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NIABHIMEHHA TEPMOAHHAMIYHUX XAPAKTEPHCTHK
KOHAEHCATOPA XO/MIOAU/IBLHOI MALLKMHYH 3A IONOMOroN0
HAHOYACTOK

B crarti HaBemena indopmaltist Ipo epereKTUBY BUKOPUCTAHHS
HAHOYACTOK [IJIsI TIOKPANEHHS] TEPMOJUHAMIYHIX XapaKTEePUCTUK
TerI00OMIHHUX anapariB XOJOAMAbHOT MalluHK, TPAIoJol Ha
i300yrani. Biuims HaHOZOMIIIOK PO3IJISTHYTHI Ha MPUKJIaAl eKciie-
PUMEHTAIBHOTO JIOCI/KEHHsT KOHieHcaTopa. PesysraTu cBigyars
PO MiABUIeHHs KoedillieHTa Teronepeaadi B KOHAEHCATOPI HA
16-24 % B 3ajeXRHOCTI BiJl PEKUMY POGOTH.

Kmeouogi cnoBa: X010/{MJTbHA MAITNHA, HAHOYACTKA, HAHO/IOMITII-
ka, Koedimient Temonepenadi, koedillieHT TenaoBiAmavi, KOH-
JleHcaTop, i300yTaH.
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EXCNNEPHMEHTANBHE JBOCNAIAMEHHA
PIAMHHO-NIAPOBOI'o0 EMEKTOPA

3 KOHIYHOKO KAMEPOK 3MILIYBAHHA

Y cmammi nodana modenv po3spaxymky zeomMempuuHux ma eHepzemuuHux Napamempis KOHiuHoi
Kamepu 3Miuy8anis piounno-naposozo excexmopa. lpedcmasneni pesyrvmamu excnepumenmaibHozo
docaidicenns nioCKONapaieiviozo piouHHO-naposoz0 eicexmopa 3 Kamepoio 3Millyeanns KOHIUHOT
popmu i nposedeno ix nopisHAIGHUL AHAL3 3 MeopemuuHUMU danumu. Bukonano ananis excepeemuyunoi
e(hexmuenocmi UKOPUCAHHSL eHCEKMOPA 3 KOHIUHOIO KAMEPOIO 3MIUUYBAHMS.

Kmeuosi cnosa: piounno-naposuil ejcekmop, KoHiuna Kamepa smiuiyeanis, excnepumenmanvie 00-

CiONCeNS, eKcepzemuuna eqhexmuenicmo.

1. Introduction

At the present stage of human development technologi-
cal processes that can be taken only at pressures below
atmospheric are more widely used in various industries.
Thus, in the mechanical engineering and metallurgy —
a vacuum welding and soldering metals and alloys, heat
treatment in a vacuum, out-of-furnace vacuum processing
and casting of liquid steel, refining metals and alloys in
solid state, pumping vapor-air mixtures from condensers
for steam turbines in the food industry — deodorization
of plant oils, milk thickening by evaporation to a dry
matter content and others.

In many cases vacuum is obtained using the energy
of work jet flow of jet devices. These include multistage
vacuum units, which include vapor-jet ejectors, with
a total drop of pressure 10+ 15 and a low efficiency, which
is typically less than 2+10 %. This low level of efficiency
is due to the fact that the increase in pressure of one
vapor-jet stage can be no more than 2+3 times. Greater
degree of pressure increases at one stage lead to a sharp
decline in the ejector efficiency, which is associated with
choking losses during the mixing of supercritical active
and subcritical passive streams.

In view of this situation, it is very relevant to use
liquid-vapor ejector (LVE), which works on the principle of
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jet thermal compression (JTC) [1]. This principle is based
on the fact that the passage of the working environment
of active flow through Laval nozzle is accompanied by
relaxation vaporization of the part that is expanding. The
kinetics of these processes is characterized by three criti-
cal sections, which is restructuring stream. In the initial
section of the LVE active flow nozzle is formed supersonic
jet of finely-divided vapor-drop structure with a pressure
that is less than the pressure of the environment. Then it
injects hydraulic fluid of passive flow entering the receiving
chamber. Hydraulic fluids of active and passive flows at
the inlet in the mixing chamber pressure are aligned, and
there is mixing into a single stream, after which further
compression of the mixed stream is taken place in diffusor.
Vapor that compressed in LVE is separated in a separator
from which liquid is extracted in circulation circuit by
the pump and after the heating in the heat exchanger is
fed to the active LVE nozzle.

