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Two-phase nozzles, in which the phase transition process takes place, can work in jet superchargers for various
purposes, including jet thermal pumps (steam-water injectors) and thermal compressors. In such schemes of thermal
transformers, the ejector performs the function of a preliminary compression stage in order to reduce the load on the
compression of the working substance in the main compressor. The use of fluxes of boiling liquid as energy-efficient
working fluids is inhibited due to the lack of a reliable description of the mechanism of their flow. Finding the

dependence of the steam content on the pressure and temperature at the nozzle exit will

make it possible to

determine the variant of the initial parameters at which the overproduction of steam will be greatest. It is also worth
determining the change in the velocity factor, as well as the change in the thrust of the nozzle in the studied range of
parameters, in order to find out whether the pressure at the nozzle outlet is a determining factor when choosing the
design parameters of the nozzles. The article proposes to investigate the boiling streams in such nozzles by the method
of mathematical modeling using a model that takes into account the relaxation nature of vaporization. The study used a
compressible two-phase medium model, a kinetic model of evaporation / condensation. The model also takes into
account the dynamic and mechanical equilibrium of the process of evaporation-condensation. The calculations were
performed using an Ansys CFX commercial CFD product. The value of the mean square relative error of pressure
measurement does not exceed 0,119%. The average discrepancy between the obtained data between the mathematical

model and the field experiment does not exceed 3%.
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1 Introduction

The generally accepted point of view on the flow
mechanism has not yet been formed; it is accompanied by
the formation of critical regimes and structural transitions
in two-phase flows of boiling accelerating fluid. The lack of
a reliable quantitative description of this process inhibits
the use of boiling streams as energy efficient working
fluids, primarily in jet blowers for wvarious purposes,
including jet thermal pumps (steam-water injectors) and
thermocompressors. In such schemes of
thermotransformers, the ejector performs the function of a
preliminary degree of compression in order to reduce the
load on the compression of the working substance in the
main compressor.

The use of fluxes of boiling liquid as energy-efficient
working fluids is inhibited due to the lack of a reliable
description of the mechanism of their flow. Finding the
dependence of steam content on the initial pressure and
temperature will make it possible to determine the variant
of the initial parameters at which steam overproduction will
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be greatest. The boiling streams in such nozzles can be
investigated using mathematical modeling.

The results of numerical simulation can clearly reveal
the three-dimensionality of the flow in the nozzles, as well
as the location and shape of the vapor distribution, which
can help to better understand the flow in the nozzles and
ultimately put forward ways to optimize them.

Therefore, the purpose of this work is to study the
effect of pressure and temperature at the inlet to the nozzle
on the steam content.

2 Literature review

Ejectors are widely used in various industries. Air and
water vapor often serve as working substances.

Hemidi et al. [1] it is shown that an increase in the
mass steam content leads to a decrease in the entrainment
ratio.

In the nozzles of two-phase ejectors, a process of
relaxation vaporization occurs, accompanied by a phase
transition of the liquid to vapor. Such a process can be


http://creativecommons.org/licenses/by/4.0/

Po3gin 1. XonognnbHa TexHika Ta eHeproTexHonorii

modeled using a model based on the Rayleigh-Plesset
bubble equation.

Qin et al. [2] found that jet turbulence can create
cavitation bubbles when the pressure is close to 2 MPa or
less. A comparison with an experiment conducted in a
cavitation chamber shows good agreement for different
nozzles operating at different pressures.

Results Guoyi et al. [3] and Ma et al. [4] show that the
phase transition occurs in the throat of the expanding nozzle
when the pressure drops sharply, and the mass transfer rate
reaches a maximum. When the pressure at the nozzle outlet
reaches 1.65 MPa, the volumetric steam content reaches
0.93. A comparison of the calculated and experimental
results shows that the maximum relative error of pressure is
less than 10.1%, and the temperature is less than 1.9%.

Two-phase ejectors operating on H,0O and CO, as part
of heat pumps were investigated by the authors [5-7].

In work Bulinski et al. [5] it was established that with
a  decrease in pressure in ejector  with
9 MPa at the input, up to 4 MPa at the output massive vapor
content increases from 0 to 0.005.

In Smolka et al. [6] found that at the exit from the
carbon ejector a two-phase mixture, on average, reaches a
volumetric steam content of 0.6.

