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Abstract

The growing need to improve energy efficiency and reduce greenhouse gas
emissions has intensified interest in technologies capable of utilizing low
temperature waste heat sources. Thermally driven refrigeration systems
represent a promising alternative to conventional electrically powered units,
as they can provide cooling with minimal primary energy consumption.
Within this group, the ejector refrigeration systems (ERS) offer particular
advantages due to their simple mechanical design and compatibility with nat-
ural refrigerants. However, the performance of conventional fixed-geometry
ejectors is highly sensitive to varying operating conditions, which limits
their application in waste heat recovery systems characterized by variable
heat source and ambient temperatures. This thesis presents a numerical
investigation of an ultra-low-grade waste heat-driven ERS equipped with
a variable geometry ejector (VGE) using the natural refrigerant propane
(R290). The work addresses the limitations of fixed-geometry ejectors by
studying a controllable spindle-based ejector capable of adapting to fluctuat-
ing ambient temperatures and load conditions. An experimental campaign
confirmed that the R290 VGE can provide reliable mass entrainment ratio
control by changing the effective motive nozzle throat area. The Computa-
tional Fluid Dynamics-based (CFD) performance maps were used as a basis
for two Reduced Order Models (ROM): a baseline pressure-specific enthalpy
model, and a generalized pressure-ratio and inlet temperature model. Both
approaches were able to reproduce the CFD results with an error below 1%
and were implemented in Dymola for dynamic ERS simulations. System-
level simulations using weather data from three climatic zones and three
industrial waste heat profiles showed consistent VGE performance gains
compared to a system utilizing fixed ejectors, with daily-averaged coefficient
of performance (COP) improvements of up to 52% and cooling capacity
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increases of up to 13%. The VGE-based ERS showed the highest bene-
fits in hot climates with high daily temperature variability, where spindle
control provides continuous on-design operation. The generalized ROM
was also applied to the analysis of ERS with alternative refrigerants. The
ERS with R1270 utilizing R290 VGE delivered up to 21% higher cooling
capacity and 10% COP improvement related to the system utilizing R290,
while other R290-based blends showed comparable or lower performance,
indicating a need to expand the ROM operational envelope or re-design the
ejector for other refrigerants. The thesis confirms that a single VGE can
replace multiple fixed ejectors, enabling efficient, flexible cooling driven by
ultra-low-grade waste heat.
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Abstract

La crescente necessità di migliorare l’efficienza energetica e ridurre le emis-
sioni di gas serra ha intensificato l’interesse per le tecnologie in grado di
utilizzare fonti di calore residuo a bassa temperatura. I sistemi di refrig-
erazione a propulsione termica rappresentano un’alternativa promettente
alle unità convenzionali alimentate elettricamente, in quanto sono in grado
di fornire raffreddamento con un consumo minimo di energia primaria.
All’interno di questo gruppo, i sistemi di refrigerazione a eiettore (ERS)
offrono particolari vantaggi grazie al loro design meccanico semplice e
alla compatibilità con i refrigeranti naturali. Tuttavia, le prestazioni degli
eiettori convenzionali a geometria fissa sono altamente sensibili alle vari-
azioni delle condizioni operative, il che ne limita l’applicazione nei sistemi
di recupero del calore residuo caratterizzati da fonti di calore e tempera-
ture ambientali variabili. Questa tesi presenta uno studio numerico su un
ERS alimentato da calore residuo a bassissima temperatura dotato di un
eiettore a geometria variabile (VGE) che utilizza il refrigerante naturale
propano (R290). Il lavoro affronta i limiti degli eiettori a geometria fissa
studiando un eiettore controllabile basato su mandrino in grado di adattarsi
alle fluttuazioni della temperatura ambiente e delle condizioni di carico.
Una campagna sperimentale ha confermato che il VGE R290 è in grado
di fornire un controllo affidabile del rapporto di trascinamento di massa
modificando l’area effettiva della gola dell’ugello motore. Le mappe delle
prestazioni basate sulla fluidodinamica computazionale (CFD) sono state
utilizzate come base per due modelli a ordine ridotto (ROM): un modello
di entalpia specifica della pressione di riferimento e un modello generaliz-
zato del rapporto di pressione e della temperatura di ingresso. Entrambi gli
approcci sono stati in grado di riprodurre i risultati CFD con un errore infe-
riore all’1% e sono stati implementati in Dymola per simulazioni dinamiche
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ERS. Le simulazioni a livello di sistema che utilizzano dati meteorologici
provenienti da tre zone climatiche e tre profili di calore residuo industriale
hanno mostrato miglioramenti costanti delle prestazioni del VGE rispetto a
un sistema che utilizza eiettori fissi, con miglioramenti del coefficiente di
prestazione (COP) medio giornaliero fino al 52% e aumenti della capacità di
raffreddamento fino al 13%. L’ERS basato sul VGE ha mostrato i maggiori
vantaggi nei climi caldi con elevata variabilità della temperatura giornaliera,
dove il controllo del mandrino garantisce un funzionamento continuo sec-
ondo il progetto. Il ROM generalizzato è stato applicato anche all’analisi
dell’ERS con refrigeranti alternativi. L’ERS con R1270 che utilizza R290
VGE ha fornito una capacità di raffreddamento superiore fino al 21% e
un miglioramento del COP del 10% rispetto al sistema che utilizza R290,
mentre altre miscele a base di R290 hanno mostrato prestazioni comparabili
o inferiori, indicando la necessità di espandere l’involucro operativo del
ROM o riprogettare l’eiettore per altri refrigeranti. La tesi conferma che un
singolo VGE può sostituire più eiettori fissi, consentendo un raffreddamento
efficiente e flessibile alimentato da calore residuo a bassissima temperatura.
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Streszczenie

Rosnąca potrzeba poprawy efektywności energetycznej oraz redukcji emisji
gazów cieplarnianych zwiększyła zainteresowanie technologiami umożli-
wiającymi wykorzystanie niskotemperaturowych źródeł ciepła odpadowego.
Układy chłodnicze wykorzystujące energie cieplną stanowią obiecującą
alternatywę dla konwencjonalnych, elektrycznie zasilanych jednostek, za-
pewniając chłodzenie przy minimalnym zużyciu energii pierwotnej. Wśród
nich na szczególną uwagę zasługują strumienicowe układy chłodnicze
(ang. ERS), charakteryzujące się prostą budową oraz kompatybilnością
z naturalnymi czynnikami chłodniczymi. Niestety jednak wydajność kon-
wencjonalnych strumienic o stałej geometrii jest wysoce wrażliwa na zmi-
enne warunki pracy, co ogranicza ich zastosowanie w systemach odzysku
ciepła odpadowego, dla których typowa jest zmienność temperatur źródła
ciepła i otoczenia. Praca doktorska przedstawia analizę numeryczną ERS
zasilanego niskotemperaturowym ciepłem odpadowym, wyposażonego w
strumienicę o zmiennej geometrii (ang. VGE) z zastosowaniem natural-
nego czynnika propanu (R290). Celem badań było oszacowanie potencjału
wykorzystania VGE w systemie ERS, który, w odróżnieniu do strumienic
o stałej geometrii, jest w stanie dostosować swoją pracę do zmiennych
warunków otoczenia oraz zmiennych warunków obciążenia. Kampania
pomiarowa potwierdziła możliwość precyzyjnej regulacji współczynnika
eżekcji poprzez zmianę efektywnego przekroju gardzieli za pomocą igły
regulacyjnej. W oparciu o mapy efektywności strumienicy uzyskane z
wyników symulacji obliczeniowej mechaniki płynów (ang. CFD) opra-
cowano dwa modele zredukowane (ang. ROM) strumienicy VGE: bazowy
(ciśnienie-entalpia właściwa) oraz uogólniony (stosunek ciśnień i temper-
atury wlotowe). Oba modele ROM wiernie odwzorowały wyniki wzglę-
dem CFD ze średnim błędem poniżej 1% i zostały zaimplementowane w
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środowisku Dymola do dynamicznych symulacji ERS. Symulacje syste-
mowe z wykorzystaniem danych pogodowych z trzech stref klimatycznych
i profili ciepła odpadowego z trzech instalacji przemysłowych wykazały
wzrost średniodobowego współczynnika wydajności (ang. COP) o maksy-
malnie 52% oraz mocy chłodniczej o maksymalnie 13% w porównaniu ze
strumienicą o stałej geometrii. Układ wykorzystujący strumienice VGE
wykazał największe korzyści pracując w gorącym klimacie o z dużą dobową
amplitudą temperatury. Uogólniony model ROM zastosowano także do
analizy układów ERS z innymi naturalnymi czynnikami chłodniczymi. Dla
układu wykorzystującego propylen (R1270) uzyskano do 21% wyższą moc
chłodniczą i wzrost COP o 10% w stosunku do układu wykorzystującego
R290, podczas gdy mieszaniny R290 wykazały zbliżoną lub niższą efekty-
wność, wskazując potrzebę rozszerzenia zakresu pracy opracowanych mod-
eli ROM lub przeprojektowania strumienicy dla innych czynników. Wyniki
pracy doktorskiej potwierdziły, że pojedyncza strumienica o zmiennej ge-
ometrii może zastąpić zestaw strumienic o stałej konstrukcji, zapewniając
elastyczne i efektywne chłodzenie zasilane niskotemperaturowym ciepłem
odpadowym o różnej zmienności temperatury.
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CHAPTER1
Introduction

1.1 Background

The global cooling demand is rapidly increasing across multiple sectors,
driven by technological advancement, urbanization, and climate change. In
commercial refrigeration, the transition to natural refrigerants has gained
momentum after the introduction of regulations on the use of harmful refrig-
erants. These policies have been instrumental in accelerating the transition
to more sustainable and cleaner refrigeration technologies. The Montreal
Protocol [1] and its Kigali Amendment [2] mandated phase-outs of ozone-
depleting and high global warming potential (GWP) refrigerants, driving
the industry toward natural working fluids and thermally driven systems [3].
Europe’s F-gas Regulations [4, 5] imposed leakage checks, maintenance
protocols, and efficiency standards, while incentivizing the refrigerants that
have the least effect on the environment through bans of harmful refrigerants
and performance mandates in certain sectors [6]. The European installations
of CO2-only systems, which are the principal representative among the new-
age refrigerants, more than doubled within a few years, reflecting regulatory
and market pressures toward lower GWP solutions [7].

Within the sustainable energy transition, the socioeconomic factors em-
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Chapter 1. Introduction

phasize the need for sustainable cooling systems. The rapid advancement of
artificial intelligence and the overall digitization of society have led to data
centers significantly contributing to operational expenditures and greenhouse
gas (GHG) emissions [8], establishing a drive for technology improvement,
competitive performance, and environmental sustainability [9]. Moreover,
the global climate change intensifies cooling requirements, as higher ambient
temperatures lead to increased energy use and further emissions. Conven-
tional vapor-compression systems characterized by the drop of performance
at ultra-low cooling temperatures and under variable loads, induce the in-
novations to the currently used technologies, such as the parallel compres-
sion [10], [11], cascade systems, and tri-generation architectures [12], [13],
and the adoption of alternative refrigerants and their blends [14], [15], char-
acterized by superior thermodynamic properties when applied in the novel
refrigeration systems. Therefore, the refrigeration industry requires an in-
tegrated approach towards sustainable transition, which, based on current
trends, is focused on the following aspects: the adoption of natural refriger-
ants, improvement of the performance of the vapor compression system, the
deployment of thermally driven cycles, and waste heat utilization strategies.

1.2 Thermally driven refrigeration technology

Thermally driven refrigeration technologies represent a viable alternative to
conventional electrically driven vapor compression systems, particularly in
the context of mitigating GHG emissions and utilizing waste heat sources.
Among the various thermally driven refrigeration technologies, the most
important ones are absorption, adsorption, and ejector-based refrigeration
cycles, which are specifically designed to exploit thermal energy from
renewable sources or waste heat, in order to drive the cooling process. This
heat harvesting methodology facilitates enhanced energy efficiency and
promotes environmental sustainability [9]. In the following sections of this
chapter, the review of the aforementioned thermally-driven refrigeration
technologies, which are considered to be the most promising solutions
according to the literature.

1.2.1 Absorption systems

The absorption refrigeration systems produce a cooling effect by utilizing the
thermal energy source instead of the electrical one to drive the refrigeration
process. The schematic layout of the simple absorption refrigeration system
is presented in Figure 1.1.
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Figure 1.1: Schematic layout of the single-effect absorption refrigeration system.

In these systems, a refrigerant-absorbent working pair is utilized, allow-
ing the refrigerant to evaporate at low pressure and absorb heat from the
conditioned space, subsequently being absorbed by a liquid absorbent. The
resulting weak concentration solution is pumped to a higher pressure and
heated in a generator to desorb the refrigerant vapor, which then condenses
and returns to the evaporator through an expansion device. The strong ab-
sorbent solution leaving the generator is throttled to the low pressure of the
absorber, where the absorption of the refrigerant occurs, thereby closing
the loop. The most commonly used working pairs include water-lithium
bromide and ammonia-water. These systems are particularly advantageous
with low-grade heat sources, such as waste heat, solar energy, or geothermal
energy. Depending on the system configuration, absorption chillers can
be classified into single-effect, double-effect, or triple-effect types. Single-
effect chillers use one generator and one absorber, relying on a single-stage
heat input to separate the refrigerant from the absorbent. In contrast, double-
effect and triple-effect chillers include additional stages—typically with
high- and low-temperature generators—that allow for partial recovery and
reuse of the input heat. This staged utilization of energy improves thermal
efficiency and enables higher coefficients of performance (COP), especially
when higher temperature heat sources are available. Srikhirin et al. [16]
analyzed different configurations of absorption chillers, and reported that
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single-effect lithium bromide/water absorption chillers operating with the
generator temperature in the range of 80 and 110°C can deliver the COP from
0.5 to 0.7, while the double-effect systems require the supplied temperature
in the range of 120 and 150°C and achieve COP from 0.8 to 1.2. Triple-
effect systems can reach COP in the range of 1.4 and 1.5 at the supplied
temperature of 200 to 230°C. The authors also stated that the water/ammonia
systems are suitable for sub-zero cooling at similar generator temperatures
in the range of 120 and 150°C, but with the resulting COP around 0.5.

Nikbakhti et al. [17] in their analysis indicated that modern single-effect
lithium bromide/water systems can achieve COP ranged from 0.65 to 0.78
at a relatively low heat source in the range of 75 and 95°C, while double-
effect systems reach COP in the range of 1.25 and 1.48 at higher source
temperatures, i.e. from 130 to 160°C. Moreover, the authors stated that the
nanofluid additives and including direct generator-absorbent heat transfer
improve the baseline COP value by 12 to 15%, making absorption systems
viable for the low-grade heat recovery. However, the main drawback of the
absorption systems is their relatively high conditioning space temperature,
which in general ranges from 2 to 15°C, which limits their applicability.

In the experimental analysis of Garma et al. [18], the authors analyzed
the diffusion absorption refrigerator using butane (R600) as refrigerant with
low GWP, hydrocarbon n-nonane as absorbent, and helium as auxiliary gas.
The system reached the maximal COP of 0.18 providing the cooling capacity
of 58 W at the generator temperature of 140°C and -10°C at evaporator.
The authors highlighted a key drawback of the absorption system, being the
generator temperature limit. Beyond the limit, additional heating does not
enhance the system cooling capacity but instead lowers the COP, reducing
system efficiency.

Liang et al. [19] presented three absorption refrigeration systems de-
signed to recover industrial waste heat from 150°C down to 60°C to provide
cooling at -40°C, combining ammonia-water, lithium bromide-water, and ab-
sorption heat transformer cycles in different sequences. The systems achieve
a maximum COP of 0.14 (ammonia-water first stage), 0.17 (lithium bromide-
water second stage), and 0.18 (ammonia-water third stage with modified
sequence), with the exergy efficiency of up to 0.19. Their heat source outlet
temperatures at each stage are, for the ammonia-water first-stage system:
from 136 to 146°C, from 71 to 101°C, and from 83 to 98°C; for the lithium
bromide-water second-stage system: from 122 to 127°C, from 71 to 101°C,
and from 83 to 98°C; and for the modified ammonia-water system: from
125 to 145°C, 60°C, and from 110 to 126°C. Compared to typical cascade
systems, these designs recover 50% more waste heat and deliver higher
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cooling capacity, with two configurations reducing the cost of unit cold
energy by 8.7% and 15.2%. The study concludes that these approaches
enable effective and economical production of very low-temperature cooling
from low-grade industrial waste heat.

Su et al. [20] proposed an innovative lithium bromide-water absorption re-
frigeration system for cooling geothermal tunnels using the high-temperature
water of the tunnel as the heat source. In that work, two cycle configurations
were analyzed: single-effect absorption and two-stage absorption system.
The maximal theoretical COP for the single-effect cycle was around 0.75 at
the evaporation temperature of 5°C with the heat source water temperature
of 85°C and the condensation temperature of 35°C, while the two-stage
cycle achieved COP about 0.4 with the heat source temperature as low as
50°C and the same evaporation and condensation temperatures. In on-site
testing under real tunnel conditions (heat source water temperature of 65°C,
cooling water temperature of 30°C), the two-stage system delivered 12 kW
of cooling capacity at a COP of 0.67, successfully reducing the restroom air
temperature from 37°C to 25°C, with an ambient temperature of 36.5°C in 18
minutes. The study concluded that this approach enables effective, low-cost
cooling for the tunnel construction by utilizing waste heat resources, signifi-
cantly lowering the energy use and carbon dioxide emissions compared to
the electric compression cooling.

In summary, absorption refrigeration systems provide an effective means
to convert low-grade thermal energy into useful cooling, offering a sustain-
able alternative to conventional vapor-compression systems that rely on
electricity. By using suitable refrigerant-absorbent pairs such as lithium
bromide-water or ammonia-water, these systems can exploit waste heat,
solar energy, or geothermal sources across a wide range of operating tem-
peratures. Although their COP values generally remain lower than those of
electric compression systems—especially at very low cooling temperatures,
the ongoing improvements including advanced system designs, nanofluid ad-
ditives, and heat recovery enhancements, continue to increase their efficiency
and applicability. Despite challenges such as high generator temperature
requirements and limits on achievable cooling temperatures, absorption
systems remain a promising technology for sustainable cooling, particularly
in the small-scale and low-cost applications.

1.2.2 Adsorption systems

The other type of thermally driven refrigeration system, closely related to the
absorption system described above, is the adsorption system. Its schematic
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representation is presented in Figure 1.2. As opposed to the previous system,
the refrigerant vapor is adsorbed onto the surface of a solid material, such
as silica gel, activated carbon, or zeolite, rather than being absorbed into a
liquid.
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Figure 1.2: Schematic layout of the two-bed adsorption refrigeration system.

The cycle operates by alternately heating and cooling adsorber beds.
During the desorption phase, heat input causes the adsorbent to release
refrigerant vapor, which then condenses in the condenser and releases heat
to the environment. The liquid refrigerant passes through an expansion valve
into the evaporator, where it evaporates at low pressure, absorbing heat from
the cooled space. In the adsorption phase, the vapor is adsorbed back into
the cooled adsorbent bed, releasing heat to the environment. In the two-bed
adsorption system presented in Figure 1.2, the process repeats cyclically
between two beds to enable continuous cooling. This kind of system can
operate at lower waste heat temperatures, but often at the expense of system
complexity and size [21].

Verde et al. [22] presented the adsorption refrigeration system for au-
tomotive applications, in particular, an engine coolant-driven adsorption
system utilizing heat at the temperature range of 80 to 90°C using silica
gel/water pairs. In that study, the system provided the average cooling power
range from 2.0 to 3.0 kW, and achieved the maximal COP of 0.6. The system
provided the cooling effect at the chilled water temperature range of 5 to
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10°C.
Cai et al. [23] tested numerically and experimentally an adsorption re-

frigeration system using silica gel-water as the working pair, incorporating
different composite adsorbents with improved heat and mass transfer. The
best-performing configuration uses a silica gel/MIL-100/copper foam com-
posite. Under optimal conditions, i.e. the generator inlet temperature at
75°C, the condenser inlet temperature at 25°C, and the evaporator inlet
temperature at 15°C, it achieved a maximum COP of 0.58 with the cooling
capacity of 6.5 kW. The maximum cooling capacity point of 9.7 kW was
reached when the evaporator inlet temperature was increased to 23°C, result-
ing in a COP value of 0.64. The study concludes that for this composite, the
relative improvement for both cooling capacity and COP is 22% and 12.8%,
respectively, when compared to a conventional silica gel-water system.

Xu et al. [24] tested experimentally a hybrid adsorption refrigeration
system with desiccant-coated heat exchangers for ultra-low-grade heat uti-
lization in the range from 50 to 80°C. The system achieved its highest COP
of 0.67 under the hot water inlet temperature of 50°C, with the evaporator
cooling water at 25°C and the air temperature of 32°C. The corresponding
cooling capacity for this operating point was 3.3 kW. On the other hand,
the maximum cooling capacity of 4.6 kW was reached with the heat source
temperature of 80°C and at the same operating conditions at the evapora-
tor and air heat exchanger, resulting in the COP value of 0.46. The study
concludes that the hybrid system demonstrates superior adaptability and
efficiency compared to conventional systems, offering a promising solution
for recovering low-grade industrial and renewable heat.