2. The ohject of research and its
technological audit

Object of research is workflow of liquid-vapor ejector
with conical mixing chamber.

LVE belongs to a class of two-phase jet devices. Today
there are a large number of theoretical and experimen-
tal studies, but due to the complexity of the workflow
so far no method of calculation that would more fully
described processes in the LVE flow channel of the coni-
cal mixing chamber and its experimental verification. For
the design of vacuum units based on LVE with conical
mixing chamber it is necessary to develop a method of
calculation that would authentically reflect its workflow.
Thus, a detailed theoretical and experimental research and
creation of method for its calculation is very important
and has great practical importance.

3. The aim and ohjectives of research

The aim of this work is to study the influence of geo-
metric and operational parameters of conical mixing chamber
in achievable LVE performance.

To achieve this aim the following objectives have been
solved:

1. Experimental study of LVE with conical mixing
chamber at different initial parameters of the working fluid
of active flow under the program and test method [2].

2. Experimental study of LVE with conical mixing
chamber and different contraction angles.

3. Experimental study of LVE with conical mixing
chamber and cylindrical section of different lengths.

4. Experimental study of LVE efficiency with conical
mixing chamber.

4. Literature review

Changing the geometry of the mixing chamber in LVE
significantly affect the performance of the ejector and
vacuum unit as a whole, because most of the research
connected with the study of processes that occur when
mixing the two streams in mixing chambers of different
geometric shapes. In [3] it is considered the mixing cham-
ber with increased length, in which cylindrical insertion
is mounted between contractor and diffuser. Also in [4] it

is noted that when the pressure increase of the working
fluid of active flow before nozzle, compression of vapor-air
mixture is not as usual in the mixing chamber or diffuser,
and behind the diffuser — in a discharge pipe. Therefore,
in this paper we consider the possibility of replacing the
mixing chamber and diffuser on a simple cylindrical tube
and the results of experimental studies for ejectors with
pipes of different diameters and lengths are given.

Empirical dependence for selecting optimal size of mixing
chamber in the experimentally test range of geometric and
operational ejector parameters are derived by integrating
results. In [5] the results of experimental studies of gas
ejectors with conical mixing chamber are shown. Transi-
tion from this type of ejectors to the cylindrical mixing
chamber can significantly increase the ejector efficiency.

In [6] and subsequent works of the author, in addi-
tion to consideration of the nature of the influence of the
mixing chamber geometry, the advantages of the use of
supersonic nozzles for injected gas, compared with sound
are shown, as in [7] the results of the experimental study
are given for gas ejector with cylindrical mixing chamber
and diffuser, which has a throat.

In [8, 9] the main attention is paid for optimizing
the design of liquid-jet devices used for compression and
supply of petroleum gas of final oil separation in the gas
gathering system by changing combinations of relative
length of the mixing chamber and diffuser throat. Pro-
posed calculation technique is developed by summarizing
obtained experimental data using similarity theory.

All of the above work describes the effect of geo-
metrical parameters (diameter and length of the mixing
chamber, shape of the nozzles and their number) on the
achievable performance parameters of jet unit.

5. Materials and methods of research

To calculate the mixing chamber of variable LVE sec-
tion (Fig. 1) equation of pulses and mass conservation
are used. It is written in the form:

wg w% Jeon
(140t 1) o | fen =5 <p§1~uf‘3+pa + f pdf,
“ /3

(& . S .
where o, =—; wy; — passive flow velocity in the inlet
w

a

E.
section of the mixing chamber; f, = ;m — basic geo-
a
metrical parameter of the mixing chamber in the inlet
, Fy . .
section; f3=F — basic geometrical parameter of the
a

mixing chamber in the outlet section; @3 — velocity coef-
ficient of the mixing chamber:

1
(Ps—@,

E)(z-2 —_ Lo
where (3= s | & — coefficient of hydraulic fric-
13

tion of flows into the mixing chamber; Di3 — diameter
of equivalent cylindrical mixing chamber.
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Fig. 1. The main parameters of the mixing chamber of variable section

To determine the impulse Ir of the mixing chamber in
which the inlet section has a conical contracting shape,
and after it there is outlet cylindrical section, the calcula-
tion technique proposed in [10] is used:

fmn 1
P Ps
Ir= df =+ con~J3) | —+— | y
r= ] o= fa)[m p3)p3

where pg — static pressure at the inlet of the cylindrical
section of the mixing chamber.
The equations of mass conservation of stationary flow:

1+u v3

f v

w3 = w,.