By Colarossi et al. [7] CFD modeling was performed
using the OpenFOAM library. Near the centerline, the mass
steam content is very close to zero, and along the top wall
the mass steam content is close to 0.02. The equilibrium
mass fraction at the exit is zero. The mass steam content at
the outlet is less for a higher outlet pressure (0.23 at 1.5
MPa and 0.1 at 2.7 MPa). No information for different
input pressures.

The article by Zhang et al. [8] shows the dependence
of the volumetric steam content on pressure at pressures of
0.5, 2, 8, 32 MPa. The highest steam content is observed at
pressures of 0.5-2 MPa. There are no intermediate points in
this area, which makes it impossible to analyze this range of
parameters completely.

In Bai et al. [9] shows the distribution of steam
volume at an initial pressure of 15.5 MPa, and at an outlet
pressure of 0.4-2.4 MPa. The highest steam content is
observed at 0.4 MPa at the outlet. It is shown that with an
increase in the length of the diffuser, the steam content at
the outlet of the device also increases.

Aung et al. found that cavitation increases with
increasing inlet pressure of the nozzle [10]. Cavitation
phenomena in nozzles are modeled under flow conditions
with different inlet pressures, from 1 MPa to 7 MPa.
Unfortunately, in this work, there are no generalized data of
mass steam content.

Based on the literature review, it can be concluded
that the study of the effect of inlet pressure on the output
steam content has not been fully studied. There is no
information on the amount of steam content in the nozzles
at pressures up to 20 times the back pressure. In this paper,
CFD modeling is used to study relaxation vaporization in
an expanding nozzle.

3 Research methodology

An important aspect when choosing the geometry of a
nozzle is the question of the efficiency of the conversion of

the potential mechanical and thermal energy of hot water
into the kinetic energy of the flow. The efficiency of the
nozzle can be evaluated using the coefficient of speed:

goa = Wa /Was'
where w, — the flow velocity at the outlet of the nozzle, wy
— the the theoretical (equilibrium) flow velocity.

Wy, =2(hy —h; — (5, ) T,)

where hy — enthalpy of water at the entrance to the nozzle
(from the table of water); h,'- enthalpy of water at the outlet
of the nozzle (from the saturation table); s, — entropy of
water at the entrance to the nozzle (from the table of water);
s, — entropy of water at the outlet of the nozzle (from the
saturation table); T, — the temperature at the outlet of the
nozzle (from the saturation table).

Experimentally, expanded nozzles with a diffusion
angle of 14 °. The pressure at the inlet to the nozzle Py, =
3.1 MPa, the temperature ty; = 100°C, the pressure at the
outlet of the nozzle P, = 6.8-92.3 kPa (see Table 1).

The object of the study in this paper is the axially
symmetric nozzle of Laval, whose geometric dimensions
are represented on (Fig. 1). The inlet of the tapered part of
the nozzle is a cone with an angle at the apex of 60°. The
neck of the nozzle is cylindrical, diameter 5 mm, length 8
mm. The expanding part of the nozzle is formed by two
conical surfaces. The throat of the nozzle passes into a cone
with an angle at the vertex of 28°40', which then goes into a
cone with an angle at the vertex of 20°. Total degree of
nozzle expansion 179.6. The figure shows a sample for
studying the distribution of pressures along the length of the
flow section of the nozzle. There are 11 drainage openings
for pressure tests. The first hole is located at the outlet of
the cylindrical throat of the nozzle, the last hole at a
distance of 2 mm from the outlet section of the nozzle.
Drainage holes with copper pipes of 3 mm in diameter are
connected to the connections on the wall of the vacuum
cavity.

Table 1 — Boundary conditions

n':ﬂgggr Pinets kP2 | Tinter, °C Pouter, kPa
1 6,8
2 30,7
3 3100 100 52,7
4 73,7
5 92,3
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Figure 1 — Flat-parallel nozzle
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In order to model the hydrodynamic processes in the
nozzle, a package of computational fluid dynamics ANSYS
CFX [11] was used in this paper.