Askalany et al. [25] proposed an adsorption desalination system using
silica gel/water combined with two ejectors and internal heat recovery.
The system working with the low-pressure evaporator at 7°C and the high-
pressure evaporator at 25°C (for desalination) and with the regeneration (hot
water inlet) temperature at 85°C. Under these conditions, the system without
internal heat recovery achieved its highest COP of 1.64. With internal
heat recovery, performance improved further, when working at 95°C of
regeneration temperature, and the same evaporator temperatures, the system
reached a maximum COP of 2.22.

Gado et al. [26] analyzed an adsorption-compression refrigeration system
powered by renewable energy for providing the cold storage at -20°C, using
a silica gel/water pair in the adsorption cycle and R134a in the compression
cycle. The system was modeled for Egyptian climatic conditions using
real temperature data. The vapor-compression system was driven by elec-
tricity from photovoltaic panels and a wind turbine, whereas the thermal
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energy for the adsorption system was provided from photovoltaic panels
and biomass gasification. The nominal system cooling capacity was 6 kW
for the adsorption unit and 2.5 kW for the compression unit to maintain the
cold room temperature. For the nominal conditions, the highest COP of the
adsorption system was around 0.15 under the reduced condenser saturation
temperature of 14°C, the source temperature of 60°C, and the evaporator
temperature of -6°C. The overall cascade COP, which was able to maintain
the desired cold room temperature at -20°C, was around 3.5. The study
concluded that cascade integration reduces electric consumption by 42%
when compared to a typical vapor compression system working at the same
conditions, demonstrating technical and economic viability for off-grid cold
storage in hot climates.

In summary, adsorption refrigeration systems represent a flexible and
sustainable solution for converting low-grade thermal energy into cooling,
leveraging solid adsorbents such as silica gel, activated carbon, or advanced
composites. Compared to absorption systems, adsorption units can often op-
erate at lower heat source temperatures, making them well-suited for waste
heat and renewable energy integration. While their COP values are gener-
ally modest, usually between 0.4 and 0.7 for single-stage designs, recent
research shows clear gains through new adsorbent materials, hybrid cycle
configurations, or implementation of internal heat recovery. Adsorption
systems can also be effectively integrated into cascade or hybrid setups with
vapor-compression units to achieve low-temperature cooling while reducing
electricity demand. The adsorption refrigeration offers promising pathways
to enhance energy efficiency, lower emissions, and expand sustainable cool-
ing access in diverse applications ranging from automotive and building
air-conditioning to industrial and off-grid cold storage.

1.2.3 Ejector-based refrigeration systems

The next type of alternative refrigeration systems is the ejector refrigeration
cycles, which represent another promising class of thermally driven systems.
These cycles utilize the momentum of a high-pressure motive fluid, usually
using recovered waste heat or renewable heat source, to entrain and com-
press a secondary fluid, thus achieving refrigeration without the need for
mechanical compressors [3]. The performance of ejector systems is highly
dependent on the thermophysical properties of the working fluid, as well as
the design and control of the ejector itself. The use of natural refrigerants
in these systems is particularly attractive due to their low global warming
potential and favorable thermodynamic properties [7].
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The integration of thermally driven refrigeration with waste heat recovery
is especially relevant in industrial and commercial settings, where significant
amounts of low-grade heat are often available. Roman and Hernandez [27]
performed a theoretical analysis of the Ejector Refrigeration System (ERS)
operating with natural refrigerants R290, R600, and R600a, as well as
halocarbons R152a and R134a, using the simplified 1-D ejector model. Their
simulations were conducted for a system with a unitary cooling capacity
of 1 kW. Among the refrigerants analyzed, R290 achieved the best overall
performance, reaching the COP value of 0.72 at the generator temperature
of 95°C, the evaporator temperature of 10°C, and the condenser temperature
of 30°C. The schematic layout of the basic ERS is presented in Figure 1.3.
The ERS uses the thermal energy in the generator to produce vapor and
drive the gas ejector, where it entrains and compresses vapor coming from
the evaporator. The mixed flow is then condensed in the condenser. After
condensation, part of the liquid is pumped to the generator pressure level,
while the remaining portion is throttled through an expansion valve to the
evaporator pressure.
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Figure 1.3: Schematic layout of the Ejector Refrigeration System. Adapted and modified
from Besagni et al. [3].

Besagni et al. [28] performed a wide comparative performance analysis
of ERS using four low-GWP refrigerants: R1234yf, R1234ze(E), R152a,
and R290. The ERS was evaluated using a 1-D ejector model coupled
with thermodynamic cycle simulations under varying operating conditions,
specifically the generator temperature ranging from 70°C to 100°C, the
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evaporator temperature from 0°C to 15°C, and the condenser temperature
from 30°C to 40°C. Among all the analyzed refrigerants, the system running
with R290 showed the most effective operation, achieving a high COP of
0.74 at the analyzed operating conditions. In the next work, Besagni et
al. [29] proposed an optimized R290 Variable Geometry Ejector (VGE)
with a spindle. The variable ejector concept enabled adjustment of the
ejector primary nozzle throat area to match varying operating conditions,
providing high ejector performance across a broader range of analyzed
operating conditions. In this study, the authors reported the maximum
COP of 0.85 at the same operating conditions as in the previous study [28],
showing a notable performance improvement, and demonstrating an effective
application of the R290 VGE. The authors emphasized that using a VGE,
the system stability improves across a wide range of operating conditions,
reduces the performance drops for the operating conditions away from the
design point, and enhances integration with renewable heat sources like
solar thermal collectors. The ability to adapt the ejector operation to varying
generator temperatures enhances compatibility, thereby indicating the R290
VGE as a promising solution for sustainable cooling systems.

Eames et al. [30] performed experimental analysis of a jet-pump (ejector)
refrigeration system with 3 heat exchangers and a layout similar to the ERS.
Their system was operating with R245fa, achieving COP values from 0.25
to 0.7 and the evaporator cooling power reaching between 2 and 5 kW.
The authors stated that the system performance was highly dependent on
the nozzle geometry and operating conditions, and their optimization of
nozzle exit position improved COP by up to 40%. These results demonstrate
the suitability of R245fa for low-grade thermal-driven air conditioning
applications.

Khaldi et al. [31] analyzed numerically a low-grade waste heat-driven
ejector refrigeration system, comparing the phased-out R134a refrigerant
and the low-GWP refrigerant R1234yf using a numerical model. They
showed that for the analyzed system, the COP increases with the evaporator
temperature, reaching about 0.72 for R134a and 0.65 for R1234yf at 13◦C
and 23 bar of the generator pressure. R134a generally showed higher COP
at lower generator pressures, between 4.3% and 5.3% of improvement for
25 bar of the generator pressure, up to between 25% and 43% of advantage
at the generator pressure equal to 9 bar. The study concludes that R1234yf is
a viable, sustainable alternative under specific conditions, emphasizing the
need for careful refrigerant selection and operating parameter optimization
for efficient, low-GWP cooling.

Gagan et al. [9] conducted the first industrial-scale experimental assess-
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ment of an R1233zd(E) ERS system utilizing low-temperature waste heat re-
covered from industrial air compressors. The system achieved the maximum
cooling capacity of 45 kW and COP exceeding 0.22 under optimal condi-
tions, i.e. the motive temperature of 68°C, and the condensation temperature
below 28°C. However, the system performance decreased significantly with
slight increases in the condenser saturation temperature, indicating a narrow
off-design operational range. Compared to other low-GWP refrigerants such
as R1234ze(E) or R600a, the studied R1233zd(E) demonstrated lower ejec-
tor component efficiency, but it benefits from being non-flammable. These
results highlight the trade-offs between safety and efficiency and provide
valuable data for model validation and design of ERS using new-generation
refrigerants.

In the next work of Gagan et al. [32], the authors presented experi-
mental validation of a bivalent hybrid ejector-compressor refrigeration sys-
tem designed for chilled water production at 6/12°C using the low-GWP
R1234ze(E). Their system combined a waste heat-driven ejector and a
conventional compressor, with mode-switching governed by condensation
pressure and ambient temperature. The results showed that the ejector
mode achieved a COP of up to 0.30, and the cooling capacity ranged from
26 to 29 kW when driven by a thermal source at approximately 65°C. In
contrast, the compressor mode achieved a COP of 0.7 under standard operat-
ing conditions. The system transitions between modes at a bivalent point
corresponding to the condensation temperature of around 25°C, thereby op-
timizing performance across a wide range of environmental conditions. The
study estimated up to 88% annual energy savings with the system mainly op-
erating in the ejector mode, underscoring its applicability in air-conditioning
for data centers, hospitals, or industrial facilities with access to a low-grade
heat source.

Gil et al. [33] presented a performance analysis of a solar-powered ejec-
tor air-conditioning system using R601 and R602 as refrigerants. In their
system, the generator was producing refrigerant vapor by absorbing the solar
irradiation of around 800 W/m2. For R601, the maximum overall COP was
0.42 at the evaporator temperature of 12°C, the condenser temperature of
30°C, and the generator temperature around 135°C, and the solar irradi-
ance of 800 W/m2, with the cooling capacity of about 1 kW. For n-hexane,
the maximum COP reached 0.39 under similar evaporator and condenser
conditions, but with a slightly higher generator temperature of 165°C. The
resulting cooling capacity for the system running with hexane was approxi-
mately half of that of pentane. The authors conclude that reducing condenser
temperature significantly improves system efficiency and that pentane yields
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higher cooling capacity for the same system configuration, making it a better
refrigerant choice under the examined conditions.

In summary, the ejector refrigeration systems offer an efficient way to
turn low-grade waste heat or renewable thermal energy into cooling without
mechanical compression. Their simplicity, low maintenance, and ability to
use natural or low-GWP refrigerants make them attractive for sustainable
cooling in industrial, commercial, and off-grid settings. While their COP
remains moderate and the performance can be sensitive to operating condi-
tions, advances in the ejector design and hybrid configurations are steadily
improving efficiency and flexibility, supporting broader adoption for waste
heat recovery and climate-friendly cooling applications.

1.2.4 Economic assessment of thermally driven refrigeration technolo-
gies

From an economic perspective, the thermally driven refrigeration technolo-
gies differ considerably in terms of efficiency expressed in COP, investment
cost, and operational expenses. Among the technologies presented in the
previous section, the ejector refrigeration systems stand out due to their
mechanical simplicity and the ability to utilize a wide range of waste heat
temperatures. Reported performance shows typical COP values in the range
from 0.4 to 0.8 [9, 31–33], with specific energy costs as low as 0.04 C per
kWh of cooling [34]. Their relatively low capital cost, around 1 100 C
per kW of installed cooling capacity, combined with minimal maintenance
requirements, further strengthens their competitiveness [35].

In contrast, the absorption systems, especially the double-effect lithium
bromide-water (LiBr-H2O) configurations, achieve higher thermodynamic
efficiency, with COP values up to 1.5 for the favorable operating condi-
tions [16–20]. However, this performance advantage comes at the expense
of a more complex system architecture, requiring multiple heat exchangers
and advanced control strategies. As a consequence, absorption units are
characterized by higher capital investments, and their specific energy cost
is typically in the range of 0.06-0.10C per kWh of cooling [36]. They
are therefore best suited to installations with continuous operation or abun-
dant low-cost waste heat, where the higher upfront cost can be justified by
improved long-term efficiency.

Adsorption refrigeration systems represent another alternative, often cou-
pled with solar energy. These systems are characterized by very robust
operation and the absence of moving parts, but their performance is com-
paratively lower, with COP values usually between 0.2 and 0.7 [22–26, 37].
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Their specific energy cost is in the range from 0.06 to 0.12C per kWh of
cooling, and the capital costs are generally similar to, or higher than, those
of ejector systems. The higher cost is primarily associated with the need for
advanced adsorbent materials and extended heat transfer surfaces. These
features make adsorption systems suitable for niche applications where
durability and low maintenance outweigh efficiency considerations.

A comparative overview of the three technologies is summarized in Table
1.1.

Table 1.1: Economic and performance benchmark of the thermally driven refrigeration
system.

System Type COP Specific energy
cost, C/kWh

cooling

Capital cost,
C/kW cooling

Ejector refrigeration 0.4-0.8 [9, 31–33] 0.04 [34] 1,100 [34]

Absorption 0.1-1.5 [16–20] 0.06-0.10 [36] Higher than ejector
systems [36]

Adsorption [22–26, 37] 0.2-0.7 0.06-0.12 [34] Similar or higher
than ejector [34, 37]

In summary, ejector refrigeration systems emerge as the most econom-
ically attractive option for the utilization of low-temperature heat sources,
owing to their low capital cost and competitive operating expenses. Ab-
sorption systems, while achieving higher efficiency, require substantially
higher investment, which restricts their suitability to applications with stable,
long-duration operation or abundant waste heat. Adsorption systems, on
the other hand, are mainly selected for applications where robustness and
low maintenance are prioritized, despite their relatively lower efficiency and
higher specific costs.

1.3 Natural refrigerants for refrigeration systems

The effectiveness of ejector-based refrigeration systems is strongly influ-
enced by the choice of working fluid. Moreover, the selection of refrigerants
plays a critical role in the environmental sustainability of refrigeration
and air-conditioning systems. In response to the significant climate im-
pact of high GWP hydrofluorocarbons (HFCs), international policies and
regional regulations have implemented the phase-down actions to reduce
their use [5, 6]. These regulatory efforts have accelerated the transition
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toward refrigerants with minimal environmental impact. Among the alter-
natives, hydrofluoroolefins (HFOs) have emerged as synthetic low-GWP
solutions offering performance comparable to conventional HFCs. However,
ongoing research is investigating their environmental influence, including
potential degradation products that may pose ecological risks and their long-
term effects are yet to be determined [38]. In contrast, natural refrigerants,
including ammonia, carbon dioxide, hydrocarbons (HC), or water, are sub-
stances already present in the environment, with negligible or zero GWP
and ODP. Their inherent environmental compatibility positions them as
highly sustainable choices, aligning with the growing demand for conscious,
climate-friendly refrigeration technologies. The main groups of refrigerants
and their characteristics are presented in Table 1.2.

Table 1.2: Main groups of refrigerants and their characteristics. Adapted and modified
from [39].

Name GWP ODP Status

CFCs (e.g., R12) High (ten thou-
sands)

High (1) Phased out

HCFCs (e.g., R22) High (thousands) Moderate
(0.05)

Being phased out

HFCs (e.g., R134a, R404A) High (hundreds to
thousands)

Zero Phasing down due to
GWP concerns

HFOs (e.g., R1234yf) Low (usually <1) Zero Emerging synthetic
low-GWP refrigerants

Natural refrigerants (e.g.,
R717, R744, R290, R600,
R600a)

Very low to zero Zero Increasing adoption
for sustainability

Natural refrigerants have gained increasing attention in recent years as
sustainable alternatives to synthetic fluids with high GWP. These naturally
occurring substances in the environment include carbon dioxide (R744),
ammonia (R717), hydrocarbons such as propane (R290), isobutane (R600a),
butane (R600), or propylene (R1270). The appeal of these refrigerants lies
primarily in their low or negligible impact on the environment, making them
suitable candidates for long-term adoption in the context of increasingly
rigorous environmental regulations. Each natural refrigerant comes with a
unique set of advantages and challenges.

Ammonia boasts excellent thermodynamic performance and high en-
ergy efficiency, especially in industrial systems, but it is toxic and mildly
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flammable. Carbon dioxide is non-toxic and non-flammable, yet it operates
at significantly higher pressures, requiring more durable, and thus more
expensive, components, and has a relatively high triple point temperature of
-56.6◦C, which can complicate operation in ultra-low-temperature applica-
tions [40]. Hydrocarbons in general provide favorable thermophysical prop-
erties and high energy efficiency, but their high flammability restricts their
use in certain applications due to safety concerns. Water, while non-toxic
and abundant, requires vacuum conditions for low-temperature refrigeration,
which is not practical for compact or small-scale systems.

The characteristics of the most commonly used natural refrigerants in the
refrigeration applications are summarized in Table 1.3.

Table 1.3: Key characteristics of selected natural refrigerants. Adapted and modified
from [41].

Refrigerant Class Critical Point Notes

R744 A1 (non-toxic,
non-flammable)

31.0◦C / 73.8 bar High-pressure operation,
transcritical cycles

R717 B2L (toxic, mildly
flammable)

132.4◦C / 113.6 bar High efficiency, toxicity
concern

R290 A3 (flammable) 96.7◦C / 42.5 bar Good efficiency, safety risk

R600a A3 (flammable) 134.7◦C / 36.3 bar Used in domestic refrigera-
tion

R600 A3 (flammable) 152.0◦C / 38.0 bar Similar to R600a, slightly
different properties

R1270 A3 (flammable) 91.0◦C / 45.6 bar Similar to R290, higher vol-
umetric capacity

RE170 A3 (flammable) 127.3◦C / 53.4 bar R290 replacement, better
performance but more ex-
pensive

Recent advancements in natural refrigeration research focus on improv-
ing system designs to accommodate their specific challenges. For instance,
transcritical R744 cycles are now commonly optimized using ejectors, in-
ternal heat exchangers, or parallel compression to overcome the efficiency
penalty associated with high ambient temperatures [39,42]. Similarly, charge
reduction strategies and advanced safety controls are being developed to
broaden the application range of flammable hydrocarbons in commercial
and industrial settings.

In the following subsections, the most recent technological advancements
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for each of the commonly used natural refrigerants will be detailed. This in-
cludes a focused discussion of specific cycle modifications, safety strategies,
and component innovations tailored to the unique properties and challenges
of each refrigerant.

1.3.1 Ammonia

The R717 has been recognized for its favorable thermodynamic properties
as a refrigerant, mainly the low molecular weight and high latent heat of
vaporization, which contributes to its high COP in vapor compression cycles.
This high latent heat allows for significant heat transfer with relatively
small mass flow rates, which in turn reduces the required compressor work
and enhances overall system efficiency [43]. The critical temperature and
pressure of ammonia are well-suited for typical refrigeration applications,
enabling efficient condensation and evaporation processes under a wide
range of operating conditions.

Thermodynamic analysis of ammonia-based systems reveals that the its
low boiling point facilitates efficient evaporation at low temperatures, which
is essential for applications requiring deep cooling. On the other hand, the
high critical temperature of ammonia (132.4◦C) allows for effective heat
rejection even at elevated ambient temperatures, minimizing the risk of
performance degradation in warm climates [44]. Furthermore, the high vol-
umetric refrigeration capacity of ammonia means that smaller compressors
and heat exchangers can be used, reducing both capital and operational costs.
From an energy efficiency perspective, ammonia systems often outperform
synthetic refrigerants, particularly in large-scale industrial applications. In
addition to its intrinsic thermodynamic advantages, ammonia compatibility
with thermally driven and ejector-based refrigeration systems further en-
hances its appeal for sustainable applications. The integration of waste heat
utilization, for example, can be effectively realized with ammonia due to its
high temperature glide and favorable heat transfer properties. This enables
the system designs not only to reduce primary energy consumption but also
to capitalize on thermal energy that would otherwise be wasted, thereby
improving overall exergy efficiency [43].

Ammonia-based refrigeration systems have found diverse application sce-
narios, particularly where large-scale, energy-efficient, and environmentally
conscious cooling is required. One of the examples is the maritime trans-
port, where ammonia starts to be predominantly utilized for refrigeration on
vessels, especially in systems designed for long operational lifespans. The
preference for ammonia in this context is driven by its natural origin, zero
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ODP, and negligible GWP, making it a long-term solution for sustainable
marine refrigeration. The adoption of ammonia in maritime applications is
further motivated by the need to comply with increasingly stringent environ-
mental regulations and the desire to future-proof investments in shipboard
cooling infrastructure [6].

Hu et al. [45] in their experimental study demonstrated an ammonia-
water absorption-compression refrigeration system driven by ocean thermal
energy for maritime cold chain applications. The system achieved cooling
capacities of 6.8 kW at the evaporation temperature of -24.5°C and 10.2
kW at -18°C. Under operating conditions of 30°C of warm surface seawater
and 9°C of cold deep seawater, the highest measured COP reached 6.6,
outperforming conventional vapor-compression systems. The optimal COP
was observed at lower evaporation pressures, balancing reduced compressor
power with effective thermal compression from ocean thermal gradients.

Yu et al. [46] performed an experimental study on absorption refrigeration
systems for fishing ships comparing binary ammonia-water and ternary
ammonia-water-lithium bromide working fluids under exhaust gas heat
recovery conditions. The ternary system achieved a higher cooling capacity
ranged from 6.3 to 9.2 kW and COP in the range of 0.18 and 0.24, compared
to the cooling capacity range of 5.3 and 7.1 kW and the COP range of 0.14
and 0.23 for the binary system, with exhaust gas inlet temperatures from
245 to 350°C. Notably, the ternary system operated at higher evaporation
temperatures, i.e. from -16.7 to -15.0°C, but benefited from a 16% reduction
in rectifier heat exchange area and lower operating pressures, enhancing
energy conversion efficiency and suitability for shipboard conditions.

In the study of Hu et al. [47], the authors investigated compression-
assisted ammonia-water absorption refrigeration cycles for seafood freezing
on offshore platforms, using ocean thermal energy with surface warm sea-
water at 29°C and deep cold seawater at 8°C. Under these design conditions,
both high- and low-pressure compression-assisted configurations deliver 5
kW of the cooling capacity at -15°C of the evaporation temperature. The
low-pressure cycle achieves a maximum exergy efficiency of 0.28 at an
intermediate (absorption) pressure of 0.45 MPa, outperforming the high-
pressure cycle 0.25 at 0.35 MPa. The primary energy rate ratio reaches up
to 1.4 for the low-pressure configuration, demonstrating superior energy
efficiency over conventional vapor compression systems under the given
marine operating conditions.

