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Abstract

The accelerated use of thermal energy by industrial sector is accompanied by an increase in waste heat
rejection. High-temperature heat pumps (HTHPs) could significantly improve the overall energy efficiency
and contribute to energy circularity of industrial processes by enabling waste heat recovery back to process
temperatures through temperature upgrade. However, the general requirement for high temperatures in the
industrial sectors constitute a technological challenge. The present work focuses on the design and performance
assessment of an HTHP in an innovative configuration integrating a two-phase variable geometry ejector
(VGE) for expansion work recovery and an internal heat exchanger. A numerical design tool was developed
and applied for studying the use of five different environmentally friendly working fluids. VGE features
considered allow the active adjustment of the ejector area ratio and the hypothetical throat section using a
spindle and a changeable primary nozzle exit position. The model is based on the application of mass and
energy conservation principles for the individual system components and for VGE cross-sections, applying
real gas thermodynamic properties. The simulations were conducted, in the EES software, for a small-scale
unit with a minimal heat output of 20kW at constant temperature of 130°C and with a gross temperature lift
range from 30°C to 60°C. The results showed that R601 performed the best for the operating range considered.
For R601 and a temperature lift of 60°C, it was found that VGE integration can lead to electrical consumption
by 15% (COP=3.1) lower than without the ejector. Similarly, for the same heat output, compressor flow rate
decreased by 23% which also contributes to a reduced sensitivity of the cycle to variable operating conditions.
Based on the results, it is concluded that the integration of a VGE into the HTHP systems is highly beneficial
both in terms of performance and operation stability.
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1. Introduction

Nations worldwide acknowledge the necessity of moving toward a low-carbon, climate-resilient economy
and must substantially intensify efforts to meet internationally agreed greenhouse gases reduction targets [1].
From a theoretical standpoint, high-temperature heat pumps (HTHP) that recover waste heat and are powered
by renewable electricity offer significant potential to disruptively decarbonise industry’s heat requirements [2].
The industrial sector is the dominant consumer of heat, accounting for close to 20% of worldwide energy
consumption [3]. EU industrial heat needs at 80°C-150°C are around 75 TWh/year, while recoverable
low-temperature waste heat is on the order of 100 TWh/year, indicating substantial scope for HTHP integration

[4].
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The findings reported in [5], present the distribution of cumulative waste heat and process heat across
different temperature levels for a selection of European industrial sectors. Upgrading waste heat under 100°C
to process temperatures exceeding 130°C would make heat-pump technology advantageous across all assessed
industrial sectors [5], improving systems energy efficiency and exergetic performance as mentioned by [6,7].

Different HTHP system configurations and their performance were published by [6-8], for different
working fluids. The optimal working fluid has not yet been found, but it should be thermodynamically adequate
to the pretended operating conditions, environmentally friendly (zero/negligible GWP and ODP values),
future-proof, efficient and commercially available [4,6]. The mostly tested alternatives for HTTPs are
R1234ze(Z), R1366mzz(Z), R1233zd(E), HCFO-1224yd(Z), R600 and R601 [6,9]. Fluid selection consists in
a compromise between obtained system performance (COP) and volumetric heating capacity (VHC), usually
resulting in a multi-objective approach [7].

With increasing heat upgrade temperatures, technological barriers occur regarding system design hence the
engineering experience gathered with conventional HPs cycles does not necessarily apply to high-temperature
systems [6]. Additionally, as HTHP’s temperature lift increases, so does the required compression ratio (CR)
and the corresponding expansion losses. This leads to a simultaneous compressor efficiency and cycle
performance reduction. One promising HTHP cycle improvement is the use of ejectors, considering their
simplicity, absence of moving parts, robust structure and low-cost (initial and operational) [10], and the ability
to partially recover expansion work and reduce the compression ratio [11]. An assessment for advanced HTHP
cycles shows that the ejector and internal heat exchanger (IHX) simultaneous integration conducted to the best
balance between the COP and VHC [7].

