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Abstract

The paper presents the results of analysis of thermal-flow processes in the ejector-condenser for selected geometrical param-
eters using CFD (Computational Fluid Dynamics) methods. The ejector-condenser is the water-driven, two-phase ejector
responsible for creating a sub-pressure allowing exhaust gases (steam and CO mixture) to be entrained, condensing steam,
and then increasing the pressure above the atmospheric conditions. The axisymmetric numerical model was developed to take
into account multiphase, turbulent flow with steam condensation in the presence of inert gas. The influence of the selected
geometrical parameters, such as the motive nozzle's and mixing chamber's diameters on the ejector performance was investi-
gated. CFD analysis results are presented in the form of developed scalar distributions as well as pressure, temperature and
steam mass flow changes along the flow path. Performances for different geometry modes were calculated and compared
using parameters such as compression ratio, expansion ratio, mass entertainment ratio and condensation efficiency. The max-
imum achieved compression ratio for the analyzed geometrical variants is 1.113 for the assumed mass entertainment ratio of
0.0295. The condensation efficiency varies in a range of 49.6%-91.4% depending on motive fluid inlet conditions and geom-

etry mode.
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1. Introduction

Ejectors are highly reliable, almost free-maintenance and have
no moving parts. They can be used for transporting and com-
pressing fluids and carrying out heat and mass transfer pro-
cesses. For an efficient operation, the proper design is needed to
minimize flow losses. Numerical modelling gives a possibility
to investigate and understand more deeply the influence of var-
ious design and operating parameters on the ejector perfor-
mance.

Because of complex phenomena, which take place especially
in the ejectors, researchers more and more often are using CFD
(Computational Fluid Dynamics) modelling to take into account
turbulent flow with heat and mass transfer processes, when the

ejector is working in two-phase mode.

Modelling of the flow in one-phase ejectors is connected
with the appropriate reflection of the turbulent flow and thermo-
physical properties of fluids, which is especially important when
dealing with gas ejectors working in subsonic and supersonic
modes [1]. In one-phase ejectors, the momentum exchange oc-
curs as a result of turbulence, shock train formation and bound-
ary layer interactions [2].

A 3D CFD model of the one-phase water ejector to compute
friction losses was developed by Marum et al. [3]. Three differ-
ent turbulence models were used to calculate incompressible
flow in the ejector and the k—w SST model turned out to be
the most suitable. Various turbulent approaches (standard k—,
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Nomenclature

— interfacial area per unit volume / interaction area density, 1/m
— surface area vector, m?

— surface area, m?

— coefficient,

— dumping functions

— body force vector, N/m?

— mass flow rate boiling/condensation per unit volume, kg/(m?3s)
— heat transfer coefficient, W/ (m?K)

— total enthalpy, m?/s?

— unit tensor

— turbulent kinetic energy, J/kg

— interaction length scale, m

— phase change heat, J/kg

— mass flow rate of steam, kg/s

— pressure ratio

Nu — Nusselt number
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p —pressure, Pa

P — production term, W/m3
Pr — Prandtl number

r —radius, m

Re — Reynolds number

q - heat flux vector, W/m?
Q - heat transfer per unit volume, W/m?
S —source term, W/mé or 1/s
Sc — Schmidt number

t —timescale, s

T —temperature, K

T - viscous stress tensor, Pa
v —velocity, m/s

VvV —volume, m?

Greek symbols
— volume fraction
— temperature ratio

o
v

RNG k-, realizable k— and k—w SST) using CFD techniques
for modelling of the supersonic steam ejector were tested by
Xiao et al.[4]. The level of agreement with experimental data of
each model depends on various factors: the solver type (pressure
vs. density based, mesh density, discretization scheme. The
k—w SST and realizable k— models with the two wall treatments
are recommended.

Two-phase ejector modelling is much more challenging due
to complicated gas-liquid interfacial interactions and the possi-
bility of mass transfer between the phases. Therefore, know-
ledge of thermodynamic and mechanical non-equilibrium ef-
fects is crucial to develop reliable numerical models [5].

