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Abstract

A two-phase ejector recovers the energy in the refrigerant cycles’ throttling process, improving the coefficient
of performance (COP) of high-temperature heat pumps (HTHPs). This study investigated the effects of the
mixing pressure on the performance of two-phase ejectors and ejector-assisted HTHPs. A 1D theoretical model
of a two-phase ejector was built to predict the internal fluid dynamics and evaluate ejector performance. A
thermodynamic model of an ejector-assisted HTHP was built to evaluate the COP of HTHPs and the volumetric
heating capacity of low-global warming potential refrigerants. The results demonstrate that an optimum mixing
pressure in a two-phase ejector provides the best performance of a two-phase ejector and ejector-assisted
HTHP. The optimum mixing pressure was slightly lower than the evaporation pressure. At this pressure, the
two-phase flow in the ejector was subsonic. For ejector-assisted HTHPs using low—global warming potential
refrigerants at a sink temperature of 120°C, temperature lift of 40°C, and subcooling of 10°C, a two-phase
ejector has an average ejector efficiency of 0.334, and the COP and volumetric heating capacity were improved
by 7.2% and 7.3%, respectively.
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1. Introduction

A high-temperature heat pump (HTHP) is one of the emerging solutions for decarbonization and
electrification in industry and buildings. Current research focuses on HTHPs operating with electrically driven,
single-stage vapor refrigerant compression cycles (VRCCs) [1]. A VRCC uses an expansion valve (EV) to
reduce refrigerant pressure from the condenser to the evaporator, which is a throttling process associated with
high energy loss. Using a two-phase ejector as an expander device to replace the EV could partially recover
this energy loss, resulting in improved performance of the VRCC. A typical configuration of an HTHP
operating with an ejector-expansion VRCC (EERC) is shown in Fig. 1(a). The configuration consists of a
compressor, a condenser, an internal heat exchanger (IHX), a two-phase ejector, a separator, an evaporator,
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and an EV. Figure 1(b) shows that the ejector provides an isentropic expansion process (i.e., process 4—35),
resulting in a larger specific enthalpy decrease than that associated with an isenthalpic expansion in an EV
(i.e., process 4°’—5’). Additionally, the ejector works as a thermo-compressor, providing a higher suction
pressure for the compressor (i.e., p1 > p1’). An EERC could improve the performance of HTHPs by increasing
the specific heat absorption capacity in the evaporator and reducing the compression work in the compressor

[2].
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Fig. 1. HTHP assisted with a two-phase ejector: (a) configuration and (b) pressure-enthalpy diagram.

Using a two-phase ejector as an expander in EERCs was proposed in the 1930s. It became an exponentially
increased research topic in HVAC and refrigeration (HVAC&R) systems in the 2010s [2, 3]. Two-phase
ejectors have been employed in EERCs of transcritical CO2 [4, 5] and subcritical, low-pressure refrigerants,
such as R134a [6], R718 [7], R600a [8], R290 [9], and R410a [10]. For transcritical CO, EERCs with a high
throttling loss, two-phase ejectors are attractive, increasing the cooling cycle coefficient of performance (COP)
by 15%-30% [3]. For low-pressure refrigerant EERCs with a low throttling loss, a two-phase ejector is less
effective, increasing the cooling cycle COP by 7%-20% [11]. The research on EERCs in HTHPs is limited.
Popovac et al. [12] experimentally quantified the improved performance of an HTHP operating with R600
EERC and suggested that a two-phase ejector could improve the heating cycle COP by approximately 30% at
a moderate temperature level (Tsink = 80.4°C and Tsource = 53.2°C). Bai et al. [13] theoretically assessed EERCs
operating with low—global warming potential (GWP) refrigerants and demonstrated that an EERC of
R1234ze(Z) could improve the heating cycle COP by at least 10.3% at Tsink = 105°C and Tsource = 30°C. Luo
and Zou [14] theoretically showed that HTHPs with EERCs of R600 and R1234ze(Z) could reduce expansion
losses by 10%-18% and improve the heating cycle COP by 8%-14% at Tsink = 120°C and Tsource = 80°C.
Mateu-Royo et al. [15] theoretically demonstrated that an EERC could slightly improve the heating cycle COP
and downsize the compressor.