Bai et al. [11] showed that ejectors use could have a beneficial impact on system performance (14% COP
increase), yet, it could decrease for others. These results were justified by the strong dependence of the optimal
ejector geometry for different operating conditions [12]. In these advanced cycles, the ejector is a critical
component for energy savings, and the performance is significantly affected by the variable operating
conditions (such as heat demand, waste heat availability and source temperatures) encountered in many
industrial sectors [13]. Ideally, neither HTHP nor ejector performance should be significantly affected by off-
design operations, however experimental data showed that the cycle COP decreased (>25%) when the heat
pump temperature lift increased from 50°C to 60°C for constant sink temperature of 140°C [6]. Thus, by using
a conventional ejector, the benefits could turn into a negative impact under when the system operates under
variable conditions. In order to overcome this problem in ejector assisted heat pump systems a relatively
complex multi-ejector solution was proposed by [14]. Alternatively, a simpler and more cost effective solution
based referred to as a variable geometry ejector (VGE) could be designed [15-19]. Given the potential
advantages, the presented work addresses the performance analysis of a HTHP system integrating a VGE under
changing heat source temperature conditions. The analysis was performed using a numerical approach that
included the development two specific design tool, one for the heat pump cycle and another one for the VGE
design. The results were compared to a system applying a internal heat exchanger only, for reference.

2. HTHP and VGE Theoretical Models
2.1. Considered system configurations and cycle models

A schematic representation of the modelled heat pump system is shown in Figure 1. It is composed by an
evaporator, mechanical compressor (MC), condenser, an IHX, the VGE, separator (SEP), expansion (ExV)
and regulation valves (BV). Depending on the positioning of the regulation valves, the system can operate in
2 different configurations: heat pump with internal heat exchanger and a heat pump with IHX and VGE. The
regulation valves are either fully closed or fully open. The representative thermodynamic states of the working
fluids are also identified by numbers in Figure 1.

Figure 2 shows the modelled thermodynamic processes of the working fluid state (1-9) on a p-h diagram in
the VGE cycle. Several model parameters were considered for the simulations. These parameters are
summarised in Table 1. The mathematical model was developed by applying the mass and energy conservation
laws for each cycle component. These equations are relatively well known, for their specific forms the reader
is referred to [7].
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Figure 1. Schematic HTHP system diagram with main components and their hydraulic connections.

The HTHP thermodynamic numerical model was developed with the following assumptions:

Steady state operation;

The working fluid with real fluid properties obtained from EES’s (Fchart, USA) built-in library;
Homogeneous equilibrium between phases during two-phase processes;

Negligible pressure losses during fluid transport;

Isenthalpic expansion in valves;

Subcooled water as heat source and heat sink working fluid;

Nominal heating capacity of 20 kW;

Separator efficiency of 100%.

P A

1 lpo

=y

Figure 2. Theoretical P-h state diagram for the VGE cycle

Table 1. HTHP-VGE Model parameters with their values applied during the simulations.

Parameter Assumed Value Units
Heat Source Inlet Temperature (Tsy¢ in) [70, 100] °C
Heat Sink outlet Temperature (T, oy,¢) 130 °C
Evaporator Glide Temperature (T, g;iqe) 10 K
Condenser Glide Temperature (T gjiqe) 10 K
Evaporator Pinch Point Temperature (T, ,,) 2 K
Condenser Pinch Point Temperature (T ;) 5 K
Evaporator Superheat degree (SH,,) 10 K
Condenser Superheat degree (SH,.) 2 K
Condenser Subcooling degree (SC.) 10 K
Compressor’s Isentropic Efficiency (7;s,,.) 0.8 -
Compressor’s Volumetric Efficiency (1,,,,..) 0.85 -
Compressor’s Electromechanical Efficiency (1em,,.) 0.85 -

IHX efficiency (&) 0.7 -
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The heat transfer in the heat exchanger was modelled using the heat exchanger efficiency formula. As an
example, the efficiency for the internal heat exchanger (&;x) can be defined as:

_ hlIHX — ho
EiHx = o _n

(1)

maxigx h9

In Eq.1, ho represents specific enthalpy at separator outlet assuming saturated vapor (9), while h,,,, is
the specific enthalpy at [HX vapor outlet (1mx), and gy, 1S the maximum achievable specific enthalpy
at lmx (with Ty, = T3). The compressor electric power consumption and the volumetric flow rate at the
compressor inlet (1) were estimated using:

. (h,—hy) - m
B, = %’ 2)
eMmc
Ve = 21, 3)
nvmc

where e, and 7, are compressor electromechanical and volumetric efficiency constants (see Table
1). The heat pump coefficient of performance (COP) was determined as the ratio of the HTHP heating
capacity (Qzong) and P, thus:

cop = Leone. 4)

mc

When validated against numerical data [7], the developed model predicted a COP value 9% lower for R601.

