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ARTICLE INFO ABSTRACT

Handling Editor: Wojciech Stanek One promising solution for developing low-emission power technologies is using gaseous fuel combustion in pure
oxygen when the exhaust gas mixture is composed of H,0O and CO,, and where CO. is separated after steam
condensation. The paper presents the results of computational analyses providing to the Spray-Ejector Condenser
(SEC) development, which is one of the crucial components of the negative CO, gas power plant (nCO2PP) cycle
development. The proposed design of the ejector-condenser to ensure the high effectivity of vapor condensation
and CO2 compression with preparation to separation, ready for application in gas power cycle, is a novelty of this
research. Different computational techniques leading to the development and better understating of ejector
operation were applied. The main operating conditions in the characteristic connected with the developed
nCO2pp cycle points were investigated to evaluate the impact of the operating conditions on SEC performances.
The amount of motive water needed for the cooling purpose is susceptible to the inlet water pressure and
temperature and strongly affects the generated pressure of the suction stream. The preliminary results confirm
that the SEC’s basic design and geometrical dimensions can be applied in the negative CO, power plant cycle.
Results from CFD modeling give the possibility to investigate the turbulent flow of water/steam/CO2 mixture
together with the condensation process occurring at this same time. It is found that the average droplet diameter
and motive water supplying method significantly effects the condensation intensity. The further direction of the
presented computational research activities and results is to test various designs of Spray-Ejector Condensers that
will enable the evaluation of the direct contact condensation process and develop the final geometrical design.
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desalination installations, and power plants [5]. Due to the pump’s loss
of condensate and high power requirement, these condensers are rarely

1. Introduction

In surface condensers, direct contact between exhaust vapor (mainly
steam) and fluid (mainly water) doesn’t exist. The vapor (steam) passes
over the outer surface of tubes when a cooling fluid (water) is supplied
through the tubes. The temperature of condensed steam depends on the
pressure inside the surface condenser (saturation temperature at
condenser pressure). The cooling water temperature increases, which
depends on the mass flow rate of the cooling water [1-4]. Direct Contact
Condensers have been widely used for over a century in various indus-
trial applications such as petroleum and chemical engineering,
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used in modern steam power plants. Direct Contact Condensers are
divided into spray-type, film-type, and bubbling types [6,7]. In the first
solution, the sprayed liquid phase flows downwards and is in contact
with flowing upwards gas. In the second case, both phases flow counter
currently. In the latter solution, the bubbling gas phase passes through
the liquid layer. Furthermore, spray condensers can exist with constant
pressure or constant area jet ejectors.

One of the proposed types of Direct Contact Condensers is a Spray-
Ejector Condenser, a combination of an ejector providing pressure lift
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Fig. 1. Process flow diagram of a negative CO, emission gas cycle. Coxy — 0Xygen compressor; Cguel — gas fuel compressor; WCC — Wet Combustion Chamber; GT1, GT2
— gas turbines; G — electricity generator; EC — Spray-Ejector Condenser (Ejector Condenser); HE1, HE2, HE3, HE4 — heat exchangers, P — water pump; Pgc — SEC water

pump; M — motor; S — separator; Clcos, C2¢o2 — CO2 compressors.

and a condenser allowing gas condensation. The spray-ejector condenser
belongs to the group of direct-contact heat exchangers, which can be
smaller, cheaper, and have a simpler construction than the surface, shell,
or tube heat exchangers of the same capacity and can operate in evap-
oration or condensation mode [6]. Due to direct contact with process
fluids, its construction is simpler and more corrosion resistant [8], less
expensive [9], easier to maintain, and simpler in operation [10]. Direct
contact condensers can be widely used in oxy-fuel combustion capture
systems, but high water vapor content in the flue gas requires rigorous
sizing procedures for the condenser design [11]. Desuperheater vessels
have attracted attention as a domestic provision involving
steam-induced direct contact condensation. The experimental investi-
gation of pressurized pulsating steam injected co-currently with
slow-moving water in a cylindrical vessel is presented by Ghazwani et al.
[12]. Sokolow and Zinger [13] investigated experimentally
water-driven two-phase flow ejectors as the promising solution for
application as water jet heaters. The intensity of the heat transfer pro-
cess from steam to water when the phases are in direct contact is much
higher than the heat transfer intensity in surface heat exchangers. The
simpler and smaller construction of jet heaters is an advantage. The
phenomena that improve the exchange of mass, momentum, and energy
in Spray-Ejector Condenser start from the supply nozzle, where the
primary fluid can be appropriately applied and broken up into tens to
thousands of droplets of dimensions resulting from the geometry of a
nozzle, supply parameters, and geometry of the channel appropriate to
the parameters of the SEC device. Consequently, localized flow discon-
tinuities in the integrity of the jet can form at the edges, i.e. voids are
created at pressures well below the saturation pressure of the fluid. In
doing so, the disintegration of the liquid into droplets occurs, and the
conversion of the internal energy and enthalpy of the liquid stream into
kinetic energy and surface tension energy can then take place as a result
of the destruction of the continuous media. The stream of primary fluid
thus leaves the nozzle cross-section in a discrete form with a huge
number of droplets having a velocity that depends on the nozzle shape.
Under extreme conditions, the dispersed jet of motive fluid can behave
in principle as a free stream, i.e. not interacting with the surrounding
gaseous stream drawn into the nozzle. However, a number of small-scale

phenomena occur in reality [14-17]. These phenomena affect the global
characteristics of the device, which will be obtained through experi-
mental and theoretical analysis. The direct condensation of steam from a
mixture of steam and inert gas (CO2) occurs on droplets formed from the
decomposition of the cooling water jet, where the water flow and the
steam-gas mixture do not form a supercritical flow. When a supercritical
flow is formed from a mixture of steam and gas and cooling water, a
shock wave is formed, condensing the steam under conditions of ther-
modynamic non-equilibrium. Such condensation can arise without the
cooling water cooling the mixture. Such a case occurs in the last stages of
steam turbines. This paper presents the first case of a subcritical flow of a
mixture of steam and inert gas, and cooling water and the study aims to
introduce the results of numerical calculations for developing the
Spray-Ejector Condenser as an application for the negative CO gas
power plant cycle [18].