Apart from maritime transport and storage, ammonia-based systems
play also a critical role in industrial and commercial refrigeration, where
their high thermodynamic efficiency and favorable environmental profile
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are advantageous. These systems are particularly suitable for centralized
installations, such as cold storage warehouses, food processing plants, and
large-scale air conditioning, where the toxicity of ammonia can be managed
through robust safety protocols and system design. It requires careful risk
assessment and system containment, especially in applications where human
exposure is possible. The use of ammonia in these scenarios is often justi-
fied by its superior heat transfer properties and the ability to achieve high
COP, which results in lower operational costs and reduced primary energy
consumption over the system lifetime [43] [44].

The study of Lu et al. [48] demonstrates an ammonia-water absorption
refrigeration system with a two-stage evaporation and absorption process
designed to better match industrial cooling processes with temperature-
distributed heat loads. The system achieves a maximum COP of 0.8, which
is 31% higher with comparison to the conventional single-stage system.
The analyzed system conditions were -15°C of the evaporation tempera-
ture, 160°C of the generation temperature, 35°C of the condensation and
absorption temperatures, and 0.7 MPa of intermediate pressure. At these
conditions, the cooling capacity reached approximately 11.8 kW for LNG
pre-cooling, with significantly improved internal heat recovery, and resulted
in the 40% reduction in the exergy destruction during the cooling process.

Amaris et al. [49] analyzed an R717/R744 cascade refrigeration system
for retail food applications. The authors stated that the proposed cascade
delivers superior performance over R744 booster systems at higher ambient
temperatures. For a supermarket application with a total cooling capacity
of 145 kW (120 kW for medium temperature of -10°C and 25 kW for low
temperature loads of -32°C), the cascade system achieves its highest COP at
ambient temperatures above 16°C, outperforming both typical and parallel-
compressor R744 booster configurations. The cascade system also maintains
subcritical operation, with minimal sensitivity to ambient temperature, unlike
the R744 booster systems whose COP declines sharply with temperature.

Chen et al. [50] analyzed ultra-low temperature cascade refrigeration
systems using R717 as the high-temperature cycle refrigerant in the two-
compression system, and R170, R41, or R1150 in the low-temperature cycle,
targeting evaporation temperatures between -80 and -50°C with thee design
cooling capacity of 9 kW. At the -60°C of the evaporation temperature and
40°C of the condensation temperature, the optimum COP of the R717/R170
cascade system, presenting the best performance among analyzed pairs,
reached 1.15, outperforming the conventional R404A/R23 system by 13.3%.
Over the entire studied range, the two-stage R717/R170 cascade refrigeration
cycle exhibited COP improvements of up to 18.6% compared to R404A/R23.
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Despite the advantages, the implementation of ammonia systems requires
careful consideration not only for the safety measures, but also due to the cor-
rosiveness of this refrigerant. Ammonia corrosiveness towards copper and its
alloys mandates the exclusive use of resistant materials such as carbon steel
or selected aluminum grades, increasing both capital cost and maintenance
complexity. To mitigate these hazards, modern systems employ double-
walled piping, hermetic components, advanced sensors for trace-level detec-
tion, and automated controls for real-time monitoring and shutdown under
abnormal conditions [51]. Hybrid configurations, such as ammonia-water
absorption cycles or ammonia blends with R744, reduce charge and leak po-
tential, presenting a promising avenue for leveraging the ammonia efficiency
and zero-GWP benefits without compromising safety [52]. Nevertheless,
the thermodynamic superiority of ammonia remains a driving force behind
its continued adoption in sustainable refrigeration, especially as regulatory
pressure increases to phase out high-GWP refrigerants. The ongoing devel-
opment of advanced control strategies and system designs, including the use
of ejectors and heat recovery, is expected to further enhance the efficiency
and sustainability of ammonia-based refrigeration technologies.

1.3.2 Carbon dioxide

The R744 refrigeration systems are increasingly recognized as a robust
and environmentally sustainable alternative to conventional HFC-based
technologies due to their ultra-low global warming potential and favorable
thermophysical properties [7]. Due to the relatively low critical tempera-
ture (around 31°C), the R744 refrigeration system in majority operates in
the transcritical parameters. In consequence, in transcritical cycles, heat
rejection occurs above the critical pressure in a gas cooler instead of a con-
denser, requiring precise control of the gas cooler pressure to maintain high
efficiency [53]. Recent numerical and experimental studies have shown
that optimizing this pressure and integrating advanced components such
as ejectors or expanders can significantly enhance system performance by
recovering expansion work and reducing throttling losses [7]. However, the
high operating pressures impose the demands on material strength and the
risk of refrigerant leakage remains a key concern [6].

Design strategies, such as ground coupling or hybrid configurations that
blend transcritical and subcritical features, have been explored to mitigate
these challenges and adapt system performance to varying ambient condi-
tions [54]. From an operational standpoint, the R744 systems benefit from
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high volumetric cooling capacity and excellent heat transfer characteristics,
enabling compact and efficient designs well-suited for both commercial
and industrial applications. Safety considerations further favor R744 over
flammable alternatives like hydrocarbons, expanding its applicability in
large-scale or public installations [55].

The potential for waste heat recovery, especially in ejector-enhanced
cycles, provides additional opportunities for energy savings and emissions
reduction, strengthening the R744 role in sustainable refrigeration solutions.
As an example, in a study of Sengupta et al. [56] the heat-driven multi-
ejector chiller cycle using R717 was integrated with R744 supermarket
refrigeration systems to improve performance via subcooling. The R717
refrigerant was identified as the most suitable natural refrigerant for the
chiller due to its high COP (up to 0.5 at the generator-to-condenser pressure
ratio from 2.5 to 4.0) and superior waste-heat utilization at the generator
temperature up to 120°C. The highest cooling capacity of the combined
system was 56.7 kW at 47°C of the ambient temperature with the R744
operating in parallel compression configuration and with multi-ejectors
module. The maximum COP improvement for the combined system over
a standard parallel compression unit was observed between 28 and 40°C
of the ambient temperature, achieving the COP increase from 4.2 to 24%.
The authors highlighted the suitability of the proposed combined system for
warm and hot climates.

In the work of Boupda et al. [57], the solar-assisted transcritical R744
refrigeration system that integrates an ejector and a Brayton subcycle to
improve energy efficiency was analyzed. In the proposed design, solar
energy is collected by a parabolic trough concentrator and used to heat a
fraction of the circulating R744 working fluid. This vapor generated in
the concentrator expands in a turbine, generating mechanical power that
reduces the compressor electrical demand. Simulations of the combined
refrigeration system with Brayton cycle at the evaporation temperature of
-10°C, the gas cooler temperature of 40°C, and with the solar irradiation of
300 W/m2 demonstrated the cooling capacity of approximately 15 kW and
the corresponding COP value of 2.9, marking a 30% improvement over the
conventional ejector cycle. Moreover, by increasing the solar irradiation to
1000 W/m2, the system COP can go beyond 2.9 and achieve energy savings
up to 43%, while the cooling capacity remains stable around 15 kW.

The study of Ávila-Gutiérrez et al. [58] presented a transcritical R744
refrigeration system combined with a dedicated ejector subcooling cycle
with two hydrocarbon refrigerants analyzed, R290 and R600a. Heat recovery
in the system occurs by utilizing the high-temperature discharge of the R744
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compressor to drive the ERS running on hydrocarbons. This ERS system
provides subcooling at the R744 gas cooler outlet without additional com-
pressor work, and in consequence, improving the overall system COP. Under
optimum conditions (the evaporation temperature of -35°C, the ambient
temperature in the range of 25 and 35°C and the generator temperature in
the range of 60 and 92°C for R290), the combined system achieved COP im-
provements of on average 20% over the baseline R744 cycle, with maximum
cooling capacity up to 6.4 kW in the test facility. The highest subcooling
degrees and COP enhancements were achieved for R290 at higher generator
temperatures approaching 90°C, due to its lower latent heat enabling greater
heat absorption in the dedicated ejector subcooling at the generator.

Despite the remaining challenges in system integration, component stan-
dardization, and intelligent control development of the transcritical cycle,
the combination of low environmental impact, non-toxicity and non-flam-
mability, and competitive efficiency makes the R744 a leading candidate
for next-generation refrigeration systems aligned with global climate tar-
gets [7], [6], [54].

1.3.3 Hydrocarbons

As far as the HC refrigerants are concerned, they are increasingly recognized
as efficient, environmental friendly alternatives to synthetic refrigerants, of-
fering very low GWP and zero ODP [44]. Their high flammability restricts
their applications to small-scale domestic and commercial units due to the
charge limits imposed for safety reasons [59]. The favorable thermophys-
ical properties such as high latent heat of vaporization, low viscosity, and
strong heat transfer characteristics enable high COP and compact system
designs, which are particularly advantageous in small- to medium-capacity
refrigeration and air conditioning applications [60].

These attributes reduce not only refrigerant charge requirements but also
compressor work and energy consumption, enhancing economic viability
and environmental sustainability. However, their flammability poses a criti-
cal challenge, necessitating implementation of the risk mitigation strategies
and compliance with international safety standards, which define charge
limits, safety classifications, and equipment design criteria [61]. Engineering
measures like minimizing refrigerant charge, employing high-efficiency heat
exchangers, integrating leak detection and enhanced ventilation, and imple-
menting automatic shut-off valves, are crucial to reduce ignition risks [62].
Studies show that site-specific factors, including ambient temperature and
humidity, can significantly influence flammability boundaries, emphasizing
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the need for dynamic safety assessments and rigorous validation through
realistic leak and ignition tests [60]. Procedural safeguards, such as compre-
hensive training for technicians, routine maintenance, and clear emergency
protocols, further strengthen the safety profile of hydrocarbon systems. Reg-
ulatory trends driven by environmental frameworks are accelerating the shift
towards low-GWP refrigerants, reinforcing the hydrocarbons relevance in
sustainable cooling technologies [62].

As far as the hydrocarbon-based refrigeration systems are concerned,
in the numerical study of de Carvalho et al. [63] the authors compared the
conventional vapor compression cycle and a cycle with a flash tank vapor
injection using hydrocarbon refrigerant blends. The latter differs from a
conventional cycle by the addition of a second compression stage and a
flash tank that allows vapor injection between compression stages. The
flash tank vapor injection cycle consistently showed higher COP than the
conventional cycle, with improvements ranging from 4 to 36% depending on
the mixture. The optimum result was achieved with a R290/R600 mixture
(60/40% mass), yielding a COP of 4.9 in the flash tank injection cycle versus
4.5 in the vapor injection cycle, along with lower refrigerant mass flow
requirements. These findings suggest that HC-based mixed refrigerants
can improve system efficiency and reduce the refrigerant charge, offering
advantages over typical single-stage compression systems despite higher
system complexity. When carefully engineered and operated, hydrocarbon-
based systems can achieve performance comparable to or exceeding those
of traditional refrigerants and other natural options, such as R744 or R717,
especially when integrated in hybrid or cascade cycles optimized for various
temperature levels and load conditions [55].

In the study performed by Lee and Su [64], the authors analyzed the small-
scale domestic vapor-compression refrigeration system utilizing R600a.
Their system was divided into two cooled compartments, devoted to cold
storage and freezing of products. The evaporator temperatures for the cold
storage and freezing applications were tested in the ranges of -14°C to -4°C
and 0°C to 8°C, respectively. The cooling capacity for both applications
reached between 0.3 to 0.8 kW. The authors reported that the system reached
the COP between 1.2 and 4.5 in the cold storage application and between
0.8 and 3.5 in the freezing application.

Joudi and Al-Amir [65] tested split-type air-conditioning units with R22
and R290 operating with the relatively high ambient air temperature between
35 and 55°C. The air inside the conditioned compartment was maintained at
25°C dry bulb temperature for all tests. For the analyzed range of ambient
temperature, the R290 system cooling capacity reached between 6.3 to 7.8,
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whereas the reported system COP was from 2.5 to 3.1. On the other hand,
system with R22 reached better cooling capacity, showing values between
2.9 to 3.2, but at the expense of lower COP, reaching between 2.2 and 2.6.

Faruque et al. [66] performed a thermodynamic analysis of a three-stage
cascade refrigeration system using hydrocarbon refrigerants for ultra-low-
temperature applications. The study employed pure hydrocarbon refrigerants
including m-Xylene in the high-temperature circuit, 1-butene in the low-
temperature circuit, and Heptane, Toluene, Trans-2-butene, or Cis-2-butene
in the mid-temperature circuit. For a nominal fixed 10 kW of cooling load,
the system achieved maximum COP values ranging from 0.43 at -120°C of
the evaporator temperature to 0.70 at -90°C of the evaporator temperature
with exergy efficiency of up to 55.1%. Hydrocarbon refrigerant pairs enabled
effective operation at reported very low temperatures without compromising
thermodynamic performance compared to conventional single-stage vapor
compression systems, which are infeasible at such low temperatures due to
excessive pressure ratios. The study demonstrates that hydrocarbons can be
viable, environmentally friendly alternatives in multi-stage cascade systems
for ultra-low-temperature refrigeration.

In summary, hydrocarbons combine high energy efficiency and environ-
mental advantages with manageable safety challenges, provided that modern
design practices, robust engineering controls, and stringent operational pro-
tocols are consistently applied.

1.3.4 Hydrocarbon blends

Blends and mixtures of hydrocarbon refrigerants have gained attraction
as a flexible strategy to tailor thermophysical properties and operational
performance, while addressing safety concerns inherent to pure hydrocar-
bons [55]. By combining carefully selected components, these mixtures can
balance high latent heat, favorable thermal conductivity, and low viscosity
with adjusted flammability, allowing designers to optimize efficiency and
safety simultaneously. Zeotropic mixtures, particularly those incorporating
dimethyl-ether (RE170) with hydrocarbons, have demonstrated promising
performance improvements [67, 68].

Calleja-Anta et al. [68] reported that such blends can outperform tra-
ditional single-component hydrocarbons in small-capacity refrigeration
systems. In their recent study, the authors evaluated binary mixtures of
hydrocarbons as alternatives to R600a in a commercial cooler, both the-
oretically and experimentally. Three blends, namely R1234ze(E)/R600
(8/92% mass), R152a/R600 (8/92% mass), and R32/R600 (2/98% mass)
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were tested. The first two mixtures showed clear improvements over pure
R600a, achieving reductions in the energy consumption of 2.7 and 5.0%,
respectively, while exhibiting the estimated COP increases of 11 and 13%,
respectively. By contrast, the R32/R600 blend offered only a marginal COP
improvement of around 5%. The study identifies R152a/R600 (8/92% mass)
as the best-performing candidate, offering the largest energy savings with
comparable operating pressures and acceptable thermodynamic properties
for drop-in use in the existing equipment.

Hydrocarbon blends generally maintain the intrinsic benefits of pure
HCs high latent heat and superior heat transfer, while offering opportuni-
ties to mitigate flammability risks through compositional adjustment [55].
Martinez-Angeles et al. [11] evaluated R744-doped blends with R152a,
R1234yf, R1234ze(E), and R1233zd(E) in single-stage refrigeration cy-
cles with internal heat exchangers and parallel compression. Adding small
amounts of 5 to 10% mass of these additives generally improves COP over
pure R744, especially at higher ambient temperatures above 20°C. The COP
improvements in the cycle with internal heat exchanger reached a maxi-
mum of 7.7% for R744/R1233zd(E) at the ambient temperature of 31°C,
while the parallel compression cycle shows even larger improvements, up
to 12% at the same mixture composition and 27°C of the ambient temper-
ature, attributed to the beneficial effects of fractionation. However, these
improvements come with a significant reduction of up to 25% in the volu-
metric cooling capacity, and large effective temperature glides above >10 K,
which complicate heat exchanger design. Moreover, the authors stated that
R744 doping shifts the cycle from transcritical to subcritical operation at
high ambient temperatures, reducing operating pressures and enabling better
efficiency in simpler system architectures, although experimental validation
remains necessary.

In the study of Sobieraj [69], a novel wet sublimation cascade refrigera-
tion cycle was tested using low-GWP binary mixtures of R744 with R290
and R32 as solvents for dry ice. The tested blends consisted of an R744/R32
mixture with a 67/33 mass ratio and an R744/R290 mixture with a 30/70
ratio. Both blends achieved ultra-low temperatures near -72°C, but the
R744/R32 mixture consistently delivered higher heat transfer coefficients
(from 1.9 to 3.5 kW/(m2·K)) comparing to the R744/R290 mixture (from 1.4
to 2.4 kW/(m2·K)) and lower wall superheat due to its higher partial pressure
and better thermophysical properties. The R744/R32 blend emerged as the
better candidate for low-temperature applications, offering improved heat
transfer and system efficiency over typical hydrocarbon mixtures, while
mitigating flammability concerns at appropriate R744 concentrations.
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The synergy of hydrocarbons with other natural refrigerants, such as
R744, is also being explored to leverage complementary advantages, for
example adding R744 can moderate discharge temperatures and alter volu-
metric heating capacity, which benefits compressor reliability and system
lifespan [70]. Nonetheless, trade-offs may arise, including potential reduc-
tions in the heating or cooling capacity, which must be balanced through
careful blend formulation and advanced system control.

In summary, hydrocarbons and their blends represent an important step
forward in sustainable refrigeration technology, combining the thermody-
namic strengths of individual components, while mitigating drawbacks
through appropriate mixing ratios and robust control. Continued research
into mixture behavior, practical validation under real-world conditions, and
standardization efforts will be vital for fully realizing their potential in the
global shift towards natural refrigerants.

1.4 Waste heat utilization in thermally driven refrigeration sys-
tems

Given the significant potential of natural refrigeration application for the
thermally-driven systems, it emerges as a promising technology for harness-
ing the waste heat sources. The waste heat recovery is a key strategy for
decarbonization of industrial systems of different kinds, improving their
energy efficiency, lowering operational costs, generating savings or other
sources of profits. Particularly in refrigeration technology, utilization of
waste heat as a driving source enables thermally driven cycles to replace
or supplement electrically powered vapor compression systems. Moreover,
such an approach reduces primary energy consumption and the refrigeration
associated emissions resulting from system operation or leakages [71]. The
waste heat is typically referred to a by-product of industrial processes, aris-
ing from chemical reactions, fuel combustion, or mechanical work, and is
often discharged unused into the environment despite containing valuable
thermal energy [72].

1.4.1 Potential of industrial waste heat recovery

The classification of industrial waste heat levels is fundamental for the effec-
tive integration of thermally driven refrigeration systems, as the temperature
and quality of waste heat directly influence the selection and performance
of cooling technologies. Waste heat in industrial processes is typically
characterized by its temperature, type of medium, and pressure, with the
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most important one being the temperature, which determines the thermo-
dynamical potential and helps with selecting appropriate technology that
can be used to recover it. The industrial waste heat in the European Union
in terms of temperature is categorized into three main temperature levels:
low (<200°C), medium (from 200 to 500°C), and high (>500°C). Approx-
imately one-third of the total technically recoverable waste heat potential
(estimated at 300 TWh/year) is available in the low-temperature category
below 200°C. Typical sources include exhaust gases, drying, and preheating
processes in sectors such as food, paper, chemicals and food industry, and
by-product of machines operation that require cooling for safe operation.
The medium-temperature waste heat (around 78 TWh/year) comes largely
from pulp, paper, iron and steel processes, while high-temperature (>500°C)
waste heat (around 124 TWh/year) is mostly from the steel, cement, and
chemical industries [73].

In recent years, researchers have extensively investigated waste heat re-
covery, with a predominant focus on low-temperature sources in the range
of 100 to 200°C due to their superior thermal and economic significance.
Within the low-grade category, however, an important distinction is often
made to isolate a subset of even lower temperature sources, usually referred
to as ultra-low grade, which is below <100°C. This distinction highlights
significantly different thermodynamic challenges involved in recovering
heat at such low temperatures and having small temperature differentials,
that reduce the driving force for heat transfer and therefore limits the ap-
plication of thermally driven technologies [73]. In the study of Luberti et
al. [74], the authors performed an estimate of the waste heat available in
European Union based on the data for the year 2018. The authors stated
that the largest fraction of waste heat in the European Union is available
at temperatures between 40 and 60°C coming from the power generation
sector, being around 6441.4 ·106 GJ. It corresponds to the 73% of the waste
heat fraction at temperatures below 100°C released by the combined indus-
trial and power generation sectors, and around 97% for power generation
only [74]. Moreover, it is predicted that the amount of ultra low-temperature
waste heat in transportation, construction and residential sectors, not taken
into account in the previous analysis, has also a huge potential [75], and the
overall amount of waste heat at this temperature will be identified, and the
potential to harvest it will steadily grow in the next years [74].

Despite its modest thermo-economic value, ultra-low grade waste heat is
widely available, offering great opportunity for enhancing energy efficiency
and reducing environmental impact through integrated waste heat recovery
systems [76]. Common sources of ultra-low grade waste heat in industrial
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and commercial settings include condensate from steam systems (50-90°C),
warm cooling water from chillers or condensers (25-40°C), low-temperature
flue gases after primary heat recovery stages (60-100°C), heat, ventilation
and air-conditioning systems exhaust air (20-30°C), heat rejected from
refrigeration and heat pump condensers (30-50°C), and industrial process
by-products such as waste water from food and beverage production (30-
60°C) [72].