2.2. VGE Model

A cross-section view of the modelled ejector is shown in Figure 3 with its characteristic dimensions. The
ejector is composed by a motive (primary) nozzle, a suction (secondary) chamber, suction (secondary) nozzle,
constant area section and diffuser. For detailed description of ejector operation, the reader is referred to [20—
22]. The flow geometry inside the ejector was considered to be variable, by independently changing two
relevant geometrical factors inside the device, namely the ejector area ratio and the nozzle exit position (NXP).
The area ratio is defined as the ratio between the constant area and the primary nozzle throat sections. This can
be adjusted by changing the nozzle throat area using a variable diameter spindle with axial movement. NXP is
defined as the distance of the nozzle exit plane from the constant area section inlet. The spindle position (SP)
was considered zero when the spindle completely blocked the primary flow passage through the nozzle throat,
with a positive direction upstream (see Figure 3). For more details of the VGE concept the reader is referred
to [15,23-25].

The VGE design model was developed with the following assumptions:

e Steady state one-dimensional flow;
Working fluid with real fluid properties;
Homogeneous Equilibrium Model (HEM) for the two-phase ejector flow;
Adiabatic ejector wall;
Predefined mass flow rate and thermodynamic state at ejector inlets (inputs from HTHP model);
Isentropic efficiency constants to account for irreversibilities;
Chocked motive flow in primary nozzle throat (M,=1);
Static pressure at primary nozzle outlet section (no) 5% lower than at secondary stream (so);
Hypothetical throat (secondary stream choking) inside the constant area section;
Primary and secondary streams have the same pressure at hypothetical throat
Constant pressure mixing;
Normal shock of zero thickness at the end of the constant area section;
Subsonic flow in the diffuser section.

The developed model is based on applying the energy and mass conservation equations between a set of
physical and hypothetical cross sections within the ejector including, motive nozzle inlet (ni), throat (nt) and
outlet (no), as well as suction chamber inlet (si) and outlet (sc), the secondary stream at primary nozzle outlet
(s0), hypothetical throat (py , sy), mixing (mo), shock (as), and diffuser outlet (d). The location of these sections
is indicated in Figure 3. A detailed description of the mathematical formulas can be found in [26-29]. Here,
only the differences in the modelling approach are pointed out.

The constant-pressure mixing approach assumes the existence of a hypothetical throat within the
constant-area section, as also described in [29]. The hypothetical throat is the location where the secondary

4
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stream reached Ma,,=1. By writing the energy conservation law for the secondary steam between the nozzle
exit plane, one can obtain the following relationship:

hgo + 0.5 - 12, = hy, + 0.5 - v2, . (5)

In the equation above hy, and vy, represent the specific enthalpy and velocity for the entrained flow at
primary nozzle exit plane (so). From the isentropic efficiency definition, the secondary stream specific
enthalpy at sy section (hs,) can obtained from:

hsy = hso —Nis,, * (hso - hsyis) , (6)

where 7, represents the isentropic efficiency constant (see Table 2) and hg,,  is the fluid specific
enthalpy that is obtained by assuming an isentropic expansion. Coupling Eq.s 5 and 6 with the condition
Ma,,=1, the secondary stream specific enthalpy (hs,) and velocity (vs,) at ejector hypothetical throat (sy
section) can be calculated. Similarly, the energy conservation law can be applied between the motive nozzle
outlet (no) and the hypothetical throat (py) sections, using the isentropic efficiency definition and constant
pressure mixing assumption (Py,=P,,=P,), from which the thermodynamic properties can be obtained for both
streams in the hypothetical throat.

As already stated, mixing process starts at the hypothetical throat and concludes in the mixing section. A
mixing efficiency (¢,;,) Was considered to account for the irreversibilities during the momentum transfer
from the primary and secondary streams between the primary nozzle exit plane (no and so sections) and the
mixing section (mo) according to:

(Pno . Ano + Vo mp) + (Pso . Aso + Vg Ths) = Pmo Amo +(Zmo (mp * mS)- (7)
mix

In Eq.7, the left-hand side terms represent the total momentum at primary nozzle exit, with A,, and A,
being the available cross section for primary and secondary streams. NXP was adjusted in order to maintain a
specific area relation between A,, and A,, thereby satisfying the assumption that P,, was 5% lower than
Py,. The primary and secondary mass flow rates are represented by m,, and my, respectively. On the right-
hand side of Eq.7, is the total fluid momentum corrected by the mixing-induced dissipative effects that are
quantified by the mixing efficiency. In existing literature models, ¢@,,;, is typically an input value (e.g. [28]),
here it was calculated from the ejector outlet properties, which were calculated from the adiabatic ejector
assumption. Given that the kinetic energy at the ejector boundaries are negligible, fluid enthalpy at diffuser
outlet (d) can be directly obtained from the inlet enthalpies as:

My« Ry + 1 - hg = (1, + 1) - hy (8)

This approach permitted the calculation of the velocity of the mixed fluid (v,,,,) and thus ¢,,;, from Eq.8.