Koirala et al. [6] numerically investigated two-phase flow
with condensation in a water-driven steam ejector using the Eu-
lerian method with a thermal phase-change model. Results show
that the numerical model is an effective tool for solving complex
flow with a phase change. A two-phase ejector operating with
LNG (liguefied natural gas) as motive fluid and BOG (boiling
off gas) as entrained fluid with the condensation process was
computed using the CFD technique by Zheng et al. [7]. A mix-
ture model with the standard k— model was applied. Assari
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— turbulent dissipation rate, J/(kg s)
— condensation efficiency, %

— expansion ratio

— heat conductivity, W/(m K)

— dynamic viscosity, Pa-s

— compression ratio

— density, kg/m?

— coefficient

— stresses, Pa

4 QD MNRT > ®

Subscripts

0 - specific/ambient value
1,2 — ordering numbers
c - continuous phase
CO2- carbon dioxide

d —atdriving fluid inlet

e —energy/large eddy

g -—atgasinlet

i —phasei

j —phase]j

k  —turbulent kinetic energy

m —mixture

0 —atdiffuser outlet

s —steam

t —turbulent

u —phase

w —water

& —turbulent dissipation rate
© —angular direction

i — viscosity

Abbreviations and Acronyms
CFD - computational fluid dynamics
FVM — finite volume method
XNP — nozzle exit position

et al. [8] conducted numerical research where the water-air ejec-
tor was modelled using two different approaches: Eulerian-Eu-
lerian and mixture. The mixture model seems to be more effi-
cient considering computational time, convergence and con-
sistency with experimental data.

Computational research leading to a better understanding of
the jet behaviour and gas induction in a liquid-gas ejector was
conducted by Sharma et al. [9]. The axisymmetric model with
the Euler-Euler framework combined with the standard k— mo-
del was developed. It was concluded that adding the turbulent
dispersion model causes the phase profile more dispersed. The
mixing process of liquid and gas in the ejector was investigated
by Wang et. al. [10] using the numerical model based on the
steady-state two-fluid mixture model and realizable k— model.
The turbulent mixing process was indicated as the most efficient
mechanism. The influence of applying various turbulence mod-
els on the two-phase CO; ejector operation was investigated by
Majchrzyk et al. [11]. Multiphase flow was calculated using
a homogeneous equilibrium model (HEM) taking into account
real properties. The Reynolds Stress Model with linear pressure-
strain approach gives the best prediction.
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Operating conditions, working medium and design factors
influence the ejector performance. In this study, attention will
be focused on those listed last. The performance is investigated
mainly using dimensionless quantity like compression ratio,
pressure ratio or entrainment ratio (volumetric or mass flow),
Madejski et al. [12]. In the paper [12], the authors confirmed by
simulation results with adopted characteristic curves of ejector
operation that the mass flow rate of water strongly depends on
the ejector design and entrainment ratio.

CFD investigation of the nozzle diameter, nozzle exit posi-
tion (NXP), mixing length, diffuser curve and diameter in water-
water ejector was investigated by Reis et al. [13]. The following
performance indicators were obtained: pressure ratio: 0.2-0.8;
efficiency: 0-35%; entrainment ratio (volumetric): 0—7. In the
optimized geometry, flow profiles are more homogeneous
which is more profitable — less dissipative. The influence of the
diffuser angle, mixing chamber length and nozzle position on
the water-water ejector performance was investigated using
CFD by Sheha et al. [14]. The obtained pressure ratio was in the
range of 0.37-0.8 and the entertainment mass ratio up to 2. The
maximum obtained efficiency was 37.8% for the optimal design.
The entertainment ratio in the range of 0.5-2.6 for different
chamber heights, mixing and diffuser diameters for the assumed
compression ratios 1 and 1.17 was computed for an air-air ejec-
tor by Zhang et al. [15] using numerical simulation. Too small
geometrical parameters lead to an increase in total pressure
losses influenced by the shock wave intensity. The influence of
NXP on the operation of an air-air (air+water) ejector was in-
vestigated numerically and experimentally by Chen et al. [16].
The obtained pressure ratio: 0.04—0.29 and entrainment ratio:
0.05-0.45. The optimum NXP depends on the water mass flow
rate and operation mode (one-phase, two-phase, critical, subcrit-
ical). The liquid content in the gas phase for different mixing
chamber lengths was investigated by Yan et al. [17] using CFD.