1.4.2 Refrigeration technology for waste heat recovery

Unlike conventional vapor-compression systems that rely entirely on elec-
trical work input, the waste-heat driven systems harness heat sources such
as industrial waste heat, vehicle exhaust gases, district heating networks,
or solar thermal energy to drive refrigeration cycles. They are designed
to convert stream of industrial processes byproducts, being the thermal en-
ergy, into useful cooling potential. Technologies in this category include
adsorption, absorption, ejector-based, and hybrid refrigeration systems, each
with unique thermodynamic principles, design pros and cons, and suitable
temperature ranges. The following review summarizes recent research and
experimental studies on thermally driven refrigeration for waste heat recov-
ery, highlighting their operational characteristics, advantages, limitations,
and potential applications across stationary and mobile contexts.

Zhang [77] performed experimental tests of intermittent adsorption cool-
ing system to recover diesel engine exhaust heat for vehicle air conditioning,
using zeolite 13X-water as the working pair. The system used a finned
double-tube adsorber that was heated alternately by exhaust gas of tem-
perature around 310°C and cooled by ambient air of around 25°C, with
evaporator and condenser temperatures of 10°C and 45°C, respectively. The
maximum measured COP reached under these conditions was 0.4 with the
specific cooling power of 25.7 W/kg of adsorbent. The study concluded that
while such systems can meet waste-heat utilization requirements, their low
SCP makes them inefficient for practical mobile applications without further
improvements in adsorbent heat transfer properties.

Chaudhari and Desai [78] performed an experimental study of a single-
bed adsorption refrigeration system using an activated charcoal-ammonia
working pair driven by waste heat energy. The system features a shell-
and-tube adsorption bed heated to 120°C with cooling water at 30°C. The
maximum measured cooling capacity was 50.6 W, and the highest COP
achieved was 0.10. The ammonia adsorption capacity reached up to 0.22
W/kg of the activated charcoal. Their environmentally friendly system can
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effectively use low-grade waste heat for small-scale cold storage. It is a
promising, sustainable alternative to conventional refrigeration systems, with
potential improvements via multi-bed designs and heat recovery to enhance
performance.

Gagan et al. [32] in their experimental study presented the performance
of a novel bivalent hybrid ejector-compressor refrigeration system designed
for air-conditioning applications using low-grade heat sources such as waste
heat or district heating. The system achieved a COP of approximately 0.30
in the ejector-driven mode (with cooling capacity between 23 and 26 kW)
and an average COP of 4.70 in the compressor-driven mode, with seamless
mode-switching at a condensation temperature of 25°C. The results indicate
significant energy savings potential of up to 80% under certain scenarios by
substituting compressor work with heat-driven ejector operation for majority
of the year, highlighting the hybrid system promise for reducing electricity
demand in comparison to conventional vapor-compression refrigeration,
especially in moderate climates with district heating infrastructure.

Zadeh and Chung [79] analyzed the adsorption refrigeration systems, in
which the system is powered by recovering the engine coolant or exhaust
gases heat for the internal combustion engines, and the heat from battery
cooling system for the electric vehicles. The authors reported that the
adsorption system can provide a cooling power ranged from 0.4 to 3.6 kW
and achieve COP values from 0.2 to 1.4, depending on the materials used.
The activated carbon/ethanol pairs achieve the maximum specific cooling
power of 488 W/kg, among all analyzed material pairs.

Fernandes et al. [80] analyzed the current state of art of solar-powered
adsorption refrigeration systems designed for cooling, air-conditioning,
and ice-making, especially in remote areas where access to electricity is
limited. The analyzed flat-plate solar collectors operating with activated
carbon-methanol pairs are relatively simple and cost-effective. However,
their performance remains limited, with low COP values typically ranging
between 0.1 and 0.3, and relatively low cooling capacities depending on
the size of solar collectors that have not significantly improved over recent
decades. Scaling up their size to increase their cooling capacity makes them
economically unviable. Despite these limitations, solar adsorption systems
are great representatives of sustainable refrigeration by utilizing free solar
energy without the need for conventional energy inputs, making them an
environmentally attractive option in suitable climates.

Huang et al. [81] proposed a compression-assisted absorption refrigeration-
heating system designed to recover low-grade waste heat from liquid-cooled
data centers, providing simultaneous chilled water for cooling and hot water
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for domestic use. The system uses R152a/1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide as the working pair, selected for its supe-
rior performance in both refrigeration and heating sub-cycles. Under waste
heat source at 60°C, cooling water for condenser at 24°C, and the satura-
tion evaporator temperature of 10°C, the system achieved the maximum
COP of 0.5 with the cooling capacity of 4.3 kW for air-conditioning and
1.4 kW heating capacity for hot water production at 70°C. The analysis
demonstrates that increasing the compression ratio lowers the minimum
required generation temperature from 52°C to 27.2°C as compression ratio
increases from 1.1 to 2.0. The study concludes that the proposed system can
fully meet data center air-conditioning needs while recovering waste heat
for domestic hot water supply, offering a promising method for low-grade
waste heat utilization despite challenges such as high equipment costs and
the price of ionic liquid working pairs.

In summary, adsorption systems demonstrate particular suitability for
low-temperature waste heat sources, offering environmental benefits through
the use of natural refrigerant pairs, although their performance is often
limited by low specific cooling powers and COP values. Absorption systems
can deliver higher cooling capacities and are commercially mature in some
applications, but their efficiency and feasibility depend on careful selection
of working fluids and source temperatures. Ejector-based and hybrid ejector-
compressor systems offer an effective means to integrate waste heat recovery
with conventional refrigeration, enabling flexible operation and substantial
electricity savings. Despite technical challenges such as low COP, limited
heat transfer rates, and system costs, advances in materials science, system
integration, and hybrid configurations continue to expand the potential
of these technologies. Overall, thermally driven refrigeration offers an
environmentally sustainable strategy to enhance energy efficiency, reduce
fossil fuel dependence, and support the decarbonization of cooling demand
in both stationary and mobile applications.

1.5 Fundamentals of thermally driven ejector refrigeration sys-
tem for waste heat recovery

Thermally driven refrigeration technologies represent a key opportunity for
the effective recovery and utilization of industrial waste heat, particularly
low- and medium-grade sources that are challenging to exploit for power
generation. As highlighted in the preceding literature review, significant
technical potential for converting waste heat into useful cooling is available
across diverse industrial contexts, supported by a range of mature and
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emerging technologies. Absorption and adsorption systems, for example,
are well-established for low-grade heat recovery but often involve specific
working pairs, complex designs, and higher capital costs, limiting their
scalability in certain applications.

Among the available options, ejector-based refrigeration cycles have
emerged as especially promising solutions for waste heat recovery [30, 33,
56]. They leverage well-understood ejector technology without requiring
new working mediums or fundamentally novel components, making them
comparatively easy to integrate with existing systems. Their simplicity,
absence of moving parts in the expansion stage, and suitability for a wide
range of conventional refrigerants enable straightforward scaling from small
to medium capacities [3]. In the following sections, the principles of ejec-
tor operation and recent advancements in the ejector technology will be
discussed to provide a comprehensive understanding of their suitability for
waste heat-driven refrigeration applications. Next, a schematic layout of the
ejector refrigeration system, along with the derivation and presentation of
the main equations used to evaluate key system performance parameters.

1.5.1 Ejector fundamentals

An ejector is a fluid dynamics device that utilizes the momentum transfer
between a high-pressure primary fluid and a lower-pressure secondary fluid
to achieve fluid entrainment, mixing, and subsequent pressure recovery [82].
Its fundamental operation is based on converting the pressure energy of the
motive or driving flow into kinetic energy through a converging-diverging
nozzle, creating a suction effect at the nozzle exit that entrains the secondary
fluid. In the case of a supersonic ejector, the high-temperature primary fluid
is accelerated to supersonic conditions in the motive converging-diverging
nozzle and then expanded in the mixing chamber, where it entrains the low-
pressure secondary flow coming from the suction nozzle. The two streams
are mixed in the mixing section and subsequently compressed in the diffuser
to an intermediate pressure, enabling effective energy transfer and pressure
recovery in a relatively simple, compact device. The geometry of a typical
ejector can be divided into the motive nozzle, suction chamber, mixing
chamber, and diffuser as schematically presented in Figure 1.4. Moreover,
the geometry and relative positioning of these components are critical, as
they directly influence the entrainment ratio, pressure recovery, and overall
efficiency of the ejector [83].

Ejectors can be categorized according to both the type of working fluid
and the method of capacity modulation. In terms of working medium, ejec-
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Figure 1.4: Schematic layout of the fixed-geometry ejector with representation of its main
sections.

tors are typically classified as gas ejectors (commonly used in refrigeration
and heating, cooling, and air-conditioning applications), liquid ejectors
(utilized in fluid transport and mixing), and two-phase ejectors (employed
in processes involving phase change, such as transcritical refrigeration cy-
cles) [84]. Another fundamental classification distinguishes between the
geometry of ejectors, so the fixed-type ejectors and variable-geometry ejec-
tors [85]. The first group of ejectors have a constant internal geometry, as
illustrated in Figure 1.5 (a), which makes them robust and simple, but limits
their efficiency under varying operating conditions. In contrast, variable-type
ejector schematically presented in Figure 1.5 (b), employs the mechanical
adjustments to modify the ejector geometry, mainly by introducing a spindle
(needle) to the motive nozzle and thereby changing the nozzle area ratio,
so the ratio of nozzle outlet area to the nozzle throat area. It allows the
real-time adaptation to changing load and boundary conditions. This capa-
bility of control is particularly advantageous in refrigeration systems subject
to dynamic variations of system operating conditions, providing enhanced
control over the entrainment ratio and overall system performance.

The operation of the ejector throughout the literature is expressed using
a several performance parameters, with the most important one being the
mass entrainment ratio, describing the ratio of the entrained (suction nozzle)
mass flow rate to the motive nozzle mass flow rate:

ϕ =
ṁsn,in

ṁmn,in
(1.1)

where ϕ is the mass entrainment ratio, ṁ is the mass flow rate, and the
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Figure 1.5: Schematic representation of: a) fixed- and b) variable-geometry ejector.

subscripts mn, sn and in denote the ejector motive nozzle, the ejector suction
nozzle and the inlet, respectively.

To better characterize the operational regime of the ejector under specific
conditions, the pressure difference of between the ejector (diffuser) outlet
and suction nozzle inlet is utilized. It is helpful for determining the mode of
operation when plotted against the mass entrainment ratio:

plift = pdiff,out − psn,in (1.2)

where plift is the pressure lift, p is the pressure, and the subscripts diff
and out denote the ejector diffuser and the outlet, respectively.

Another parameter defining the pressure conditions at which the ejector
operates is the pressure ratio, being the ratio of the diffuser outlet pressure
to the suction nozzle inlet pressure:
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Π =
pdiff,out

psn,in
(1.3)

where Π is the pressure ratio.
The ejector operation depends on the fluid dynamics phenomena that oc-

cur within the device and have an impact on its performance. The schematic
representation of the ejector operation with local pressure and velocity
profiles is presented in Figure 1.6 (a).
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Figure 1.6: Schematic representation of the supersonic ejector: a) local pressure and veloc-
ity profiles across the ejector components and b) ejector efficiency curve representing
the mass entrainment ratio as a function of saturation temperature at the ejector outlet.
Adapted and modified from Fingas et al. [86].

Three modes of ejector operation can be distinguished, of which the
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most desired is the critical mode, so the on-design ejector conditions are
characterized by the highest mass entrainment ratio. The optimal point of
ejector operation in given operating conditions is called the critical point, i.e.
the point of maximum outlet pressure for which the mass entrainment ratio
parameter still reaches its maximum. With a further increase of the ejector
outlet pressure, it enters a subcritical, off-design mode, in which the mass
entrainment ratio decreases with the increase of outlet pressure, up to a level
above which the suction stream is no longer entrained, indicating the ejector
entering into a backflow mode. In case of the gas ejectors working in vapor
compression refrigeration systems, the critical point is often expressed in
terms of temperature, being a saturation temperature for an outlet pressure
(or back pressure) at the ejector critical point, since it is closely related with
the ambient temperature at which operates the condenser. The representation
of the ejector efficiency curve with all modes of operation is presented in
Figure 1.6 (b).

1.5.2 Ejector design and shape optimization

For the efficient design and optimization of ejector systems, diverse model-
ing techniques have been used in literature. Zero-dimensional (0-D) models
present a streamlined and effective method for predicting ejector perfor-
mance and output parameters with low computational expense, render-
ing them ideal for system-level optimization under varied operating condi-
tions [87]. More advanced models, including those based on computational
fluid dynamics (CFD), provide detailed insights into the flow dynamics and
allow for the exploration of complex geometrical and operational influences
on ejector behavior [88] [89]. Performance maps, derived from experimen-
tal data or empirical correlations, are also widely used to predict ejector
characteristics under varying conditions, supporting both design and control
strategies [53].

1.5.3 Ejector control

The use of thermally driven ejectors is constrained by the need for access
to a low-grade heat source and by their sensitivity to operating conditions,
as their efficiency drops significantly under off-design conditions. As a
result, introducing capacity control to allow the ejector to adapt to varying
conditions emerges as a promising strategy for improving its performance
even under less favorable conditions.

One approach for controlling ejector operation is the multi-ejector mod-
ule first introduced by Hafner et al. [90]. In this concept, multiple ejectors

42



1.5. Fundamentals of thermally driven ejector refrigeration system for waste
heat recovery

of different sizes operate in parallel, and capacity is modulated by switch-
ing individual ejectors on or off, enabling the module to match the system
capacity requirements. Banasiak et al. [91] developed a performance map
for an R744 multi-ejector module, demonstrating that it can span a wide
operational range in refrigeration systems while maintaining efficiencies ex-
ceeding 30% across a broad range of conditions. Haida et al. [92] conducted
an experimental study on a transcritical R744 refrigeration system equipped
with such a module, showing a COP of up to 3.18, which represents a 7%
COP improvement over a conventional vapor compression system, and an
exergy efficiency of up to 13.6%, marking a 13.7% increase compared to
the parallel compression system.

Another method for achieving variable ejector control was investigated
by Ge et al. [93], who examined the impact of nozzle exit position for two
different ejector geometries, i.e., a cylindrical mixer and a conical-cylindrical
mixer, using water as the working fluid. Their findings revealed that the
conical-cylindrical mixer achieved a higher entrainment ratio under all tested
conditions. Furthermore, the conical shape of the mixer inlet stabilized the
flow at both nozzles, as it effectively directed the expansion shockwave train
produced by the motive fluid after nozzle expansion.

Another promising approach for the ejector control is the use of a VGE,
which can dynamically adapt to changing boundary conditions, thus im-
proving performance and broadening its application range relative to fixed-
geometry ejectors, as described by Chen et al. [94]. The initial concept
proposed by Elbel and Hrnjak [95] demonstrated that a needle-driven ejector
can enhance the performance of a transcritical R744 system by regulating
high-side pressure conditions similarly to an expansion valve in a conven-
tional direct-expansion system, but with increases in cooling capacity and
COP of up to 8% and 7%, respectively, compared to the valve-based system.
Chandran et al. [96] reported that an R744 VGE featuring forward spindle
movement can maintain the ejector pressure ratio by keeping the motive
flow choked even as the mass flow rate decreases up to a certain spindle
position. As the spindle advances, the motive flow gradually declines while
the suction flow initially increases to a maximum before dropping sharply
as the spindle moves deeper into the nozzle throat.

Another method for modulating ejector performance called a vortex-
based control was introduced by Zhu and Elbel [97]. The schematic rep-
resentation of this mechanism is presented in Figure 1.7. This technique
enables the adjustment of ejector mass flow rate and capacity without chang-
ing the nozzle geometry but by generating a controllable vortex at the inlet
of the motive nozzle. By splitting the refrigerant flow entering the motive
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nozzle, a portion is directed into the motive nozzle tangentially, creating the
vortex inside motive nozzle chamber, while the remainder enters the motive
nozzle chamber axially. A valve at the tangential inlet regulates the flow
ratio, thereby adjusting the vortex intensity. This dynamic vortex is able to
modify the motive nozzle mass flow rate.

Axial motive
flow inlet

Suction flow

Fixed nozzle throat
cross-sectional area

Tangential motive
flow inlet

Control valve

Figure 1.7: Schematic representation of the vortex control mechanism for the ejector
capacity control. Adapted and modified from Zhu and Elbel [97].

The authors reported that the presence of a stronger inlet vortex was
found to significantly reduce the flow through the motive nozzle up to 36%
under constant inlet and outlet conditions. Moreover, in the next work,
the authors demonstrated that this vortex-based capacity control strategy
employed in the ejector-based transcritical R744 systems operating under off-
design conditions, the implementation of vortex control increased cooling
capacity by up to 11% and the COP by approximately 8.1% [98]. These
improvements make the vortex ejector concept a promising candidate for
efficient and adaptable vapor compression systems, especially where variable
load conditions are common.

The novel approach for controlling the ejector capacity was proposed by
Gullo et al. [99], in which the ejector was controlled using a pulse-width
modulation strategy, where a solenoid valve installed upstream of the motive
nozzle was switched periodically on and off within a defined cycle time.
The ratio of the valve opening time to the cycle period determined the
refrigerant mass flow rate. A pressure-width period of 2 s was identified
as optimal, ensuring stable operation and minimizing valve delay effects.
By varying the valve opening time, the high-side pressure could be adjusted
between 87 and 112 bar, enabling effective ejector control. The method
was then tested experimentally by Gullo et al. [100] in the small-scale
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transcritical R744 system, in which the pulse-width modulation of ejector
provided energy savings in the range from 7.0 to 11.1% without evaporator
overfeeding and from 11.5 to 16.3% with overfeeding, corresponding to
COP improvements of up to 15.1% at optimal conditions, when compared to
a conventional R744 system with a vapor bypass valve. This novel capacity
control approach, being simpler and less prone to clogging than needle- or
vortex-based mechanisms, thus represents an effective and robust solution
for controlling ejector capacity in small-capacity transcritical R744 systems.

In a CFD comparison of fixed and variable geometry R744 ejectors,
Smolka et al. [101] demonstrated that introducing a spindle into the motive
nozzle of a VGE can boost efficiency by up to 35% compared to a fixed-
geometry ejector. However, further reductions in the effective area ratio can
lead to declines in both the motive nozzle mass flow rate and the ejector
efficiency. Their study also observed a similar pattern in the suction nozzle
mass flow rate, with a peak value occurring after inserting the spindle a few
millimeters into the nozzle.

Li et al. [102] carried out an experimental analysis of a transcritical R744
refrigeration cycle equipped with three VGEs, comparing its performance
to a standard single-stage compression cycle with an expansion valve. By
applying an effective operation strategy to the controllable multi-ejector
setup, they achieved a cooling COP ranging from 2.6 to 4.0, reflecting
improvements of 12.4% to 30.7% over the single-stage system under the
tested conditions.

Varga et al. [103] presented a CFD analysis of a novel steam ejector
design incorporating a spindle that can move axially in the primary noz-
zle to vary the nozzle area ratio. Their results indicated that for constant
evaporator and generator pressures, increasing the area ratio enhanced the
mass entrainment ratio while simultaneously lowering the ejector critical
point temperature. By adjusting the spindle position (SP), they were able to
improve ejector performance through control of the area ratio.

In a separate study, Besagni and Cristiani [28] performed a multiscale
CFD investigation of VGEs for an R290 refrigeration system, assessing the
impact of spindle-controlled ejectors on propane-based ejector refrigeration
systems. Their findings showed that increasing the primary nozzle area
ratio, defined as the outlet-to-throat cross-sectional area ratio, could reduce
the system thermal input and raise average COP, although it also lowered
the critical discharge temperature, limiting the highest feasible condenser
temperature. For instance, a 33% increase in the nozzle area ratio led to an
average COP improvement of 57%, while decreasing the average critical
temperature by 6.7 K.
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An experimental test of an ERS operating with R600a and a controllable
ejector was conducted by Pereira et al. [104] using a small-scale facility
with the cooling capacity of 1.6 kW. The authors noted that adjusting the
spindle position allowed the ejector to reduce the primary mass flow rate
while maintaining a generator saturation temperature of 83.0°C. They also
identified the optimal spindle position for maximizing the system COP,
which ranged between 0.45 and 0.88 for the ejector outlet pressures of 2.8
bar and 3.8 bar, corresponding to the condensation temperatures of 17°C
and 21°C, respectively.

Finally, Nguyen et al. [105] found that in an R600a refrigeration system
assisted by solar energy, the use of a VGE design instead of fixed geometry
yielded COP improvements of up to 24%, with the maximum COP of 0.29
at the cooling capacity of 1.6 kW, thanks to the spindle responsiveness to
varying operating conditions in a real-world scenario.

1.5.4 Ejector Refrigeration System

The refrigeration system used in this study is an ERS designed to utilize the
low-temperature waste heat to drive the ejector which, due to the pumping
effect, is able to recirculate the secondary flow through the evaporator. The
schematic diagram of a simple thermally driven ERS is presented in Figure
1.8. The system comprises a gas ejector and three heat exchangers: the
generator to provide the high-pressure and high-temperature gas to drive
the ejector, the evaporator to generate the necessary cooling power, and
the condenser to convert the gas phase from the ejector outlet nozzle into
liquid. Part of this liquid is then directed to the pump, where its pressure
is increased to the level required by the generator. The remaining portion,
the value of which is the result of the operation of the ejector, is the flow
involved in the cooling process in the evaporator, after its throttling to the
evaporating pressure in a throttling valve.