In order to establish the fluid properties in the nozzle throat and hypothetical throat sections with the double
chocked flow assumption, a suitable speed of sound model was needed for the two-phase flow. There are
several modes available in the literature including the ones in [28,30-33]. In this work, the model proposed in
[33] was selected, since this model was found to perform well for ejector flow simulations [32].

Ejector geometry is typically characterised by the diameter of the different cross sections indicated in Figure
3. Ejector length and convergent/divergent angles are usually defined on recommendations or by more detailed
simulations of the flow field, such as using CFD [23]. By applying the conservation laws to the different parts
of the ejector with suitable boundary conditions, the resulting set of closed-from non-linear equations can be
solved iteratively. Besides working fluid type, typical inputs to the ejector design model were boundary
conditions including the primary mass low rate, working fluid enthalpies and pressures. Typical model results
included ejector diameters, SP, NXP and compression ratio.
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Figure 3. Two-phase VGE cross-section view indicating the reference position for the spindle (SP) and nozzle exit plane (NXP).
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Table 2. Applied isentropic efficiencies in the VGE design model.

Isentropic Efficiencies Assumed Value Units
Vapour phase flow (1;,,) 0.99 -
Two-phase flow (;,, f) 0.98 -
Two-phase flow inside ejector diffuser (7;5,) 0.7 -

3. Solution Strategy

Both the HTHP cycle model and the variable geometry ejector design model were implemented in the EES
software (FChart,USA). From the numerical point of view, it was found beneficial to separate the VGE design
model from the HTHP-VGE cycle model. As it was already stated, the heat pump model is capable to simulate
the heat pump performance in two different configurations (IHX and VGE) for a set of operating conditions.
Within this work, the performance of both heat pump configurations was studied for a nominal heating capacity
0of 20 kW and for a range of heat source temperatures, varying from 70°C to 100°C corresponding a temperature
lift between 60°C and 30°C, respectively. When the IHX configuration was selected, cycle performance
indicators were calculated from the heat pump model only. In order to make a direct comparison to the VGE
configuration, the heating capacity of the IHX heat pump was set to the same value as in the equivalent VGE
configuration, thus it was an input.

In VGE configuration mode, the heat pump model required the ejector compression ratio (CR) and
secondary fluid mass flow rate (evaporator mass flow rate) as inputs. These two variables however, depend on
both the ejector geometry and ejector inlet boundary conditions. Therefore, to avoid numerical issues, the heat
pump model and the ejector design model were solved iteratively until both models converged for the same
ejector compression ratio values.

Input parameters:

R601; Qcong = 20 kW; CRyge™" = 1.4

Torcin
Update
HTHP-VGE model assumptions (VGE Cycle)
Tore. _ i=i+1
e i=itl HTHP-VGE Model =" HTHP-VGE Model
Update

Ejector Inlet Boundary Conditions: Ejector Inlet Boundary Conditions:
T, s, Pgy Tnis i, Tt T, s, Pugy Tnis Poi, T

VGE Design Model VGE Design Model

Input parameters:
R601; CR g k] s 1in k]
HTHP-VGE model assumptions (VGE Cycle)

CRyge'! CRyge'™" — CRygs'
e SR TR < 0.05% 1 . ; CRygs™! = CRygy!
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7
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Figure 4. Simplified graphical flow chart of the developed iterative scheme.

The actual iterative process is demonstrated in Figure 4. It started by running the VGE cycle model (HTHP-
VGE) using inputs such as the target heat pump capacity and working fluid type. It also required an initial
guess for the ejector compression ratio (CRy;'~°) and the heat source temperature (Tmmo), usually the lowest
one within the considered range (70 — 100°C). The model then calculated the boundary conditions for the

6
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ejector inlet, including mass flow rates and fluid thermodynamic properties. With these boundary conditions
the ejector design model was run to determine the required ejector geometry and the actual compression ratio.
This CR (CRygz""") was compared to the values in the previous iteration for convergence check. When the
convergence criteria were not met, a new value was assumed for the compression ration using a relaxation
factor (A) of 0.5 and the process was repeated. In case of convergence, the heat source inlet temperature was
updated to the next value and the iterative process was repeated.