The negative CO4 emission has gained special significance in recent
years because of the rising importance of developing new efficient en-
ergy technologies. Ziétkowski et al. [19] presented the developed cycle
of a negative CO5 emission power plant using gasified sewage sludge as a
main fuel. The results of a negative CO, emission power plant modeling,
using gasified sewage sludge as a main fuel, with a turbine cooperating
with a Spray-Ejector Condenser (SEC) are presented in detail in Refs.
[20,21]. Simulations performed with three different tools (Aspen Plus,
Aspen Hysys, and Ebsilon) showed similar results for a turbine gross
efficiency and output power. The main sources of exergy destruction in
the presented cycle (Fig. 1) are the wet combustion chamber and the
Spray-Ejector Condenser [21,22]. It can be noted that the mass flow rate
of injected cooling water is quite large and can reach about 200 times
that of the flue gas. To avoid the efficiency reduction of the presented
cycle (Fig. 1), one of the research activities has to be focused on
developing the most effective design of the Spray-Ejector Condenser.

The basic design and main operating conditions of the proposed
Spray-Ejector Condenser can be developed with the use of the numerical
simulations, CFD modeling and analytical modeling results. One
approach is using an upgraded model of the previously developed 1D
ejector model for transcritical CO5 ejectors in refrigeration applications
[24]. Despite one-dimensionality, due to expected subcritical velocities
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throughout SEC flow path and no shock wave propagation, it is expected
the model should catch most of the governing phenomena here, being
able to deliver estimates of flow profiles for given geometry and
boundary conditions. The second modeling approach is to develop a
two-dimensional numerical model of SEC, using CFD modeling and
software. In CFD models, mainly three different approaches are used for
multiphase problem modeling: Mixture Multiphase Model (MMP), Vol-
ume of Fluid (VOF), and Eulerian Multiphase Model (EMP) [25]. To
modeling the condensation process, Spalding Evapo-
ration/Condensation model for Mixture Multiphase Model (MMP) can
be used in the developed CFD model. The main idea of this model is to
express the steady convective mass transfer phenomena using the Ohm’s
law relation [26]. Another approach to condensation process modeling
using CFD methods is the Boiling/Condensation model, which is also
available where the Mixture Multiphase Model (MMP) is used.

This paper presents the computational modeling results of a mixture
of steam and inert gas and cooling water subcritical flow. The study aims
to introduce the results of numerical calculations for developing the
Spray-Ejector Condenser as an application for the negative COy gas
power plant cycle. The using of direct contact condensers can be very
profitable but to the best of the authors’ knowledge, the combination of
an ejector and condenser for application in negative gas power plants to
allow CO5 separation has not been developed. The complex phenom-
ena’s occurring inside Spray-Ejector Condenser as turbulent multiphase
flow, convective heat transfer, vapor condensation in the presence of
inert gas requires the development of advanced numerical and analyt-
ical models, to fully investigate the ejector condenser performance and
propose a geometrical model for considering operating conditions.
Moreover, the diversity of applied tools provides a chance for a deep
analysis of phenomena inside the ejector, which are still not fully un-
derstood because of their complexity. The necessary simulations were
performed in the first step to verify the possibilities of SEC application
and evaluate the nominal conditions of the presented solution. Then,
using calculated values, more detailed models were developed, allowing
an opportunity to analyze the physical phenomena inside SEC and their
impact on the performances of the developed device. Within the project
framework, the computational results’ experimental validation is plan-
ned with a sign of a prototype test-rig installation. The studies [27,28]
include a description of the concept, schematics, operating ranges,
proposals for acquisition and monitoring of operating parameters, and
basic assumptions for implementing the Spray-Ejector Condenser
installation. The selected crucial issues to carrying out the experimental
research in the SEC system were investigated. The presented results are
directly connected with ongoing research on prototype research of the
Negative CO2 emission Gas Power Plant [18].

2. Negative CO- emission gas power plant concept

The presented cycle (Fig. 1) is based on combustion in an oxygen
atmosphere, giving mainly CO2 and water vapor. The CO, capture
method uses a direct-contact heat exchanger (Spray-Ejector Condenser-
SEC) to condense steam and thereby separate CO,. This method and
installation of CCS (Carbon Capture and Storage) reduce CO5 emission.
When the gas fuel comes from the gasification process of biomass or
sewage sludge, as in the presented idea, the CO, emission is reduced
below zero level, and the case of negative CO2 emission gas power plant
is achieved.

The cycle based on the oxy-combustion gas turbine cycle with the
CO;, capture installation components is presented in Fig. 1. The flows of
gas fuel (0% and oxygen (0°?) are compressed in compressors Coxy and
Cyer from the inlet pressures to combustor injection pressure and fed
(Jﬁ‘d and 19?) to the WCC. The inlet liquid water flow (0129 jg pumped
(pump P), heated in a recuperator (heat exchanger HEI) and then
injected (129) to the WCC. The fuel is burned with oxygen. Water is
injected and evaporated to keep the temperature appropriate for the
strength of the materials. The flue gas (2) is expanded trough gas
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Fig. 2. Ejector-flow jet-type condenser.

turbines GT1 and GT2, and then used to heat the incoming water (HE1).
The gas turbines power the compressors, a pump and a generator G.
Assuming complete combustion with the stoichiometric air, the flue gas
(2 to 5) consists of HoO and CO». The exhaust gases at the GT2 outlet (5)
are ducted to the Spray-Ejector Condenser (SEC), whereby the steam is
condensed by direct contact with the cold inlet water (155°) delivered by
the water pump (PEC). The further step is cooling the mixture of water/
CO, (21"5E) by heat exchange with a low-temperature cooling medium
(Streams 1°75 to 217%) in heat exchanger HE2. Here (ZZ'SEC), a substantial
part of the H,0 condenses to liquid, which is separated (6) in a separator
(S) and directed out of the system (1PROD) or re-used for injection to the
SEC or the WCC and for cooling (HE4, HE3). The remaining CO, rich gas
(JCCU) is compressed (Clcoz, C2C02) and cooled (HE3, HE4) before it is
removed beyond the system boundary (5°CY). Electric motor, M, runs
the pump PEC and the compressors C1¢oz, C2¢oz2. The exhaust gases at
the gas turbine (GT2) outlet compose of steam (H,0) and carbon dioxide
(COy). The mass share depends on the combustion process inside the
WCC, and the exhaust gas temperature depends on the conditions of
HEI. The exhaust gas pressure at the inlet to the ejector condenser (SEC)
results from SEC operation, and low pressure at the SEC inlet can be
controlled by the cooling water (motive water) mass flow rate. Reducing
the pressure of the gas turbine outlet (SEC inlet) increases the cycle’s
power production and overall energy and exergy efficiency. Energy and
exergy analyses [22,23] show that the increasing pressure and temper-
ature of exhaust gases at the SEC inlet increases the exergy destruction,
reducing cycle efficiency and output power. In specific cycle operating
conditions, the exergy distribution of SEC can vary with ambient con-
ditions, where the exhaust gas pressure depends on the injected water to
the WCC. The exergy destruction in SEC part for higher ambient tem-
perature is more significant.