The ejector-based cycle performance can be expressed as COP, which in
case of the ERS utilizing waste heat takes into account the rate of cooling
capacity in the evaporator to the sum of the waste heat recovered in the
generator and the shaft power for driving the pump. The capacity of each
heat exchanger, the pump power input and the COP are calculated based on
the thermodynamic properties in the points presented in Figure 1.8:

Q̇evap = ṁsn,in (h2 − h5) (1.4)

where Q̇ is the capacity, h is specific enthalpy, and the subscript evap
denotes the evaporator.
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Figure 1.8: Schematic representation of the ejector refrigeration system for low-grade heat
utilization: a) diagram of the system, and b) its representation on the pressure-specific
enthalpy diagram of the R290. Adapted and modified from Besagni et al. [3].

Q̇gen = ṁmn,in (h1 − h6) (1.5)

where the subscript gen denotes the generator.

Ṗpump = ṁmn,in (h6 − h4) (1.6)

where Ṗ is power, and the subscript pump denotes the pump.
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COP =
Q̇evap

Q̇gen + Ṗpump
= ϕ

h2 − h5
h1 − h4

(1.7)

1.6 Motivation and objectives

The growing global demand for cooling, driven by urbanization, digitization,
and climate change, is amplifying the urgency to adopt sustainable refrig-
eration technologies. Among these, thermally driven refrigeration systems
offer a compelling pathway for decarbonizing the cooling sector by utilizing
low-grade waste heat, yet disregarded but possessing huge energy potential
and being available in many industrial and commercial contexts. Recent reg-
ulatory actions intensify the push towards natural refrigerants with negligible
environmental impact. However, while ERS represent a promising option
due to their simplicity, low maintenance, and compatibility with waste heat
sources, their practical deployment faces significant challenges.

The biggest challenge lies in the performance sensitivity of ejector sys-
tems to varying boundary conditions, particularly in waste heat-driven appli-
cations where heat source temperatures and ambient conditions are fluctuat-
ing. Fixed-geometry ejectors often operate far from their design point under
these real-world variations, leading to suboptimal entrainment ratios and
reduced COP. Recent advances in the VGE designs have shown strong po-
tential to mitigate this limitation, enabling dynamic adaptation to changing
operating conditions through real-time adjustment of their nozzle area ratios.
However, there remains a scientific gap in accurately assessing the VGE
performance under these varying conditions in different climatic conditions,
and a need to develop an optimal control system for the spindle is necessary
to maximize the VGE-based ERS potential and gain industry attention.

Existing studies on ERS rely on steady-state simulations with idealized
boundary conditions, neglecting the dynamic nature of real characteristics of
waste heat and ambient temperatures in different climatic zones. Such simpli-
fications limit the practical understanding of the system characteristics and
challenges. Similarly, while most ERS designs focus on single-component
natural refrigerants, there is a growing interest in exploring blends of natural
refrigerants to optimize their thermodynamic properties, balance flamma-
bility risks, and expand applicability across a wider range of operating
conditions.

This study aims to address these gaps by performing a dynamic simula-
tions of the R290 ERS equipped with VGE using real source and weather
temperature data. The research employs advanced CFD modeling to charac-
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terize the ejector behavior across varying operating regimes and by means of
reduced-order models (ROM) suitable for integration into dynamic system-
level simulations will enable to develop a proper control system of the VGE.
By implementing real-world waste heat profiles and temperature data from
different climatic zones, the study will enable a realistic assessment of the
ERS potential for waste heat recovery and its operational flexibility. More-
over, the investigation will evaluate the feasibility of repurposing ejector
designs developed for a single hydrocarbon refrigerant to other natural re-
frigerant and their blends, highlighting performance trade-offs and design
considerations.

Based on the aforementioned scientific gaps, the following partial goals
are defined to address the identified research needs:

• development of an R290 ERS equipped with a VGE utilizing real
low-temperature waste heat source and weather temperature data to
perform analyses of the VGE-based system under realistic operating
conditions,

• development of the two different VGE ROMs based on the CFD results,
including a novel approach for the ejector reduced order modeling to
improve the flexibility and transferability of the ROM across different
refrigerants or their blends with similar thermophysical properties,

• assessment of the waste heat recovery potential of the ERS using
real-world waste heat temperature profiles and analyzing the system
operation in different climatic zones under varying environmental and
load conditions,

• investigation of the feasibility of adapting the VGE design developed
for R290 to other natural refrigerant blends, identifying the perfor-
mance trade-offs and key design considerations for multi-refrigerant
ejector.

These objectives reflect the key innovations and methodological contri-
butions of the study, and collectively form the foundation for achieving the
overall aim of this PhD thesis.

1.7 Scope

The thesis consists of the following chapters:
Chapter 1 is this chapter.
Chapter 2 describes the design of the controllable R290 VGE, the spindle

mechanism with geometrical parameters of selected for this analysis spindle
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positions, and the manufactured ejector, with practical insights about its
integration into the R290 test loop.

Chapter 3 describes the experimental setup and methodology for the
experimental tests of the R290 VGE. It outlines the measurement system,
testing procedures, and the operational range during the experiments. Ad-
ditionally, it presents the findings of the ejector capacity control and the
analysis of the static pressure profile.

Chapter 4 describes the development of two VGE ROM based on the
typical specific-enthalpy and mass flow rates approach and the generalized
approach using the pressure ratios and temperature to evaluate the mass en-
trainment ratio of ejector. It discusses the mathematical model formulation,
sensitivity analysis for the resolution of the grid of points used for building
of the model, the resulting operational envelope of the developed ROMs and
their implementation to the dynamic system analysis.

Chapter 5 describes the comprehensive analysis of the R290 ERS model
equipped with VGE under varying ambient temperature conditions from
historical data. It presents the system layout built in Dymola software, de-
scribes the mathematical formulation of all system components, selected
solver and its settings, the ejector control logic and simulated ERS con-
ditions, representing representing its operation in three different climatic
zones. The results of the analysis comprise the direct comparison of the
ERS equipped with controllable VGE with the typically used fixed geometry
ejectors.

Chapter 6 analyzes the R290 ERS performance under variable ambient
temperature and temperature waste heat sources. It presents the characteris-
tics of the realistic industrial waste heat temperature data obtained from the
company, depicts the simulated cases. The results give insights of the system
operating in different environmental and industrial scenarios, focusing on
the evaluation of the best application of the proposed R290 ERS system.

Chapter 7 evaluates the application of the ERS system for alternative
natural refrigerants and selected blends using the generalized approach for
ROM. It describes the screening of other refrigerants similar to R290 for a
selected reference operating condition, and presents the simulation results
for the

Chapter 8 summarizes the essential findings and conclusions, highlight-
ing the potential of application of the ERS with spindle-based VGE as the
efficient way for utilization of the low-temperature waste heat. It describes
the model and system limitations and provides the potential future steps and
directions for the development of the system being the main subject of this
thesis.
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Design of Variable Geometry Ejector

The gas ejector used in this study is a VGE with a centrally aligned spin-
dle that enables flexible control of its internal motive nozzle geometry by
changing the effective throat cross-sectional area. The ejector geometry and
control mechanism were originally analyzed in detail in CFD by Besagni
and Cristiani [29], whose work provides the concept foundation for this
study. The authors applied a finite volume approach using the ANSYS
Fluent software to solve the steady-state Reynolds-Averaged Navier-Stokes
equations, modeling the turbulent, compressible, single-phase flow of a
Newtonian fluid through a supersonic gas ejector. Their simulations offered
valuable insight into the behavior of gas ejectors under various geometric
and boundary condition settings, serving as a validated reference for the
geometry adopted in this work.

The CFD analysis conducted by Besagni et al. [106] involved a system-
atic comparison of different solver setups, turbulence models, and mesh
topologies to determine the most accurate and computationally efficient con-
figuration for predicting single-phase ejector performance. Particular focus
was put on capturing shock structures, expansion behavior, and recirculation
zones that are critical to accurately representing supersonic ejector operation.
Their results demonstrated the ability of the VGE design to adapt to varying
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operating conditions by altering the throat area of the motive nozzle through
a spindle displacement, making it suitable for dynamic energy systems such
as waste heat recovery or variable load refrigeration cycles.

The choice of R290 as a working fluid was supported by the screening
study by Besagni et al. [28], in which the thermodynamic performance of
several commonly used refrigerants was evaluated under typical conditions
of the ejector refrigeration cycle. The R290 emerged as a highly promising
fluid, offering a favorable combination of high entrainment performance
directly influencing the efficiency of the ERS cycle, and low GWP, which
aligns with the current trend toward natural refrigerants and the development
of environmentally friendly working fluids. Their analysis reported COP
values ranging from 0.5 to 1.0 under varying conditions, placing R290 among
the most efficient natural refrigerants studied. However, the relatively low
fixed-ejector critical temperature range (20.7-25.0◦C) imposes a need for
expanding the design constraints of the ejector geometry, particularly in
terms of introducing an approach for a precise and adaptable ejector solution
such as the VGE.

In this context, the spindle-based VGE design offers a key advantage.
By allowing direct adjustment of the motive nozzle throat area, the ejector
can maintain near-optimal entrainment ratios for a wider range of operating
conditions. Therefore, the VGE improves the operational flexibility and
allows the system to track transient operating conditions more effectively,
reducing the risk of ejector operation in inefficient regimes and helping to
avoid its operation in the backflow conditions. The subsequent sections
describe the geometry characteristics, physical construction of the device,
and presents the control mechanism of the spindle-based VGE.

2.1 Ejector geometry

The ejector used in this study is designed with a convergent-divergent motive
nozzle, a mixing chamber with a conical entrance followed by a short
constant cross-sectional area section, and a conical diffuser. The internal
design parameters of the ejector are presented in Figure 2.1. The motive
nozzle throat diameter is equal to 2 mm, and its exit diameter is 3 mm.
The motive nozzle cone half-angle in the divergent section is 1.4°. This
configuration enables the nozzle to accelerate the primary flow to supersonic
velocities at the exit, ensuring effective entrainment of the secondary flow.
Downstream of the nozzle, the mixing chamber is designed with a 40
mm long and 0.6° half-angle conical entrance followed by a 3.2 mm long
constant-area section and having a diameter of 4 mm. The use of the conical
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Figure 2.1: Geometrical parameters of the R290 VGE with spindle (red). Adapted from
Besagni and Cristiani [29].

entrance promotes supersonic compression within the convergent region
of the chamber, minimizing the formation of strong shock waves in the
constant-area section. This design approach has been reported to improve
ejector performance by reducing shock-induced losses [107]. Finally, the
flow is decelerated in a conical diffuser with a 52 mm of length and a 2.9°
half-angle, which recovers the static pressure and facilitates efficient mixing
of the primary and secondary streams. The ejector geometry is then finished
with another 11 mm constant-area cross-section with a diameter of 10 mm
followed by divergent section that is 57.15 mm long with a half-angle of 5°.

The spindle (highlighted in red) is able to move along the ejector axis,
which reduces the effective cross-sectional area of the motive nozzle throat.
Its diameter in the constant-area cross-section is 2 mm, and the length of the
converging part is 10 mm, with a half-angle of 5.71°. The neutral position
in which the spindle tip is placed right in the nozzle throat is called the
spindle position (SP) 0. Moving the spindle towards the nozzle exit, the
nozzle throat cross-sectional area is reduced and, since the nozzle exit area
is unchanged, the motive nozzle area ratio (AR) is increased. In this study,
the effects of SP are analyzed in the range from 0 to 7 mm, with 1 mm step.
Spindle positions with their geometry code names, their cross-sectional area
of the nozzle, and the AR are presented in the next section.

2.2 Spindle control

The control of the spindle position represents the core mechanism for real-
time modulation of the ejector capacity. The spindle, located concentrically
inside the axisymmetric motive nozzle, is designed to translate along the lon-
gitudinal axis of the ejector body. This axial movement allows the spindle to
change the effective cross-sectional area of the nozzle, thereby changing the
choked flow characteristics and consequently the motive nozzle mass flow
rate. This variation enables the ejector to regulate its entrainment capacity
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and adapt to fluctuating boundary conditions in the realistic operation of the
ERS. This design feature enables the creation of a series of eight discrete
internal geometries, denoted SP0 to SP7, where each SP corresponds to
a unique cross-sectional configuration of the motive nozzle. At SP0, the
spindle tip is retracted and aligned with the MN throat, maintaining the
maximum effective diameter of the motive nozzle. As the spindle moves
forward in 1 mm increments up to SP7, the effective flow area decreases due
to the intrusion of the spindle into the nozzle throat. This results in a pro-
gressive increase in AR, a critical parameter of the geometry of the ejector
that influences the expansion behavior, shock formation, and entrainment
characteristics of the ejector. The SP7 is the last analyzed spindle position,
since this is the last one for which the ejector can entrain the secondary
stream. The AR of the motive nozzle is defined as the ratio between the
effective throat area and the constant exit area of the nozzle:

AR =
Aeff

AMN,out
(2.1)

whereAeff is the effective cross-sectional area of the motive nozzle throat,
and A is the cross-sectional area. The effective cross-sectional area of the
throat is determined as the difference between the fixed-geometry throat
cross-sectional area and the cross-sectional area of the spindle at the throat,
that changes with the SP:

Aeff(SP ) = π

[(
dthroat

2

)2

−
(
dspindle,eff(SP )

2

)2
]

(2.2)

where dthroat is diameter of the motive nozzle throat, and dspindle,eff is diameter
of the spindle cross-section at the throat line at particular spindle position.

Since the half-angle of the converging part of spindle is known, the
effective spindle diameter at the throat can be defined as:

dspindle,eff(SP ) = 2 · (SP · tan(αspindle)) (2.3)

where αspindle is the half-angle of the conical section of the spindle.
The representation of the effective throat area and the AR of the VGE as

functions of the SP is presented in Figure 2.2.
As the SP increases, the effective throat area of VGE decreases due to

the increasing obstruction of the throat cross-section by the spindle. As
opposite, the AR exhibits a progressive increase with the increase of SP.
At SP0, the effective throat area is equal to the fixed-geometry throat and
has a value of approximately 3.14 mm2, while the AR is 2.25. As the
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Figure 2.2: Representation of VGE geometrical parameters of effective cross-sectional
area of motive nozzle throat and motive nozzle AR.

spindle advances to SP7, the effective throat area decreases to approximately
0.22 mm2, corresponding to a reduction of nearly 90% relative to its initial
value, whereas the AR increases to around 4.5, representing an increase of
approximately 105%. This relationship between the ejector effective throat
area and the AR demonstrates the geometric modulation mechanism of the
VGE, in which spindle displacement enables continuous adjustment of the
nozzle geometry.

To support visual understanding, Figure 2.3 provides side-by-side images
of each spindle position from fully open at Figure 2.3 a) to almost fully
closed at Figure 2.3 h). These demonstrate the gradual reduction in throat
cross-sectional area and the resulting increase in AR, offering insight into
how the following SPs directly influence the geometrical parameters of the
motive nozzle.
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Figure 2.3: Spindle positions of the VGE with their code names, motive nozzle AR and
effective throat area. Adapted and modified from Besagni et al. [29].
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2.3. Manufactured ejector

2.3 Manufactured ejector

The ejector assembly with all components is presented in Figure 2.4. The
body of the ejector consists of 6 brass parts prepared by mechanical turning
and drilling, which are assembled together with bolts and screws. The
modular structure of the VGE and the replaceable spindle unit provides a
practical advantage for laboratory and industrial testing purposes. For pipe
connections, three 10 mm internal diameter straight connectors were used
for the ejector inlets and outlet ports. In addition, six additional connectors
were used to measure pressure drop with an internal diameter of 6 mm.

Micrometer

Spindle
MN inlet

Grooves for gaskets

MN
SN inlet

Static pressure holes Outlet

MN chamber

SN chamber

Mixer

Diffuser

Figure 2.4: Assembly drawing of the R290 VGE parts.

The precision manufacturing of the ejector components plays a crucial
role in ensuring reliable performance and repeatable control of the spindle
position. The geometric tolerance achieved by the manufacturer was below
±0.01 mm for the longitudinal and ±0.1% for the angular dimensions.
Another important aspect is the roughness of the internal surfaces in the
ejector passages and the surface of the needle, since any small deviations
on the material surfaces may disturb the boundary layer and shock stability
within the motive stream, influencing the critical mass flow rate through the
motive nozzle and consequently affecting the entrainment performance. The
roughness of the internal passages was maintained at a maximum level of
Ra = 1.25.

To change the effective cross-section of the throat, the controllable spin-
dle with micrometric knob for precise mechanical control was used, enabling
satisfactory resolution in controlling the spindle position. Although the cur-
rent prototype design allows for more refined positioning, the analyzed
spindle step was 1 mm in order to see notable changes in the device opera-
tion. In the manufactured ejector, the spindle positions were set manually.
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For industrial applications, the spindle may be connected to an electric
actuator, which would allow implementation of the precise control system
with a proper control algorithm.

To ensure proper sealing of the internal channels, the nitrile butadiene
rubber gaskets were placed between the brass elements in specially prepared
grooves. Before running the tests, the fully assembled device undergone
pressure tests using nitrogen at 60 bar to check the leak tightness. The photo
showing the fully assembled VGE with the spindle control mechanism and
straight connectors is presented in Figure 2.5.

Figure 2.5: Overview of the assembled R290 VGE with a spindle featuring the micrometric
knob and mounting brackets.
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CHAPTER3
Experimental analysis of the R290 Variable

Geometry Ejector with a spindle

This chapter presents the results of an experimental investigation conducted
to evaluate the performance of VGE utilizing R290 as a working fluid. The
primary objective of this study was to assess the influence of spindle posi-
tioning on mass entrainment characteristics and the internal flow behavior
of the manufactured VGE under varying boundary conditions.

The experimental campaign was carried out on a dedicated test rig de-
signed for high-pressure natural refrigerant applications. The test setup
enabled the measurement of mass flow rates, temperatures, and static pres-
sure profiles across the ejector body. The ejector was tested at eight spindle
positions (from SP0 to SP7), and under various pressure lift conditions to
simulate different ejector operating conditions.

First, a detailed description of the test rig, instrumentation, and mea-
surement methodology is provided, including the description of operating
conditions and their deviations from the nominal design values. Next, the ex-
perimental procedures and uncertainty analysis used to ensure the reliability
and accuracy of the collected data are presented.

In the the latter section of the chapter, the experimental results are dis-
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with a spindle

cussed. First, the analysis of the ejector’s capacity control capability, with a
detailed investigation of the experimentally determined ejector performance
curves and the spindle control line, which visualizes the potential for the
ejector capacity control in real conditions, is presented. The final section
focuses on pressure profile analysis, offering insights into internal flow
dynamics and shockwave behavior across multiple spindle settings.

3.1 Test rig for the study of Variable Geometry Ejector

A schematic diagram of the experimental setup is presented in Figure 3.1.

Figure 3.1: Schematic diagram of the test rig for the R290 VGE campaign.

The ejector was examined on a separate test rig connected to the heat
pump system, which allowed the maintenance of the operating conditions
for gas ejector operation. The Frascold A1-6AXH compressor designed to
operate with R290 with a displacement of 5.47 m3/h was used to produce the
high pressure gas to the ejector motive nozzle inlet. However, the operating
conditions were limited by the operating range of the compressor used,
and therefore VGE was tested in a different range of operating conditions
than those for which it was originally designed. As a consequence, the
resulting mass entrainment ratios obtained by the VGE are lower than the
originally reported in the CFD analysis of Besagni et al. [29]. The pressure
of the motive nozzle was kept between 15.8 and 20.2 bar with a motive
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3.1. Test rig for the study of Variable Geometry Ejector

nozzle temperature between 80 and 105◦C. The pressure at the outlet was
maintained between 2.3 and 6.0 bar, with a resulting temperature of 48◦C up
to 78◦C. The pressure in the suction nozzle was regulated by the expansion
valve, which throttled from the condensation pressure to the evaporating
pressure, and varied between 2.2 and 5.4 bar depending on the operating
point. The suction nozzle temperature varied in the range between 22 to
36◦C.

The motive and suction mass flow rates were measured using the Endress-
Hauser Coriolis flow meters installed on the inlet lines right next to the VGE.
The absolute pressure sensors were connected to both inlet and outlet ports
to measure the refrigerant pressure at the ejector ports. The temperature
was measured using T-type thermocouples attached to the copper pipe walls.
Moreover, the thermally conductive paste was used to ensure proper contact
of the sensors with the pipe surface. All the pipes were insulated using a thick
layer of 20 mm of polyethylene foam with a thermal conductivity of 0.040
W/(m·K). This kind of insulation withstands high operating temperatures
and ensure high accuracy of the measurements.

One of the objectives of the tests was to analyze the pressure profile
along the device, which can be later processed for the validation of the
numerical tools used for the design and optimization process of the ejectors.
Therefore, five differential pressure sensors were installed to measure the
pressure profile along the ejector. The sensors were installed on a board
presented in Figure 3.2 and connected to the ejector ports using 6 mm
copper pipes. The first of these sensors was used to measure the pressure
drop inside the motive nozzle. Therefore, the measurement range of that
pressure transducer was from 0.0 to 25.0 bar. The measurement range of the
rest of pressure sensors was lower, being able to measure the differential
pressure in the range from 0.0 to 2.0 bar. The VGE ejector was prepared with
holes drilled at the positions A-H presented in Figure 3.3. The differential
pressure sensors were arranged in three angular positions, as presented in
the diagram, to facilitate their proper tightening to the assembled device.
Since only 5 differential pressure sensors were used for the testing, holes B
and G were not used in this investigation. The pressure profile was defined
for SP0, SP2, SP4, and SP7 for two different ejector pressure ratios for each
SP analyzed, in order to show the influence of the boundary conditions and
the position of the spindle on the internal flow behavior. Each successive
differential pressure sensor measured the pressure drop in the port relative to
the previous one. Therefore, by having the motive nozzle absolute pressure
measured, the static pressure profile along the ejector was defined.

