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ABSTRACT

Industrial high temperature heat pumps (HTHPs) can pro-
vide carbon-free process heat when operated with renewable en-
ergy sources. Using water as the working medium greatly in-
creases the possible range of operation without the detrimental
effects of traditional working fluids. One main challenge with
this type of heat pump is the high compression ratio required to
achieve a given temperature lift. As a result, water based heat
pumps need several compression stages. Furthermore, the steam
leaving the compressor is highly superheated. Ejectors driven by
high pressure condensate allow to de-superheat the steam from
the compressor outlet while simultaneously increasing its pres-
sure. Thereby, the required power for compression as well as the
number of compression stages can be reduced. This paper studies
how the implementation of the two-phase water ejector influences
the thermodynamic performance of Rankine cycle HTHP using a
thermodynamic model of the ejector. Several cycle architectures
are developed to study the ejector integration in the heat pump
cycle, including traditional single-stage and multi-stage cycles.
The cycles studies are conducted in the Modelica language, in
the Modelon Impact environment. The study aims at informing
about new developments in two-phase water ejectors and their
application potential in Rankine cycle HTHPs. First simulations
suggest an efficiency improvement of about 10 % through the use
of an ejector in the heat pump cycle.
Keywords: Ejector, High temperature heat pumps, Rankine

cycle heat pump, Industrial process heat, Steam compres-
sion

NOMENCLATURE

Roman letters

A Area [m?]

a., Critical speed of sound [m s71]
C Velocity [m s

COP Coeflicient of performance

High temperature heat pump
Global warming potential

*Corresponding author: omar.abukhass @dlr.de

h Enthalpy [J kg™']

m Mass flow rate [kg s71]
M Mach number [-]

ODP Ozone depletion potential
P Power [W]

P Pressure [Pa]

S Entropy [J kg™! K7!]
T Temperature [K]

w Entrainment ratio [-]

X Quality [-]

Greek letters

n Efficiency [%]

K Isentropic exponent [-]
% Specific volume [m? kg™']
I1 Pressure ratio [-]

P Density [kg m™3]
Superscripts and subscripts

as After shock wave

bs Before shock wave

c Compressor

diff Diffuser

e Electrical

ej Ejector

is Isentropic

mc Mixing chamber

mn Motive nozzle

mot Motive fluid

opt Optimum

P Pump

S Steam

sn Suction nozzle

sup Superheat

suc Suction fluid

tot Total
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1. INTRODUCTION

In the path towards the reduction of CO;, emissions, the
industrial sector plays a crucial role. In the European industry,
66 % of the total final energy demand are used for process heating
[1]. Many processes require heat above 150 °C, which is usually
provided by burning fossil fuels. To avoid the associated CO,
emissions, innovative and sustainable technologies for providing
process heat have to be developed. When operated with renewable
electricity, industrial high temperature heat pumps (HTHPs) can
provide carbon-free process heat. HTHPs are highly attractive
energy conversion devices that offer efficient means to reduce
primary energy consumption of industrial processes by utilizing
waste heat recovery [2]. However, commercially available heat
pumps can usually operate up to temperatures of 150°C [2]. In
order to achieve higher temperatures with heat pumps, further
research and development is necessary. One concept is currently
being developed at the German Aerospace center (DLR) based
on the reverse Rankine process with water (R718) as the working
fluid [3]. Using water as the working fluid greatly increases
the possible range of operation without the detrimental effects
of traditional working fluids. Water is a natural refrigerant with
zero global warming potential (GWP) and zero ozone depletion
potential (ODP). It is neither toxic nor flammable and it has a high
critical temperature of 374 °C. In fact, the latent heat of water
is very high, making it very attractive for use in temperatures
above 150°C [2, 4]. This will in return provide a large market
potential for their use in industrial sectors such as pulp & paper,
chemical, food and even the iron industry [2]. However, two
main challenges associated with water are the low density of its
vapor phase and its steep boiling curve. As a consequence, the
required swept volume and pressure ratio is typically high for heat
pump applications. That is why several compressor stages with
intermediate cooling are needed to achieve the required discharge
temperature and pressure [2].

In the recent years, several efforts were and are still being
made to develop new compressor technologies for steam compres-
sion. Among them are the high-speed oil-free turbo compressors
with high flow rates to compensate for the low density of water
vapor. However, the low-pressure ratio and relatively high cost of
such compressors puts a barrier in their wider use in the market
[2]. This dictates the needs for further research on efficient wa-
ter compression technologies and at the same time, the need for
alternative compression technologies in addition to compressors
for the use in water HTHPs. Ejectors driven by high pressure
condensate allow to de-superheat the steam from the compressor
outlet, while simultaneously increasing its pressure. Thereby, the
required power for compression as well as the number of com-
pression stages can be reduced for a given temperature lift of the
heat pump.