Considering all presented conditions, developing a spray-ejector
condenser needs a comprehensive analysis of thermodynamic proper-
ties during cycle operation, multiphase fluid flow characteristics inside


http://mostwiedzy.pl

A\ MOST

P. Madejski et al.

Motive fluid nozzle

o]
20 (liquid) —\J\__\

__,-—I—————J——J

H,0 (gas)
CO, (gas)

T

Energy 283 (2023) 129163

Constant area section
<

Diffuser
H,0 (liquid)

:_: | CO;(gas)

e —

4

|
|
|
|

—

Fig. 3. General scheme of the ejector condenser principles operation.

the ejector geometrical part, and advanced heat transfer analysis during
direct contact condensation of vapor in the presence of non-condensable
CO, gas. These research activities should be done both numerically and
experimentally.

3. Spray-ejector condenser for nCO2pp cycle

In jet-type condensers, the exhaust steam and water come in direct
contact. The condensate temperature is the same as that of cooling water
leaving the condenser. The cooling water is sprayed into the exhaust
steam to start a rapid condensation. Heat exchange occurs by direct
contact between steam and water. If the cooling water is not pure and
free from harmful impurities, then the condensate cannot be reused as
feed water. The exhaust steam and cooling water mix in hollow trun-
cated cones in an ejector flow jet condenser (Fig. 2). Due to this
decreased pressure, exhaust steam and associated air are drawn through
the truncated cones, finally leading to the diverging cone. In the
diverging cone, a portion of kinetic energy is converted into pressure
energy which is more than the atmospheric, so that condensate con-
sisting of condensed steam, cooling water, and air is discharged into the
hot well. The exhaust steam inlet is provided with a non-return valve
which does not allow the water from the hot well to rush back to the
engine in case of cooling water supply to the condenser.

The name Spray-Ejector Condenser reflects the processes that were
assumed to help realize the condensation of vapor and compression of
CO4 with preparation for separation. The first part “Spray,” is related to
the case following the phenomenon of the breakup of water leaving the
nozzle. The second part “Ejector,” means that to a large extent, the de-
vice has the shape and function of a water-gas jet, and the last part,
“Condenser,” refers to the device’s main role is the condensation of
steam. A schematic view of a Spray-Ejector Condenser is shown in Fig. 3.
The cooling water enters the condenser and is discharged in the motive
nozzle, where the potential energy is converted into kinetic energy, and
thus a low-pressure area is created. The exhaust gases (steam and COz2)
enter the condenser and condense through the mixing section with
cooling water; thus, the further vacuum increases. After passing through
the mixing section, the mixture passes through the divergent nozzle.
When it passes through the divergent nozzle, the kinetic energy of

D3

condensate reconverts into potential energy. Thus, higher pressure than
the atmospheric pressure is obtained, which forces the condensate to the
hot ambient. Therefore, in this condenser, no air extraction pump is
required.

3.1. Conditions of spray-ejector condenser operation

The presented approach of the Spray-Ejector Condenser and with
physical phenomena background make the Spray-Ejector Condenser
(SEC) the preferred device for nCO2PP cycles with CO; capture. In the
case of the nCO2PP thermodynamic cycle, it can speak of a three-
component ejector, as the steam is mixed with CO,. The Spray-Ejector
Condenser (SEC) is a device in which the liquid is used for compres-
sion, partial (or complete) condensation, and pumping of the gaseous
mixture of steam and CO,. In the presented case, the driving fluid is
circulating water at a pressure of about 8 bar and a temperature of 15 °C.
The gas is a binary mixture of water vapor and carbon dioxide from the
turbine’s low-pressure part. In contrast (to blowers and compressors),
the main feature of this device is that it lacks the metal moving surfaces
on which the medium usually acquires work, which is subsequently used
for compression and kinetic energy [29]. The transfer of kinetic energy
carried by the atomized water to the aspirated gas is a complex phe-
nomenon in which various mechanisms are present. This process con-
tinues in the mixing section, which - having a constant cross-section -
neither accelerates nor slows down the mixing phenomena of the two
streams. Its length is most often determined experimentally and chosen
so that the phenomena have time to equalize the driving potentials -
hence it is usually assumed that the mixture stream leaving the mixing
chamber should be homogeneous. In the case of a Spray-Ejector
Condenser, there should be no homogenization with CO,, so that the
gas is precipitated from the liquid in the separator, e.g. using centrifugal
force or other phenomena to release CO, from the water. At the same
time, however, a condensation process should take place on the water
droplets in the mixing chamber so that the resulting water also takes part
in the subsequent compression of CO,.

Nevertheless, the final parameters can only be determined after the
measurement campaign, as it is not entirely clear how the condensation
will affect the nature of the flow. Further conversion of the kinetic

m, =m, +m,

Fig. 4. The scheme of the ejector with marked main parameters: Expansion ratio E = P3/P; and the compression ratio K—P,/P;.
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Spray-Ejector Condenser calculation results (at fixed input data: p; = 0.077, p2 = 1.05 bar, t3 = 15 °C, t; = 42 °C).

No. Motive Motive water mass Discharge Expansion ratio E, Compression ratio K, Mass Entrainment ratio Volumetric Entrainment
pressure p3 bar  flow rate ms, (kg/s) temperature t, (°C) (ps/p1) (p2/p1) 7> (1 /m3) ratio yy, (V1/V3)

1 16.0 11.76 19.5 207.79 13.64 0.0085 143.49

2 15.0 12.13 19.3 194.81 13.64 0.0082 139.08

3 14.0 12.57 19.2 181.82 13.64 0.0080 134.30

4 13.0 13.05 19.0 168.83 13.64 0.0077 129.30

5 12.0 13.60 18.8 155.84 13.64 0.0074 124.07

6 11.0 14.23 18.7 142.86 13.64 0.0070 118.57

7 10.0 14.96 185 129.87 13.64 0.0067 112.77

8 9.0 15.82 18.3 116.88 13.64 0.0063 106.62

9 8.0 16.86 18.1 103.90 13.64 0.0059 100.08

10 7.0 18.25 17.8 90.91 13.64 0.0055 92.46

11 6.0 20.09 17.6 77.92 13.64 0.0050 83.98

12 5.0 22.56 17.3 64.94 13.64 0.0044 74.76

13 4.0 26.10 16.9 51.95 13.64 0.0038 64.63

energy of the mixture into its compression energy takes place in the
outlet diffuser, where the stream is decelerated. Separation of the
components can also occur in the diffuser but ultimately takes place in
the separator (S in Fig. 1). There should be a substantial increase in
outlet pressure to the required value in the diffuser. The diffuser’s per-
formance as a flow inhibition device is highly dependent on the homo-
geneity of the velocity field at the outlet of the mixing chamber.
Research on diffusers shows that in diffusers with an opening angle of
a~100, up to 80% of the compression energy can be recovered [30-32].