The majority of theoretical research has employed the zero-dimensional model developed by Kornhauser
[16]. Kornhauser’s model assumed the mixing process was under constant pressure, pm, and the two-phase
fluid was inhomogeneous at equilibrium. The model was built considering the conservation of mass, energy,
and momentum with assigned efficiency for different sections within a two-phase ejector. The model required
a specified pm as an input to predict the component-level performance of two-phase ejectors. Pressure pwm is
closely related to the ejector’s geometry, refrigerants, and operating conditions, which are difficult to determine
experimentally [2]. For a mixing process within a constant area under a constant pressure, pm could be
iteratively calculated from the relationship between the mass, flow area, and specific volumes of refrigerant
[17-19]. However, the calculated pm was affected by the condensation shock wave and/or the nonequilibrium
two-phase flow at the exit of the mixing chamber. In other literature, pm Was guessed without justification. In
transcritical CO, EERC for low-temperature refrigeration, pm,op Was assumed to be the evaporation pressure
of secondary fluid (SF), pevap, by Deng et al. [20], or 95% of pevap by Purjam et al. [21]. In EERC using R134a,
R1234yf, and R1234ze(Z) for refrigeration, pevap Was assumed to be the saturated vapor pressure corresponding
to a 5 K drop in the evaporation temperature, Tevap, by Lawrence and Elbel [22] and Atmaca et al. [23].
Additionally, Kornhauser’s primary results showed that the maximum cooling cycle COP of EERC in
refrigeration was achieved with an optimum mixing pressure, pm.out, Which gave the same velocity of the
primary fluid (PF) and the SF before mixing. No evidence existed that the calculated or guessed pm Was pwm,out,
which could yield the maximum COP of the investigated EERC for refrigeration applications.
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To fully explore the technical merit of using a two-phase ejector in an HTHP, selecting a reasonable value
of pm,out is critical. This study analyzes the optimized mixing pressure of two-phase ejectors in HTHPs. An
improved 1D thermodynamic model of a two-phase ejector was built with the real properties of refrigerants.
The effects of mixing pressure on fluid dynamics within two-phase ejectors were investigated. The optimum
mixing pressure was determined for the component-level performance of two-phase ejectors and the system-
level performance of HTHPs. The technical merits of HTHPs with EERCs were explored for various low-
GWP refrigerants.

2. Theoretical Model of a Two-Phase Ejector

A typical ejector consists of a primary nozzle, a suction chamber, a mixing chamber (including a converging
section and a constant area section), and a diffuser, as shown in Fig. 2. The ejector works on the isentropic
conversion process of potential work, contained in the PF flow, into kinetic energy. High-pressure PF
accelerates into a high-speed jet and creates a low-pressure zone at the nozzle exit plane, which entrains the
low-pressure SF vapor into the suction chamber. Depending on the initial state of the PF, the PF flow at the
nozzle’s exit could be supersonic (e.g., in transcritical CO, cycles [24]) or subsonic associated with two-phase
change (e.g., flashing evaporation or condensation). PF flow further accelerates and expands, creating a
hypothetical throat at the section y-y, where the SF flow may be choked at its critical velocity. PF and SF mix
in the constant area section of the mixing chamber under a constant mixing pressure, pm. If the flow of
completely mixed PF and SF is supersonic, a condensation shock wave occurs, resulting in a pressure lift. The
static pressure of mixed PF and SF further increases in the diffuser by converting its kinetic energy into
potential energy.

2.1. Governing Equations

In this study, an improved 1D thermodynamic model of a two-phase ejector was built, considering a
constant pressure mixing process [16, 25]. Major assumptions adopted in the theoretical model include the
following:

(1) The flow inside the ejector is 1D, steady, and adiabatic.