The achieved entertainment ratio was 0.15-0.45 and the op-
timal length varied depending on the liquid content in gases.
Mohammadi [18] investigated numerically (CFD) the influence
of the nozzle diameter, mixing chamber diameter, throat diam-
eter, nozzle exit position on the multistage steam-air ejector per-
formance. The following nondimensional parameters were ob-
tained: compression ratio: 2.875, 4.25, 12.219 (multi-stage), the
multistage ejector gives the possibility to achieve a high com-
pression ratio compared to the single stage ejector.

Considering steam-steam ejectors, Foroozesh et al. [19] cal-
culated, using the CFD method, the ejector operation for various
throat diameters of the primary nozzle. The achieved entertain-
ment ratio was in the range of 0.31-0.51. As a result of optimi-
zation, the entertainment ratio was improved by about 32%.

Dong et al. [20], conducted CFD analysis of the influence of the
mixing chamber length on the entertainment ratio and critical
back pressure in a steam ejector. The entertainment ratio was up
to 0.7 and the critical back pressure: 1.3-3.7 kPa. A too long mi-
xing chamber leads to a decrease in entrainment ratio and critical
back pressure. Han et al. [21] investigated the steam ejector per-
formance for different throat diameters and NXPs using CFD.
The achieved volumetric entertainment ratio was 0.01-1.2 and
pressure ratio 0.0827. An excessively small or large throat di-
ameter and too large NXP strengthen the boundary layer sepa-
ration.

In the analyzed solution of the ejector-condenser, the stream
of primary fluid leaves the nozzle cross-section in a discrete
form with a huge number of droplets. In the beginning, the water
jet form can be noticed and the break-up of the jet depends on
the physical properties of the fluids, surface tension and velocity
[22]. The velocity of the outflow stream depends on the nozzle
shape. A number of small-scale phenomena occur inside the
nozzle [23-26], which affect the global characteristics of the de-
vice. Even when applying the most advanced 2D/3D numerical
models, experimental investigation for verification of the results
is required. The complex phenomenon inside two-phase ejector-
condensers requires an advanced test stand to monitor thermal
and flow conditions changing through the flow inside the ejector
condenser. Madejski et al. [27,28] proposed assumptions and
guidelines for building a prototype experimental test-rig instal-
lation for experimental research on direct contact condensers.
Pressure change and temperature change along the flow of the
mixture have to be monitored simultaneously because of the
high instability of this phenomenon, which is also visible during
CFD studies.

This paper presents results of numerical investigations of the
ejector condenser, designed to entrain steam-CO; mixture and
condense steam with the presence of inert gas. A basic geomet-
rical model has been developed to provide the most efficient
condensation process. The expected compression ratio resulting
from the created sub-pressure at the gas inlet is relatively low
(max. 1.25). A CFD model with the use of mixture approach and
realizable two-layer k— turbulence model was used to develop
a numerical model of the ejector condenser, allowing us to cap-
ture the phenomenon complexity. The influence of changing ge-
ometrical parameters on the ejector performance was evaluated.

2. The object of the research

The research object is the ejector condenser, which is part of the
Negative CO, Emission Gas Power Plant [29]. The scheme of
the ejector is presented in Fig. 1, and detailed dimensions for the
basic model are presented in Table 1.

Din_4

Fig. 1. Spray ejector-condenser.
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Table 1. Ejector-condenser dimensions.