3.2. Analysis of spray-ejector condenser performances

To calculate the basic operating conditions and analyze the impact of
the main SEC parameters on their performances, the simulations of SEC
were conducted using adopted curves from GEA and “Steam Jet Vacuum

Pump” model [33]. Single-stage steam jet vacuum pumps achieve a
compression ratio K (pz/p1) of up to 10 given a sufficiently high
expansion ratio of E (ps/p1). For higher compression ratios (or lower
vacuum), multi-stage vacuum pumps are used, which can be modeled by
a series of steam jet vacuum pump units. The presented model (Fig. 4)
was modified and adapted to use the motive fluid (water) and condense
the suction steam (exhaust gases). The presented approach to simulate
two-phase ejectors allows to calculate mass flow of motive fluid mg
which is needed for entraining the suction flow m; depends on the
conditions (pi, t;) of the suction medium as well as on the required
outlet pressure p,. In presented simulation model, the motive water ms
depends on the compression ratio K (p2/p1) and expansion ratio of E
(ps/p1), and finally on the pressure value at the inlets (p;,p3) and outlet
(p2), and on the suction gas parameters conditions (p1, t;). The ejector
characteristics were modified to set the mass entrainment ratio as a
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Fig. 5. Motive water mass flow rate m; and discharge temperature t, as a function of motive water pressure ps.


http://mostwiedzy.pl

A\ MOST

P. Madejski et al.

Energy 283 (2023) 129163

4 6 8 10 12 14 16
210 —t 230012
|| o= :/):pansiotn r_atio, -t ) /./_
L ] ass entrainment ratio, - -
180 - | = Compression ratio /. | 0.011
@'
] / - 0.01
150 v [ S
| .g | ) / - 0.009 'g
~© /0' 4=
2 Z120- v ~— L0008 &
o / o~ €
c'® 1 g o/ _ £
2 5 90 7 - L 0.007 €
& v ~° i g
o
o E E o /. 7]
28 yd . - 0.006 @
0 / i
60 _/ /o B E
] /o - 0.005
309 -
|V - 0.004
0 —— T T T T T T T 0.003
4 6 8 10 12 14 16

Motive water pressure, bar
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value in the range between 0.0038 and 0.0059 (0.005 when the motive
pressure is equal to 6 bar) [29].

The calculated data as motive water mass flow rate mg, discharge
fluid temperature t», expansion ratio E, compression ratio K and mass
entrainment ratio y are presented in Table 1.

E=2 )
)4
k=" o)
P1
I ®)
ms
where:

P1,D2,P3 - pressure of suction (inlet), discharge (outlet) and motive
(inlet) stream, bar
my,my, ms - mass flow rate of suction (inlet), discharge (outlet) and

Table 2

motive (inlet) stream, kg/s

The results were computed with the assumption that motive water
pressure py, varies within the range 4-16 bar, motive water temperature
ts varies within the range 5-35 °C, suction exhaust gas temperature t; =
42-162 °C, suction exhaust gas pressure p; = 0.077-1.0 bar. Exhaust gas
composition was assumed to be xCO2 = 0.18, xH20 = 0.82, and
discharge pressure a little above the ambient pressure p; = 1.05 bar.

3.2.1. Impact of motive water pressure and temperature on ejector-
condenser operation

The inlet pressure of motive water to the SEC can vary in the spec-
ified range depending on the water pump conditions and can be one of
the main parameters to control during the SEC operation. Table 1 shows
the results of SEC operation simulation for the case, where the motive
pressure in the range 4-16 bar was analyzed using the developed
simulation model. The motive pressure value significantly impacts the
motive water mass flow rate and mixture outlet temperature, as shown

Spray-Ejector Condenser calculation results (at fixed input data: p; = 0.077, pz = 1.05 bar, p; = 6 bar, t; = 42 °C).

No. Motive water Motive water mass Discharge Expansion ratio Compression ratio Mass Entrainment Volumetric Entrainment
temperature t3 °C flow rate mz (kg/s) temperature tz, (°C) E, (ps/p1) K, (p2/p1) ratio y, (my /ms) ratio yy, (V1/V3)
1 35.0 20.09 37.5 77.92 13.64 0.0050 83.55
2 325 20.09 35.0 77.92 13.64 0.0050 83.62
3 30.0 20.09 32.5 77.92 13.64 0.0050 83.69
4 27.5 20.09 30.0 77.92 13.64 0.0050 83.75
5 25.0 20.09 27.5 77.92 13.64 0.0050 83.81
6 22,5 20.09 25.0 77.92 13.64 0.0050 83.86
7 20.0 20.09 22.5 77.92 13.64 0.0050 83.90
8 17.5 20.09 20.0 77.92 13.64 0.0050 83.94
9 15.0 20.09 17.6 77.92 13.64 0.0050 83.98
10 12.5 20.09 15.1 77.92 13.64 0.0050 84.01
11 10.0 20.09 12.6 77.92 13.64 0.0050 84.03
12 7.5 20.09 10.1 77.92 13.64 0.0050 84.04
13 5.0 20.09 7.6 77.92 13.64 0.0050 84.05
6
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Fig. 7. Cooling water mass flow rate mz and discharge temperature t, as a function of motive water temperature ts.

Table 3

Spray-Ejector Condenser calculation results (at fixed input data: p; = 0.077, pz = 1.05 bar, ps = 6 bar, t3 = 15 °C).