(2) The frictional and mixing losses are defined in terms of ejector component isentropic efficiencies,
including »n for the primary nozzle, #s for the secondary flow, nm for the mixing process, and #p for the diffuser
[26].

(3) Working fluid is in thermodynamic quasi-equilibrium condition (i.e., a homogeneous equilibrium model
of two-phase flow [27]).

(4) The mixing PF and SF is initiated at the section y-y and completed at the section m-m under constant
static pressure, pwm.

The governing equations in the thermodynamic model are built with the mass, momentum, and energy
conservation across the ejector components. The state points of fluids in the following equations are presented
by lowercase Roman numerals “i, ii, iii, ...”, as shown in Fig. 2
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Fig. 2. Typical flow phenomena in a two-phase ejector [28]. (NXP stands for nozzle exit plane. MF represents the mixed PF and SF.)
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The energy conservation of PF through an isentropic expansion process within the primary nozzle and the
converging section of the mixing chamber is given by Egs. (1) and (2):

hiii = (1 —nhi + nyhiiiis » and (1)
Viii =« 2(h; — hiyp)- ()

The energy conservation of SF within the converging section of the mixing chamber is calculated with Egs.
(3) and (4):

hy = (1 - ns)hiv + nshv,is and hv,is = h(siv: pv)s and (3)
Vo =y 2(hvi = hy). (4)

The maximum value of V\ is limited to its local speed of sound, C,. If the flow of SF is chocked, then Eqg.
(5) gives

Vymax = Cy- (5)
The mixing process is under constant static pressure, represented by Eq. (6):
Piii = Pv = Pvi = P™m- (6)
The moment conservation in the mixing process is given by Eq. (7):
Oy (MpEVisi + igel,) = (Mpp + Mgp) Vi, (7
where ¢wm is the velocity coefficient accounting for the frictional loss in the mixing process, and ¢,, = ﬁ

M
[29].
The energy conservation in the mixing process is shown in Eq. (8):

(Mpp + Msp) (hvi + %VVZI) = Mpg (hiii + %Vli) + Mg (hv + %[/VZ)' ®)

If the mixed flow is supersonic or sonic (i.e., Myi > 1), a condensation shock will occur at the section s-s.
The conservation of mass, momentum, and energy across a condensation shock wave are calculated by Egs.
(9), (10), and (11) [25]:

pviiVVii = pViVVin (9)

DPvii + pviinZii = DPvi + pvinzis and (10)
12 1,2

hyii + 5 Viii = hyi + 5 V. (11)

The thermodynamic state equations for the density and entropy after the condensation shock wave are given
in Egs. (12) and (13):

Pyii = rho(Pyii, vii), and (12)
Svii = S(pvii'hvii)- (13)
If the mixed flow is subsonic (i.e., Mvi < 1), Eq. (14) applies:

Vuii = Vei, Dyii = Dvi» and syi; = Syi = S(Pyis fvi) (14)
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The energy conservation within the diffuser is given by Eqgs. (15) and (16):
1
hyiii = hyii + 5 Vi, and (15)

1
hyiiiis = hyii +1p 5 Wi (16)

The static pressure and quality of the two-phase fluid discharged from the ejector are given in Egs. (17) and
(18):

Pviii = P (Myiiiiss Sviii) and Syij; = Sy, and (17)
Xviii = X Dviiis Aviii) - (18)

Assuming the discharged two-phase fluid could be fully separated in the separator, the fluid loop in an
EERC requires Eq. (19):

mpF 1

Xviji = —————— = T (19)

Mmpp+mgg - 1+
where o is the ratio of the mass flow rates of SF, rgg, and to that of PF, mpg, as shown in Eq. (20):

® = DSF, (20)

mpF

The flow conditions in the ejector are characterized by the Mach number, M, and M = V/C. The speed of
sound of the two-phase flow, C, is given in Eq. (21) [21]:

C = | ! i , (21)
N 1ma, 0pp o (A-0)py
(1 (X)J C12 Tva‘ZITaJC‘ZIT P]CIZ

where a is the void fraction of the two-phase flow, and p is the density. The subscripts | and v are for the
saturated liquid and vapor phases of refrigerants. In a homogeneous two-phase flow, the void fraction is given
by Eg. (22):

-
“= (xp+(1-2)py) (22)

where X is the vapor quality of the two-phase fluid.
2.2. Calculation Procedure
The two-phase ejector was operated with specified inlet temperature and static pressure of PF and SF,

denoted as T, pi, Tiv, and piv. In investigated ejector-assistant HTHPs, inlet PF was subcooled liquid, and inlet
SF was saturated vapor.