The types and precision of the measuring devices used in the experimental
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(a)

(b)

Figure 3.2: Experimental test rig for the R290 VGE tests with the differential pressure (top)
and mass flow rate sensors (bottom).

campaign are collected in Table 3.1.

Table 3.1: Description of the measurement instruments installed at the test rig.

Parameter Sensor type Model Range and accuracy

Pressure
Ratiometric transmitter Danfoss AKS32R -1.0 - 32.0 bar, 0.8% · x

Differential pressure E+H Deltabar PMD55 0.0 - 25.0 bar (DP1), 0.8% · x
E+H Deltabar PMD55 0.0 - 2.0 bar (DP2-DP6), 0.8% · x

Temperature T-type thermocouple Termoaparatura TTP -40.0 - 350.0◦C, ±0.5◦C

Mass flow rate Coriolis type E+H Cubemass C300 0 - 90 kg h−1, 0.1% · x
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Figure 3.3: Positioning of ports for the local static pressure measurements of the R290
VGE presented on an axisymmetric view of the ejector.

3.2 Experimental procedure

The experimental campaign was structured in two parts, each devoted to
investigate different aspects of the VGE performance. In the first phase, a
comprehensive series of tests was performed across all eight spindle posi-
tions (from SP0 to SP7) under consistent boundary conditions. The pressure
levels at the motive, suction, and outlet nozzles were kept approximately
constant to focus solely on the evaluation of the capacity control capability
of the ejector, specifically assessing how changes in spindle displacement
affect mass flow rates through the motive and suction nozzles, as well as the
resulting entrainment ratio.

In the second phase of the campaign, a more detailed analysis of the
static pressure profiles was conducted for four representative spindle config-
urations: SP0, SP2, SP4, and SP7. These positions were selected to cover
the full range of geometries, from fully open SP0, to the point at which the
ejector operated with the most restricted throat area at SP7. In this part of
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the study, the system was tested under varying suction pressure to adjust
the pressure lift across the ejector. The outlet pressure was kept within a
controlled range of 5 to 6 bar to replicate typical condenser-side conditions
in real systems.

For each operating point, the data acquisition process began only after the
system reached steady state and measurements were recorded continuously
for a period of five minutes to ensure the accuracy of the measurement.

It is important to note that the operating conditions during the experimen-
tal campaign differed from the original on-design parameters proposed in
the numerical work of Besagni and Cristiani [29]. These deviations were
primarily due to the constraints imposed by the laboratory-scale test facility,
which was not tailored as an ERS but rather configured as a flexible platform
for standalone ejector testing. In particular, the compressor employed in the
test rig had a limited discharge temperature range and was unable to reach
higher saturation temperatures.

Additional constraints were imposed by the selection of the expansion
valve used to control the suction nozzle pressure. The relatively large nom-
inal capacity of the valve led to imprecise pressure level control, limiting
the ability to accurately maintain low suction nozzle pressure and accurately
control the pressure lift across the ejector. This in turn affected the stability
and range of entrainment operation. Consequently, these hardware-related
constraints forced the ejector operation outside of its design conditions, at
a lower pressure ratio and with reduced flexibility in defining the full oper-
ating envelope. Despite these limitations, the experimental results provide
valuable insights into the behavior of the VGE under realistic operating
conditions.

3.2.1 Operating conditions

To illustrate a full range of operating conditions under which the VGE
was tested, Figure 3.4 presents the inlet and outlet nozzles parameters on
the pressure-specific enthalpy (Figure 3.4 a)) and the temperature-specific
entropy (Figure 3.4 b)) diagrams for the R290 working fluid. These plots
provide a comprehensive thermodynamic representation of the fluid states
at the motive, suction, and outlet ports for all the tests carried out in the
experimental campaign. Analyzing both graphs, it can be observed that the
motive nozzle inlet conditions during the tests were in the high-pressure,
superheated vapor region between approximately 15 and 20 bar. The motive
nozzle temperatures during the tests ranged from 80°C to 105°C. The suction
nozzle conditions present a lower pressure range from 2.2 to 5.4 bar and
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are located closer to the saturation line. This indicates that the suction flow
was slightly superheated vapor with temperatures ranging between 20°C
and 35°C. Eventually, the outlet nozzle pressure conditions were between
the values at the suction and the motive nozzle, mostly within the range of
2.3 and 6.0 bar, depending on the operational conditions, as an effect of
intensive mixing of inlet streams and indicating effective pressure recovery
in the throttling process.

3.2.2 Uncertainty analysis

Measurement uncertainties arising from statistical and instrumental inac-
curacies were calculated for each of the variables, using Type A analysis
for test series and Type B analysis for instrumentation precision. For the
error analysis of parameters affected by multiple independent variables, the
uncertainty propagation approach was used, which is the methodology that
is in accordance with the NIST guidelines [108].

For the parameters that were measured during the tests, i.e. the measure-
ments of temperature, pressure, and mass flow rate, the standard uncertainty
was calculated using Equation (3.1):

ui(Xi) =
√
u2A(Xi) + u2B(Xi) (3.1)

where uA(Xi) is the standard uncertainty of parameter X , uB(Xi) is the mea-
surement device uncertainty, and Xi is a single observation of the parameter
X .

The parameter uA(Xi) being a standard deviation of the measured test
series, was calculated using Equation (3.2):

uA(Xi) =

√√√√ 1

N − 1

N∑
i=1

(Xi −Xi)2 (3.2)

where the Xi is the mean average of measured parameter X , and N is the
number of samples.

To calculate the measurement device uncertainty parameter, the following
equation was used:

uB(Xi) =
a√
3

(3.3)

where a is an absolute limit error, calculated individually for each measuring
instrument, using the precision provided by the manufacturer, which is listed
in Table 3.1.
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Figure 3.4: The inlet and outlet conditions of the R290 VGE presented in: a) pressure-
specific enthalpy diagram, and b) temperature-specific entropy diagram.

For the mass entrainment ratio and the pressure lift parameters, the
uncertainty of each parameter was calculated using the uncertainty propaga-
tion formula (combined standard uncertainty or Type C) expressed by the
foollowing equation (3.4):
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uC(Xi) =

√√√√ n∑
i=1

(
δFi

δfi
u(Xi)

)2

(3.4)

where n is the number of partial derivatives and δFi
δfi

is the partial derivative
of the function Fi over a variable f .

The uncertainty calculations were performed in the Matlab software [109]
and their outcomes were introduced to the graphs and tables representing
the results presented in the next section.

3.3 Results and discussion

3.3.1 Capacity control analysis

The relationship between spindle position and mass flow rates through the
motive and suction nozzles was evaluated to assess the potential of the
ejector capacity control. The results are presented in Figure 3.5, which
illustrates the mass flow rate changes throughout the entire range of SP,
i.e. from SP0 to SP7. For the mass flow rate measurement, the Type A
uncertainties are below 1%, therefore only averaged values are described on
the graphs. The motive nozzle mass flow rate presented a clear decreasing
trend with increasing the SP value. At SP0, corresponding to the fully open
position, the motive nozzle mass flow rate was approximately 36 kg/h. As
the spindle moved forward towards SP7, thereby progressively reducing the
effective throat cross-sectional area at the motive nozzle, the mass flow rate
steadily decreased, reaching a minimum of 12 kg/h.

Interestingly, the rate of change varied across the SP range. From SP0
to SP4, so the reduction of the effective cross-sectional area of the throat
by 14%, the reduction in the motive nozzle mass flow rate was relatively
low, approximately 5%, indicating that the early stages of spindle movement
had a limited effect on the choked mass flow rate. However, beyond SP4
the reduction became more visible, with a total drop of approximately 65%
observed between SP4 and SP7, with the latter being a reduction of effective
cross-sectional area of the throat by 49% relative to the throat at SP0. This
behavior reflects the nonlinear sensitivity of the effective area to the spindle
intrusion, particularly once the motive nozzle throat begins to significantly
restrict flow, which is a behavior that has been already observed in the
literature [101].

A similar trend was observed in the suction nozzle mass flow rate. Ini-
tially, as the spindle moved from SP0 to SP3, the suction flow increased,

67



Chapter 3. Experimental analysis of the R290 Variable Geometry Ejector
with a spindle

0 1 2 3 4 5 6 7 8
0

10

20

30

40

50

Spindle position, mm

M
o
ti
v
e
m
a
ss

fl
o
w

ra
te
,
k
g
/
h

MN

0

2

4

6

8

10

S
u
ct
io
n
m
a
ss

fl
o
w

ra
te
,
k
g
/
h

SN

Figure 3.5: R290 VGE mass flow rate as a function of the varying spindle position for
pMN = 17.5 bar.

reaching a peak at SP3 of about 4.4 kg/h. This result is consistent with
observations in the literature that report that a slight restriction in the mo-
tive nozzle can enhance entrainment by improving pressure conditions in
the mixing chamber. However, beyond SP3, the suction mass flow rate
decreased sharply with further spindle advancement. At SP7, no measurable
suction flow was observed, indicating a complete backflow or breakdown
of entrainment, particularly under the relatively low motive nozzle pressure
conditions at the test rig.

It is important to note that the absolute values of the suction nozzle mass
flow rate obtained during the experimental campaign were substantially
lower than those predicted in the CFD simulations presented by Besagni et
al. [29]. Several factors may contribute to this discrepancy. First, the pres-
sure of the motive nozzle in the experimental setup was significantly lower
than the one used in the referenced numerical analysis, which directly affects
the potential for entrainment. Second, the presence of additional pressure
ports along the mixing chamber may have introduced local disturbances to
the suction stream, especially in the region near the wall, thereby affecting
the annular development of the flow and reducing the overall entrainment
efficiency. These practical considerations highlight the challenges in trans-
lating idealized CFD predictions into real-world performance, especially
when working with small-scale ejector prototypes for natural refrigeration

68



3.3. Results and discussion

systems of small cooling requirements.
Next, the evaluation of ejector performance curves by analyzing the

relationship between the mass entrainment ratio and outlet the pressure
increase was performed for selected spindle positions. This approach allows
for the definition of the ejector efficiency in a wide range of operating
conditions and helps to define the influence of internal geometry on the
behavior of the entrainment of the secondary flow.

For SP0 presented in Figure 3.6 a), the ejector demonstrated an on-design
mass entrainment ratio ranging from 0.29 to 0.31. The critical operating
point was experimentally identified at a pressure lift of approximately 0.32
bar. Beyond this point, the mass entrainment ratio declined under off-design
conditions from 0.21 to 0.08, with the highest recorded pressure lift reaching
0.82 bar. During the tests of SP0, a distinct measurement gap was observed
between pressure lift values of 0.39 and 0.60 bar, attributed to an unstable
interaction between the suction and outlet pressures. Small fluctuations in
the suction pressure resulted in equivalent shifts in outlet pressure, making
it difficult to define stable operating points in that region. This instability
appears to be specific to the SP0 configuration and was not encountered in
tests with other spindle positions, suggesting that for the baseline ejector
design, with no throat constriction, the ejector is characterized by less stable
operation.

At SP2, shown in Figure 3.6 b), the ejector exhibited improved stability
and higher performance. The mass entrainment ratio for on-design operation
increased to between 0.33 and 0.37, and the critical point was experimentally
defined at a pressure lift of 0.29 bar. Under off-design conditions, the mass
entrainment ratio decreased from 0.30 to 0.08, while the maximum pressure
lift reached 0.81 bar. Compared to SP0, the performance curve for SP2
was easier to define as it covered a few points in terms of the pressure lift
along the off-design curve, indicating that a slight constriction of the motive
nozzle enhances system responsiveness and control range.

Ejector operation at SP4, presented in Figure 3.6 c), showed the best
results in terms of both operational stability and an extended operating
window. The on-design mass entrainment ratio reached values between
0.38 and 0.39. The critical point for SP4 was identified at a pressure lift
of approximately 0.25 bar. In the off-design region, the mass entrainment
ratio gradually decreased from 0.34 to 0.12, with the maximum achievable
pressure lift recorded at 0.88 bar. Unlike SP0 and SP2, SP4 provided
a more gradual performance decline under off-design conditions and the
best visualization of the ejector performance curve. This suggests that
this configuration provides an effective balance between the entrainment
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performance and stable operation.
Finally, the performance curve for SP7, corresponding to the most re-

stricted throat among analyzed SPs, is shown in Figure 3.6 d). This configu-
ration yielded the highest on-design mass entrainment ratio observed in the
study, with values between 0.40 and 0.45. However, the slope of the perfor-
mance curve was visibly steeper compared to other SPs, indicating a more
rapid deterioration in performance when moving away from the optimal
point. Under off-design conditions, the mass entrainment ratio dropped from
0.35 to 0.17, with the maximum pressure lift limited to 0.38 bar. This narrow
operating range suggests that while SP7 is capable of best performance in
optimal conditions, its sensitivity to system changes is higher, making it less
suitable for fluctuating operating environments without an active control
intervention.
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Figure 3.6: Ejector performance curves presenting the mass entertainment ratio as a
function of the pressure lift determined experimentally for four spindle positions (SP).

To better illustrate the characteristics of the manufactured ejector and its
modulation capability, Figure 3.7 overlays all the individual efficiency curves
previously presented in Figure 3.6 a)-d) for selected spindle positions. By
connecting the experimentally determined critical points, a spindle control
line is formed. This curve effectively captures the relationship between the
SP and the peak of efficiency of the ejector, offering a visual representation
of the modulation range of entrainment enabled by the variable geometry
design.

Contrary to the linear spindle control trends reported in the literature
for ejectors operating under ideal or design-point conditions, the control
line obtained in this study exhibits a distinctly curved shape. This deviation
may again be attributed to the significantly lower pressure of the motive
nozzle used in the present experimental setup compared to the nominal
design conditions of the ejector. Under these suboptimal conditions, only
SP7 appears to operate within the double-choking regime, a supersonic flow
condition in which the mixed streams reach critical flow. In contrast, for
positions SP0 through SP4, the ejector is likely operating in a single-choking
regime, where only the motive nozzle is choked and the suction flow remains
subcritical. This has implications not only for the device efficiency but also
for the stability and control sensitivity of the ejector.
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Figure 3.7: The R290 VGE efficiency curves for four SP and the representation of potential
ejector capacity control as a spindle control line.

3.3.2 Pressure profile analysis

The second part of the experimental campaign was focused on the analysis
of the static pressure distribution along the ejector measured by differential
pressure sensors installed at multiple locations along the ejector body, that
were previously presented in Figure 3.3. This approach aimed to provide
deeper insight into the flow behavior, including the mixing process, shock
wave propagation, and pressure recovery, particularly in relation to the
influence of the spindle position.

First, the pressure profile was defined for the spindle position SP0. Two
operating points with the motive nozzle inlet pressures of 17.49 bar and
17.90 bar were selected for a comparison. The resulting pressure distribu-
tions are presented in Figure 3.8. In the Figure 3.8 a), the ejector operated
with a pressure ratio of 1.061. The pressure profile shows a visible pres-
sure drop across the motive nozzle to the premixer pressure, lower than
that of the suction nozzle, allowing for entrainment of the suction nozzle
stream. As the supersonic flow progressed into the converging section of the
mixing chamber, the pressure increased up to 6 bar. Then, in the constant
area section of the mixing chamber, a local pressure drop occurred, falling
below the upstream premixer pressure. This behavior indicates a shockwave
train forming within the mixer, a phenomenon commonly associated with
unsteady flow and underexpanded supersonic jets. Downstream of the mixer,
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the pressure rose steadily in the diffuser, reaching 6.40 bar at the outlet.
For the second operating point (Figure 3.8 b)), where the motive nozzle

pressure was slightly higher, i.e. 17.90 bar, the pressure ratio increased to
1.268. Despite this change, the pressure drop across the motive nozzle up
to the premixer remained nearly identical compared to the previous case,
suggesting that the premixer flow conditions were relatively insensitive
to small increases in the motive inlet pressure at SP0. However, in the
converging section of the mixing chamber, a more pronounced pressure
increase of almost 1 bar was observed. This phenomenon indicates a stronger
mixing or a more developed shock structure under the higher pressure
ratio. The pressure again decreased slightly in the constant-area section
of the mixer, likely due to the same shock-induced mechanisms, before
recovering in the diffuser. The outlet pressure in this case stabilized at 5.20
bar, significantly lower than in the first scenario.

As far as the results for SP2 are concerned, the motive nozzle inlet
pressure for the analyzed points presented in Figures 3.9 a) and 3.9 b) were
17.61 bar and 17.54 bar, respectively. In the Figure 3.9 a), the ejector
operated with the diffuser outlet pressure of 5.73 bar, and the pressure ratio
equal to 1.177. The pronounced pressure drop immediately downstream of
the motive nozzle indicates a potential for effective suction flow entrainment
in the premixer. This sharp decline suggests the presence of strong local
expansion effects or shock-wave interactions that begin within the mixing
section. In the constant-area section of the mixer, a further pressure drop
is observed, going lower than the suction nozzle pressure. In the diffuser
section, the expected pressure recovery occurs, with a steady increase in
static pressure up to the outlet, confirming the efficient momentum exchange
and flow deceleration.

The second pressure profile for SP2 (Figure 3.9 (b)) was determined at
an outlet pressure of 5.25 bar, yielding an overall pressure ratio of 1.253.
The general shape of the profile closely resembles that of the Figure 3.9 a),
and is similar to the SP0 case presented in Figure 3.8 b). Small differences
in the profile are visible in the mixer and diffuser sections. In particular,
the pressure variations within the mixer are more pronounced in the SP2
configuration, suggesting a more complex shockwave structure. Addition-
ally, the diffuser exhibits a more effective pressure recovery, with the outlet
pressure surpassing that of SP0 at a similar pressure ratio (Figure 3.8 b)).
These observations highlight the impact of the operating conditions on both
flow behavior and the efficiency of pressure recovery in the ejector.

Figure 3.10 a) presents the static pressure profile of the ejector at the
spindle position SP4, characterized by the motive nozzle inlet pressure
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Figure 3.8: Static pressure profile of the R290 VGE operating with a spindle at SP0.

of 17.35 bar and the diffuser outlet pressure of 4.60 bar, resulting in a
pressure ratio of 1.095. The profile starts with a substantial pressure drop
immediately downstream of the motive nozzle. In the mixing chamber,
the pressure continues to decline, accompanied by pronounced oscillations
within the constant-area section. These oscillations indicate complex flow
structures, reflected shock waves and turbulent mixing layers. Subsequently,
the diffuser exhibits the anticipated gradual pressure recovery, ultimately
achieving the measured outlet pressure.

In comparison, Figure 3.10 b) illustrates the pressure distribution at the
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Figure 3.9: Static pressure profile of the R290 VGE operating with a spindle at SP2.

second operating point characterized by the motive nozzle inlet pressure of
17.33 bar and the diffuser outlet pressure of 4.14 bar, yielding the pressure
ratio of 1.375. The profile exhibits a similar initial trend, characterized
by the pressure drop following the motive nozzle and at the onset of the
mixer section. However, in this case, the pressure within the mixer section
presents fewer and smaller oscillations, indicating a more stable internal flow
behavior. Although the diffuser section still facilitates a smooth pressure
increase towards the outlet, the overall recovery is less pronounced than in
the previous scenario, as indicated by the lower final outlet pressure.
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Figure 3.10: Static pressure profile of the R290 VGE operating with a spindle at SP4.

In the last SP position examined, namely the SP7, the motive nozzle
inlet pressure for both cases is below 17 bar. Starting with Figure 3.11
a), with the motive nozzle inlet pressure of 16.63 bar, the outlet diffuser
pressure of 3.11 bar, and the pressure ratio of 1.119, the pressure profile
exhibits a sharp decrease immediately after the motive nozzle outlet. In
the downstream region, pressure fluctuations are minimal relative to the
previous cases, indicating an enhanced pressure stability attributed to the
reduced discharge pressure, which implies a significant expansion within
the ejector at the reduced throat cross-sectional area at this SP. The mixing
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chamber exhibits a pressure recovery after a slight drop in pressure in the
constant cross-sectional part of the mixing chamber. Finally, the pressure
rise in the diffuser is almost negligible when compared to all the pressure
profiles presented in the previous figures.

Lastly, Figure 3.11 b) shows the VGE operation with the motive nozzle
inlet pressure of 16.95 bar and the diffuser outlet pressure of 3.20 bar. In this
case, the pressure ratio is slightly higher than in the case presented in Figure
3.11 a) and is equal to 1.265. The pressure drop downstream the motive
nozzle is relatively small compared to all other pressure profiles. In the
mixer section, the pressure shows a moderate increase followed by a slight
decrease, indicating a different flow dynamics relative to the SP4 profiles
(Figure 3.10 a) and Figure 3.10 b)). The diffuser exhibits a more pronounced
pressure recovery, resulting in the diffuser outlet pressure marginally higher
than that in Figure 3.11 a), yet still lower than in the SP4 cases due to the
low outlet pressure.

In conclusion, the pressure profiles recorded for the SP2 and SP4 con-
figurations exhibit highly dynamic behavior within the mixing chamber,
characterized by significant pressure fluctuations and oscillations. These
patterns indicate complex internal shockwave interactions and unsteady
flow structures. In contrast, the SP7 profiles demonstrate a more stable
pressure distribution within the mixer. However, this stability corresponds
to a reduced pressure recovery in the diffuser, as evidenced by the relatively
lower outlet pressures. The observed differences across spindle positions
underscore the influence of ejector capacity control on local flow regimes
and wave propagation within the ejector.