No. Suction Motive water mass Discharge

Expansion ratio

Compression ratio Mass Entrainment Volumetric Entrainment

temperature t;, °C flow rate mg, (kg/s) temperature tz, (°C) E, (ps/p1) K, (p2/p1) ratio y, (my /ms) ratio yy, (V1/V3)
1 162.0 21.89 17.6 77.92 13.64 0.0046 106.43
2 152.0 21.73 17.6 77.92 13.64 0.0046 104.73
3 142.0 21.58 17.6 77.92 13.64 0.0046 103.00
4 132.0 21.42 17.6 77.92 13.64 0.0047 101.24
5 122.0 21.27 17.6 77.92 13.64 0.0047 99.45
6 112.0 21.12 17.6 77.92 13.64 0.0047 97.63
7 102.0 20.97 17.6 77.92 13.64 0.0048 95.77
8 92.0 20.82 17.6 77.92 13.64 0.0048 93.89
9 82.0 20.67 17.6 77.92 13.64 0.0048 91.97
10 720 20.52 17.6 77.92 13.64 0.0049 90.02
11 62.0 20.38 17.6 77.92 13.64 0.0049 88.04
12 52.0 20.23 17.6 77.92 13.64 0.0049 86.03
13 42.0 20.09 17.6 77.92 13.64 0.0050 84.05
in Fig. 5. outlet temperature t; (Table 2). The outlet mixture temperature change

With increasing motive water pressure, the required mass flow rate
of water is lower to keep the same gas pressure at the SEC inlet p;, which
can positively affect the overall cycle efficiency by reducing the power
needed for a water pump. The lower mass flow rate of cooling water
results in the higher outlet temperature at the SEC outlet t; and larger
surface area is required of an additional heat exchanger to cool down the
mixture of water and CO, (HE2).

Fig. 6 depicts the impact of motive water pressure on the ejector
performance as expansion factor E, compression factor K, and mass
entrainment ratio y. With an increase of inlet water pressure, the
compression expansion factor E, volumetric entrainment ratio yy, and
mass entrainment ratio y increase from E = 51.95, y, = 64.63, y =
0.0038 to E = 207.79, yy, = 143.49, and y = 0.0085.

The higher motive water inlet temperature only impacts the mixture

can be achieved by cooling down the inlet water temperature using a
heat exchanger (HE2), as presented in Fig. 7. Another reason of the
higher outlet temperature is the effectiveness of direct contact conden-
sation inside SEC, but this effect was possible to reproduce using the
simulation model presented in the chapter. The analysis using 1D nu-
merical model and 2D CFD models can answer how the outlet temper-
ature ty, and the presence of non-condensable CO5 gas reduce direct
contact condensation effectiveness inside the SEC.

3.2.2. Impact of exhaust gas pressure and temperature on ejector-condenser
operation

Table 3 shows the results of SEC simulation for varied inlet gas
mixture temperature t;. Exhaust gas from the GT2 outlet are directed to
the water heat exchanger HE1, and depending on the heat transferred to
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Fig. 9. Expansion ratio E, compression ratio K, and mass entrainment ratio y as a function suction gas temperature t;.
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Table 4
Spray-Ejector Condenser calculation results (at fixed input data: p, = 1.05 bar, p3 = 6 bar, t3 = 15 °C).
No. Suction Motive water mass Discharge Expansion ratio E, Compression ratio K, Mass Entrainment ratio ~ Volumetric Entrainment
pressure p;, °C flow rate ms, (kg/s) temperature t, (°C) (ps/p1) (p2/p1) ¥, (Mg /m3) ratio yy, (Vl/Vs)
1 0.8 0.09 98.3 7.50 1.31 1.1276 2469.89
2 0.7 0.14 98.0 8.57 1.50 0.7192 1800.44
3 0.6 0.22 97.3 10.00 1.75 0.4451 1299.83
4 0.5 0.40 94.4 12.00 2.10 0.2471 866.02
5 0.45 0.56 88.0 13.33 2.33 0.1777 692.06
6 0.4 0.80 73.3 15.00 2.63 0.1246 545.93
7 0.35 1.17 57.2 17.14 3.00 0.0852 426.76
8 0.3 1.75 44.2 20.00 3.50 0.0571 333.30
9 0.25 2.80 33.7 24.00 4.20 0.0357 249.98
10 0.2 4.77 26.2 30.00 5.25 0.0210 183.74
11 0.15 8.99 21.0 40.00 7.00 0.0111 129.89
12 0.1 19.60 17.8 60.00 10.50 0.0051 89.42
13 0.077 20.09 17.6 77.92 13.64 0.0050 83.98
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Fig. 10. Cooling water mass flow rate mz and discharge temperature ¢, as a function of suction gas pressure p;.

the water, the inlet gas SEC temperature can change in the range of
42-162° (for the low gas pressure p; = 0.077 bar). The higher inlet gas
temperature requires more cooling water for the SEC, to keep the same

Table 5
Operating conditions for heat balance calculations of SEC.

constant outlet temperature t, (Fig. 8). Mass and volumetric entrain- No.  Parameter Symbol  Unit Point (Fig. 4)
ment ratio is reduced where the gas temperature is higher (Fig. 9) and 1 2 3
changes in the range of 0.0046-0.005. 1 Temperature R oc 43 20 15
The pressure of inlet exhaust gas p; depends on the GT2 outlet 2 Pressure, bar p bar 0.077 1.05 6
conditions, and it is possible to design and maintain during gas turbine 3 Mass flow rate m g/s 100 100+ m;  ms
operation. Low exhaust gas pressure positively impacts the GT2 power 4 H,0 mass fraction  xpz0 - 0.82 Xcoz,2 1
output and total C}fcle .efﬁciency, bgt on the other side, .it requil.res more 2 Eﬁi;;;sgﬁzgn z}‘i‘z’z ;J/kg 251789. 5 Tg‘:; 2 26
cooling water, which is presented in Table 4. Decreasing the inlet gas 7 Enthalpy of CO, heoz k/kg  15.2 4.0 0

pressure makes the amount of cooling water to the SEC smaller. While
reducing the amount of cooling water, keeping the parameters of the
sucked gas constant, the outlet temperature of the mixture rises to high
values, almost 100 °C (Fig. 10). Although this process can be called flow-
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Fig. 11. Share of heat transfer processes in total heat flow rate Qeg at different inlet temperatures t;.

efficient and full condensation is theoretically possible under such
conditions, too high a temperature at the SEC outlet is not desirable.
Such a process will also be difficult to obtain for designing and con-
structing a two-phase ejector with such a high mass and volumetric
entrainment ratio, as well as considering the problematic heat exchange
caused by the presence of CO,.