Ti = Tsink - ATSC

bi = p(Tsinklx = 1)
Tiv = Tsource = Tsink - ATlifts (23)

where Tsource IS the sink temperature, ATsc is the subcooling temperature of PF from the IHX, and AT is the
lifted temperature of HTHPs. The mixing pressure, pw, is the saturated vapor pressure of SF at an equivalent
temperature of SF before mixing, Tw, given in Eq. (24):

Ty = TEvap — ATy, (24)
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where AT is the assumed temperature drop of saturated SF before the mixing process.

The calculation procedure for solving the two-phase ejector model is shown in Fig. 3. These governing
equations were solved iteratively in the Engineering Equation Solver (EES, F-Chart software). Component
efficiencies of two-phase ejectors were assumed with constant values: nn=10.8,1s=0.8, qu=0.9, and np = 0.8
[18]. For a specified pm, the model could predict the pressure and quality of discharged two-phase fluid from
the two-phase ejector, piii and Xyiii.

Input
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Calculating pyy, by, 55, s, Risizss Viiie Misir Rivs Sive By By i)
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Fig. 3. Flow chart of solving the two-phase ejector model.
3. Thermodynamic Model of an Ejector-Assisted HTHP

A thermodynamic model of an HTHP with EERC was built by applying the mass and energy conservation
within each component [15, 30], as summarized in Table 1. The theoretical model was solved using EES with
its built-in thermophysical properties of the refrigerants. The system performance of HTHPs was evaluated
with selected refrigerants under specified operating parameters of Tsink, ATiiti, and ATsc. The system assumed
the approach temperature and the pressure drops in the evaporator/condenser were negligible.

Table 1. Mass and energy equations in the thermodynamic model of an ejector-assisted HTHP

Component Mass equations Energy equations Thermal properties equations
. hajis = h(p2, 52);
. . . _ (ks — ha) .
Compressor m, = 1M, = Mpg Weomp = ————— hy = hy + i (hois — hy);
nisnem

P2 =P3,52 =5
hy = h(T3,x = 0);
T3 = Tsinl(; p3 = p(T3,x = 0)
; hy = h(Ty,pa);
. . . . Quax = M (h3 — hy) .
IHX m, = 1y = My = 1y hg = h(pe,x = 1);

Quux = My (hy — ho)
Pa = D3; P9 = Dg; Ty = T3 = AT,

Condenser Ty = 1M, Qsink = M3 (hy — h3)
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Table 1. Mass and energy equations in the thermodynamic model of an ejector-assisted HTHP (continued)

Component Mass equations Energy equations Thermal properties equations
hiz = h(p1a,x = 1);
Two-phase . . . . . . .
ejector Mg = 1My + My, Mghg = Myhy + 1My5h, Da» Xg, and Ty predicted form the
ejector model
. . hg = h(pg,x = 1);
My = MgXg
Separator . . Mohg + Myghyy = Mghg hyo = h(p10,x = 0);
My = Mg (1 — Xg)
Ps = P9 = P1o
Expansion valve My, = My, my1hyy = Myohyo hi1 = hyo

hiy = h(Typ,x = 1);

EvaPOI’atOF mlz = Th11 = mSF QSource = m12(h12 - hll)
T12 = Tsource = Tsink — AThige