Modeling of flow in nozzles was carried out on the
basis of Navier-Stokes equations. Compression was taken
in mind. In order to account for turbulence, a k-& model was
used which represents a joint solution of the Navier-Stokes
equations for time-varying components of the variables and
additional equations for determining the pulsating
components [11]:

- equation of continuity (conservation of mass);

- equation of motion (momentum conservation);

- equation for the transport of kinetic energy of turbulence;
- equation of dissipation of the kinetic energy of turbulence.

In order to account for the phenomenon of cavitation,
the available ANSYS CFX model based on the Rayleigh-
Pleset equation [11] was used, which calculates the
dynamics of the growth of the vapor bubble. In this case,
the mass transfer between the liquid and the steam is
calculated according to the equations of vaporization and
condensation.

A three-dimensional nozzle generated a tetrahedron
mesh with a condensation near the wall with more than
150,000 elements. At the same time, periodic boundary
conditions were superimposed on the model.

4 Results

In fig. 2 shows the distribution of pressure along the
expanding Laval nozzle with the outflow of water with
parameters P, = 3.1 MPa and T, = 100°C. The data were
obtained as a result of a physical and humerical experiment
and compared them to each other. The value of the mean
square relative measurement error pressure does not exceed
0.119%. The average discrepancy between the experimental
data and the mathematical model does not exceed 3%.
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Figure 2 — Static pressure distribution along the length of
the expanding part of the axisymmetric Laval nozzle at the
confluence of water with parameters Pq = 3.1 MPa
and Ty, = 100°C:

* — experimental results, — CFD modelling

12

In the tapering part of this nozzle, water is accelerated,
its pressure decreases, in the immediate vicinity of the
throat, the local pressure reaches the saturation pressure, the
process of relaxation vaporization is initiated, and a mixture
of steam and water already leaves the nozzle.

As can be seen from fig. 4, the main differential
pressure is triggered in the narrowing part of the Laval
nozzle. The liquid phase gradually goes to steam. The
highest vapor concentration is observed near the nozzle
wall, while the metastable liquid moves in the center.
Further downstream, the liquid jet is destroyed, however,
the mass fraction of vapor increases.

Studies of the operation of nozzles on water with a
large underheating of the saturation line were carried out at
an installation for measuring reactive force (thrust
developed by a nozzle), described in [12].

Consider the operation of the nozzle for different
conditions of water outflow strongly underheated to the
saturation temperature at the entrance. In fig. 3 shows the
dependence of the change in experimentally measured
thrust of the nozzle Renozziey ON the temperature of the
working water at the inlet and the pressure behind the
nozzle P, at P, = 3.1 MPa.

When the nozzle operates in the design mode of
pressure and density of the steam-water mixture in the
outlet section of the nozzle, they are the same, both in the
working jet and in the environment. However, this mode of
operation of the nozzle is performed only under strictly
defined conditions — P, = P,, and only in this case the thrust
of the nozzle:

Re(nozzle) = (Ga + Gn ) -Gy

where ¢, = ¢, is the actual flow rate of the steam-water
mixture from the nozzle.
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Figure 3 — Dependence of change in the thrust of the nozzle
Re (nozzle) on the pressure behind the nozzle P, at Py = 3.1
MPa

In fig. 4 shows the dependence of the mass steam
content at the nozzle outlet on the back pressure at constant
values of the inlet pressure and temperature.

From the graph it is seen that in the studied range of
parameters, an increase in mass Steam content with
increasing back pressure is observed.

In fig. 5 shows the dependence of the change in the
velocity coefficient ¢ on the backpressure P, at a constant
pressure of working water in front of the nozzle Py = 3.1
MPa and temperature To = 100°C.
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Figure 4 — The value of mass steam content depending on
the backpressure

It can be seen from the graph that the velocity
coefficient in the investigated range of back pressure varies
considerably in magnitude. This value is in the range of
values ¢ = 0.4 - 0.8 and has a maximum at P2 = 40 - 60
kPa. This suggests that back pressure is a determining
factor in the pressure range studied, since significant
changes in back pressure lead to significant changes in the
velocity ratio.
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Figure 5 — Nozzle velocity ratio versus backpressure

Conclusions

With an increase in backpressure, the steam content at
the nozzle exit also increases. This relationship is linear,
and a further increase in pressure leads to an increase in
mass steam content.

