulus to find more advanced designs.

Since the main components of the jet apparatus
are the receiving chamber, the mixing chamber, the
working nozzle (sprayer) and the diffuser, their design,
position relative to other elements and geometric di-
mensions have a significant impact on the effective
operation of the ejector [5–8].

The main indicators of a jet apparatus are the
efficiency (ratio of useful energy to expended energy)
and entrainment ratio (ER) – the ratio of the flow
rate of the passive medium to the flow rate of the
active medium. If the phase flow rate is expressed
in units of mass, then the entrainment ratio is mass.
However, for water-gas ejectors, this ratio is usually
expressed in terms of the volumetric flow rates of the
phases. In this study, ER is volumetric entrainment
ratio.

The main advantage of the ejector as a jet pump
is the absence of moving parts with friction surfaces,
which is important when working in hot or aggres-
sive environments. Jet apparatuses have low metal

consumption, they are compact and simple in design,
which ensures their reliability. By these, their priority
in almost all industries as individual equipment or
auxiliary units is determined. It is generally accepted
that the use of jet apparatuses is due to the high
efficiency of processes in jet flows.

Ejectors are used as water jet pumps, vacuum sys-
tems for suction of liquids and gases and mixers of liq-
uids, gases, etc. [9–12]. In the food industry, ejectors
are used to saturate beverages with carbon dioxide,
pasteurization and sterilization of food, for mixing
media, aeration during fermentation, etc. [13–16]. In
particular, in the sugar industry, jet apparatuses al-
low to improve the process of sulfitation of water and
sugar solutions, to carry out the process of removal
of ammonia from condensates in intensive and energy
efficient mode, to create two-section saturators and
to receive sugar solutions with high quality indica-
tors. The undeniable advantages of jet apparatuses
allow them to be used in the disposal of emissions
from sugar factories, which will help to reduce the
material and energy costs of production and improve
environmental safety.

The purpose of the ejector is the main criterion in
its design. So, when using ejectors as jet pumps, the
criterion in its design is the dynamic pressure.

When using ejectors for heat-and-mass transfer pro-
cesses, there must be created a significant phase con-
tact surface and its rapid renewal, there must be
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a sufficient contact time, and the required number of
phases. Such requirements are set after the analysis
of the basic equation of mass transfer.

It should be noted that in a jet apparatus, mainly
two types of working nozzles are used. They provide
the formation of compact and dispersed jets of liquids.
In the first case, these are jet nozzles with a continuous
spray pattern, which interacts with the gas phase on
the outer surface only. Ejectors with such working
nozzles are used as jet pumps, where the pressure of
the mixture at the outlet is important.

The working nozzles in the ejectors that form a dis-
persed jet of liquid are nozzles of the centrifugal-jet
type. Such nozzles allow to receive drops of liquid
at insignificant distance from a nozzle and to provide
the maximum surface of contact of phases for mass
transfer.

When jet apparatuses are used for technological
processes related to heat-and-mass transfer, the ER
index becomes decisive. If the flow rate of the ac-
tive (liquid) phase is simple enough to regulate, then
providing the required amount of passive (gas) phase,
which is required for the implementation of these pro-
cesses according to the technological regulations, is
a problem not solved so far.

For example, to carry out the sulfitation process,
it is necessary to have a jet apparatus with a high
volume entrainment ratio. As for the pressure of the
mixture at the outlet of the ejector, its kinetic energy
is sufficient for a centrifugal separation of liquid and
gas.

The value of the efficiency and entrainment ratio
largely depends on the hydraulic losses, most of which
fall on the receiving and mixing chambers. They are
caused by reverse-circulation flows in the mixing cham-
ber, cavitation effects, energy and mass transfer be-
tween phases, hydraulic friction caused by a significant
pressure gradient, and other complex processes [1–4].

The phenomenon of reverse-circulation flows in the
mixing chamber is known and covered in different
works [17–24]. However, no effective methods have
been proposed to eliminate them. There are only
a few technical solutions that can reduce the reverse-
circulation flow and thus increase the efficiency of the
ejector, but their use is limited. These include the
replacement of one central jet of fluid by multiple jets
of the same equivalent cross section [18], and profiling
the mixing chamber by installing inserts that corre-
spond to the size of the reverse-circulating zones [24].
The latter leads to an increase in the efficiency of the
jet apparatus by 11 % when compared to the ejector
having a cylindrical mixing chamber.