3.1. Compressor

A piston compressor was used in the investigated HTHP for a heating capacity of <800 kW. The compressor
could provide the maximum discharged temperature of 150°C using hydrofluoroolefins (HFOs) [31]. The
volumetric and isentropic efficiencies of piston compressors, represented as nvol and nis, were predicted using
Pierre’s correlations in Egs. (25) and (26) [32, 33]:

Tsuc 18 isc
Mgt = LO4(L + 0.15 24¢29) - exp (—0.07 24t ). ang (25)
Nvol | _ Tsuc 18 Tdisch+273.15
(nis) = (1- 0122, exp( 240 4= 20 2.88), (26)

where Tsyc and Tgisch are refrigerant temperatures in degrees Celsius, and psue, and paisch are pressures at the
compressor’s inlet and outlet, denoted by state points 1 and 2 in Fig. 1(b), respectively.
The power consumption of the compress, Womp, is calculated by Eq. (27):

Weomp = w’ (27)

rllSne]’l'l

where hy s is the enthalpy of discharged refrigerant after an isentropic compression process, and mem is the
electromechanical efficiencies of compressor; nem = 0.95.

3.2. Internal Heat Exchanger

An IHX is employed in HTHPs to ensure a dry compression process in the compressor and improve the
COP of HTHPs [34]. An IHX exchanges the heat between high-pressure vapor and low-pressure liquid.
Refrigerant vapor entering the IHX is saturated at the discharged pressure of the ejector. The enthalpy of
superheated vapor leaving the IHX is determined from the energy balance between the liquid and vapor
refrigerant in the IHX. In this study, the subcooling temperature of refrigerant leaving the IHX, ATsc, was
specified as an input in the theoretical model of the two-phase ejector, which should be large enough to ensure
the superheating of vapor at the compressor outlet.

3.3. Two-Phase Ejector

The component-level performance of the ejector was evaluated by the entrainment ratio, o, defined in Eq.
(20), and the pressure lift ratio, IT, which is defined in Eq. (28) as the ratio of the ejector’s discharged pressure,
Puiii, to the inlet pressure of SF, piv:

PEIT
1 = PEITout _ Dviii _ &. (28)
DSF,in Piv P12
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Elbel and Hrnjak [35] proposed the ejector efficiency, nesr as an appliable efficiency metric to evaluate the
trade-off between o and I1. ngyr is the ratio of the actual amount of work recovered by the ejector, W;, and the
total work recovery potential for an isentropic process, Wr.max, given by Eq. (29):

Wr
hpa—hp?

hc=hp

T]E]T - Wr max (29)

where ha and hg are the enthalpy of the PF at the ejector’s discharged pressure via isenthalpic and isentropic
expansion processes, respectively. The entropy of SF flow before and after an isentropic compression process
are hc and hp, respectively. For the investigated ejector-assisted HTHP in this study,
hy =hy,
hg = h(p = ps,s = s4),
he = h(p = pg, s = s12),
hp = hy,. (30)

3.4. Performance of Ejector-Assisted HTHPs

The system-level performance of ejector-assisted HTHPs is evaluated by its heating cycle COP, given in
Eg. (31):

Qsin
COPgyrap = sk (1)

WComp.

The refrigerants for the ejector-assisted HTHPs were evaluated by the volumetric heating capacity (VHC)
[36]. A higher value of VHC is desired for a smaller compressor displacement rate to deliver a specified
capacity, as shown in Eq. (32):

VHC = nqp, (ho = h3). (32)
3.5. Low-GWP Refrigerants

Low-GWP refrigerants promising for HTHPs were selected to evaluate the merit of ejector-assisted HTHPs,
as listed in Table 2. These refrigerants can be categorized into hydrocarbon (HC), hydrochlorofluorocarbon
(HCFO), and HFO. R245fa is R-245fa is a hydrofluorocarbon (HFC) and set as a reference refrigerant because
of its wide use in current HTHPs.