Ejectors have been widely studied. Fundamental studies on
the theory of gas and steam ejectors can be found for exam-
ple in the work of Power 1993 [5]. Thorough reviews on the
applications of ejectors in refrigeration systems can be found
in following references [6, 7]. A theoretical and experimental
study of two-phase ejectors applied in the compressor refriger-
ation systems as devices to reduce the throttling losses, or as
second step compression in refrigeration cycles is presented by

[8—10]. Two-phase ejectors are also used in CO, (R744) systems
due to the high exergy loss in the respective throttling process.
Elbel and Hrnjak [10] have carried out experimental work on
the use of two-phase ejectors in a transcritical R744 vapor jet
refrigeration cycle. Their work revealed that the efficiency of the
ejector-equipped R744 heat pump system could increase by 8 %
in comparison to a system without an ejector. However, there is
only a handful of publications on two-phase ejectors with water
as the working fluid [11, 12].

Sarevski and Sarevski [11] developed a R718 refrigeration
system with a single stage centrifugal compressor and a two-
phase ejector as a second stage compression device. Vapor from
centrifugal compressor directly comes into the two-phase ejector,
where it mixes with high pressure condensate. Complex ther-
mal and flow phenomena occur with additional compression, de-
superheating and condensation in the two-phase ejector. The rest
of the system consists of an evaporator and condenser with flash
evaporation and condensation. The authors presented modeling
procedures for the compressor and the two-phase ejector. The
work of Sarevski and Sarevski have been extended and published
in 2017 [13].

The purpose of this work is to investigate how the implemen-
tation of a two-phase water ejector influences the performance of
a vapor compression cycle HTHP. The cycle with the ejector will
be compared to an equivalent heat pump cycle with direct wa-
ter injection intercooling. The cycle studies are conducted in
the Modelica language [14], utilizing the Modelon Impact envi-
ronment [15]. The properties of two-phase water are modeled
with the standard water media in Modelica [16]. An in house
designed python tool is combined with the Modelica simulation
for optimizing the ejector’s performance.

2. SYSTEM DESCRIPTION

The investigated heat pump cycles are shown in Fig. 1 and
Fig. 2, respectively. Addressing the cycle in Fig. 1 first, it consists
of a compressor, a de-superheater and a pump for the operation
of the de-superheater. The de-superheater works by injecting a
small amount of pressurized water in the main steam flow. This
water evaporates and reduces the temperature of the main steam
flow. The second cycle, Fig. 2, consist of a compressor and has
an ejector in combination with a separator. The function of the
ejector here is to replace a second compressor, while achieving
the same pressure at the outlet. A pump is also needed for the
operation of the ejector, though the type of the pump here differs
from the one needed for the operation of the de-superheater as to
what will be later described. The two heat pump models repre-
sent the implementation of an open heat pump integration in an
industrial partner plant. The industrial plant has a steam network
with various pressures and temperatures. Certain processes at
the industrial site produce steam as a waste heat which is used in
the simulations here as a heat source and consequently as a direct
input to the compressor. The outlet of the cycles in Fig. 1 and. 2
produces steam of higher pressure and temperature values which
can be used at other positions in the plant steam network.

The cycles performance will be assessed in two areas, first
area concerns the performance of the ejector and the second area
addresses the performance of the whole cycle. The coefficient of
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FIGURE 1: TWO STAGE COMPRESSION OPEN HEAT PUMP WITH
DIRECT INJECTION COOLING
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FIGURE 2: OPEN HEAT PUMP WITH AN EJECTOR AS A SECOND
STEP COMPRESSION

performance (COP) will be used to assess the total efficiency of
each cycle. The COP is defined as:
Qsink
COP = —— (1)
2 Pe

where Qsmk is the heat flow to the heat sink and )’ P, is the
sum of the electrical power consumption of the compressor(s)
and the water pump.

The heat source thermal capacity (power) is fixed while the
amount of heat delivered to the industrial plant varies depending
on the cycle performance. The selected design specifications and
constrains for the simulations scenarios are shown in Table 1. The
compressors are simulated with an isentropic efficiency of 70 %
and a pressure ratio in the range of 1.7 — 2.5 each. The values
of efficiency and pressure ratios are in accordance with values
provided by literature on water-based heat pumps [4, 17]. The
water pump is simulated with an efficiency of 80 % as released
by water pump manufacturers [18].