3.4 Conclusions

The experimental results presented in this chapter confirm that the SP signif-
icantly influences the mass entrainment characteristics of the ejector. Higher
SP values presented increased the mass entrainment ratios under identical
motive pressure conditions, demonstrating effective capacity control through
changes in the AR of the motive nozzle. The ability to adjust the effective
throat area using the spindle enables performance optimization under vary-
ing pressure lift conditions, allowing the ejector to maintain operation closer
to its design point. This confirms the potential of the VGE as a dynamic and
efficient component within refrigeration systems operating under variable
thermal loads.

The analysis of relationship between mass entrainment ratio and the outlet
pressure increase for the selected SPs demonstrated that ejector operation at
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Figure 3.11: Static pressure profile of the R290 VGE operating with a spindle at SP7.

SP4 shows the most favorable performance, combining operational stability
with an extended operatinf range. This configuration provided a smoother
performance transition under off-design conditions compared to SP0 and
SP2, presenting the closest visualization of the ejector performance curve
to the theoretical one. These characteristics indicate that SP4 achieves an
effective balance between entrainment performance and stable operation.

As the ejector operated under conditions that deviate from those for which
it was originally intended, particularly with respect to the motive nozzle
pressure, the observed behavior of the ejector control line was nonlinear,
unlike the one presented in the literature. Nonetheless, the experimental
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results validate the efficacy of the spindle mechanism in enabling capacity
control of the ejector, even in non-ideal operating scenarios.

The determined local pressure profiles highlighted differences in the
internal flow behavior under similar operating conditions but different spin-
dle positions. The experimentally observed trends offer valuable insights
for validation of future CFD models, particularly for refining the detailed
interaction between shock structures and mixing efficiency in VGE.
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CHAPTER4
Reduced Order Model of Variable Geometry

Ejector

The growing demand for energy-efficient refrigeration systems has driven
the development of advanced modeling techniques for ejector components.
Therefore, this chapter presents the different ejector ROM approaches used
for preparing the VGE models based on CFD simulations, which were im-
plemented in the dynamic model of the ERS utilizing a waste heat recovery.
The ROM data source is a set of CFD simulation results obtained using an
advanced and versatile homogeneous equilibrium model (HEM) that enables
simulation of supersonic flow in single-phase and two-phase ejectors. This
approach offers a computationally efficient yet accurate method for the
ejector characterization across a wide operational envelope, which may be
implemented in any kind of system equipped with the gas ejector, i.e. the
ERS.
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4.1 Data collection for the Reduced Order Model

4.1.1 Selection of a data source

The methodology of reduced order modeling of ejectors used in this study
was initially prepared and thoroughly validated by Haida et al. [110]. This
modeling approach was designed to provide fast and accurate simulations
suitable for dynamic analysis of the transcritical R744 refrigeration systems.
The first ROM of the two-phase R744 ejector was formulated using the
Proper Orthogonal Decomposition (POD) technique combined with the
Radial Basis Function (RBF) interpolation approach and trained exclusively
on the data obtained with CFD simulations using HEM. This model demon-
strated prediction accuracy within ±10% for both mass flow rates when
compared to experimental measurements, and achieved computational times
below 0.05 seconds per case, making it well-suited for real-time applications.
To enhance the model accuracy and extend its applicability to a wider range
of operating conditions, including subcritical regimes, an approach of hybrid
ROM [111] was introduced. This variant comprised input data from both
CFD and experimental results, i.e. a dataset of approximately 5 380 CFD
and 200 experimental points. Validation against independent experimental
data revealed that the hybrid ROM predicted the mass flow rates of the mo-
tive and the suction nozzle within ±5% and ±10%, respectively. The hybrid
ROM also demonstrated excellent agreement in the mass entrainment ratio
prediction, achieving relative errors within ±1% when compared with the
experimental system measurements. These results highlight the suitability
of the hybrid ROM approach for integration into system-level simulation
environments, offering a reliable and computationally efficient alternative
to high-fidelity CFD in transient simulations of ejector-based refrigeration
systems.

In this study, the input data used to develop the ROM of the R290 VGE
was generated only by means of the CFD simulations similar to [110]. The
choice of not using the experimental data for preparing the input dataset to
create ROM was due to the limitations of the available experimental facility
previously described in Chapter 3. Its operational range is not in the desired
range of operating conditions for the dynamic analyses of the R290 VGE
application in the ERS, which is the target system for the considered ROM
application. Therefore, the pure numerical approach based on the advanced
HEM modeling of VGE was adopted for the reduced order modeling. This
ensured a consistent, well-controlled ejector operation in the desired ejector
operating range.
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4.1.2 CFD model formulation

The CFD model used in this study employed the enthalpy-based energy
equation on the basis of the homogeneous equilibrium flow assumptions
initially developed and tested by Smolka et al. [88]. This model is suitable
for simulating single-phase, two-phase, and supercritical fluid flows. The
model has been thoroughly tested for different ejector geometries and a
variety of operating conditions of the two-phase ejector working in the
transcritical R744 refrigeration system in the work of Palacz et al. [112]. It
is characterized by high mass flow rate accuracy with relative errors below
10% for the the motive nozzle conditions in area close to and above the
critical point. In the single-phase region, Haida et al. [113] reported in their
validation of the liquid R744 ejector that the HEM achieved accuracy below
11% for the motive nozzle mass flow rate and below 10% for the suction
nozzle mass flow rate for two analyzed liquid ejector geometries. Moreover,
it was successfully applied for the R744 supercritical operation of the R744
ejector-based Brayton cycle [114]. Besides the R744, the CFD model used
in this thesis was also applied in the ejector designing process for other
refrigerants, like butane, liquified natural gas or the HFOs.

To solve the governing equations, Ansys Fluent software with a pressure-
based solver was selected. Since the model was developed for simulating
the two-phase flow, where it presented high accuracy, it can be succesfully
applied for the single-phase flow analysis. Thanks to its absolute pressure-
specific enthalpy definition, it is also capable of predicting the transition to
the two-phase flow and its characteristics, which is not possible with a stan-
dard single-phase model employing a temperature-based energy equation.
Moreover, it has already been configured with the reduced order modelling
of the ejector, where it demonstrated high accuracy of the mass flow rates
prediciton and was characterized by quick and robust operation when imple-
mented to the dynamic modeling [115]. However, in this work, the ROM
was completed with a novel, more universal framework based on a ejector
performance parameters, with different sets of inputs and output, described
in more details in the following sections of this chapter.

Homogeneous Equilibrium Model

The energy equation based on enthalpy [88] was used instead of the default
temperature-based energy equation to simulate supersonic flow inside the
R290 VGE. The model, suitable also for simulating two-phase flows, as-
sumes that both phases are in thermodynamic and mechanical equilibrium,
which means that the pressure, temperature, velocity, turbulence kinetic en-
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ergy, and turbulence dissipation rate are the same for both phases. Hence, all
the thermodynamic properties for the vapor and liquid phases are determined
as a function of pressure and specific enthalpy:

f(p, h) = ρ, µ, λ, cp (4.1)

where ρ is the density, µ is the dynamic viscosity, λ is the thermal conduc-
tivity, and cp is the specific heat capacity.

The governing equations for a steady-state compressible fluid flow used
in this study, presenting the conservation of mass and momentum, are
described in Equations (4.2) and (4.3).

∇ · (ρυ̃) = 0 (4.2)

where symbols (̄) and (̃) denote the Reynolds- and Favre-averaged quantities,
respectively, and υ is the velocity vector.

∇ · (ρυ̃υ̃) = −∇p+∇ · τ̃ (4.3)

where τ is the stress tensor.
To simulate the supersonic flow inside the ejector, the SST turbulence

model was used, being characterized by a high level of reproduction of flow
characteristics and accuracy of predicting mass flow rates [106,112,116,117].
Therefore, the additional governing equations for the turbulence kinetic
energy and the turbulence dissipation rate are as follows:

∇ · (ρυ̃K) = ∇ ·
[
ΓK∇K

]
+ G̃K − YK (4.4)

∇ · (ρυ̃ω) = ∇ ·
[
ΓK∇ω

]
+Gω + Yω +Dω (4.5)

where K is the turbulence kinetic energy, GK is the generation of the
turbulence kinetic energy due to the mean velocity gradients, Gω is the
generation of turbulent dissipation, YK and Yω is the dissipation of K and
ω due to the turbulence, ω is the turbulent dissipation rate and Dω is the
cross-diffusion term.

The set of equations described above must be completed with the tem-
perature or the specific enthalpy as an independent variable by the energy
equation:
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∇ · (ρũE) = ∇ · (λ∇T̃ + τ̃ · ũ) (4.6)

where E is the total enthalpy.
The total enthalpy defined in the energy equation is the sum of mixture-

specific enthalpy and kinetic energy:

E = h̃+
ũ2

2
(4.7)

Because the energy transfer in this work is modeled using an enthalpy
formulation, the diffusive term is transformed to:

∇ · (λ∇T̃ ) = ∇ · (Γ∇h)−∇ ·
[
Γ

(
∂h

∂p

)
T

∇p
]

(4.8)

where Γ is the effective diffusion coefficient defined using Equation (4.9).

Γ =

(
λ
∂h
∂T

)
p

(4.9)

The diffusive heat transfer for the simulated transonic flow is not signif-
icant, and the enthalpy dependence on the pressure is not as strong as its
dependence on the temperature. Therefore, the last term in Equation (4.8) is
neglected in this analysis.

Instead of solving a classical temperature-based energy equation imple-
mented in the software, the user-defined transport equation is derived and
implemented into the solver. The Fluent software allows for implementation
of an additional scalar equation, called User-Defined Scalar (UDS), of which
the steady-state Favre averaged equation has the following form:

∇ · (ρũϕ̃S) = ∇ ·
(
Γeff ∇ϕ̃S

)
+ Ṡϕ (4.10)

where ϕ is an arbitrary scalar, Γeff is the effective diffusion coefficient
of this scalar and Ṡϕ is the scalar source term. The Reynolds averaged form
of the energy equation (Equation (4.8)) can be written as follows:

∇ ·
{
ρ(ũ+ u′′)

[
(h̃+ h′′) +

(ũi + u′′i )
2

2

]}
= ∇ ·

[
Γ∇(h̃+ h′′)

]
+∇ ·

[
(τ̃ + τ ′′) · (ũ+ u′′)

]
, i = 1, 2, 3

(4.11)
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Employing the properties of fluctuations (e.g. the term ρy′ = 0 for any
quantity y), and neglecting the term with h′, Equation (4.11) can be rewritten
in the following form:

∇ ·
(
ρũh̃+ ρu′′h′′ + ρũ

ũiũi

2
+ ρũ

u′′i u
′′
i

2

+ ρu′′u′′i ũi + ρu′′u
′′
i u

′′
i

2

)
= ∇ · (Γ∇h̃) +∇ · (τ̃ · ũ) +∇ · (τ̃ · u′′)

(4.12)

The considered terms of Equation (4.12) are modeled in the following
manner using the SST turbulence model:

−ρu′′h′′ = ΓT∇h̃ (4.13)

1

2
µ′′
i µ

′′
i = K (4.14)

−ρu′′u′′i ũi = τT · ũ (4.15)

ρu′′u
′′
i u

′′
i

2
− τ̃ · u′′ = −

(
µ+

µT

σK

)
∇K (4.16)

where σK is the turbulent Prandtl number for the kinetic energy.

ΓT =
µt

σT
(4.17)

The two fluctuation-related terms on the left-hand side of Equation (4.16),
are assumed to have a negligible contribution compared to the modeled tur-
bulent diffusion term and are therefore omitted from the analysis. Therefore,
to obtain the mechanical energy equation, the terms presented in Equations
(4.13)-(4.15) are substituted into the energy equation (Equation (4.12)), and
by separating the kinetic energy contribution from the total energy balance,
the mechanical energy equation for the mean flow can be expressed as:

∇ ·
(
ρũ

ũ2

2

)
= −∇p · ũ+∇τ̃ · ũ (4.18)

The thermal energy equation in the form of scalar equation for imple-
mentation in the Ansys Fluent software, by replacing the scalar ϕS by the
specific enthalpy, is eventually taking the following form:
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∇ · (ρũh̃) = ∇ ·
(
Γh,eff∇h̃

)
+ Ṡh1 + Ṡh2 + Ṡh3 (4.19)

where the effective diffusion coefficient Γh,eff is the sum of the effective
diffusion coefficient (Equation (4.9)) and the turbulent diffusion coefficient
(Equation (4.17)). The source terms Ṡh1, Ṡh2 and Ṡh3 describe the mechani-
cal energy, the irreversible dissipation of the kinetic energy variations and
the dissipation of the turbulent kinetic energy, respectively. These sources
have the following forms:

Ṡh1 = ũ · ∇p (4.20)

Ṡh2 = (µ+ µT )

{
2

[(
∂ũ

∂x

)2

+

(
∂ṽ

∂y

)2

+

(
∂w̃

∂z

)2
]

+

(
∂ũ

∂y
+
∂ṽ

∂x

)2

+

(
∂ũ

∂z
+
∂w̃

∂x

)2

+

(
∂ṽ

∂z
+
∂w̃

∂y

)2

− 2

3
(∇ · ũ)2

}
− 2

3
ρK∇ · ũ

(4.21)

Ṡh3 = −ρ̄ũ · ∇K (4.22)

The source terms are implemented to the Ansys Fluent by means of the
User-Defined Functions (UDF), which are the custom C-language functions
that extend the capabilities of the standard software.

Boundary conditions

For the CFD model used in this study, the pressure-based boundary con-
ditions at both inlets and the pressure-outlet at the diffuser (ejector) outlet
were selected. At the inlet boundaries, the pressure and specific enthalpy
were prescribed with the values defined for the considered operating points,
creating the set of inputs for the ROM to ensure an accurate representation
of the expected operating conditions. The range of specific enthalpy at the
ejector inlets was widened in order to create an operational envelope of
VGE, taking into account various levels of superheating parameters, ensur-
ing that the ROM is capable of handling the fluctuating operating conditions
of the ERS during dynamic system simulations. For the pressure-outlet
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boundary condition, the fixed value of the pressure was prescribed, with a
user-defined function (UDF) calculating the specific enthalpy profile from
the neighboring cell row, which resulted from the enthalpy scalar equation
being updated at each simulation iteration. All simulations assumed adia-
batic conditions, with all ejector walls having prescribed zero heat flux at
wall-type boundaries.

The global range of operating conditions considered for the VGE, speci-
fied to cover the operational envelope necessary for the application of the
ejector in ERS, is presented in Table 4.1.

Table 4.1: Global ranges of the boundary conditions at the motive and suction nozzle inlets
and the diffuser outlet used for the numerical simulations of R290 VGE.

Ejector port Pressure, bar Spec. enth., kJ/kg Sat. temp., ◦C Superheating, -
Motive nozzle 25.9 - 41.2 595.8 - 660.9 70 - 103 0 - 8
Suction nozzle 5.0 - 7.3 577.1 - 606.0 2 - 15 0 - 8
Diffuser 5 - 15 – – –

4.1.3 Numerical mesh

The numerical meshes for all the analyzed SP positions from Besagni et
al. [29] were used to perform the CFD simulations of the VGE operation.
The numerical grid of VGE at SP0 presented in Figure 4.1 was prepared as
a structured 2-D axisymmetric grid using Ansys Mesher software.

Following a similar approach presented in other ejector studies [28, 118,
119], special care was taken to ensure proper mesh cell sizes in areas with
expected strong gradients of flow parameters, particularly in the zone near
the motive nozzle exit and at the beginning of the mixing section. For this
study, eight individual numerical meshes were prepared, each corresponding
to one of the spindle positions shown in Figure 2.3. The meshes consist
of approximately 145k elements, with 110 cells in the longitudinal direc-
tion, and a maximum aspect ratio of 3 to maintain element quality and
solver stability. The value of y+ was maintained in the range of 30-200 to
properly resolve the boundary layer with wall-function-based turbulence
modeling. Additionally, two cycles of mesh refinement were applied in the
Ansys Fluent on the basis of the Mach number gradient criterion, using a
threshold of 0.1. This local mesh refinement allowed for the capture of the
shock structures and local compressibility effects with higher accuracy. The
meshing strategy selected for this study ensures both numerical stability and
physical accuracy for simulations of supersonic flow in the ejector domain.
The convergence criterion for the simulations was set for both mass flow
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Figure 4.1: Visual representation of the numerical mesh of the R290 VGE at SP0 from
Besagni et al. [29] with a zoomed-in view at the motive and suction nozzle outlets and
beginning of the mixing section. Adapted and modified from Besagni et al. [29].

rates to be below 0.001 kg/s of change within 50 iterations. Each simulation
required approximately 30-45 minutes of computation time, depending on
the operating condition.

4.1.4 Numerical modeling of ejector

The numerical model presented in the previous sections was executed 275
968 times for simulations of the R290 VGE using the boundary conditions
presented in Table 4.1 and considering all the analyzed 8 SPs. In this
section, its performance is analyzed for a single operating condition and
four representative spindle positions, namely SP0, SP2, SP4, and SP7.
The selected operating condition of the ejector for the visualization of its
operation at different SPs correspond to a typical air-conditioning application
utilizing the low-temperature waste heat for generating the gas for the ejector
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motive nozzle, where the motive nozzle saturation temperature TMN,sat is
equal to 84◦C and the motive nozzle inlet temperature is 89◦C. The suction
nozzle saturation temperature TSN,sat was set to 5◦C, with the nozzle inlet
temperature of 9◦. The outlet saturation temperature Toutlet,sat was set at
20◦C, representing the ERS operation at that level of ambient temperature.
These conditions were chosen as representative for the ejector operation in a
typical operation of the R290 ERS, ensuring a realistic assessment of the
ejector flow regimes under different spindle displacements.

Starting with the analysis of mass flow rates for the considered SPs
presented in Table 4.2, the results shows the influence of the ejector control
using spindle on the mass flow rates and resulting mass entrainment ratio.
At SP0, the ejector operates in the highly-efficient on-design mode with the
highest motive nozzle mass flow rate of 0.304 kg/s and the highest mass
entrainment ratio of 0.29 for this set of motive and suction nozzle operating
conditions. Moving the spindle to SP2 and SP4, the ejector still maintains the
efficient on-design operation, but the motive nozzle mass flow rate decreases
to 0.0291 and 0.0254 kg/s, respectively. The spindle movement toward the
motive nozzle throat increases the mass entrainment ratio, which reaches
0.32 for SP2 and 0.39 for SP4. For the most closed spindle position of SP7,
the ejector operates in the malfunction regime, in which the ejector no longer
entrains the secondary flow, or even works as a secondary outlet, which is
indicated by the negative value of the suction nozzle mass flow rate. These
results demonstrate that ejector performance is highly sensitive to the SP.
While moderate spindle adjustments (SP2-SP4) allow efficient operation
with improved entrainment characteristics, excessive closure (SP7) leads to
flow reversal and ejector malfunction. Therefore, precise spindle control is
essential to maintain stable and efficient ejector operation.

Table 4.2: Motive and suction nozzle mass flow rates and the corresponding mass entrain-
ment ratio values for selected operating point of R290 VGE for SP0, SP2, SP4 and SP7.

SP ṁMN, kg/s ṁSN, kg/s MER, -
SP0 0.0304 0.0088 0.29
SP2 0.0291 0.0092 0.32
SP4 0.0254 0.0099 0.39
SP7 0.0152 -0.0063 -0.41

Moving to the contour results, looking at the contours of absolute pres-
sure presented in Figure 4.2, it can be observed that the variation in SP
strongly influences the expansion process in the motive nozzle and the subse-
quent pressure distribution inside the ejector. The cases SP0, SP2, and SP4
represent the on-design operating conditions, while the SP7 corresponds to
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the malfunction regime, also referred to as the backflow condition, in which
the ejector ceases to entrain the secondary flow. In the cases of SP0-SP4, the
supersonic flow is over-expanded due to the relatively low outlet pressure,
with a visible normal shock in the entrance to the diffuser.

For the most open configuration presented in Figure 4.2 a), the fully
developed expansion through the motive nozzle results in a pronounced
pressure drop downstream of the throat and the formation of a low-pressure
core that propagates deep into the mixing section. The pressure drop in the
premixer drives the effective entrainment of the secondary stream, and the
gradual pressure recovery is observed along the diffuser. At the intermediate
spindle positions (Figure 4.2 b) and c)), the partial closure of the motive
nozzle modifies the expansion behavior and increases the local back pressure,
resulting in a more visible expansion downstream the motive nozzle in the
premixer. The pressure fields show the occurrence of multiple oblique shock
structures downstream of the nozzle exit and an oblique shock in the diffuser.
The observed distribution is characteristic of moderate throttling, where
the motive flow still entrains the secondary stream, although with reduced
intensity and less uniform mixing.

For the most closed spindle position of SP7 presented in Figure 4.2 d),
the strong throttling effect in the motive nozzle together with a relatively
high outlet pressure result in suppression of the supersonic expansion. The
low-pressure core is no longer sustained along the mixer section, and the
flow in the mixing section becomes entirely subsonic. The pressure contours
reveal the presence of a slightly higher value of pressure in the secondary
chamber of the ejector suction nozzle, associated with the occurrence of
backflow from the mixing section into the suction chamber. This condition
marks the malfunction regime, in which the ejector ceases to entrain the
secondary flow.

Overall, the pressure fields confirm that as the spindle advances from
SP0 to SP7, the ejector transitions from the stable supersonic on-design
operation towards the malfunction regime. This progression is associated
with the gradual disappearance of the low-pressure region, intensification of
local shock structures, and eventual establishment of backflow in the mixing
section, which prevents further suction flow entrainment.