Backpressure is a determining factor in the pressure
range studied, since significant changes in backpressure
lead to significant changes in the velocity coefficient.

It was established that the coefficient of speed in the
studied range of parameters varies significantly in
magnitude. This value is in the range of values ¢ = 0.4-0.8
and has a maximum at P, = 40-60 kPa.
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ApiabaTHi 3aKkMnaroyvi NOTOKMU y consiax: BNIUB PEXUMHUX XapaKTepUCTUK

Ha penakcauiiHe NapoyTBOPEHHs

0. Uex, C. lllapanos, B. Apcenves

CyMcheKuii gep)kaBHUH yHiBepcHTeT, Byl Pumcekoro-Kopcakosa, 2, M. Cymu, 40007, Ykpaina

Jleogpasni conna,
HasHIMauax pisHo20  NPUBHAYEHHS,
mepmokomnpecopu. Y nooionux

BKJIIo4daoqdu

6 AKUX 6i00yeacmvca npoyec azo8020 nepexody, MOACYMb NPAYAmu 6 CMPYMUHHUX
CIMPYMUHHI
cxemax — mepmMompanchopmamopis, extcekmop SUKOHYE YHKYIIO NONepeoHbOo2o

mepMoHacocu  (naposoosiHi  [HdCekmopu) —ma

CmyneHst KOMAPeECii 3 Memo 3HUNCEHHs. HABAHMAIICEHHS. HA CIMUCKAHHS PODOOYOT peYOBUHIL 8 OCHOBHOMY KOMAPECOPDI.
Bukopucmanns 3axunarouux nomoxie piouHu y AKOCMI eHepeoeheKMUBHUX pOoOOYUX MIl 2ATbMYEMbCA Uepes

8I0CYMHICMb OOCMOBIPHO20 ONUCY MEXAHIZMY

ix meuii. 3HaxoodcenHa 3anexcHocmi napoemicmy 8i0 MUCKY i

memnepamypu Ha 8uxo0i 3 CONAA OACMb MOXCIUBICIb SUSHAYUMU 8APIAHM NOYAMKOBUX NAPAMEMPI8, Npu AKOMY
nepesupooruymeo napu o6yoe Haubinvuwum. Takodie eapmo usHauumMu 3MiHy KoeqQiyienma weuoKoCcmi, a maKoic 3mMiny

ms2u COnAA 8 O0CNIONCEHOMY Oiana3oni napamempis, 3 Memol 3'\CYGaHHA, YU € MUCK Hd

6uUx00i 3 conaa

BUSHAYATLHUM PAKMOPOM Npu 8UOOPI PO3PAXYHKOBUX napamempie conel. Bcmanoeneno, wjo xoegiyienm weuoxocmi
6 00CiOdCY8aHOMY OIana3oHi napamempié 3HauHO eapitoe. Lle 3nauenns 3naxooumocs ¢ dianaszoni 3nauens (0.4—0.8
ma mae maxcumym muckax 40-60 xlla. Y cmammi npononyemvcsa docuiodcyeamu 3aKunaiodi NOMOKU 6 MAKux
connax MemoooM MAmemMamuyHo20 MOOeN08aAHHA 3d 0ONOMO20I0 MOOeli, AKA 8PAX08YE PeNaKCayiunull xapakmep
napoymeopents. Y 00cCriodcenHi 8UKOPUCMOBYBANACS MOOeNb CIMUCIUBO20 080(A3HO20 Cepedosuwyd, KiHemuyHd
modens sunapogysanns | kondencayii. Moderb maxodic 6paxosye OUHAMINHY MA MEXAHIYHY PIGHOBAICHICIb NPOYECY
sunaposysants-konoencayii. OO6uUCIeHHsT UKOHYBAIUCS 34 00noMo2oto kKomepyitunozo CFD npodykmy Ansys CFX.
Benuuuna cepeouvoi keadpamuunoi 6ionocnoi noxubxu eumiprosanus mucky ne nepesuwye 0,119%. Cepeous
PO3DINCHICIb OMPUMAHUX OAHUX MIHC MATNEMATMUYHOI MOOEILTIO I HAMYPHUX eKcnepumenmom He nepesuuye 3%.

Keywords: enepeoepexmusnicme;
Komnpecop, conio Jlagans; CFD-mo0enro8anus.
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