Water condensate is available at the industrial plant as an out-
come of several processes. Usually, the condensate is returned
at atmospheric pressure. Because of certain heat losses, its tem-
perature will be below 100 °C. Here, a temperature of 90 °C is
assumed. For the direct injection cycle, this water is used as a
fluid for inter-stage cooling. A water pump is used to increase the
water pressure to 20 bar before it flows into the de-superheater. A
degree of superheating of ATy, = 10 K is present as a constraint
at the exit of the de-superheater before the inlet of the second

TABLE 1: SELECTED DESIGN SPECIFICATIONS AND CON-

STRAINTS

State/Component Imposed constraints
Steam inlet p=1bar(a)
T=100°C

ng = 1kgs™!

Condensate inlet p=1bar(a)
T=90°C

Compressor isentropic efficiency Nis.c = 70 %
Pump isentropic efficiency Nis,p = 80 %
Compressor pressure ratio I, =1.7-2.5

3 4
—>

FIGURE 3: GENERAL SCHEME OF AN EJECTOR, DESCRIPTION IN
TEXT

compressor. This is necessary to avoid water droplets from en-
tering the second compressor and damaging its blades. With this
constraint, the required mass flow rate of the water at the mixing
point is defined.

3. EJECTOR MODEL DESCRIPTION

The principal design of a two-phase ejector is shown in Fig. 3.
An ejector consists of four main parts, namely a primary nozzle
(1), a suction chamber (2), a mixing chamber (3), and a diffuser
(4). In the system under consideration, the motive (or primary)
flow (A) enters the ejector at high-pressure in the sub-cooled lig-
uid phase. The motive flow is accelerated in a convergent nozzle,
usually causing a spray flow at the outlet. Via momentum trans-
fer, this flow entrains the suction (or secondary) flow (B). Further
momentum transfer from the liquid to the steam causes a super-
sonic shock (C) in the mixing chamber. This shock increases the
pressure in the flow. A further gain in pressure is achieved by the
deceleration in the diffuser. By comparing this configuration with
the available ejector configurations in the literature, the ejector
might be referred to as a two-phase condensing ejector, which
is a novel utilization of ejectors firstly developed by Miguel and
Brown [19]. They experimented with steam-salt water in under-
water propulsion applications. Figure 4 shows a schematic of the
ejector as stated in Miguel and Brown [19].

High pressure liquid is accelerated in the converging motive
nozzle whereas, high velocity vapor gets entrained in the suction
chamber. The two fluids reach the mixing chamber, where they
mix, with relatively high velocity differences and different ther-
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COMPLETELY CONDENSED LIQUID FLOW

’wim CONVERGING MIXING  SHOCK OR CONDENSATION
A SECTION ZONE

5. X -
DISTANCE ALONG CONDENSING EJECTOR

FIGURE 4: CONDENSING EJECTOR DEVELOPED BY MIGUEL AND
BROWN [19]

modynamic states that could be utilized advantageously. Due to
the high velocity difference, high vapor condensation rate hap-
pens within the ejector. This consequently results in a strong
shock wave due to the change in density of the fluid streams. The
shock wave produce a sharp pressure rise with complete conden-
sation of the fluid streams. Miguel and Brown [19] have reported
a complete liquid state at the diffuser outlet (section 4 in Fig. 4).
Later Bergander [9] has developed a novel condensing ejector
cycle utilizing the R22 refrigerant. Bergander [9] has reported
through experimental attempts a COP improvement of 16 % over
standard vapor compression system. Bergander [9] has argued
though that improvements up to 38 % in COP could be achieved
theoretically. However, the shock wave in Bergander [9] con-
densing ejector cycle did not result in a complete condensation of
the mixing fluids. In fact depending on the operating conditions
of the mixing fluids, relatively high vapor volume fractions can
be achieved at the ejector’s outlet.

As a matter of fact, what is desired in this paper, as will
be shown later, is to achieve an outlet quality that is as high as
possible. The ejector will be thus referred to only as a two-
phase ejector. To the best of the authors knowledge, there is no
model for a two-phase ejector with a highly super-heated suction
flow and a super-sonic shock in the mixing tube. Therefore, an
existing model for a two-phase ejector is adapted from the work
of Sarevski and Sarevski [13]. The model proposed by them
was modified to fit the ejector’s application in the cycle proposed
here. The equations for the ejector components are written in
Modelica making a complete new ejector component, which was
later connected and simulated with the other cycle components.
Figure 5 shows the modeling procedure for the ejector.