Parameter  Value Parameter @ Value Parameter Value
Dwn_1[mm] 25.4 Doir [mm] 100.0 ywn_3[°] 45.0
Dun_2[mm] 3.0 Lmix [mm] 1050.0 ysn [°] 45.0
Dmn_a[mm] 40.0 Lmcs [mm] 25.0 yoir [°] 10.0
Dwmix [mm] 25.4 ymn_1[°] 30.0

3. Numerical model
3.1. Assumptions and boundary conditions

The axisymmetric numerical model was developed using
a Simcenter STAR-CCM+ software based on the finite volume
method (FVM). Model parameters at the boundary surfaces are
presented in Fig. 2. Water properties are assumed to be constant.
Steam and CO, properties are assumed to be temperature-de-
pendent based on the IAPWS-1F97 [30] and NIST library [31],
respectively.

Mass flow
Steam 8 g/s, CO, 2 g s, 119°C Pressure outlet
| 1.01 bar

— | —

Velocity / pressure
Water, 0.69 m/s / 13.51 bar, 34.42°C

Axial symmetry
Other edges: wall

Fig. 2. Boundary conditions.

3.2. Numerical mesh

The polyhedral-elements-based mesh was developed. Mesh-
sensitivity analysis was conducted based on the pressure charts
along the flow path for meshes with different base sizes pre-
sented in Fig. 3. The pressure measurement points were located
directly near the wall and the presented length is a distance from
the motive nozzle outlet. Meshes 1-5 are characterized by the
following number of elements: 60 787, 174 895, 387 221,
820 753, and 1 302 936. Taking into account the change of the
solution during mesh refinement, the stability of the calculation
and the available computing power, mesh 4 was selected.

1.05 | L L ) ) 1 1 |
e
1.00 3 o
. 2
S b0 0 o 4 L
v v A -
E 0.95 - v vy Vv ¥ v = L
= Ay Aa 4 a A = .
g
£ 0.90 o
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. A Mesh 1
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0.85 - % oo o o " s -
. / *  Mesh 2
of 4 Mesh 3
[ v— Mesh 4
0.80 ¢+ Mesh5|

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
Lenght, mm

Fig. 3. Mesh independence study for ejector-condenser
numerical analysis (O mm — motive nozzle outlet).

The suction chamber and the beginning of the mixing cham-
ber for mesh 4 is presented in Fig. 4.

Fig. 4. Mesh at the suction chamber and at the beginning
of the mixing chamber.

The base size of the chosen mesh element is 0.077 mm. It
gives 820 753 elements for basic geometry and differs slightly
depending on the geometry madification. The inflation layer is
applied with the following properties: 3 layers, 0.03 mm total
thickness and 1.6 growth ratio. The mesh was also locally re-
fined, e.g. at the motive nozzle's trailing edge, where large pres-
sure and velocity gradients occur.

3.3. Parameters definition

The main parameters in this paper include the compression ratio,
expansion ratio, pressure ratio, mass entrainment ratio, temper-
ature ratio and condensation efficiency.

The compression ratio € is the ratio between the pressures at
the diffuser outlet p, and gas inlet p, (Eq. (1)):

§=" ®)

Pg
The expansion ratio 6 is the ratio between the pressures at the
driving fluid inlet p, and gas inlet p, (Eq. (2)):

_Pd
0= - 2

The pressure ratio N is expressed in terms of pressures at the
inlets: py, pq and diffuser outlet p, (Eq. (3)):

Po—Pg
N =——=
Pd—Po (3)
The temperature ratio k is expressed in terms of temperatures
at the inlets: T, T, and diffuser outlet T, (Eq. (4)):
_To—Ty
T Te-T,

(4)

The condensation efficiency 7 is expressed in terms of steam
mass flow rate at the gas inlet m, and diffuser outlet mi,. It de-
scribes how much steam has been condensed in the mixing
chamber and diffuser (Eq. (5))

n = (1 - :—) - 100%. ©)

g
3.4. Models and governing equations

The mixture model, based on the Euler-Euler approach, is used
to calculate multiphase flow. The governing equations of mass,
momentum and energy are presented in Eqgs. (6)—(8), and vol-
ume fractions of water, steam and CO, are presented in
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Egs. (9)—(11). The momentum conservation equation (Eq. (7))
uses cylindrical coordinates because the axisymmetric model is
used. It is assumed that the circumferential velocity and the cir-
cumferential gradients are zero.