3.2.3. Balance calculations of spray-ejector condenser

The spray-ejector condenser has two inlets for cooling water and
exhaust gases and one outlet for a mixture of water and gases. The
boundary conditions for SEC balance calculations are presented in
Table 5. The total heat flow rate of exhaust gas cooling is divided into
four independent processes: cooling of water vapor, water vapor
condensation, cooling of water condensate, and cooling of CO,. The
energy balance for a jet-type flow condenser, assuming perfect
condensation and mixing of water and gases, can be presented in the
following form:

Oy = Qeg = Qvap,cool + Qvap,mnd + Qwater,coal + Qcoz,cool (C)]

where:
Q.. - heat flow rate absorbed by the cooling water, W
Qeg - heat flow rate transferred from the exhaust gas, W
Q,,ap,mol - heat flow rate of water vapor cooling, W
QVGP’CO,Id - heat flow rate of water vapor condensation, W
Q.wmrycogl - heat flow rate of condensate cooling, W
Qcoz,cool - heat flow rate of CO5 cooling, W

Heat of water vapor cooling Qmp_mol can be calculated using the
following relation:

Qvup.cgol =My Xp0,1" (hhzo,l - hsat.vap) 5)
Heat of water vapor condensation is calculated as follows:
Qvap.cond =11 "Xmo,1°T 6)

Heat of condensate cooling, formed from the water vapor at the SEC

10

gas inlet, can be determined by the following equation:

Ovatercoot =111 * Xi120.1* (Msariq — Mir20.2) 2]
Heat of CO; cooling according to the following formula:
QCOZ,cool =iy - xcoa,1* (heor — heorz) 8)

Heat absorbed by the cooling water is calculated using the following
relation:

€©)

The enthalpy values used in Egs. (5)-(7), of water vapor and liquid
comes from IAPWS-IF-97 steam tables [34], and the enthalpy of carbon
dioxide CO3 used in Eq. (8) from NIST (National Institute of Standards
and Technology) tables [35]. When the mixture outlet temperature t3 is
assumed, the required mass flow rate of cooling water can be calculated
as follows:

_ Ocw
e (y — 13)

Ocw =113 ¢,-(ta — 13)

my = (10)

To analyze the heat transfer between inlet gases and cooling water in
the spray-ejector condenser, the operating conditions presented in
Table 5 were assumed as the nominal operating conditions.

The impact of exhaust gas inlet temperature t; on the share of cooling
of water vapor QvaP’wol, water vapor condensation Qvap,wnd, cooling of
water condensate mer’ml and cooling of CO2 Qcoz,ml in the total heat
flow rate from exhaust gases to cooling water is presented in Fig. 11.
Heat flow rate of water condensate cooling to outlet mixture final
temperature t; is stable because only the inlet exhaust temperature was
changed. With increased temperature t; the share of water vapor cooling
Qvapwo, and CO; cooling Qcoz’m, is also increased, but the share of heat
flow rate in this process does not exceed 15%. Heat flow rate of water
vapor condensation Q'mp_rmd is a crucial process. The share of heat from
CO4 cooling in total heat does not exceed 3% for the whole analyzed
inlet gas temperature range. The amount of cooling water mass flow rate
was calculated also using Eq. (10). The linear relationship between the


http://mostwiedzy.pl

A\ MOST

P. Madejski et al.

amount of cooling water and exhaust gas temperature t; presents the
case where the full condensation and perfect mixing of liquid and gas
occurs. In that case, the cooling mass flow rate varies in the range from
2.93 to 3.35 kg/s, for inlet gas temperature from 43 °C to 200 °C,
respectively. The analyzes presented in the chapter are intended to
indicate the directions of development for the development of the SEC,
so that the basic geometry can generate appropriate negative pressures,
ensuring the best possible condensation in the presence of the inert gas
COs. The effectiveness of ejector operation and direct contact conden-
sation with non-condensable gas presence requires more advanced an-
alyses using developed numerical models and experimental campaigns.

3.3. Numerical modeling of spray-ejector condenser

The chapter presents the main data for the different numerical and
analytical approaches applied to developing new steam direct contact
condensation models in the presence of inert CO gas. These approaches
allow for modeling the Spray-Ejector Condenser operation, evaluating
its efficiency, and preparing the final design of the SEC for the appli-
cation in the nCO,PP cycle. The complexity of physical phenomena
occurring in the Spray Ejector Condenser (SEC) imposes demanding
requirements on the computational tool to be used. In the presented
approach of 1D Spray-Ejector Condenser modeling, the original form
was developed purely for transonic flows in two-phase CO5 ejectors and
was tuned according to the experimental data registered at the CO test
rig at SINTEF Energi laboratory. The tuning procedure comprised basi-
cally adjusting the two parameters crucial for capturing the momentum
transfer intensity and effectiveness, namely (i) the equivalent roughness
of the mixing layer and (ii) the mixing layer drag coefficient [24].

The CFD model of the developed device can be made: two-
dimensional flow, axisymmetric, steady-state, liquid—-gas multiphase
flow, heat transfer mechanism. The model of selected problem includes
Reynolds-Averaged Navier-Stokes Turbulence (RANS) model (k-w SST)
complex interactions between phases. Multiphase flow regime set in
case of liquid-gas interaction, can be described with the following ap-
proaches and properties: Drag force (Schiller-Naumann - First and Sec-
ond Regime Drag Coefficient, Strybelj-Tiselj Intermediate Drag
Coefficient), Interaction Area Density (First Regime Interaction Length
Scale 0.001 m, Second Regime Interaction Length Scale 0.0005 m),
Interaction Length Scale, Interphase Energy Transfer, Large Scale. To
model the condensation process, Spalding Evaporation/Condensation
model for Mixture Multiphase Model (MMP) can be used in the devel-
oped CFD model. The main idea of this model is to express the steady
convective mass transfer phenomena using the Ohm’s law relation [36,
371:

i =gB an
where:

m - rate of the transfer of substance, kg/s

g - surface conductance, kg/s

B - dimensionless driving force

Another approach to condensation process modeling in the devel-
oped 2D CFD model is the Boiling/Condensation model, which is also
available where the Mixture Multiphase Model (MMP) is used. The
model is thermally driven, and the rate of boiling/condensation depends
only on the heat transfer rate between phases. The concentration-driven
mass transfer is not taken into account. The interface mass flux is
calculated based on the formula:

@) )
) _ q;" +gq; 12
& Ah; (12)
where:
g% mass transfer flux from phase i to phase j, kg/(m®.s).

ql@ —heat transfer flux from the interface to i (continuous phase), W/

11
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m.?

q}ij) — heat transfer flux from the interface to j (dispersed phase), W/
m.®
Ahj; — enthalpy difference (latent heat), J/kg
The heat transfer rate from the phase-change interface to each of the
two phases can be calculated as follows:

q" =h{"ay(T; - T) (13)

q” =" ay(T; ~ T;) a4)

where:

hfj) — heat transfer coefficient, W/(mZ-K).