Table 2. Low-GWP refrigerants for ejector-assisted HTHPs

*

Group  Refrigerants Formula -l[:f(':] ;\C/rl - ;:g/m3] ’[\lil]j** '[\ﬁ\g;\llz;ol] ODP**  GWP  SC***
He R601 CsHy, 196.6 3.37 10.1 36.1 72.2 0 5 A3
R600 C4Hio 152.0 3.80 25.2 -0.5 58.1 0 4 A3

HCF R1233zd(E) CsCIFsH,  166.5 3.62 34.8 18.3 130.5 0.00034 1 Al
R1224yd(Z) C4CIFH 1555 3.33 45.6 14.6 148.5 0.00012 <1 Al
R1336mzz(Z) C4FeH: 1714 2.90 275 334 164.1 0 2 Al
HFO R1234ze(Z) CsFsH; 150.1 3.53 422 9.8 114.0 0 <1 A2L
HFC R245fa CsFsHs 154.0 3.65 441 15.1 134.0 0 858 B1

*Saturated vapor at 80.0°C.
**NBP is normal boiling point. MW is molecular weight. ODP is ozone depletion potential.
***ASHRAE safety class (SC): A and B for toxicity from low to high, 1, 2L, 2, and 3 for flammability from low to high.

4. Results and Discussion

The ejector-assisted HTHPs were operated at Tsink = 120°C, ATiir = 40 K, and ATsc = 10 K. The component
isentropic efficiencies of a two-phase ejector were nn = 0.8, ns = 0.8, nm = 0.9, and np = 0.8. The effects of the

8
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mixing pressure, pm, on the component-level performance of a two-phase ejector was predicted by the
theoretical model with various equivalent temperature drops of SF (i.e., ATm in Eq. (25)). For R1336mzz(Z),
pm in the two-phase ejector almost linearly decreased from 429.2 kPa to 235.0 kPa as ATw increased from
0.1Kto21.4K.

4.1. Effects of the Mixing Pressure

4.1.1. Component-level performance of two-phase ejector

With the decrease of pw, the velocity of PF and SF flows increased, and the velocity of SF flow increased
more significantly than that of PF flow, as shown in Fig. 4(a). This difference is because the enthalpy change
of SF (saturated vapor) is much larger than that of PF (low-quality two-phase fluid) through an isentropic
expansion process across the same pressure drop. The p-h diagram of R1336mzz(Z) shows that the isenthalpic
and isentropic lines are nearly parallel in the low-quality two-phase region, and the slopes of isenthalpic lines
are much smaller than those of isentropic lines in the high-quality two-phase region. With the decrease of pw,
the discharged pressure of ejector, pyii, increased to the maximum value of 456 kPa, giving the maximum
pressure lift ratio, ITmax. After that maximum, puii linearly decreased.

From the velocity and the static pressure of PF and SF before the mixing process, four unique points could
be identified as: the maximum pressure lift ratio, ITmax; No pressure lift effect, IT = 1; the same velocity of PF
and SF, Vse = Vee; and a choked SF flow, Msg = 1. The effects of pm on the component performance of two-
phase ejectors are shown in Fig. 5. The trends of @ and nesr related to pwm are similar to that of I1. At the
optimum mixing pressure, pmopt = 424.7 kPa with ATy = 0.6 K, the maximum values of omax = 0.733,
Imax = 1.059, and nest,max = 0.333 were achieved. At pm = 358.2 kPa (with ATm = 6.8 K), IT = 1 and ngr = 0.
Further reducing pwm, the ejector could not provide a compression effect because of the overexpansion of PF in
the primary nozzle. At pm = 349.4 kPa (with ATm = 7.7 K), Vse = Vpr, [T < 1, and nesr < 0. These values indicate
that selecting pm for Vse = Vpr is not beneficial for the performance of two-phase ejectors. When pu was
reduced to 235 kPa (with ATm =21.4 K), pm was sufficiently low to accelerate the SF flow to Msg = 1, and the
PF flow was subsonic, with Mpg =0.77. At this pm, the mixed PF and SF flow at the section m-m was subsonic;
thus, a condensation shock wave did not occur [37]. Further reducing pm may accelerate the PF flow to
supersonic, but the performance of the two-phase ejector would extremely deteriorate.
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Fig. 4. Effects of the mixing pressure on the gas dynamic properties in a two-phase ejector: (a) velocity and (b) static pressure.
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4.1.2. System-level performance of ejector-assisted HTHPs