Model Inputs. The ejector is simulated for a given set of inlet
conditions for both the motive and suction fluids. The reason for
this is to study the ejector performance for given initial conditions,
which come as inputs from the available steam and condensate
at the industrial plant. Constant efficiencies are proposed for the

motive nozzle, suction nozzle, mixing chamber and diffuser.

Motive nozzle. A converging nozzle is chosen here to pro-
vide the maximum possible velocity at the nozzle exit and at
the same time the lowest exit pressure. For the analysis, it is
necessary to calculate the outlet velocity ¢mn ot and the area at
the motive nozzle exit Amp out. From energy conversion, the exit
velocity is a function of pressure difference across the nozzle and
the specific volume of the fluid at the nozzle exit (see Eq.4 in
Fig. 5). The pressure at the nozzle exit pmp ou 1S €qual to the
mixing chamber pressure py,.. The mixing chamber pressure is
a free variable in the model and it is used as an optimization pa-
rameter for maximizing the pressure ratio over the ejector. Initial
simulations have shown that a ratio between the mixing chamber
pressure ppc and the inlet pressure of the suction flow pgy in of
about 0.95 lead to the highest pressure ratios over the ejector.
Therefore, this value was fixed in the subsequent simulations.
Since the motive fluid will be in the liquid state across the whole
nozzle, the outlet specific volume vy our can be calculated from
water tables. The nozzle is simulated with an efficiency ny, of
85 %.

Suction nozzle. The motive fluid expands and entrains the
suction fluid into the mixing chamber. The pressure at the nozzle
exit psn, out €quals the mixing chamber pressure pyc. The velocity
of the fluid at the nozzle exit is calculated through energy con-
servation by using the enthalpy difference across the nozzle (see
Eq.8 in Fig. 5). To get the nozzle exit area Ag out, the specific
volume at the nozzle exit v oue 1S calculated as a function of exit
pressure pg, out and enthalpy /gy our. The nozzle is simulated with
an efficiency ng, of 85 %.

Mixing Chamber. The motive and suction fluids flow with
large velocity difference, which results in the acceleration of the
suction fluid. The mixing process is rather complex as a result of
the interactions between the fluids. Assuming constant pressure
mixing occurring inside the constant area mixing section, the
pressures pmc = Pmn,out = Psn,out ANd the cross-sectional areas
Amn,out + Asn,out = Amc. Therefore, using the momentum equation
of the mixing chamber, the velocity of the combined flow can be
calculated (Eq.10 in Fig. 5). The mixing chamber is simulated
with an efficiency 7y of 95 %.

Owing to the velocity difference between the motive and suc-
tion flow, the mixing process is the first source of thermodynamic
irreversibility and exergy loss in the ejector. Using the energy
equation of the mixing chamber, the enthalpy of the combined
flow is calculated (Eq.14 in Fig. 5). The velocity of the combined
flow is normally supersonic, which then causes the formation of
a shock wave. In Fig. 5 two different subscripts are attached to
the mixing chamber properties, i.e. bs and as. These refer to con-
ditions occurring before the shock wave (bs) and after the shock
wave (as) that occurs in the mixing chamber. In two-phase flow,
this is accompanied by mass transfer from one phase to the other.
In the current simulations the mass flow rate of the motive fluid
(Mimot OF Hityy) is larger than that of the suction fluid (rizgyc oOr 7itgy).
This will cause the formation of a so called pseudo-shock wave,
a feature for dominantly liquid two-phase flow [13]. To calculate
the pressure raise across the shock wave, the sound velocity and
the pseudo-isentropic exponent for the two-phase pseudo-fluid
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are needed (Eq.15-19 in Fig. 5). To calculate the sound velocity
of the two-phase flow, the square root of the derivative of pres-
sure with respect to density at a constant entropy has been used,
ie. Eq. 15 in Fig. 5. Despite the pressure rise caused by the
shock wave, it is a thermodynamically irreversible process, that
results in an increase in entropy. The shock wave is considered
the second main source of losses in the ejector.

Diffuser. The subsonic diffuser allows for additional com-
pression. Using the diffuser efficiency, the outlet pressure at the
diffuser exit can be obtained. The diffuser was simulated with an
efficiency nis, @it of 60 %.