a;;— weighted coefficient

T; — interface temperature (saturation temperature), K

T;, Tj— bulk temperature of continuous/dispersed phase, K

The 2-dimensional, steady-state axisymmetric CFD model of a Spray-
Ejector Condenser was developed. The multiphase flow was calculated
using the Mixture Multiphase Model (MMP). The turbulence was
computed using Realizable k-Epsilon with Two-layer All y + wall
treatment model. Boiling/Condensation model, where the condensation
rate is calculated based on the heat balance, was assumed. Continuous-
dispersed topology was applied to steam-water interaction, where the
phase interfacial area was calculated using the average droplet diam-
eter. Steady-state equations of the continuity, momentum, and energy
for the Mixture Multiphase Model based on the Euler-Euler, used to
model SEC are presented below:

/pmvmda:O 1s)
A
/pmvm®vm-da:7/pl- da+/Tm~da+/fb~ v e)
A A A \4

a7)

/pmH,,, Vi -da= 7/('14 da+/vam~da+/(fbvm+Sg)4 dv
A A A \4

The transport equation (which occurs for single-fluid models) for
volume fractions of i-phase is presented:

/(xivm-da:—/su_,-- dV+/ i Va; + da
0P
A A A

The turbulence was modeled using the k-o SST turbulence model,
which is an eddy viscosity model based on RANS (Reynolds-averaged
Navier-Stokes) approach. The equation for the turbulent dynamic vis-
cosity and the transport equations of turbulent kinetic energy k and
specific dissipation rate w are as follows:

(18)

w=pkT, 19
V- (pk¥) =V |[(u + opt,) VK| + P — p ffs(@ k — @,k,) + Sk (20)
V- (p¥) = V(u + 0up,) Vo + Py = p ffy (@ = 5) + S, @D

In order to maximize the device’s efficiency, a proper ejector design
and analysis is required. The adiabatic irreversible flow model [14] is
used for the ejector analysis, wherein frictional losses through the
ejector are considered. The study focuses on the ejector nozzle,
pre-mixing chamber, mixing section, and diffuser for the ejector design.
Based on literature data, flow properties and ejector geometry are
considered using thermodynamic equations, conservation equations,
and other assumptions.


http://mostwiedzy.pl

A\ MOST

P. Madejski et al.

Energy 283 (2023) 129163

Dmix

Lmix

LmcH

Fig. 12. Two-phase ejector condenser with main dimensions.

Table 6

Boundary conditions imposed for dimensioning of SEC.
Parameter Motive stream Suction stream Outlet
Pressure, bar 12 output ca. 1 bar
Temperature, deg C 17 150 output
Mass flow rate, kg/s degree of freedom 0.01 output
Mass fraction of Hy0O,- 100% 80% output

4. Design of spray-ejector condenser based on the simulation
and CFD modeling results

The results of the mathematical modeling of the Spray-Ejector
Condenser should lead to the development of the basic geometrical
design of the proposed solution of the two-phase ejector condenser. The
main geometrical parameters allowing to design of the device are pre-
sented in Fig. 12.

The initial boundary conditions used for dimensioning of SEC, giving
the possibility to install SEC in the developed nCO2pp cycle are listed in
Table 6. After analysis of simulations results, and impact of operating
conditions on SEC performances the modifications of boundary condi-
tions (temperature, mass flow rate and pressure of exhaust gases, as well
as, HyO/CO ratio at SEC inlet) were made to define the basic design of
SEC in tow variants — LPL and HPL.

The data presented in Tables 7 and 8 are the results of the basic
design process, obtained thanks to the proposed 1D numerical modeling
approach. Two separated variants represent two solutions that should
allow high steam condensation efficiency in the presence of inert CO5
gas. High effective steam condensation occurs with the pressure increase
of the mixture at the SEC outlet starting from two different points of
exhaust gas pressure, 0.9 (LPL solution) and 0.2 bar (HPL solution),
respectively. The mass flow rate of the developed geometrical design of
LPL and HPL solution was reduced to 10 g/s of exhaust gases, according
to the limitations coming from SEC size.

The calculation of the main properties at the inlets at the outlet for
the selected developed variants of SEC (Low-Pressure Lift — LPL; High-
Pressure Lift — HPL) compared with the results developed with the use
of simulation model (section 3.2) are presented in Table 9. The results

presented in Table 9 are the motive water mass flow rate needed to
generate low pressure at the suction side (p;) and to condense steam in
direct contact with water. The averaged outlet temperature at the SEC
outlet is calculated based on the balance calculations. The expansion
ratio E, compression ratio K, and mass entrainment ratio y are estimated
too. More detailed approaches are needed to evaluate SEC performances
and investigate physical phenomena inside the SEC during the turbulent
flow of water/steam/CO, mixture and during the direct contact
condensation process.

The results of CFD analysis using the developed CFD model of SEC,
shows that various droplet diameter has a strong impact on the Spray-
Ejector Condenser inlet pressure and condensation process. The
following droplet diameter sizes were investigated: d = 0.4 mm, d = 0.6
mm, d = 0.8 mm, d =1 mm, d = 1.5 mm, and d = 2 mm. Lower water
droplet size at the SEC inlet generates lower exhaust gas inlet pressure
and more dynamic growth towards the outlet (Fig. 13, Fig. 14). The
greatest pressure increase in pressure is observed in the mixing chamber.

The compression effect of the mixture is visible in all considering
cases. The exhaust gas inlet pressure varies from 0.85 bar to 0.98 bar and
is dependent on the inlet water droplet diameter. Smaller average
droplet diameter generates lower inlet pressure because droplet size
affects the water vapor condensation rate and helps create a suction
effect. The most significant pressure lift effect, shown in Fig. 14, can be
observed in the constant-cross-sectional area mixing chamber for x be-
tween 0.1 m and 1.1 m.

Various droplet diameter has an impact on the interfacial area and,
thereby, the condensation process. Condensation/boiling mass transfer
rate contours for various average droplet diameters is presented in
Fig. 15. Smaller droplet sizes ensures a higher condensation mass
transfer rate, and the condensation is the most intensive at the beginning
of the mixing chamber (Fig. 16). The achieved highest value of
condensation transfer rate was nearly 300 kg/(m3-s) for d = 0.4 mm
droplet diameter. For d = 2.0 and d = 1.5 mm droplet diameters, the
condensation transfer was one order of magnitude smaller.