The system-level performance of an ejector-assisted HTHP is closely related to the component-level
performance of a two-phase ejector. The maximum values of COP and VHC were achieved with nesrmax at
Pm.opt, @S Shown in Fig. 6. The reference values of COP and VHC, represented as COPys and VHCys, are for
HTHPs with an EV. COPpax = 6.29 and VHCmax = 3,272 kJ/m® were achieved at pm,opt, corresponding to the
improvement of ACOPpax = 7.01% and AVHCax = 7.63% for R1336mzz(Z). Replacing an EV with a two-
phase ejector becomes unfavorable in HTHPs when the ejector cannot provide the compression effect (i.e.,
Im<1).
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Fig. 6. Effects of the mixing pressure on the performance of an ejector-assisted HTHP: (a) COP and (b) VHC.
4.2. Effects of the Refrigerants

The performance of two-phase ejectors and ejector-assisted HTHPs with selected refrigerants under
specified operating conditions (i.e., Tsink = 120°C, ATjie = 40 K, and ATsc = 10 K), as shown in Fig. 7. Similar
to R1366mzz(Z), the mixing pressure had an optimum value for the maximum values of ne;r, COP, and VHC,
as summarized in Table 3. The averaged value of ng;r was 0.334 + 0.005, improving the performance of HTHPs
by ACOP =7.2% + 0.9% and AVHC = 7.3% £ 0.7%. This work demonstrates that replacing an EV with a two-
phase ejector improves the COP of HTHPs and requires more compact compressors than basic HTHPs, which
is consistent with previous studies [11]. The contribution of the two-phase ejector in the COP improvement of
HTHPs with low-GWP refrigerant is 5.79%-8.47%, which is much lower than moderate-temperature HPs with
transcritical CO, (ACOP = 15%-30% [3]). Compared with R245fa, two-phase ejectors contribute to lower
improvements of COP and VHC with the selected low-GWP refrigerants, except for the improved COP with
R600. R600 presented the highest COP improvement of 8.47% and the highest VHC values of 6,090 kJ/m?,

For HTHPs under specified operating conditions, pm,opt Was approximately 98.4% + 0.2% of pevap, Which
was slightly larger than 95% of pevsp for a transcortical CO, EERC refrigeration system [21]. ATwm for pm,opt
was 0.7°C + 0.1°C, which was much smaller than ATm =5 K for EERC refrigeration using R134a, R1234yf,
and R1234ze(E) [22, 23]. A higher value of pm,opt/Pevap, associated with a lower ATw, for two-phase ejectors
in HTHPs may be because of the high operating temperature of low-pressure refrigerants and the ejector
components’ isentropic efficiencies adopted in the theoretical model. Additionally, this study demonstrated
that pm for Vse = Vee does not give the maximum COP of ejector-assisted HTHPs. This result disagrees with
Kornhauser’s primary analysis, which claimed that pm,opt Was for Vse = Vpr [16]. In a supersonic ejector, the
same velocities of PF and SF in the mixing process theoretically results in minimal kinetic energy loss
associated with the velocity difference [38]. However, this effect may not be significant in a two-phase ejector
because of the subsonic flow combined with a two-phase transition process.
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Fig. 7. Ejector-assisted HTHPs with different refrigerants: (a) ejector efficiency, (b) COP, and (c) VHC.