S, PmVm - da =0, (6)
556Apm(vmvm) ‘rds = — gsaApI ‘rds + fﬁaA T,, ' rds +
0
+/,x|p —0199] -rdA+ [, fy dA, @
|, pmHp U -da=—[ q-da+
+ fA(Tm "V, da+ fV(fb "V, +S,)-dV, (8)
J,awvm da= [ S,dv + [, Sc*t‘;m Va, - da, (9)
J,avy, -da= [, S;dv + [, sf:;m Va,-da,  (10)
), @co2Vm da= [, s;:;m Vaco, - da. (11)

In Eq. (7), v, =(v,1,v9)T and the third right hand side term

0
— Tgo |-
0

The realizable two-layer k— model was used to calculate tur-
bulence. The turbulent dynamic viscosity z is calculated ac-
cording to Eq. (12). Two transport equations for turbulent ki-

netic energy are solved: for turbulent Kinetic energy k (Eq. (13))
and turbulent dissipation rate ¢ (Eq. (14)).

He = pCufule

contains a tensor [p

(12)
V- (pkv)=V" [(,u + g—;) Vk] + P, —ple—¢e,)+ S, (13)

V- (pew) =V~ [(;H%) Ve] +LCaP

&

te

—pCeafs ( (14)

- f—z) +S,.

The condensation is calculated using a thermally driven
model where the rate of boiling/condensation depends on heat
transfer between saturated interphase boundary surfaces and
phases. The interphase mass flow rate g per unit volume be-
tween steam s and water w can expressed as in Eg. (15)

(sw)

g'(sw) — 9 +Q$W).

o (15)

One of the parameters that determine the heat transfer rate Q
is the heat transfer coefficient h (Eg. (16)). It depends on the
continuous phase (steam) heat conductivity Ac, Nusselt Number
Nu and interaction length scale | (droplet diameter)

AcNu
.

hSW) = (16)

The Nusselt number was calculated using the Ranz-Marshal
approach supplemented with the Armenante-Kirwan correlation
[32] for condensation on water droplets (Eq. (17))
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Nu = 2 + 0.6Re->Pr2-33, 17

The Nusselt Number, thereby the heat transfer coefficient
has been corrected by the correlation from Borishanskiy et al.
[33], (Eq. (18)), where sz denotes the heat transfer coefficient
with inert gas and h — in the absence of inert gas

B2 = 1 - 0.25 - (aco,)"- (18)

Validation has been developed based on the results from the
spray ejector condenser experimental rig located at AGH for the
same boundary conditions. A detailed description of the design
of the experimental rig and measurement devices is presented
by Madejski et al. [34]. Pressure sensors were located near the
wall at gas and water inlets, and temperature sensors were at the
ejector outlet. A good agreement is obtained for the gas inlet
pressure and outlet temperature, and moderate agreement for the
water inlet pressure (see Table 2).

Table 2. Validation of the CFD results.

Gas inlet Water inlet Outlet
pressure, bar pressure, bar = temperature, K
CFD 0.97 13.5 327.33
Experiment 0.95 15.6 321.60
Error, % 2.3 13.5 1.8
4. Results

4.1. Motive nozzle diameter

The following nozzle diameters are considered: 2.6 mm,
2.8 mm, 3.0 mm (basic mode), 3.2 mm, and 3.6 mm for various
types of boundary conditions at the water inlet: velocity and
pressure. Figure 5 shows the pressure contours located in the
suction chamber for various motive nozzle diameters for a con-
stant velocity boundary condition at the water inlet. The pressure
difference is high: from 7 bar for the largest nozzle diameter
(3.6 mm) to 23 bar for the smallest one (2.6 mm).
Cross-sectional average pressure and steam mass flow charts
along the flow path for velocity and pressure boundary condi-