Model Output. The output of the model is the ejector’s
pressure ratio I1ej, which is the ratio of the ejector outlet pressure
to the suction flow inlet pressure:

Iej = paifr,out/ Psn,in 2

Another important parameter to assess the performance of
ejectors is the entrainment ratio w. This is the ratio between the
suction fluid and the motive fluid mass flow rates. The ratio is
given as:

w= msuc/mmot 3)

In the modeling procedure there was a challenge to calculate
the outlet pressure of the ejector. Generally, a two-phase mixture
is expected at the exit of the ejector. To calculate that, the isen-
tropic efficiency of the diffuser is needed to give the value of the
outlet enthalpy and entropy of the two-phase fluid mixture at the
diffuser exit. From these two properties the outlet pressure is cal-
culated. Using the standard water medium in Modelica [16], four
separate equations are provided to calculate the water pressure
from enthalpy and entropy. The equations require that the phase
region of water to be first defined to do the calculations. In the
simulations, depending on the operating parameters, the outlet
two-phase water-steam mixture can have a quality ranging from
about 0.8 to almost zero. Therefore, the quality of the water-steam
mixture at the diffuser inlet had to be checked each time to use
the correct equation for calculating the outlet pressure. A simple
optimization process was introduced where the mixture quality
is first checked at the outlet of the mixing chamber. Afterwards,
the region of water in the pT-diagram is determined followed by
choosing the right corresponding equation to calculate the outlet
pressure.

4. SIMULATED CYCLES, RESULTS AND DISCUSSIONS

In this section the results are presented and discussed. The
two stages compression cycle with direct injection for simple in-
tercooling will be first presented as a baseline case. The effect
of various ejector parameters and its working conditions on the
ejector’s performance and that of the heat pump are subsequently
studied. These parameters are the ejector’s motive fluid pres-
sure, Pmot, the mass flow rate of the motive fluid #ipo and the
compressor pressure ratio Il.. Their consequent effect on the
ejector’s pressure ratio Ilj and the overall heat pump COP are
demonstrated. The section concludes with the comparison of the
two cycles.

TABLE 2: TWO COMPRESSOR STAGES WITH DIRECT INJECTION

Direct injection

Inlet conditions mg = 1kgs™!
pin = 1 bar(a)

Tin = 100°C

Outlet pressure: Pout = 2.57 bar(a)
Tow =128°C

Number of compressor stages: 2

Pressure ratio: Stage 1: I, = 2.02
Stage 2: TI, =2.02
Nis,c = 70 %

Stage 1: P, = 162kW
Stage 2: P, =182kW

Isentropic efficiency:
Electric power consumption:

P, =0.337kW
Qsink: 2169 kW
COP: 5.975

4.1 Architecture 1: Two Compressor Stages with Direct

Injection for Intercooling

An open two stage compression cycle with direct injection
is used as a baseline for the simulations (see Fig. 1). As said,
two de-superheaters are used to inject water at a pressure of
20bar and a temperature of 90°C in the main steam line. In
the simulations, a value of the pressure drop caused by the de-
superheater is needed to be given. Desuperheating can be realized
through several possibilities, each having its own advantages and
drawbacks. Furthermore, the chosen concept for de-superheating
is applications relevant. Through contacts with de-superheaters
manufacturers, a de-superhater was chosen based on a comprise
of working conditions, de-superheating performance, device size
and the resulting pressure drop. The pressure drop for the chosen
de-superheater was in the range of 0.3 bar to 0.5 bar. The 0.5 bar
pressure drop was used in the simulations. Moreover, 20 bar inlet
pressure for water injection is chosen for a proper operation of the
de-superheater. Besides, the liquid water mass flow rate through
the de-superheater is controlled in such a way to ensure that the
steam has a superheat of ATy, = 10K and OK at the exit of first
and second compressors, respectively (see Fig. 1). Table 2 shows
the results of the baseline scenario.

From Table 2, it can be seen that through the use of two
compressors each having a pressure ratio I1. of about 2 the outlet
pressure is 2.57 bar(a). The compressors each had an isentropic
efficiency of 70 %, though the power required by the second
compressor was 20 kW higher than that of the first one. The steam
entering the second compressor is at a higher temperature and
therefore density. Hence, to achieve the same pressure ratio, the
second compressor would have to add more power in compressing
the same amount of steam. Additionally, the power required by
the pump is low and therefore it is neglected in the calculations.

4.2 Architecture 2: Compressor Stage with Ejector

A schematic of the compressor cycle with the ejector is shown
in Fig. 2. Usually, the outlet of the ejector will be in the two-phase
region and a separator is needed after the ejector to ensure that
only dry steam is delivered to the industrial plant. The liquid
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[ InpUtS: Pmn,in» Psn,ins Tmn,inv Tsn,invmmn vmsn MNmns Nsno NMmes ndiff ]

~~

Motive nozzle
Ny out = Rmnin + Mmn (hmnoutis — Rmn,in) [1sentropic efficiency definition] (1)

Appn = Pmn,in —Pmn,out )

Umn,out =f(pmn,out ’ hmn,out) (3)