The presented results of CFD modeling confirm that the impact of
average droplet diameter can be a crucial issue in the case of the direct
contact condensation process. It directly affects the interfacial area and,
thus, the condensation mass transfer rate. Therefore, the more detailed

Table 7

Main dimensions of the two-phase ejector condenser LPL.
Parameter Value Parameter Value Parameter Value Parameter Value
Dyn1 [mm] 25.4 Dpr [mm] 100 Lycy [mm] 25 7 sn [°] 45
Dyin 2 [mm] 3 Dyix [mm] 25.4 rmna [ 30 7 e [°] 10
Dy 4 [mm] 40 Lyvix [mm] 1050 7 v [°] 45

Table 8

Main dimensions of the two-phase ejector condenser HPL.
Parameter Value Parameter Value Parameter Value Parameter Value
Dyn_1 [mm] 50 Dpir [mm] 100 Lycu [mm] 28 7sn [°] 45
Dy 2 [mm] 10.73 Duyix [mm] 50 ymna [°] 30 7 ore [°] 10
Dy 4 [mm] 80 Luix [mm] 800 rmns (%] 45

12
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Table 9
The basic parameters calculated for the designed installation and selected two
SEC variants.

No. Parameter Unit  SEC variant
HPL-0D LPL- HPL- LPL-
0D 1D 1D
1 Inlet pressure of the bar 0.077 0.9 0.2 0.9
steam/CO, mixture
2 Steam mass flow rate of  g/s 82 8 8 8
at the inlet
3 CO, mass flow rate at g/s 18 2 2 2
the inlet
4 Steam/CO, °C 42 146.89 150 150
temperature at the inlet
5 Motive water pressure bar 6 12 12 12
at the inlet
6 Motive water mass g/s 20,088 339 4399 340
flow rate at inlet
7 Motive water °C 15 17 17 17
temperature at the inlet
8 Water, steam and CO, g/s 20,188 349 4409 350
mixture mass flow rate
at outlet
9 Averaged mixture °C 17.55 32.23 18.4 32.2
temperature at the SEC
outlet
10 Expansion ratio - 77.92 13.33 60 13.33
11 Compression ratio - 13.63 1.355 5.45 1.25
12 Mass Entrainment - 0.00497  0.0286  0.0023  0.0294
Ratio
13 Volumetric - 84 55.986  19.62 56.38

Entrainment Ratio

modeling results and tuned models should be further used to dimension
the SEC to find the best operating conditions. At the same time, a new
tuning procedure is expected to be performed once experimental data
recorded at the SEC test facility are available. The preliminary results of
detailed SEC modeling indicate that full condensation inside the SEC is
possible, but the increased CO; content in the flue gas strongly reduces
condensation efficiency. For the presented cases and the basic developed
design of LPL and HPL solution, the condensation efficiency is reduced
because of relatively high CO, (xcoz = 20%) content at the suction side
of SEC. The gas temperature at the SEC outlet varies between 120 and

0.4 mm 20

_

Absolute Pressure (bar)
0.99
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147 °C, and the water temperature at the outlet can vary between 18 and
30 °C.

5. Conclusions

The difference between surface-type and jet-type condensers is the
most important reason for their application. Even if the surface type
condensers are more popular and widely used in the power engineering
sector, in the analyzed nCO2PP cycle, the application of jet-type con-
densers is possible because of exhaust gas quality and compositions
(H20 and COy). The paper describes the idea of Spray-Ejector Condeser
combination with the nCO2PP cycle in detail. The mass flow rate of

1.12

1.08

1.04

p, bar

0.96

0.92 1

0.88

0.84 — T T T T T T T T T T
0 02 04 06 038 1 1.2 14 16
X, m

Fig. 14. The change of average static pressure p along the flow inside SEC, for
various droplet size d (0.4 mm; 0.6 mm; 0.8 mm; 1 mm; 1.5 mm; 2 mm).
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Fig. 13. Static pressure distribution in the Spray-Ejector Condenser for various average droplet diameters.
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Fig. 15. Boiling/Condensation mass transfer rate field for various droplet size.
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Fig. 16. The change of steam volume fraction ¢ along the flow inside the SEC,
for various droplet size (0.4 mm — grey color; 0.6 mm — yellow color; 0.8 mm —
orange color; 1 mm - dark blue color; 1.5 mm - light blue; 2 mm - green color).

motive water strongly depends on ejector design and entrainment
fraction ratio (mass/volumetric). In the analyzed cycle, one of the main
issues is to design and develop the Spray-Ejector Condenser system to
keep the low pressure of exhaust gases. Using the developed simulation
model and adopted characteristic curves of ejector operation, the range
of the main properties of SEC operation was calculated. Main operating
conditions such as motive water mass flow rate, outlet pressure, outlet
temperature, expansion ratio, compression ratio, and mass entrainment
ratio were estimated. The heat flow rate of water vapor condensation

14

Qw,pﬁwnd is a crucial process, and for all cases increased 85%. With
increased inlet exhaust gas temperature t; the share of water vapor
cooling Q‘,ap,conl and CO, cooling Qo3 o0 is increased, but the share of
heat flow rate in this process does not exceed 15%. Because of that,
during the design process of SEC, the inlet exhaust gas temperature was
increased from 42 °C to 150 °C. With increasing motive water pressure,
the required mass flow rate of water is lower to keep the same gas
pressure at the SEC inlet p;, which can positively affect the overall cycle
efficiency by reducing the power needed for a water pump. In the design
process using 1D modeling, inlet motive water pressure was assumed
two times higher (12 bar instead of 6 bar). The mass flow rate of exhaust
gases sucked by SEC was reduced from 100 g/s to 10 g/s because of the
high values of motive water mass flow rate needed to condense the
steam.

The different modeling approaches, briefly described in the paper
and based on the proposed modeling techniques, help develop the basic
geometrical design of the Spray-Ejector Condenser. The main dimen-
sional parameters of the basic design are presented. SEC modeling re-
sults using different numerical methods allows for analyzing the direct
contact condensation inside the SEC and calculating SEC outlet condi-
tions. The CFD modeling results indicate that various droplet diameters
strongly impact the gas inlet pressure and gas condensation process
inside the mixing chamber. The following 6 different sizes of droplet
diameters were investigated: d = 0.4 mm, d = 0.6 mm, d = 0.8 mm, d =
1 mm, d = 1.5 mm, and d = 2 mm. Lower exhaust gas inlet pressure is
observed for the cases with smaller inlet droplet diameters. Smaller
droplet size also ensure higher condensation mass transfer rate, and the
condensation is the most effective. The presented basic design is planned
to be tested within experimental activities when the next step of the
whole project is connected with experimental verification of selected
parameters of Spray-Ejector Condenser modeling results. The experi-
mental activities will be focused on the laboratory scale of the designed
installation (steam and CO, mass flow rate around 10 g/s), taking into
account opportunities to investigate the direct contact condensation
process during flow through the two-phase ejector. The measured results
can be adopted in the tuning process of developed models and to
improve the efficiency of the developed Spray-Ejector Condenser for use
in a negative CO2 emission gas power plant.
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