In order to maximize the effectiveness of the mixing
process, it is necessary to search for the optimal position
of the inlet section of the active nozzle to inlet section
of the mixing chamber. In LVE it is possible, since there
are no choking losses and the values of the injection co-
efficient are at 0,01+0,1. It should consider two limiting
options for injection (Fig. 2).

The first limiting mode occurs when the outlet section of
active nozzle (a-a) coincides with a section (11-11) (Fig. 2, a)
and is characterized by pressure equality of active flow
at the nozzle section and passive flow at the inlet of
the mixing chamber. In this mixing mode, mass accession
of passive flow in the developed turbulent jet layer is
isobaric.

The injection equation for this case is writ-
ten as for turbulent jets with variable density
using a system of L. Prandtl theory equations

fcon =

10_5'103 Pa—P02

z) — relative length of the jet; Iy, I, I3 — solution integ-
rals using universal G. Schlichting profiles.

Fig. 2. Limiting modes of LVE injection: a — p, = pg2, 0 = 0, V; = Vog;
b — pa=p; < bg2, Oy = 1, V; > Vp2; 8-a — outlet nozzle section of
active flow; 11-1y — inlet section (first limiting mode), 15-1; — inlet

section (second limiting mode)

The second limiting mode occurs when shifting nozzle of
active flow into the mixing chamber, then inlet section of the
nozzle (a-a) coincides with the intersection (15-1,) (Fig. 2, b)
and characterized by velocity equality of active flow in
the outlet section of the nozzle and passive flow at the
inlet of the mixing chamber. In this mixing mode, mass
accession of passive flow carried by leakage through the
annular nozzle which area is (feon — f4) due to the pres-
sure difference (po2 — pa).

Injection equation for this case is:

o=t (2)

Uy

Cylindrical section in the conical mixing chamber that
is placed after contracting section (Fig. 1) is designed to
equalize pressure fluctuations. Type of the mixing chamber
and its geometry depends not only on the parameters of
active and passive inlet flows, but also on the necessary
parameters of the mixed outlet flow.

The relative area of the mixing chamber at inlet f.on
and outlet f3 is defined by integration for sections (1)

and (3) (Fig. 1):
M2k Py 1 pY™
: IR I
+<p3~BaJ B [ +(PJ

for closure. Injection coefficient is:
w=200 (1400 (1= 1)) L0 I3 )+ (1= - 1) 1,

where 5! — the relative thickness of the turbulent layer:

, (D
L, P Py
21\ B P

(1+u)~wa~w3

J3= 10°-MZ k- P30,

b =c,-20,
! ! Components in the formula (1) can be grouped into
separate systems for convenience of calculations:
1+x N . .
where ¢, =0 — constant of jet with variable density; 10502 P, - Py
on = + , (2)
v, - P, P,
¢ — constant for turbulent flooded jets ¢ = 0,27, a2 2
1-n
Y, M3 ks P 1 P
=— Bon=f3|1+———|—, Ccon=5| 14| — . 3
X 'Uny con f3 { (Pa'Ba P2 on 2 P2 ( )
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Then equation (1) taking into account simplifica-
tions (2) and (3) is:

f _ Acon — cont fS : Ccon
con — .
c Py
con P2

Moreover, if the first limiting flow regime (P, = Pys)
is realized in the mixing chamber, the formula (2) can
be written as:

-
-, 2
107w}

on =

Da'PQ '

6. Results of experimental research

Use of the conical mixing chamber with following cy-
lindrical section rather than cylindrical, can not only get
a high vacuum of working environment for passive flow
at the inlet, but also improve the parameters of mixed
flow in the outlet section of LVE. Thus, in the conical
chamber flow slows down due to the contraction, and
therefore increases the process of mixing the two working
fluids of active and passive flows. As a result, for the
same overall size of the camera, it is possible to achieve
more equilibrium parameters of the mixed phases and in
the LVE outlet flow is more uniform fine-structure at
the LVE inlet.

The authors were experimentally investigated conical
mixing chamber with different contraction angles 2+8°.
Comparing the results of experimental studies of conical
and cylindrical mixing chamber, we can conclude that the
first and main advantage of conical chamber is greater
vacuum level that can reach with the same initial pa-
rameters of the working fluid of active flow (Fig. 3). It
should be noted that in the following figures (Fig. 3-6)
experimental results are marked as points and the esti-
mated value as lines

Further experimental studies of LVE with conical
mixing chamber conducted to determine the effective-
ness of their use and detection of stable operating range.
Thus, in Fig. 4, experimental dependence of achievable
performance for conical mixing chamber with different
contraction angles are shown.