However, the introduction of inserts in the mixing
chamber has a two-fold effect – on the one hand,
energy losses are eliminated because of the separation
of the flow. On the other hand, friction losses increase.
With increasing the liquid flow rate from the working
nozzle of the ejector, the size of the separation zones
decreases and, accordingly, the size of the replacement

bodies becomes excessive – so the positive effect of
their installation decreases. The larger the relative
size of the inserts, the narrower the range of operation
modes of the ejector in which the total effect of their
introduction is positive.

As it was noted, a leakage of liquid from the noz-
zle into the mixing chamber leads to a formation
of a cavitation zone [1, 2]. Usually, in the ejector,
there is a vortex cavitation, which contributes to the
additional destruction of liquid droplets, and to a for-
mation of vortex zones with local pulsations of speed
and pressure. Such cavitation effects occur at the
beginning of the cylindrical mixing chamber and are
extremely unfavorable and lead to a decrease in the
efficiency of the jet apparatus.

The impossibility of quantitative accounting of the
influence of these processes on the ejection capacity of
the apparatus, does not yet allow to create a reliable
and accurate mathematical model of their work and
to calculate the basic dimensions of the ejectors on
its basis.

Taking this into account, one of the main directions
of creating a jet apparatus with a high entrainment
ratio are experimental studies of their work in or-
der to establish patterns and features of energy and
hydrodynamic phenomena.

Thus, the purpose of this work is to develop a jet
apparatus with a dispersed jet of liquid and a high
entrainment ratio. Intensification of technological
processes connected with mass transfer will be possible
with this apparatus. In particular, on the basis of
such an apparatus, the operation of a sulphitation
station in the sugar industry was intensified.

The study consists of two stages. At the first stage,
the hydrodynamics of the liquid-gas mixture in the
mixing chamber of a jet apparatus was analysed and
their operation at different spatial positions was in-
vestigated. At the second stage, taking into account
the results of the first one, the operation of a jet ap-
paratus with a high entrainment ratio was designed
and studied.

2. Materials and methods
During the study, the ejector with a dispersed liquid
jet has been investigated. To establish the patterns
of hydrodynamics of the two-phase flow in the mixing
chamber of the jet apparatus, an experimental setup
was constructed (Figure 1).

The setup consists of a pump, a piping system,
a water tank, shut-off and control valves and it is
equipped with control and measuring instrumenta-
tion. The fluid flow was measured with a rotary flow
meter type KV-1.5, accuracy class 1.5 (relative error
± 1.5 %). The fluid pressure in the working nozzle
was controlled by an OBM-1-160 manometer, accu-
racy class 1.5, in addition, the relative error of the
measurement results of the apparatus is ± 1.5 % (the
nozzle and the manometer were placed on the same
axis). Gas consumption was measured with a PREMA
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Figure 1. Experimental setup (1 – liquid container; 2 – pump; 3 – mixing chamber of the jet apparatus; 4 – nozzle
with receiving chamber; 5 – liquid flow meter; 6 – manometer; 7 – gas flow meter; 8 – differential manometer).

G 1.6 volumetric gas flow meter (relative error of the
measurement± 1.5 %). The vacuum in the receiving
chamber was mmH2O measured with a differential
manometer, with an error of ± 1 mm. Photograph-
ing the flow of the liquid-gas mixture in the mixing
chamber was carried out with a digital camera Canon
PowerShot SX40 HS.

The jet apparatus could be placed both horizontally
and vertically.

The working nozzle of the ejector was a nozzle of
centrifugal-jet type with two inclined supply channels
(pipes) (Figure 2) [25] and replaceable nozzles with
a diameter (dnoz) of 4 mm and 6.2 mm. The manufac-
turing accuracy of the nozzle and ejector components
corresponded to tolerance grades 7–9 [26].

This nozzle has a peculiarity: when the liquid is
fed into the vortex chamber 3 through inclined supply
channels 5, which are arranged so that both edges
of the supply channel are adjacent to it tangentially,
but on different sides of the axis, it takes moments of
momentum in different directions. This inlet of the
liquid into the vortex chamber promotes the formation
of a highly turbulent flow that moves in the direction
to the nozzle 4 and flows out of it in the form of
a dispersed jet. The formed liquid droplets constantly
change shape and size, which is the most favorable for
achieving a high entrainment ratio [27] and conducting
mass transfer processes in a jet apparatus.

The mixing chambers of the jet device had a di-
ameter (Dmech) of 19 mm, 27 mm and 45 mm, and
a length Lmech = 8Dmech. The distance from the
nozzle to the initial section of the mixing chamber
was equal to the diameter of the nozzle: L = dnoz.