Cmnout =/ 28Pmn,Umn,out [ENErYY conservation] (4)
Amn,out = (mmn Umn,out) / Cmn,out (5)

=

Suction nozzle

henout = Msnin + Nsn(Nsnout,is — Rsn,in) [Isentropic efficiency definition] (6)
Usn,out :f(psn,out ’ hsn,out) (7)

Csn,out = \/ Z(hsn,in_hsn,out) [Energy Conservation] (8)

Asn,out = (mmn Usn,out) / Csn,out (9)

Mixing chamber before the shock:
Pmn,outAmn,out + MunnCmn,out + PsnoutAsnout + Msn Csnout = PmebsAme + (Munn + Mgy )me,ps [MOmentum conservation]  (10)
Cmebs = Mme Mmn Cmnout T Msn Csn,oue) [15€Ntropic efficiency definition] (12)
where My = My | (Mt M) aNd My = Mgy | (M + Migy) (13)

2
Cmn,out Csnout” _ Cmcbs

2
himeps = Mmn Dot + Msn Nenour + Minn ot ey, = 5 [Energy conservation] (14)

S~z

Mixing chamber after the shock:
Aer = A/ (Bp/Bp)s=const (15)
Mbs = Cmc,bs/ Acr and Mas = Cmc,as/ Acr (16)
Mys Mgg =1 (17)
Mgs_ o
Pmeas _ 2241 [hseudo-shock wave pressure raise] (18)
Pmc,bs 1 _(K UM
(k+1)
where k = f(pgnca hpne) (19)
C
hmc,as = m;,as (20)
Smc,as = f(pmc,as’ hmc,as) (21)
< >
Diffuser:
Ahygin
Naiff = w:s/z) ,where Ah,.qin, = hdiff,out,is = hmcas (22)
haiffout = Pmeas + (hdiff,out,is - hmc,as)fndiff [Isentropic efficiency definition] (23)
Pdiff,out = f(hdiff,out: Sme,as) (24)

=~

Output: I

*
FIGURE 5: MODELING PROCEDURE FOR THE EJECTOR
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FIGURE 6: Mej AGAINST THE Pp, pmot VARIED FROM 100 bar TO
200 bar, fimet VARIED FROM 5kgs~! TO 7kgs~! AND Mg = 2.5

fraction, i.e. the condensate, is directed to a mixing point before
the motive fluid pump, increasing the temperature of the pumped
liquid. As previously mentioned, condensate at 90 °C is used as
a motive fluid.

Parameter variations. To see the effect of working parame-
ters on the ejector’s performance, the pressure of the motive fluid
Pmot Was varied between 100 bar to 200 bar. Simultaneously, the
amount of condensate directed before the pump was controlled to
change the mass flow rate of the motive fluid 71y from 5 kg g1
to 7kgs~!. The compressor pressure ratio I, was kept constant
at 2.5 and the respective steam flow rate through the compressor
was fixed at a rate of 1kgs~!. The effect of changing the 7y
and p ot on the Il is shown in Fig. 6. The pyor is changed during
the simulations in steps of 10 bar. It can be seen that higher flow
rates and pressures lead to higher ejector’s pressure ratios, but at
the cost of a higher pumping power.

Actually, during the simulations lower values of motive pres-
sures and flow rates were indeed simulated. It was noted that the
ejector will not work under these conditions. Higher values of
pressures and flow rates are needed to accelerate the motive flow,
which in turns needs to expand and entrain the suction flow.
Lower values of motive fluid pressures or mass flow rates will not
cause enough expansion to entrain the suction flow into the mix-
ing chamber, i.e. the motive flow will not have enough potential
energy. The design point happens at a narrow range of operating
parameters that will result in a perfect condition for the creation
of the shock wave. This is consequently needed to increase the
mixture pressure. Changing the operating parameters below and
above the design parameter will cause the ejector to malfunction.
This results here in limiting the entrainment ratio w to values
below 0.3 and pu to values above 100 bar.

Another study is shown in Fig. 7 where the ejector’s pressure
ratio I; is plotted against the COP while again varying it and
Pmot as done in the previous analysis. From the figure, it can be
seen that higher cycle COPs are interestingly achieved at lower
values of Ilgj, #iimer and pmo-
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FIGURE 7: Mej AGAINST THE COP, pmot VARIED FROM 100 bar TO
200 bar, ritmet VARIED FROM 5kgs™! TO 7kgs™' AND M¢ = 2.5

A possible reason for the behavior seen in Fig. 7 might be
related to the exit quality of the two-phase fluid x¢j. Even though,
the Ile; was high, the value of the outlet quality of the two-phase
mixture was low at these points. Therefore, the amount of heat
delivered to the industrial plant is low resulting in low values of
COPs. This can be seen more clearly in Fig. 8 where the amount
of heat delivered Qsink is shown for the case of I, = 2.5.