P,,-10°, Pa
10 ‘

9 4 A\

6 asis =

0 20 40 60 80 100 p 103 pa

Fig. 3. Experimental dependence of the vacuum in the inlet section of
the conical mixing chamber Py, on the initial parameters of the working
environment of active flow: — conical mixing chamber;

- - - - — cylindrical mixing chamber; ® — Fpy = 4 bar;

M — Py = 6 bar; A — Fy; = 8 bar

v Xg
2 ‘ 0,5
1.6 Yy 0,4
1,2 x4 — 0,3
0,8 | 0,2
u
0’4 Y

) 4 10 P/P,

0 2 4 6 8
Fig. 4. Experimental dependence of vapor content x4, vapor
overproduction degree 4 and injection coefficient u on degree of pressure
increase for passive flow in conical mixing chamber (Py; = 4+ 8 bar;
tgy = 120+ 160 °C; P, = 1 bar): ® — 2°, @ — 4°, A\ — B°, A — B°

Fig. 4 shows that the most effective use of the mixing
chamber with contraction angles 4+8°, as in a range of
P./Pyy = 4+9 they have satisfactory exergy indicators
such as the vapor overproduction degree yy at 1,02+1,03,
vapor content x; almost within 0,25+0,35 and injection
coefficient u = 0,06+0,08.

The use of conical mixing chamber with contraction
angles >10° is impractical, since already in experimental
research of chambers with 8° contraction angle condensa-
tion jumps in section 1-1 were observed and there was
a shift in modes in which there was «choking» of mixing
chamber with the emergence of return currents along the
LVE length (Fig. 4).

For these same reasons an increase of the initial pa-
rameters of working fluid of active flow is necessary with
an increase of contraction angle as the value of the basic
geometrical parameter f3 decreases and less pressure ra-
tio P./Pyy is created in the inlet section of the mixing
chamber as shown in Fig. 4.

An important role in the design of conical mixing cham-
ber has length of following cylindrical section. The need
for its existence is the fact that for formation of a mixed
two-phase flow it is not enough single contracting section
in which there is only disintegration of drop structures of
working fluid of active flow and mixing it with the working
environment of passive flow. To obtain the necessary flow
parameters at the outlet of the mixing chamber and prevent
the emergence of regimes that cause «choking» it is necessary
to properly determine the length of the cylindrical section.

It was experimentally investigated the conical mixing
chamber with the cylindrical section having a length (4+6)d3
and without it (Fig. 5).

When using a conical mixing chamber without following
cylindrical section, two-phase flow with heterogeneous
structure is at the outlet. This flow hasn’t permanent
parameters (ps, T3). When using a conical mixing cham-
ber with following cylindrical section having a length
over (8+10)ds, it is increasingly apparent reverse flow,
giving rise to the «choking» of the chamber. Investigation
of conical mixing chamber with the cylindrical section
having a length (4+6)ds is shown that their use can ef-
fectively carry out the mixing process of working fluids
of active and passive flows in the LVE.
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Fig. 5. The results of the experimental investigation of conical
mixing chambers with following cylindrical sections of different
lengths (Py; = 4+8 bar; f; = 120+ 160 °C; P4 = 1 bar):
se--lo=2dg - - I, = 4ds; -0-0-0O- I, = Bds; -A-A-A- I, = Bds:
a — temperature distribution along the length of the chamber;

b — pressure distribution along the length of the chamber

Comparing the conical mixing chamber with cylindrical,
it can conclude that the conical chambers have a number
of advantages that are crucial when choosing a LVE design.
This, above all, greater vacuum level depth at the same
initial parameters of the working fluid of active flow, the
range of stable operation while maintaining performance
at a sufficient level and more effective process of mixing
two media of active and passive flows with the required
parameters at the LVE outlet.

Exergic LVE efficiency and vacuum unit on its base
is determined by such indicators as the vapor overpro-

duction degree yy, injection coefficient u and exergic ef-
ficiency Me of LVE and vacuum unit as a whole. The data
is determined by the results of direct measurements and
the results of data processing.

For the LVE-based vacuum unit as exergy of pro-
duct flow, as well as for LVE the difference of exergy of
saturated vapor at the outlet of the separator and pas-
sive exergy of passive flow at the inlet in LVE. Exergy
of fuel flow is the sum of the power consumption of the
circulating pump and exergy of heat carrier flow in the
heat exchanger-heater [11].