The study was carried out in a water-air system
at a phase temperature of 20 °C and a relative air
humidity of 85 %, in order to exclude heat exchange
processes from consideration. The thermophysical
properties of the working liquid and the gas phase
have a significant impact on the results of the study.

Figure 2. Nozzle design (1 – liquid inlet pipe; 2 –
housing; 3 – vortex chamber; 4 – nozzle; 5 – supply
channels; 6 – plunger; 7,8 – nut).

The greater the difference between the temperatures
of the phases, or the partial pressure of water vapour
in the gas phase at a given temperature and equilib-
rium, the greater the effect they have on the ejection
ability of the apparatuses. In the ejector phase, equi-
librium is achieved in terms of temperatures, partial
pressures of water vapour, and also degassing of the
liquid occurs due to rarefaction in the receiving cham-
ber of the ejector. Moreover, the further the phases
are from an equilibrium, (large temperature differ-
ence between phases or low air humidity) the greater
the influence of accompanying processes. At equal
and low phase temperatures and high humidity, heat
and mass transfer processes are insignificant and have
a minimal impact on the measurement results.

In experimental studies, water was used as the work-
ing fluid, which filled the liquid container. After the
working cycle, the water from the jet apparatus re-
turned to the same container, so the working fluid
circulated in a closed loop and its physical properties
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were the same for all experiments. This made it pos-
sible to exclude the influence of these factors on the
experimental results. Physical properties of the liquid
based on temperature were determined on the basis
of tables of the thermo-physical state of water and
water vapour [28].

The modes of operation of the jet apparatus were
changed by adjusting the pressure of the liquid in the
nozzle, which was controlled by the manometer. At
least three experiments were carried out, each lasting
two minutes. Indicators of liquid and gas flow meters
at the beginning and at the end of experiments, liquid
pressure in the nozzle, and the vacuum in the receiving
chamber were recorded.

Experimental data processing was carried out by
well-known methods (elimination of gross errors ac-
cording to Student’s t-test at a significance level of
0.05, the result was brought to the arithmetic mean
value) and was performed with the help of Microsoft
Office Excel spreadsheet processor; graphs were plot-
ted in OriginPro 8, Microsoft Office Excel programs.

3. Results and discussion
3.1. Study of the hydrodynamics of the

liquid-gas mixture in the mixing
chamber and the operation of the
ejector at various spatial locations

Both the vertical and the horizontal placement are
well known in the practice of using ejectors. However,
it needs to be investigated whether the spatial posi-
tion affects the operational characteristics of ejectors
operating in a subsonic mode.

Figure 3 shows the process of decomposition of the
liquid jet from the nozzle and the formation of a two-
phase flow in the initial section (part) of the cylindrical
mixing chamber at horizontal (Figure 3a) and vertical
(Figure 3b) positions of the ejector with the basic
geometric parameter (ratio of the mixing chamber
area to the area of the nozzle) m = 45.5 (with dnoz

= 4 mm, Dmech = 27 mm). The pressure of the liquid
P in the nozzle is 0.3 MPa.

An analysis of the flow regime of the liquid-gas mix-
ture shows that at the horizontal position of the ejector
(Figure 3a) at the beginning of the cylindrical mix-
ing chamber, there are significant reverse-circulation
flows, and in its lower part there, there is a reverse
movement of water, and in the upper part – a reverse
movement of water-air mixture. With a decrease in
the main geometrical parameter of the ejector, the
reverse flows also decrease.

Drops moving to the upper wall of the mixing cham-
ber (above the horizontal axis of the jet apparatus)
reach it. Then, they are reflected downwards and
carried away by the central mass of the flow and
are moved further along with it. Therefore, in the
upper part of the mixing chamber, there are reverse-
circulation flows of only the water-air mixture.

(a).

(b).

Figure 3. Decomposition of the liquid jet in the
cylindrical mixing chamber with dnoz = 4 mm, Dmech

= 27 mm: (A) horizontal position of the ejector; (B)
vertical position of the ejector.

In the case that liquid droplets move to the lower
wall of the mixing chamber (below the horizontal axis
of the ejector), they remain on it and form a layer
of liquid, which is broken due to the friction against
the wall, and under the action of the vacuum created
in the ejector, part of the liquid changes its direction
of motion. So there are significant reverse-circulation
fluid flows in the lower part of the mixing chamber.

When the ejector is in a vertical position (Figure 3b),
the flow pattern in the mixing chamber differs signifi-
cantly from the flow in its horizontal position. The
operation of the ejector is characterized by a more
uniform spray pattern without any clearly expressed
reverse-circulation flows, which is due to the forma-
tion of an ordered liquid-gas flow as a result of the
coincidence of the droplet velocity and gravity vectors.