After concluding these simulations, a set of ejector flow and geometry data were available for the 20 kW
heating capacity case. The reference (design) geometry was set considering the case that resulted in the largest
constant area section (dp,,_max) from the parametric analysis. Then the whole process above was again repeated
considering the reference ejector geometry as input and by setting the capacity of the heat pump as output. In
this case, the iterative process between the heat pump cycle model (HTHP-VGE) and the ejector design model
was continued until convergence was obtained for both the ejector compression ratio and the secondary mass
flow rate values. As a result, the whole operation map for the high temperature heat pump cycle, integrating
the variably geometry ejector, could be constructed for the selected working fluid and the considered heat
source temperature range.

4. HTHP performance analysis results
4.1. Fluid Selection

One of the objectives of the present work was to find a suitable low-GWP working fluid for the HTHP-
VGE system that leads to high performance [6,8]. Additionally, working fluids only with a critical temperature
above 150°C were considered as candidates in order to keep the entire cycle sub-critical. From these conditions
the following refrigerants were selected for the analysis: Cyclopentane, iso-pentane (R601a), n-pentane
(R601), butane (R600) and water (R718). A set of performance indicators were determined for the for
Qcona = 20 kW and CRygr = 1.4 (VGE cycle only).The mean values for these performance indicators are
shown in Figure 5 for the entire range of heat source temperatures. It can be seen from the figure that water
requires the highest compression ratio and flow rate to deliver the nominal heating capacity. Additionally,
without suitable cooling mechanism, compressor outlet temperature would be too high (> 400°C). The
estimated COP values (3.8/4.6) were among the lowest recorded within the set of cases considered. The
simulations indicated that COP was the lowest for R600 (3.5/4.8), however using Butane presents the lowest
compressor compression ratio and volumetric flow rate at the compressor inlet, which can be considered as a
positive aspect regarding the mechanical compressor selection. Cyclopentane performed the best in terms of
COP (4.2/5.4), however it requires the highest compressor compression ratio, flow rate and leads to the highest
Teom,ou, When compared to R601a and R600. Therefore, considering the overall performance of the tested
fluids, R601 was selected for the detailed performance analysis of the modelled HTHP system.
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Figure 5. Averaged performance indicators for different working fluids for both IHX (solid colours) and VGE (gradient colours) HTHP
cycles.
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4.2. HTHP performance analysis for R601

Table 3 summarizes the high temperature heat pump performance maps obtained for both the IHX and VGE
configurations. The ejector geometry was obtained by the iterative procedure described in Section 3. The cycle
with an internal heat exchanger was assessed for the same heating capacity (but without the ejector). Looking
at the data it is clear that the heat pump cycle with the integration of a VGE considerably outperformed the
system with an internal heat exchanger only for all indicators. The results for the volumetric flow rate at the
compressor inlet are visualised in Figure 6a). It can be observed that the compressor flow rate reduced
significantly for the VGE cycle by an average of -16%. Smaller volumetric flow rate reduces mechanical
compressor size and thus cost. Another advantage of the VGE cycle is that under variable heat source
temperatures, the variability V,,. is much smaller for the VGE cycle (-17% vs -4%). This reduces the
sensitivity of the heat pump performance on compressor speed control and thus assures a more stable operation.
Additionally, by applying an ejector, the required compression ratio from the mechanical compressor reduces,
especially for lower heat source temperatures. This is visualised in Figure 6b). For lower compression ratio
(approximately -17% on average), the mechanical stress on the compressor can be reduced which indirectly
affects associated costs.

Table 3. Heat pump performance results for the IHX and VGE cycles for different heat source temperatures.