A possible explanation for having higher Qsink at low ejec-
tor’s pressure ratio can be related to what was earlier said in the
ejector model description. Looking at Fig. 8 more in detail, it is
seen that Qgn of about 1400 kW is achieved at #itmo Of 5 kg s~h
Pmot of 100 bar and Il of around 1.36. The motive fluid in this
case does not have as high potential energy as it would have if
it enters the nozzle with ppo of 200 bar and 71y of 7kg s7h,
Thus, the resulting expansion of the motive fluid and the con-
sequent momentum, energy and mass exchange in the mixing
chamber would not be high as it would be with pyo of 200 bar
and 7t of 7kgs™'. As a consequence, the resulting shock wave
would be weaker and therefore, the vapor condensation rate. The
two-phase mixture would leave after the shock wave with lower
pressure rise due to a weak shock but, with a higher quality.
Hence, the amount of heat delivered to the heat sink and the
consequent COP would be higher.

Compressor Pressure Ratio. The pressure ratio of the
compressor [1, was changed in the simulations to see its effect on
the both the ejector and the cycle performance. The compressor
was simulated with an isentropic efficiency n;s of 70 %. Figure 9
shows the cycles COPs using three values of Il., namely, 1.7,
2.1 and 2.5. The values of #itpo and pmet Were changed in each
simulation as in the previous analyses. Figure 9 shows that the
COPs changes in slightly different trend with each compression
ratio with lower values of I'l; resulting in a higher values of COPs.

Looking at Fig. 9 more in detail, it can be seen that as the
compression ratio decreases the curves gets narrower and the
COPs increases. The Left figure (with I, = 2.5) shows a maxi-
mum COP of 4.3 at a pyot of 100 bar and 7o of Skg sl On
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the other side, the right figure (with I1, = 1.7) shows a maximum
COP of 7.8 at the same ppo and ritge. A possible explanation
for this would be that although higher compressor pressure ratios
would give higher outlet pressure nevertheless, the outlet temper-
ature, and at the same time the outlet density, would be higher.
Therefore, the compressor would have to do more work in com-
pressing the steam to higher temperatures which will lead to a
lower cycle COP.

Architectures Comparison. The two architectures are
compared to each others at two operating points. The two points
conditions along with the simulations results are shown in Table 3
and Table 4 respectively. The two architectures were compared
on the basis of delivering the same amount of heat Qg at the
same outlet temperature and pressure. Looking at the results in
Table 3 first, it can be seen that by using an ejector, the same outlet
conditions were achieved without the use of a second compressor.
This has caused an increase of about 11 % in the COP in com-
parison to the direct injection cycle with the de-superheater. The
positive displacement pump was used to pump water to 120 bar
at the inlet of the ejector motive nozzle. This results in a pump
power of 77 kW considering that the pump was simulated with an
efficiency n;s,p of 80 %. The value of this efficiency was based on
local pump manufacturer [18]. Additionally, as can be seen from
Table 3, the mass flow rate through the direct injection cycle was
changed to achieve the same amount of Qsink as the ejector cycle.
On the other side, if the simulations were done again using higher
a compressor efficiency of 80 % and a lower pump efficiency of
70 %, then the total increase in the COP under the same condi-
tions through the use of an ejector will be around 4 %. This can
still be considered a good improvement considering that the use
of an ejector has resulted in saving a second complex compressor
stage.

Table 4 shows the case where a temperature above 150°C
was achieved by the two architectures. In this case, the ejector
cycle had a lower COP compared to the direct injection cycle.

Both cycles delivered the same amount of Oiink at the same outlet
temperature and pressure. Again, the mass flow rate through the
direct injection cycle was reduced to match the Qg delivered
by the ejector cycle. Both cycles were simulated with a com-
pressor efficiency of 70 % and a pump efficiency of 80 %. It
can be noticed from Table 4 that the inlet steam conditions were
changed to 2 bar(a) at a saturation temperature of 121 °C. During
the simulations, it was difficult to achieve a temperature above
150 °C using saturated steam at 1 bar(a) at the inlet conditions.
This would require an additional compressor stage in each archi-
tectures which was avoided to not increase the complexity of the
cycle’s structures.