Thus, the analysis of the hydrodynamics of the
liquid-gas mixture in the mixing chamber of the ejec-
tor, depending on its spatial position, shows the differ-
ence in the formation of a two-phase flow in the initial
section. Obviously, for the formation and maintenance
of the reverse-circulation movement, the energy of the
flow is expended, which leads to a decrease in its veloc-
ity and, consequently, in the volumetric entrainment
ratio.
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Figure 4. Dependence of ER on P at different spatial
positions of the ejector with dnoz = 6.2 mm, Dmech =
45 mm (m = 52.7).

This is confirmed by the presented data of com-
parative studies (Figure 4) of a jet apparatus with
a cylindrical mixing chamber (Dmech = 45 mm) and
a nozzle with inclined supply channels (dnoz = 6.2 mm)
in a horizontal and vertical position depending on the
pressure of the active flow in injector P .

The vertical placement of the ejector for these
modes of operation makes it possible to almost double
the entrainment ratio (ER). Similar results were ob-
tained for a water-air jet apparatus with other values
of m. In all cases, the entrainment ratio of a vertically
mounted ejector is higher than the one of the same
ejector placed horizontally. An increase in the volu-
metric entrainment ratio is explained by a decrease
in hydraulic losses in the mixing chamber, which is
associated with the friction of the flow against its wall
and the elimination of zones of reverse-circulation
flows, which is achieved due to the coincidence of the
trajectory of the liquid-gas mixture movement with
the direction of the action of the force of gravity.

Thus, placing the ejectors in a vertical position is
one of the simple ways to increase the volumetric
entrainment ratio.

Another way to increase this indicator is to design
the mixing chamber of the ejector of such a shape that
minimizes the resistance to the entry of the passive
flow into the mixing chamber and the formation of
reverse-circulation flows is prevented.

3.2. Design and research of the jet
apparatus with a high entrainment
ratio

The analysis of the fluid movement in the ejector
shows that the leakage of the active medium from
the working nozzle into the mixing chamber is similar
to the movement of fluid through a pipeline with
a sudden expansion and is characterized by significant
head (energy) losses hs.e and reverse-circulation flows,
which depend on the ratio of the diameters.

To reduce the head loss hs.e, it is recommended
to make the transition between parts of the pipeline
using cone divergent tubes (diffusers). The diffuser
opening angle β is taken in the range of 3–8°, which is
explained by low hydraulic losses and the continuous
nature of the flow [29]. The head losses with this
design of the pipeline are determined by the formula:

hdif = φhs.e (1)

where φ – empirical coefficient, which depends on
the angle β (φ = 0.4–1.2).

A similar technical solution was proposed to use in
the initial section of the mixing chamber. The angle
of expansion of the conical part is, by 3–8°, smaller
than the angle of the spray pattern of the liquid from
the nozzle, and the walls of the mixing chamber are
touched by the liquid jet at the connection point of
the conical and cylindrical parts. With this design
of the mixing chamber, there is an annular space
between the outer surface of the spray pattern of the
liquid and the inner surface of the conical part, which
makes the ejection of the passive flow over a sufficient
length possible.

The proposed design of the jet apparatus with
a conical-cylindrical (combined) mixing chamber was
designed, researched, and patented [30]. To compare
the value of the entrainment ratio of the ejector with
a combined mixing chamber (the angle of expansion
of the conical part is 25°), another ejector of a similar
design, but with a cylindrical mixing chamber, was
constructed. Their designs are shown in Figure 5.

The receiving chambers of two ejectors are cylindri-
cal, with a gas distributor 5 installed inside. The gas
distributor is a disk with holes equally spaced around
the perimeter. With this design of the receiving cham-
ber, it is possible to distribute the passive gas phase
with a minimal resistance along the entire perimeter
of the active liquid jet.

On the basis of the experimental data, graphs (Fig-
ure 6) of the dependence of the hydrostatic pressure
drop ∆Pmix/∆Pact on the volumetric entrainment
ratio ER for jet apparatuses with cylindrical and
conical-cylindrical mixing chambers and different val-
ues of the main geometric parameter m were plotted.

The relative values of hydrostatic pressure were
calculated from the formula:

∆Pmix

∆Pact
= pmix − ppas

pact − pmix
(2)

where pmix – the pressure of the mixture at the
outlet of the ejector [Pa]; ppas – pressure of the passive
medium (gas) in the receiving chamber [Pa]; pact – the
pressure of the active medium (fluid) in the nozzle
[Pa].

It has been shown by the analysis of the experi-
mental data results (Figure 6) that in the range of
the investigated values of m, the modification of the
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(a). (b).