Operatin; .
r::on d & IHX cycle VGE cycle Performance improvement
Tsrcm Qcona | COP Qe Quux - Vne CRyc | COP Qe Quux Boe Vine CRpyc €cor €prc (7 €CRmc
°C kW - kW kW kW m®/h - - kW kW kW m3/h - %
70 20.1 2.64 13.7 1.8 7.62 62.0 5.97 3.1 14.6 3.1 6.50 48.0 4.59 17% -15% -23% -23%
75 22.4 2.87 15.8 1.9 7.81 60.2 5.18 3.35 16.7 33 6.70 47.8 4.10 17% -14% -21% -21%
80 24.9 3.13 18.1 1.9 7.94 58.3 4.51 3.63 19.1 35 6.85 47.6 3.67 16% -14% -18% -19%
85 27.5 3.44 20.7 1.9 8.00 56.6 3.95 3.96 21.6 3.7 6.94 473 3.30 15% -13% -16% -16%
90 30.3 3.8 23.5 1.8 7.98 54.8 3.47 435 24.4 39 6.97 46.9 2.97 14% -13% -14% -14%
95 333 4.23 26.6 1.7 7.87 53.1 3.06 4.81 27.4 4.0 6.93 46.5 2.68 14% -12% -12% -12%
100 36.5 4.76 30.0 1.5 7.67 51.5 2.71 5.36 30.7 4.1 6.81 46.0 243 13% -11% -11% -10%
65 7
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Figure 6. The influence of the heat source temperature on: a) volumetric flow rate at the compressor inlet (V,,.) and b) mechanical
ejector compression (CR,,.) ratios for both heat pump configurations.

The estimated compressor electric power consumption (P,,.) is visualised in Figure 7a) (see also Table 3).

It can be seen that the IHX cycle requires about 7.6~8.0 kW of electricity, depending on the heat source
temperature. The maximum electricity consumption was obtained for a heat source temperature of 85°C, which
can be explained by the working fluid properties. When the results are compared to the VGE configuration,
one may note that the electric consumption was considerably lower (-13% in average). This is primarily due
to the lower required compression ratios for this configuration. It is noted that the reduced flow rate at the
compressor inlet would also contribute to an additional reduction of the compressor electricity consumption,
however, because of the compressor efficiency constant considered in this work did not depend on the
volumetric flow rate, here this effect was not reflected in the results. The reduced electricity consumption and
8
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the condition that both studied configurations produced the same amount of heat output is reflected in the
calculated COP. These results are depicted in Figure 7b). As expected, COP increased with the heat source
temperature for both systems following a non-linear trend. The calculated COP ranged from about 2.6 to 4.8
in case of the IHX cycle, while from about 3.1 to 5.4 when a variable geometry ejector is integrated into system
for the tested heat source temperatures. The highest performance improvement was obtained for the design
conditions (Ts¢,, = 70°C), about 16%, while the lowest for Tg,., =100°C (~13%).
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Figure 7. a) Electric power consumption (B,,) as functions of Tsre,,, for both cycle configurations; b) Cycle COP and its relative
variation as functions of Ty, .

It can be concluded from the data presented in Table 3 that the HTHP cycle performance benefits from the
integration of a variable geometry ejector into the system. The different cross sections/diameters of the ejector
(see Figure 3) were optimised for the design conditions. The variable geometry features, namely the spindle
position (SP) and the nozzle exit position (NXP) were determined for each heat source temperature level in
order to obtain the highest system performance (highest admissible compression ratio). The results are
summarised in Table 4 and the characteristic ejector dimensions are presented in Table 5. Looking at Table 4,
one may note that the primary inlet pressure (P,;) remained constant for all cases, because of the constant
condensation pressure. The secondary inlet pressure increased with the heat source temperature, because of
the increasing evaporation temperature. As a consequence, the achievable entrainment ratio (ER) increased
(from 0.56 to 0.67) in agreement with the well-known ejector theory. With increasing heat pump capacity, the
primary mass flow rate (equivalent to the condenser mass flow rate of the heat pump) increased. This increase
is assured by an increase of the nozzle throat section (choked flow) by moving the spindle to a more open
position. Optimal SP increased from 5.3 mm to 16.9 mm, for T, of 70°C and 100°C, respectively. With
increasing primary mass flow rate, the total energy contained in the primary fluid increased. Simultaneously,
the secondary inlet pressure increased with the heat source temperature. Therefore, the results indicated that
the optimal NXP reduced with the heat source temperature from about 14 mm to 6 mm. A total spindle travel
(~ 11 mm) and NXP adjustment (~ 8 mm) is expected to allow the optimisation of the VGE operation that
results in a considerable improvement of the heat pumps cycle performance.

Table 4. Variable geometry ejector performance results and the required spindle and nozzle exit positions for different operating and
ejector inlet conditions.