As a result of exergic analysis, the values of achievable per-
formance indicators were obtained. They are shown in Fig. 6.

u
Tive
"eunit
0,6 S
,/,(* A s A i
i - @ A
’ u"""-;'._“ e
'S A
0,2
® o A s
0 |

2 4 6 & 10 pJp,

Fig. 6. Dependence of achievable LVE performance on degree of pressure
increase for passive stream (Fy; = 8 bar; P, = Py, = 0,5 bar):

— injection coefficient; - - - - — LVE efficiency;

----- — vacuum unit efficiency; experimental data: ® — LVE with

cylindrical mixing chamber; A — LVE with conical mixing chamber

Fig. 6 shows that the LVE with conical mixing cham-
ber can achieve a deeper vacuum level at the inlet in the
receiving chamber, and they have the best performance,
compared with LVE with conical mixing chamber at the
same modes.

7. SWOT-analysis of research results

Analysis of the current state of the issue showed that
the use of LVE with conical mixing chamber, workflow
of which is based on the JTC principle, allows obtaining
high energy efficiency at the level of 20-35 %.

The use of LVE with conical mixing chamber in exis-
ting vacuum systems requires their modernization, and
sometimes complete capital restructuring.

On the basis of the LVE with conical chamber it may
implement a completely new cycle of energy conversion,
the advantages of which include facilitating the design of
vacuum system by eliminating condensation devices after
ejector and use a wide range of heat carriers.

The use of simmering underheated to saturation liquid
as a working environment of the active flow in LVE is
a fundamentally new method because it has no direct
analogues and can only be compared with existing vapor-
jet ejectors that are outdated and ineffective.

As a result of research:
1. It is experimentally investigated LVE with conical
mixing chamber at different initial parameters of working
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fluid of active flow (Py; = 4+10 bar; tpy = 120+170 °C),
where it can be concluded that the maximum IVE ef-
ficiency is observed at the initial relative underheating
(1-e5) = 0,2+0,4.

2. Experimental investigation of LVE with conical
mixing chamber having different contraction angles showed
that the mixing process working environments of active
and passive flows is the maximal when the values of con-
traction angle are oo, = 4+8°. When using cylindrical
mixing chambers it may create the vacuum of working
environment of passive flow at P;/Pyy = 4+6, while in-
creasing contraction (o, > 10°), the appearance of reverse
currents and subsequent «choking» of mixing chamber
are observed.

3. It is experimentally investigated LVE with coni-
cal mixing chambers with following cylindrical section of
different lengths, which showed the effectiveness of use
the mixing chambers with the length of the cylindrical
section (4+6)ds.

4. As a result of experimental investigation of LVE
vacuum unit workflow dependence of achievable perfor-
mance indicators (vapor content x4, vapor overproduc-
tion y; and injection coefficient u) on vacuum level
P;/Py, is received. It is shown that the highest LVE per-
formance is observed for pressure in the range P;/Pyy =
= 4+9 for conical mixing chamber.
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JKCNEPHMEHTANBHOE HCCNEAOBAHME MHAKOCTHO-NIAPOBOr0
3MEKTOPA C KOHWYECKOH KAMEPOH CMEIIEHUA

B craTbe npuBeieHa MOJIeNb PacueTa reOMEeTPHIECKIX 1 Hepre-
THYECKUX MTAPAMETPOB KOHNYECKOIT KaMePbl CMeIIeHNsT )KUIKOCTHO-
MapoBoOTo 2KeKTopa. IIpescraBienbl pe3ynbraThl 9KCIIEPUMEHTAb-
HOTO MCCJIEJI0BAHUS TJIOCKOMAPAJIIETBHOTO JKUAKOCTHO-TIAPOBOTO
2KEKTOPA C KaMepoil cMelleHnst KOHMYeCKoi (hOPMbI 1 TIPOBeJieH
UX CPaBHUTEJbHBII aHAJIN3 C TEOPETHMYECKUMU JAHHBIMU. Bbi-
MOJIHEH AHAJIN3 IKCepreTHyeckoil s HeKTHBHOCTH MPUMEHEHMS
2KEKTOPA ¢ KOHMYECKOH KaMepoil CMeleHusI.

Kmiouesste cnoBa: JKI/IKOCTHO-TIAPOBOI 9KEKTOP, KOHMYECKAst
KaMepa CMeIleHts, 9KCIIePUMEHTATbHOE HCCIIe/l0BaHIe, dKcepre-
Tyekas 9¢h(eKTUBHOCTD.
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