Figure 5. Designs of jet apparatus: (A) with a cylindrical mixing chamber; (B) with a combined mixing chamber.
1 – mixing chamber; 2 – passive medium supply pipe; 3 – motive nozzle; 4 – receiving chamber; 5 – gas distributor.

(a). (b).

(c). (d).

Figure 6. Dependence of ∆Pmix/∆Pact on ER for jet apparatuses with different mixing chambers and different
values of the basic geometric parameter m: (A) m = 9.4 (dnoz = 6.2 mm, Dmech = 19 mm); (B) m = 19 (dnoz =
6.2 mm, Dmech = 27 mm); (C) m = 22.5 (dnoz = 4 mm, Dmech = 19 mm); (D) m = 45.5 (dnoz = 4 mm, Dmech =
27 mm).
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Figure 7. Dependence of ER on m for the ejectors with different values of ∆Pmix/∆Pact and different mixing
chambers.

mixing chamber with an initial conical section leads
to the increase in the volumetric entrainment ratio.
This is due to the decrease in hydraulic losses linked
with the formation and support of the movement of
reverse circulation flows.

So, at ∆Pmix/∆Pact = 0.5 for the ejector with
a conical-cylindrical mixing chamber and m = 9.4,
the entrainment ratio increases from 2.42 to 2.53 with
m = 19, continues to grow to 4.02 with m = 22.5, and
further decreases to 3.5 with m = 45.5.

In addition, it can be seen from the graphs above
that the increase in ER for all cases causes a decrease
in the parameter ∆Pmix/∆Pact, which is explained
by the losses of pressure in the mixing chamber.

On the basis of the presented data, the graphs of the
dependence of the volumetric entrainment ratio ER on
the main geometric parameter m at different values of
∆Pmix/∆Pact for jet apparatuses with cylindrical and
conical-cylindrical mixing chambers were constructed
(Figure 7).

With the same value of the relative hydrostatic
pressure drop (∆Pmix/∆Pact = 0.5), ER of the jet
apparatus with the conical-cylindrical mixing chamber
is 23–32 % higher (depending on the value of m) as
compared to the ER of the ejector, which has the
cylindrical mixing chamber.

At higher values of ∆Pmix/∆Pact, the volumetric
entrainment ratio for both ejectors decreases due to
the increasing pressure of the mixture at the outlet of
the jet apparatus.

The operational characteristics of a jet apparatus
depend significantly on the main geometric param-
eter m. The maximum entrainment ratio for these
operating modes is achieved at m = 25–40.

Depending on the task set before the ejector, from
the given graphs, it is possible to define optimum
mode parameters of a jet apparatus with the given
geometric dimensions.

4. Conclusions
The efficiency of a jet apparatus is reduced by
the reverse-circulation flows, which are explained
by the vacuum in the receiving chamber.

At the horizontal position of the jet apparatus at the
initial part of the mixing chamber, there are significant
reverse-circulating flows (in its lower part, the reverse-
circulating water flows are formed, and in the upper
part – water-air mixture), and at the vertical position
of the ejector, the more ordered hydrodynamic flow
regime is observed. As a result, with the vertical
placement of the ejector, the entrainment ratio is
almost twice as high as compared to the horizontal
one.

Based on the analysis of the flow regime of the
liquid-gas mixture in the mixing chamber, evalua-
tive calculations and studies, which were carried out,
a new design of the jet apparatus was patented. The
mixing chamber of this apparatus is made as conical-
cylindrical with the opening angle of the conical part
smaller by 3–8° than the angle of the liquid spray
pattern from the working nozzle.

Based on the research, it was found that in the jet
apparatus with a combined mixing chamber, the zone
of reverse-circulation flows is eliminated and a 15–55 %
higher entrainment ratio is achieved as compared to
the ejector having a cylindrical mixing chamber.

The range of values of the basic geometrical param-
eter m at which the highest entrainment ratio of the
jet apparatus is reached (m = 25–40) was established.

Further studies of the operation of the ejectors
with the conical-cylindrical mixing chamber (as well
as other innovative designs of apparatuses, includ-
ing pulsating ones) are necessary and will be carried
out in order to establish the optimal size to achieve
the maximum volumetric entrainment ratio. Finding
the dependence of the value of the entrainment ratio
on the mixture pressure at the outlet from the ejec-
tor (back pressure) is the next most important task
and a separate study is required. Such an apparatus
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can be used to improve technological processes associ-
ated with mass transfer. In particular, in the sugar
industry, this can help stabilize the work of sulfitators.
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