Op. conditions Working fluid properties at ejector inlets VGE performance VGE control

Tsrein Qcona "y, P T g Pgi CRygg, ER Sp NXP
°C kW g/s bar °C g/s bar - - mm mm
70 20.1 77.4 12.1 120 43.7 2.0 1.30 0.565 53 13.8
75 224 86.2 12.1 120 50.4 23 1.26 0.585 6.2 12.0
80 24.9 95.6 12.1 121 57.8 2.7 1.23 0.605 72 10.5
85 27.5 106 12.1 121 66.1 3.1 1.20 0.625 8.5 9.2
90 30.3 117 12.1 122 75.2 3.5 1.17 0.646 10.2 8.1
95 333 128 12.1 123 85.3 4.0 1.14 0.667 12.5 7.1
100 36.5 140 12.1 123 96.4 4.5 1.12 0.688 16.9 6.3
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Table 5. Characteristic ejector dimensions for the design operating conditions considering R601 working fluid (in mm unit).

dni dnt dna dsc dmu dd
10.9 3.45 6.90 40.0 12.4 46.7

The entrainment ratio and the achievable ejector compression ratio results are shown in Figure 8 for
different heat pump temperature lift values. The compression ratios (Ps/P7) in Table 4 and in Figure 8 represent
the maximum value that guarantees double choked ejector operation. Looking at the results, one may note that
for higher temperature lifts, the ejector can be operated with higher CRy;; and lower entrainment ratio, which
clearly indicates the increased benefit of applying ejectors in heat pump systems where relatively high
temperatures lifts can be expected.

0.75 1.35
ER CR
0.70 VGE
1.30
0.65 |
!
0.60 ! 1.25
ER [-] CRygr [-]
0.55 i 1.20
0.50 i
| 1.15
0.45 |
0.40 i 1.10
25 30 35 40 45 50 55 60 65

i
Design
Tlift [OC] conditions

Figure 8. Entrainment ratio (ER) and achievable ejector compression ratio (CRygg) as a function of heat pump temperature lift Tj;z,.

5. Conclusions

The present work focused on the performance assessment and design of a high temperature heat pump cycle
integrating a two-phase variable geometry ejector for expansion work recovery. The analysis was performed
using a numerical model developed for the purpose based on simple formulations of the conservation laws.
The variable geometry ejector model was developed on the constant pressure mixing ejector theory and on the
assumption of homogeneous equilibrium of the phases. The model permitted the simulations for the heat pump
cycle in two different configurations, with and without the integration of a variable geometry ejector, so that
the benefit of the proposed system can be easily evaluated. Additionally, the model developed allowed for
testing different low environmental impact working fluids for high temperature heat pump applications, with
a heat output up to 130°C. Based on the results presented, the following conclusions can be drawn:

e Among the five tested working fluids and for the considered operating condition range, R601 resulted
in good cycle performance with relatively low compression ratios and compressor outlet
temperatures. Additionally, using R601 leads to moderate condenser pressures;

e The application of a VGE reduces volume flow rate at mechanical compressor inlet and it varies
significantly less with heat source temperature. This leads to both cost and operation stability benefits
in comparison to a heat pump cycle using an internal heat exchanger only;

e Applying a VGE reduces the required mechanical compression ratio, which can extend compressor
life time;

e The heat pump integrating a VGE outperformed the system integrating an IHX only with an average
COP benefit of about 15%;

e The results indicated that the use of an ejector for partial expansion work recovery in a high
temperature heat pump is especially beneficial for relatively high values of the temperature lift.
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Nomenclature
Symbols
h Fluid specific enthalpy [J/ kg ]
P Compressor electric power [kW]
m Mass flow rate [ kg/s ]
Ve compressor volumetric flow rate [ m/h]
0cona Heat pump heating capacity [kW]
COP Coefficient of performance [-]
Ma Mach number [-]
v Stream velocity [m/s]
P Fluid static pressure [ bar ]
A Cross section area [ m?]
CR Compression ratio [-]
ER Ejector entrainment ratio [-]
Greek
£ Heat exchanger efficiency [-]
n Efficiency constants [-]
Omix Ejector mixing efficiency [-]
€ Performance improvement [%]
A Relaxation factor [-]
Subscripts
c Condenser
em Electromechanical
me Mechanical compressor
vol Volumetric
is Isentropic
2f Two-phase
d Ejector diffuser
sre Source
¢ Evaporator
in Inlet
p Primary
s Secondary
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