e [ —

d,=2.8mm
d,= 3.0 mm
d,=3.2mm
d,=3.6 mm

Pressure. bar

12.5

0.9
|

24
i |

Fig. 5. Pressure contours in the suction chamber for various motive
nozzle diameter for constant velocity boundary conditions.
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tions (b.c.) at the water inlet are presented in Figs. 6, 7 and : : ' e T
. . 3 ) . Velocity b.c. at water inlet
Figs. 8, 9, respectively. Considering the constant velocity (mass . L
flow rate) at the water inlet: smaller nozzle diameters create
a greater sub-pressure at the gas inlet (up to 0.91 bar) and inten- -36_ |
sify the condensation process, which can be noticed in the more §
rapid decrease in steam mass flow. A reverse trend can be no- 2
ticed for pressure boundary conditions at the water inlet: better E“‘ "
g = d=2.6 mm ek
02 . . . . . ‘ . 7] +— d=2.8 mm "%
' Velocity b.c. at water inlet ] 4 d=3.0mm . |
- v d=3.2 mm 4
1.00 4 S e | + d=3.6 mm .
* W 0 . . . : ‘ ; ; .
PR 00 02 04 06 08 10 12 14 16
_ 098 Srrvrvrrvrrververrrrrererr” ety = F Lenght, m
© skt F o
° AhisiaddssassassnssbaAAAAN o i
2 0.6+ o | Fig. 8. Average steam mass flow change along the flow path for
@ o £ velocity b.c. at water inlet (0 mm — motive nozzle outlet).
o 094 Secsssssssssessssest® .--' e d2emm L
l-. * d:zs mm 1 1 1 1 L 1 1 L
092 4 .'_-'- : j:gg ;2 | Pressure b.c. at water inlet
- + d=3.6 mm i
| ——
0.90 - ‘ : . T . ‘ T w
0.0 0.2 04 0.6 0.8 10 1.2 1.4 1.6 =) |
Lenght, m g
2
Fig. 6. Average pressure change along the flow path for velocity b.c. g
at water inlet (0 mm — motive nozzle outlet). £ 4 ‘.,'-:{-: r
% = d=2.6 mm '-,":"
n +  d=2.8 mm . %
1.02 " L " L 1 L L 24 +—d=3.0 mm . T
Pressure b.c. at water inlet v d=3.2 mm .
- + d=3.6 mm
1.00 +
T o Mo 0 . T T . ' r T ‘
::55':0:5';::.&" 0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6
0.98 4 "t ..“""“ F Lenght, m
-
e Fig. 9. Average steam mass flow change along the flow path for
0.96 rrrrrrrrrrrrrrereerer L pressure b.c. at water inlet (0 mm — motive nozzle outlet).

Pressure, bar

*, POt o .
0.94 - —=—d=26mm |
+ d=2.8 mm
+—d=3.0 mm
0.92 4 +—d=32mm [
+ d=3.6 mm
0.90 T T T T T T T T
0.0 0.2 04 0.6 08 1.0 12 1.4 16
Lenght, m

Fig. 7. Average pressure change along the flow path for pressure b.c.
at water inlet (0 mm — motive nozzle outlet).

performance (condensation insensitivity, lower gas inlet pres-
sure) is achieved for nozzles with higher diameters.

Velocity contours for various nozzle diameters are presented
in Fig. 10 and Fig. 11 for velocity and pressure b.c. at the water
inlet, respectively. The highest velocity occurs in the region of
the water jet, especially at the beginning of the mixing chamber.
Considering constant velocity b.c. at the water inlet (constant
mass flow rate), the smaller the nozzle diameter, the higher the
velocity of the mixture.

e
e —————E
:-4

:4

Velocity, m/s

0.0
m

36.5

3.0
1

Fig. 10. Velocity contours for various nozzle diameters for constant velocity b.c.
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——4

Velocity, m's

0.0

36.5

|

Fig. 11. Velocity contours for various nozzle diameters for constant pressure b.c.