During the simulations of the two above-mentioned operating
points, several interesting behaviors were noticed. It was first
thought that using a higher compression ratio in the ejector cycle
with higher outlet temperature would results in a two-phase exit
mixture of a higher quality and temperature. However, increasing
the temperature and the pressure of the suction flow, i.e. the
conditions at the outlet of the compressor, would result in the
formation of a strong shock wave in the ejector’s mixing section.
The strength of the shock is indicated by noticing the difference of
the Mach number before and after the shock wave. Higher suction
flow inlet temperatures and pressures results in a higher mach
number differences thereby causing a strong shock wave. The
model shows that the stronger the shock is, the more condensation
of the flow would occur and the lower the outlet quality at the
exit. Thus the cycle’s COP would be lower.

Second, even though the COP in Table 4 was less in the ejec-
tor cycle, the use of an ejector may still be promising to achieve
temperatures above 150 °C. Steam compressors with high pres-
sure ratios are very complex in the design and expensive in the
manufacturing [2]. This comes especially true for the second
compressor that will need to compress steam with a higher inlet
pressure and a higher inlet density. Most probably a third com-
pression stage would be required to achieve such a temperature
with direct injection. Hence, the results indicate that a properly
designed ejector, can provide temperatures above 150°C with
only one compressor. Thus resulting in saving a second and
maybe even a third complex compression stages.

5. OUTLOOK AND CONCLUSION

Though the results presented in the previous section looks
promising for the applications of two-phase water ejector in
HTHPs, several challenges still need to be solved. Although
the model used in this paper was made and verified by Sarevski
and Sarevski [13], it has not been verified for the use of two-phase
water at such operating parameters. This comes particularly con-
sidering the fact that the model was edited and optimized to results
in good ejector performance under the operating parameters ex-
amined in this study. Still, the first simulations results done here
have shown a high promising potential for the ejector to enhance
the performance of HTHPs. The next step would be to extend the
model into a detailed 1-D model that also takes into account the
ejector geometry in detail. The geometrical design of the motive
nozzle, the mixing section and the diffuser have to be optimized
for a better performance of the ejector. Though, 1-D models for
ejectors are available in literature, a detailed model for two-phase
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TABLE 3: OPERATING CONDITIONS OF THE TWO ARCHITECTURES

Ne; []

Direct injection

Ejector cycle

Inlet conditions

Outlet pressure:

Number of compressor stages:

Pressure ratio:

Isentropic efficiency:
Electric power consumption:

Qsink:
COP:

g =0.71kgs™!
Pin = lbar(a)
Ti, = 100°C
Pout = 2.57 bar(a)
Toue = 128°C
2
Stage 1: Il =2.02
Stage 2: Tl =2.02
Nis,c = 70%
Stage 1: P, = 115kW
Stage 2: P, = 129kW
Py =0.232kW
1544 kW
5.977

mg = 1kgs™!
Pin = lbar(a)
Tin, = 100°C
Pout = 2.57 bar(a)
Tou = 128°C
1
M. =17

Nis,c = 710%
P, =139kW

Py =T7kW
1544 kW
6.652

TABLE 4: OPERATING CONDITIONS OF THE TWO ARCHITECTURES ABOVE 150°C

Direct injection

Ejector cycle

Inlet conditions ng = 0.54kgs™! mg = 1kgs™!
pin = 2bar(a) Pin = 2 bar(a)
Tin =121°C Tin =121°C
Outlet pressure: Pout = S bar(a) Pout = S bar(a)
Tou =153°C Tou = 153°C
Number of compressor stages: 2 1
Pressure ratio: Stage 1: I1, = 1.79 I.=1.7
Stage 2: I, = 1.79
Isentropic efficiency: Nis.c = 70% Nis,c = 710%
Electric power consumption: Stage 1: P, =77kW P, =145kW
Stage 2: P, = 86 kW
P, =0.146 kW P, =62kW
Osink: 1148 kW 1148 kW
COP: 6.673 5.178
9
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water ejector for HTHPs application is still missing.

This paper has examined the performance of two-phase water
ejector in HTHPs. A thermodynamic model of an ejector was
optimized and implemented in an open heat pump cycle model.
Several operating parameters were changed to find their effect
on the ejector and the total cycle performance. It was seen that
the motive fluid pressure and the motive fluid flow rate have a
significant effect on the pressure ratio achieved by the ejector.
For a proper operation, inlet pressures of 100 bar and above are
needed at the motive nozzle inlet of the ejector. The entrainment
ratio on the other side should be lower than about 0.3 to ensure
a significant pressure increase at the outlet of the ejector with
a good outlet quality. The ejector cycle was compared to two
stages compressor cycle with direct injection for intermediate
cooling. It was found that the ejector can function as a second
step compression thereby increasing the COP of the cycle by
about 10 %.
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