Table 3. Performance of an ejector-assisted HTHP with different refrigerants

Two-phase ejector Ejector-assisted HTHP Maximum improvement

Refrigerants ATm P/ Pevap VHC ACOP AVHC
() (%) e coP (kaim?) (%) (%)

R601 0.6 98.5 0.343 6.50 2,798 5.79 6.07
R600 0.7 98.5 0.327 6.38 6,090 8.47 7.85
R1233zd(E) 0.5 98.8 0.339 6.67 4,703 6.5 6.62
R1224yd(Z) 0.8 98.1 0.329 6.43 4,982 7.84 7.91
R1336mzz(2) 0.6 98.2 0.333 6.29 3,272 7.02 7.63
R1234ze(Z) 0.7 98.3 0.334 6.58 5,784 7.28 7.47
R245fa 0.7 98.2 0.330 6.39 5,499 8.02 8.27

5. Conclusions

The ejector-assisted HTHP used a two-phase ejector to replace an EV, improving energy efficiency and
reducing the compressor size. These improvements closely relate to the component-level performance of two-
phase ejectors. This study investigated the effects of mixing pressure on the component-level performance of
two-phase ejectors and the system-level performance of ejector-assisted HTHPs. A 1D theoretical model was
built to predict the fluid dynamic properties of refrigerants within the two-phase ejector and evaluate the
ejector’s performance. A thermodynamic model of ejector-assisted HTHP was built to evaluate the COP and
VHC of HTHPs. Low-GWP refrigerants were selected for the ejector-assisted HTHPs. The effects of the
mixing pressure on the component-level performance of two-phase ejectors and the system-level performance
of ejector-assisted HTHPs were investigated under specified operating conditions: Tsink = 120°C, ATjire = 40 K,
and ATsc = 10 K. The main conclusions are as follows:

(1) An optimum mixing pressure exists in a two-phase ejector, which gives the maximum performance of

the two-phase ejector and ejector-assisted HTHP under specified working conditions.

(2) The optimum mixing pressure in a two-phase ejector for HTHPs is slightly lower than the evaporation

pressure of SF.

(3) At the optimum mixing pressure, the two-phase flow in a two-phase ejector is subsonic. Choked flow

and condensation shock waves do not occur.

(4) A two-phase ejector improves the performance of HTHPs with low-GWP refrigerants. But, the

improvement of COP is less than that of transcritical CO, HTHPs.

Some limitations of this primary study need to be addressed in future studies. The developed 1D theoretical
model of a two-phase ejector adopted constant values for the ejector component isentropic efficiencies.
Particularly, the energy loss owing to the difference in the velocity of PF and SF was not considered in the
isentropic efficiency of mixing process. These isentropic efficiencies are closely related to the working fluids,
the ejector’s geometry, and operating conditions. Computational fluid dynamics analysis needs to be employed
to determine these isentropic efficiencies. This study provided a comprehensive analysis of the optimum
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mixing pressure for ejector-assisted HTHPs operated with specified parameters. The effects of HTHPs
operating parameters on the merits of two-phase ejectors needs to be investigated.
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NOMENCLATURE

Abbreviations

COP coefficient of performance

EERC ejector-assistant vapor compression
EV expansion valve

GWP global warming potential

HC hydrocarbon

HCFO hydrochlorofluorocarbon

HFC hydrofluorocarbon

HFO hydrofluoroolefin

HTHP high-temperature heat pump

IHX internal heat exchanger

MW molecular weight (kg/kmol)

NBP normal boiling point (°C)

ODP ozone depletion potential

PF primary fluid

SC safety class

SF secondary fluid

VHC vapor heating capacity (kJ/m?)
VRCC vapor refrigerant compression cycle
Variables

C speed of sound (m/s)

h enthalpy of working fluids (kJ/kg)
m mass flow rate (kg/s)

M Mach number

T temperature (°C)

(0] thermal capacity (kW)

w power (kJ/kg)

vV velocity (m/s)

X quality of vapor

p density (kg/m?)

a void fraction of two-phase flow

n component efficiency

II pressure lift ratio in ejector

¢ velocity coefficient in ejectors

® entrainment ratio

Subscripts

1,2,3,... state points within the loop of ejector heat pumps
lv latent heat of evaporation

D diffuser

disch discharged vapor from the compressor

12



max

1, ii, 1ii, ...

opt
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mixing chamber

maximum

primary nozzle of ejector

state points within an ejector
recovery

optimum

suction chamber

supercooling

suction vapor into the compressor
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