The maximum velocity of about 70 m/s is achieved for the
nozzle diameter 2.6 mm, and it occurs near the ejector axis. For
the 3.6 mm diameter, the mixture velocity in the mixing cham-
ber is uniform and about 30 m/s. Regarding velocity contours
for pressure b.c. differences are not clearly visible between dif-
ferent nozzles diameters. The mixture velocity does not exceed
50 m/s.

Steam volume fraction contours for various nozzle diameters
for velocity b.c. are presented in Fig 12. Lower values of steam
volume fraction occur in the water jet region. Some part of the
steam still exists near the outlet in all cases.

The performance analysis based on non-dimensional ejector
indicators for different motive nozzle diameters considering two

73.0
|

types of b.c. (velocity and pressure) is presented in Table 3. The
compression ratio ranges between 1.003-1.113 and the pressure
ratio 0.0017-0.0046. The maximum value is obtained for
the motive nozzle diameter 2.6 mm for velocity b.c. Considering
pressure b.c., the greatest compression ratio is obtained for
the motive nozzle diameter 3.6 mm (1.054 and 4.844, respec-
tively) but it is connected with quite a low mass entrainment ra-
tio (0.0205). Considering the condensation efficiency, it varies
significantly depending on the b.c. type at the water inlet and
motive nozzle diameter. The highest 91.4% is obtained for the
motive nozzle diameter 2.6 mm and velocity b.c. at the water
inlet. The lowest 49.6% is achieved for the same motive nozzle
diameter but for pressure b.c. at the water inlet.

d,=2.6 mm

e ——
g = 4_-_.‘
d,=2.8 mm
d,=3.0mm

& 00000000 o ———we

d,=3.2mm

g

d,=3.6 mm

?

M
|

Steam volume fraction, -

0 0

5
e

1
R

Fig. 12. Steam volume fraction contours for various nozzle diameters for constant pressure b.c.
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Table 3. Performance analysis for various motive nozzle diameters using different b.c. at the water inlet.

B.c. at the water inlet

Velocity

Pressure

Motive nozzle
diameter, mm

2.6
2.8
3.0
3.2
3.6
2.6
2.8
3.0
3.2
3.6

Compression
ratio §,

1.113
1.056
1.044
1.016
1.003
1.021
1.025
1.047
1.034
1.054

Expansion
ratio ©,

25.506
18.479
13.912
10.875
7.131
13.759
13.843
13.937
14.031
14.275

Pressure
ratio N,

0.0046
0.0032
0.0035
0.0016
0.0005
0.0017
0.0020
0.0036
0.0026
0.0041

Mass enter-
tainment ratio ww,

0.0295
0.0295
0.0295
0.0295
0.0295
0.0394
0.0339
0.0295
0.0259
0.0205

Temperature
ratioy,

2.972
3.192
3.283
3.356
4.526
2.319
2.769
3.243
3.691
4.844

Condensation
efficiency n, %

91.4
70.9
62.7
58.8
56.0
49.6
56.8
62.5
69.5
84.5

4.2. Mixing chamber diameter

Three mixing chamber diameters are taken into account: 20 mm,
25 mm (basic mode), and 30 mm. The mixing chamber diameter
can be manipulated in two ways: shortening the size of the ex-
haust gas inlet line or slightly reducing the length of the mixing
chamber (marked as *). The cross-sectional average pressure
and temperature charts for the various mixer diameters are pre-
sented respectively in Fig. 13 and Fig. 14. Increasing the diam-
eter of the mixing chamber causes the outlet temperature to be
higher. It indicates that the condensation process is more inten-
sive. Reducing the diameter leads to a decrease in the perfor-
mance of the ejector: pressure losses can be observed in the mix-
ing chamber, and outlet temperature is reduced.
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Fig. 13. Average pressure change along the flow path for various
mixing chamber diameters (0 mm — motive nozzle outlet).

Figure 15 shows the velocity contours for different mixing
chamber diameters. A significantly higher mixture velocity
(45-55 m/s) for a 20 mm mixing chamber diameter is observed.
It can be the reason for the high-pressure losses. Moreover, the
highest value of velocity occurs in the water jet region for
25 mm and 30 mm mixing chamber diameters. For the 20 mm
diameter, the velocity value is high in the gas region near the
mixing chamber wall.

Temperature contours for various mixing chamber diameters
are presented in Fig 16. The differences in the radial direction
are visible. With a 20 mm mixing chamber diameter, the tem-
perature becomes uniform much more quickly. Fluctuation of
the temperature in the diffuser can be observed due to the mixing
and condensation processes.
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Fig. 14. Average pressure change along the flow path for various
mixing chamber diameters (0 mm — motive nozzle outlet).
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Fig. 15. Velocity contours for various mixing chamber diameters.
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Fig. 17. Condensation mass flow contours for various mixing chamber diameter.
Table 4. Performance analysis for various mixing chamber diameter.
Mixing chamber Compression Expansion Pressure Mass entertainment Temperature Condensation
diameter, mm ratio §, ratio 6, ratio N, ratio ww, ratio k, efficiency n, %
20 0.999 13.646 -0.0001 0.0295 4.534 57.9
20* 0.998 13.651 -0.0002 0.0295 4.393 59.8
25 1.044 13.912 0.0035 0.0295 3.283 62.7
30 1.027 13.894 0.0021 0.0295 3.178 68.1
30* 1.029 13.928 0.0023 0.0295 3.171 66.8

Condensation mass flow contours for various mixing cham-
ber diameters are presented in Fig. 17. The condensation occurs
mainly in the water jet region. The maximum value of conden-
sation mass flow per unit volume is about 100 kg/m?3s. There are
no clear differences between the contours for different mixing
chamber diameters.

Performance analysis using performance ejector indicators
for various mixing chamber diameters is presented in Table 4.
The highest compression ratio is achieved for the 25 mm mixing
chamber diameter (basic mode). Considering the 20 mm mixing
chamber diameter, no pressure lift is observed because the com-
pression ratio is around 1. An increase in the mixing chamber
diameter causes the compression ratio and temperature ratio to
be lower. The mass entrainment ratio is the same for all consid-
ering cases because of constant mass flow rate/velocity b.c. at
the water and gas inlet. The condensation efficiency is higher
for the increased mixing chamber diameter.
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5. Conclusions

An axisymmetric CFD model of the ejector condenser was de-
veloped to investigate the ejector performance and condensation
intensity for various design modes. The presence of three phases
— water, steam and CO; was considered using the mixture
model. A thermally-driven model with the applied Nusselt cor-
relation for direct contact condensation was used to calculate the
condensation. A mesh independence test and the comparison
with the experimental results were performed. The analysis con-
sidered two geometrical parameters: motive nozzle diameter
(for two types of b.c. at the water inlet) and mixing chamber
diameter.

Changing the diameter of the motive nozzle significantly af-
fects the generated pressures and the efficiency of vapour con-
densation. For the assumed constant flow rate of the motive wa-
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ter, decreasing the diameter from 3.0 mm to 2.6 mm is more
profitable: lower pressure at the gas inlet and less steam at the
outlet (better condensation intensity). For the assumed constant
pressure at the motive water inlet, increasing the diameter from
3.0 mm to 3.6 mm improves the compression effect and conden-
sation performance.

Reducing the mixing chamber diameter from 25 mm to
20 mm diameter causes a significant growth in the velocity of
the mixture and leads to pressure losses and a decrease in the
condensation efficiency. Increasing the diameter to 30 mm de-
creases the compression ratio by about 1.5%, and the condensa-
tion efficiency by about 6.5%-8.6%.

Results show that the developed CFD model which reflects
multiphase turbulent flow with phase change in the spray ejector
can be helpful for investigating thermal-flow phenomena and
assessing the influence of the chosen geometric parameters on
the ejector performance. Results also indicate the direction of
further design improvements. Future work should investigate
other geometrical parameters that can significantly affect the
performance.
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