Next, the velocity contour plots are presented in Figure 4.3. The analyzed
cases present different throttling characteristics at various SPs, which is
reflected in the extent of expansion in the ejector mixing section and the
corresponding velocity magnitudes inside the mixer.

For the most open configuration of SP0 presented in Figure 4.3 a), the
flow expands through the motive nozzle reaching the highest velocities

91



Chapter 4. Reduced Order Model of Variable Geometry Ejector

Figure 4.2: Pressure contours in bar of the R290 VGE operating at: a) SP0, b) SP2, c)
SP4, and d) SP7.

exceeding 430 m/s, corresponding to the Mach = 2. The supersonic core ex-
tends far downstream into the mixing section, and the weak shock structures
formed in the core region indicate a smooth pressure recovery process. At
intermediate spindle positions SP2 and SP4 presented in Figures 4.3 b) and
c), respectively, the partial closure of the motive nozzle increases the local
back pressure, resulting in a more pronounced normal shocks downstream
of the nozzle throat. These shock structures are clearly visible in the mixing
section, where the interaction between the high-momentum motive flow and
the entrained suction flow generate alternating regions of the flow acceler-
ation and deceleration. Stronger reflections and shock patterns observed
in these cases are associated with increased mixing intensity and energy
dissipation, corresponding to moderate entrainment ratios.

For the most closed configuration of SP7 representing the ejector oper-
ation in malfunction regime, the reduction of the motive nozzle exit area
leads to earlier termination of the supersonic jet and the formation of a
compact subsonic region at the beginning of the mixer. The velocity in the
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Figure 4.3: Velocity contours in m/s of the R290 VGE operating at: a) SP0, b) SP2, c) SP4,
and d) SP7.

motive nozzle exceeds the 500 m/s, corresponding to the Mach = 2.5. The
velocity field shows a rapid drop of the jet momentum and the appearance of
a low-velocity zone in the premixer. The shortened supersonic core indicate
excessive throttling and inefficient momentum exchange, which reduces the
overall ejector performance and pressure recovery in the diffuser.

Looking at the fields representing the specific enthalpy for the R290
VGE presented in Figure 4.4, it can be observed that for cases of SP0, SP2
and SP4 presented in Figures 4.4 a)-c), the motive nozzle flow entrains the
suction stream, which is then dragged along the mixing section and gradually
mixed with the high-speed motive flow. The distribution of specific enthalpy
illustrates the energy exchange between the two streams and the thermal
homogenization along the ejector length indicating the thorough mixing.

For the first three cases of SP0, SP2 and SP4, the high specific-enthalpy
motive flow expands efficiently, producing a distinct low-enthalpy core
downstream the nozzle throat. The mixing process is gradual, with the
specific enthalpy increasing smoothly along the mixing section until a uni-
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Figure 4.4: Specific enthalpy contours in kJ/kg of the R290 VGE operating at: a) SP0, b)
SP2, c) SP4, and d) SP7.

form field is achieved at the diffuser outlet. This indicates a highly-efficient
on-design ejector operation, in which the entrained secondary stream is
effectively accelerated and mixed without strong local discontinuities. In
the shock wave, the alternating local values of lower and higher specific
enthalpy fields are visible, corresponding to the local pressure variation in
the shock waves. These features confirm the presence of an intense mixing
process.

At the SP7, the strong throttling at the motive nozzle exit results in a
reduced expansion and the relatively high value of absolute pressure in the
pre-mixer section does not allow the entrained flow to be introduced. The
supersonic core vanishes rapidly, and the entire mixing section is filled with
the higher enthalpy values, indicating the ejector malfunction and backflow
conditions, in which the ejector is not entraining the secondary nozzle flow
to the mixer and the ejector operates as a typical throttling device. Therefore,
the suction chamber is filled with the high specific enthalpy fluid, of values
closer to those observed at the ejector outlet.
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Overall, it can be concluded that as the spindle advances towards the
closed position, the specific enthalpy field transitions from a smooth and con-
tinuous mixing regime to the operation at ejector backflow for the analyzed
operating conditions. This confirms that excessive throttling deteriorates the
ejector performance by reducing the expansion work potential and weaken-
ing the entrainment of the secondary stream, and that the spindle position
should be appropriately selected for the given operating conditions of the
ejector.

4.2 Reduced Order Model formulation

The ROM is developed using the POD technique combined with RBF in-
terpolation based on the data generated by the CFD model presented in the
Section 4.1. This POD-RBF application for modeling ejectors was prepared
and thoroughly validated by Haida et al. [111] for the R744 two-phase
eject1ors. This approach allows the ROM to approximate the fluid dynamics
behavior of complex devices such as supersonic ejectors under operating
conditions not covered by the input dataset with high accuracy. Moreover,
this method, implemented in an object-oriented environment such as Mod-
elica, enables the fast execution of system simulations, allowing studies
of dynamic behavior and creation of in-house control systems, with ROM
computation times typically in a fraction of a second [115].

4.2.1 Mathematical approach

The POD technique creates an optimal approximation base from the set of
N sampled values of the ejector flow parameters, which are stored in vectors
referred to as snapshots [120]. Collecting M of such snapshot vectors,
each corresponding to a specific set of operating conditions, produces the
rectangular snapshot matrix U. These snapshots are functions of input
parameters. Therefore, the main aim of POD is to determine the orthogonal
matrix F that reconstructs the matrix U through a linear combination of the
snapshots:

Φ = U ·V (4.23)

where V is the modal matrix, which is obtained by solving the eigenvalue
problem:

C ·V = Λ ·V (4.24)
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with Λ being a diagonal matrix of eigenvalues, and C the positive semi-
definite covariance matrix defined as:

C = UT ·U (4.25)

where UT is the transpose of the snapshots matrix. Solving this eigenvalue
problem yields the POD basis vectors:

C · ϕi = λi · ϕi (4.26)

where ϕi is the orthogonal POD basis vector and λi are the eigenvalues
stored by the diagonal matrix Λ.

The truncated POD model Φ considers K < N elements for M operating
points, reducing the size of the orthogonal basis:

Φ = U ·V (4.27)

where V is the truncated modal matrix with first K eigenvectors of
covariance matrix C. This reduced POD basis remains orthogonal and
preserves optimal approximation properties. Reconstruction of a given
snapshot using this truncated approximation depends on the parameters used
to generate the snapshot. An arbitrary snapshot can defined as as:

uj ≈
K∑

k=1

Φ
k
αj

k (4.28)

where uj is the vector of the arbitrary snapshot, Φ
k

is the k-th element of
the truncated orthogonal basis, and αj

k the unknown coefficient vector related
to the snapshot generating parameters. This approximation is valid only
for the training snapshots. To predict ejector performance at new operating
conditions, an interpolation step is necessary. From Equation (4.28), the
snapshot matrix U can be written as a linear combination of the truncated
POD vectors basis:

U = Φ · α (4.29)

where α is the matrix of unknown constant coefficients, which can be
calculated by transposing the matrix of orthogonal truncated POD basis
multiplied by the snapshot matrix:

α = Φ
T ·U (4.30)
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In this ROM approach, the unknown coefficient matrix α is defined as a
nonlinear function of the input parameters. This functional dependence can
be written as:

α = B · F (4.31)
where B is the matrix of the unknown coefficients of selected combina-

tion, and F is the matrix of interpolation functions fi(k − ki) built from the
k parameter distances used in generating the snapshots. In this work, the
RBF interpolation, specifically the thin-plate spline radial function with a
smoothing parameter, is chosen given its suitability for multidimensional
approximation. The spline radial function is as follows:

fi
(∣∣k − ki

∣∣) = (∣∣k − ki
∣∣

rs

)2

· ln
(∣∣k − ki

∣∣
rs

)
(4.32)

where
∣∣k − ki

∣∣ denotes the distance between the current parameter set k
and the reference parameters ki, and r is the smoothing factor. Using this
definition, the matrix F is structured as:

F =



f1 (|k1 − k1|) · · · f1 (|kM − k1|)
... . . . ...

fi
(∣∣k1 − ki

∣∣) · · · fi
(∣∣kM − ki

∣∣)
... . . . ...

fM (|k1 − kM|) · · · fM (|kM − kM|)


(4.33)

After the generation of matrix F, the matrix B in Equation (4.31) can be
determined using the singular value decomposition technique [120]. The
final prediction of a snapshot at any new parameter set k is then given by:

ua(k) ≈ ΦBf a(k) (4.34)
where ua(k) is the snapshot calculated for the arbitrary parameters k, and

f a(k) is the vector of interpolation functions as defined in Equation (4.32).
Implementation of RBF into the POD model reduces the dimensionality of
the ROM to the number of unknown parameters k.

4.2.2 Different approaches for building Reduced Order Model of Vari-
able Geometry Ejector

In this thesis, two distinct approaches for reduced order modeling differing
in the sets of input and output parameters were analyzed. The first model
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utilizes a conventional approach concerning the typical thermodynamic
variables as inputs, so the pressure and specific enthalpy at the ejector inlet
nozzles, and the pressure at the diffuser outlet. As an output, the ROM
predicts the motive and suction mass flow rates for the given operating point
within the operational range of the ejector. This pressure-specific enthalpy-
based ROM formulation is directly tied to the thermophysical properties
of the selected refrigerant for which the ejector was designed, and offers a
reliable method for the ejector modeling.

The baseline formulation, referred to as VGE ROM, enables detailed
prediction of the mass flow rate for a given operating point within the range
of the design refrigerant. The set of input and output parameters of the VGE
ROM is as follows:

VGE ROM inputs

• Inlet pressure of the motive nozzle,

• Inlet specific enthalpy of the motive nozzle,

• Inlet pressure of the suction nozzle,

• Inlet specific enthalpy of the suction nozzle,

• Outlet pressure of the diffuser,

with the following parameters being the model outputs:

VGE ROM outputs

• Mass flow rate of the motive nozzle,

• Mass flow rate of the suction nozzle.

In the second approach, the Universal Low-Pressure Fluids VGE ROM
(ULF-VGE ROM) is based on a general concept designed to improve the
flexibility and transferability of the ejector modeling across different re-
frigerants with similar thermophysical properties, mainly in terms of their
pressure-wise operation in the subcritical refrigeration system. Instead of
relying on the aforementioned pressure-specific enthalpy set of inputs that
are tied to the ejector operation for a particular fluid, this new approach
utilizes two pressure ratios and fluid temperature at inlet nozzles as the
model inputs, with the mass entrainment ratio being the single output of the
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model. The pressure ratio defining the motive nozzle conditions is a ratio of
motive nozzle inlet pressure to the pressure at the diffuser outlet:

ΠM =
pMN

pOUT
(4.35)

where the subscript M denotes the relation of the pressure at the motive
nozzle to the one at the diffuser outlet. The secondary pressure ratio is the
ratio of diffuser outlet to the suction nozzle inlet pressure:

ΠS =
pOUT

pSN
(4.36)

where the subscript S denotes the relation of secondary nozzle pressure to
the diffuser outlet pressure.

This methodology ensures maintaining the characteristics of ejector oper-
ation for a wide range of conditions, while enabling the device to be utilized
with other refrigerants. Moreover, the mass entrainment ratio as an output
can be further combined with different robust modeling methods for the
motive nozzle mass flow rate prediction. This structure enables the model
to capture the physics of fluid dynamics governing the ejector performance
and opens up the possibility to combine it with different methods of ejector
modeling. In this thesis, this novel ROM approach was used for analysis of
the ERS equipped with an optimized ejector geometry for the R290, but sim-
ulating the system with other low-pressure working fluids and their blends,
remarkably broadening the scope of study. The set of input parameters and
a snapshot of the ULF-VGE ROM are as follows:

ULF-VGE-ROM inputs

• Pressure ratio of the motive nozzle inlet to the diffuser outlet,

• Inlet temperature at the motive nozzle,

• Pressure ratio of the diffuser outlet to the suction nozzle inlet,

• Inlet temperature of the suction nozzle,

with the single output being:

ULF-VGE-ROM output

• Mass entrainment ratio.
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Both the presented approaches are based on the same set of CFD input
data, but using a different way of defining the operating point of the ejector,
which is used to call the ROM. The visual representation of the mechanisms
of calling the ROM, aiming exactly at the same operational point for VGE
ROM, and ULF-VGE ROM for R290, is presented in Figure 4.5.
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Figure 4.5: The visual representation of the mechanisms of calling the ROM, aiming exactly
at the same operational point for: a) pressure-specific enthalpy approach of VGE ROM,
and b) generalized formulation of ULF-VGE ROM.
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4.2.3 Resolution of input data

To provide high accuracy of the ROM based on CFD results, a model
calibration was conducted to determine the required resolution of the map
of CFD points for the specified operating envelopes at each ejector port. As
a result, the ROM is able to reproduce the ejector performance between
the CFD results points. This analysis assesses the impact of reducing the
number of CFD cases on ROM accuracy, particularly in predicting the mass
flow rate at the motive and suction nozzles for various operating conditions.

Three discretization levels for the CFD operating envelope were evalu-
ated to analyze their effect on ROM accuracy. Maps of CFD points were
constructed for boundary conditions at the motive and suction nozzles, and
the diffuse outlet, varying key thermodynamic parameters: the absolute
pressure at all ejector ports, and the temperature with different values of
superheat at the inlets of the motive and suction nozzles. For each discretiza-
tion level, a ROM of single SP was built using a set of CFD simulation
results and subsequently validated against an additional CFD simulation
performed at an intermediate operating condition, not included in the set of
data used to build the ROM. For the model calibration, the SP3 was selected,
being the intermediate representative of average ejector operation. The pro-
cedure allowed for assessing the minimum required resolution of the CFD
map needed to accurately reproduce motive and suction mass flow rates,
as well as the mass entrainment ratio across the operating envelope. Three
refinement levels were analyzed, and their characteristics are presented in
Table 4.3, while the resulting map of points presented in the pressure-specific
enthalpy diagram of R290 is presented in Figure 4.6.

Table 4.3: Definition of CFD envelope refinement levels for model calibration.

Resolution level Points for eight SPs ∆Tsat, ◦C ∆SH, K ∆P at pout, bar
Coarse 945 10 4 1.5
Medium 9900 5 2 1.0
Fine 275 968 2 1 0.5

The coarse resolution represents a low-resolution discretization with 945
points per SP, resulting from a saturation temperature interval of 10◦C, a
superheat step of 4 K, and outlet pressure steps of 1.5 bar. The medium reso-
lution increases the density to 9 900 points per SP, resulting from saturation
temperature intervals of 5◦C, superheat steps of 2 K, and outlet pressure
steps of 1.0 bar. Finally, the fine resolution provides the highest resolution
with 275 968 points per SP, resulting from 2◦C intervals in saturation tem-
perature, 1 K superheat steps, and 0.5 bar of pressure steps at the outlet
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Figure 4.6: Discretization of the map of CFD results used for input points for the ROM
of VGE at SP3: a) coarse resolution, b) medium resolution, and c) fine resolution with
highlighted point for ROM testing.
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nozzle. These progressively refined levels allowed systematic evaluation
of the minimum required CFD map resolution to achieve accurate ROM
prediction of ejector performance across the operating envelope.

For each refinement level, a test point for the direct analysis of ROM
results with the CFD simulation result for the determined operating condition
was created. The test points were determined as midpoints between the CFD
input data in terms of the pressure and superheat value embodied in the
specific enthalpy. The selection of this specific methodology of defining
test points comes from the fact that, at that location, being at the furthest
distance from the other points surrounding that location, is having the lowest
accuracy within the operational envelope of the ejector.

The model calibration was performed for the baseline VGE ROM with
the inputs specified as the absolute pressure and the specific enthalpy at
the motive and suction nozzles, and the pressure at the diffuser outlet. The
outputs of the motive and suction mass flow rates, together with the mass
entrainment ratio, were compared with the CFD results for the three dis-
cretization levels and are presented in Table 4.4. Starting with the coarse
resolution, the ROM comparison with CFD results presents poor agreement
with CFD results across the entire analyzed outlet pressure operating range.

Table 4.4: Model calibration results for coarse resolution: comparison of CFD and ROM
predictions of the motive and suction nozzle mass flow rates with relative errors.

Pout, bar
Motive nozzle Suction nozzle

ṁCFD
MN , kg/s ṁROM

MN , kg/s ∆ṁMN ṁCFD
SN , kg/s ṁROM

SN , kg/s ∆ṁSN

6.0 3.18·10−2 3.19·10−2 0.3% 1.05·10−2 1.01·10−2 -4.0%
7.5 3.18·10−2 3.19·10−2 0.3% 1.02·10−2 9.97·10−3 -2.4%
9.0 3.18·10−2 3.20·10−2 0.4% 9.91·10−3 9.81·10−3 -1.0%

10.5 3.18·10−2 3.20·10−2 0.4% 7.95·10−3 8.95·10−3 12.5%
12.0 3.18·10−2 3.20·10−2 0.5% -2.10·10−3 5.04·10−5 -102.4%
13.5 3.18·10−2 3.20·10−2 0.4% -1.38·10−2 -1.43·10−2 3.6%
15.0 3.18·10−2 3.20·10−2 0.4% -2.55·10−2 -2.46·10−2 -3.4%

Looking at the mass flow rates, the suction nozzle mass flow rate error
reached a value of -102.4%, similar to the ones of the mass entrainment
ratio, while the motive nozzle errors remained relatively low within 0.45%.
This highlights the fact that despite good reproduction of the motive noz-
zle mass flow rate, the coarse discretization is insufficient to capture the
sensitivity of the suction nozzle mass flow rate, and as a result, also the
mass entrainment ratio. This discrepancy is also reflected in the ejector
efficiency curve presented in Figure 4.7, so the mass entrainment ratio is
presented as a function of outlet pressure. The ROM-based curve fails to
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reproduce the characteristic drop in value after reaching the ejector critical
point, with relative errors peaking at over -100% near the critical point,
so the switching point from on-design to off-design operation. The large
relative error variability ranges from approximately +20% down to below
-100%.
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Figure 4.7: Model calibration of the mass entrainment ratio and the relative error of ROM
model to CFD results for coarse resolution (Figure 4.6 a)).

For the medium resolution results, the ROM provides a significantly
improved reproduction of the ejector characteristics, which in this case is
very similar to the CFD model results. The obtained suction nozzle mass
flow rate errors presented in Table 4.5 are between -3% and +3%, with
the motive nozzle errors around ±0.1%, and the mass entrainment ratio
deviations within ±3%, except for a few outliers in the vicinity of the
ejector critical point. This level of refinement offers acceptable accuracy for
many engineering analyses but may miss local details near critical operating
conditions.

Looking at the overall shape of the efficiency curve presented in Figure
4.8, the curve is captured with the visible switch from the flat on-design
part to the off-design operation of the ejector. The majority of the mass
entrainment relative errors remain within ±5%, although the region around
the critical point still shows local peaks exceeding +20%.

Finally, the analysis of the fine resolution and the corresponding errors are
presented in Table 4.6. The fine resolution demonstrates the best agreement
with CFD data across the analyzed range of outlet pressure conditions. The
individual values of the suction nozzle mass flow rate errors are generally
below 0.3%, with one error value of -4.5%, whereas the errors for the motive
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Table 4.5: Model calibration results for medium resolution: comparison of CFD and ROM
predictions of motive and suction nozzle mass flow rates with relative errors.

Pout, bar
Motive nozzle Suction nozzle

ṁCFD
MN , kg/s ṁROM

MN , kg/s ∆ṁMN ṁCFD
SN , kg/s ṁROM

SN , kg/s ∆ṁSN

5.0 2.99·10−2 2.99·10−2 0.1% 1.19·10−2 1.22·10−2 2.7%
6.0 2.99·10−2 2.99·10−2 -0.1% 1.19·10−2 1.17·10−2 -1.5%
7.0 2.99·10−2 2.98·10−2 -0.1% 1.20·10−2 1.20·10−2 -0.1%
8.0 2.99·10−2 2.98·10−2 -0.1% 1.23·10−2 1.24·10−2 0.7%
9.0 2.99·10−2 2.99·10−2 0.1% 1.25·10−2 1.27·10−2 1.7%

10.0 2.99·10−2 2.99·10−2 0.1% 1.17·10−2 1.20·10−2 3.1%
11.0 2.99·10−2 2.99·10−2 0.0% 8.29·10−3 1.02·10−2 23.0%
12.0 2.99·10−2 2.99·10−2 0.0% 1.36·10−3 1.36·10−3 0.1%
13.0 2.99·10−2 2.99·10−2 0.0% -7.96·10−3 -7.88·10−3 -1.0%
14.0 2.99·10−2 2.98·10−2 -0.1% -1.75·10−2 -1.70·10−2 -3.0%
15.0 2.99·10−2 2.99·10−2 0.2% -2.63·10−2 -2.66·10−2 1.0%
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Figure 4.8: Model calibration of the mass entrainment ratio and the relative error of ROM
model to CFD results for medium resolution (Figure 4.6 b)).

nozzle for this refinement level are negligible (mostly from 0 to 0.1%).
The ROM almost perfectly reproduces the ejector efficiency curve pre-

sented in Figure 4.9, including the critical point transition from on-design
to off-design operation. The relative errors of the mass entrainment ratio
are consistently below 1%, with small peaks visible near the critical point
region; however, at an acceptable level of errors below 5%.

This study demonstrates that sufficient resolution in the CFD-derived
map of points was achieved by the fine resolution. Therefore, this approach
was selected as the optimal discretization, providing robust and accurate
reproduction of the ejector efficiency curve, while maintaining low relative
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Table 4.6: Model calibration results for fine resolution: comparison of CFD and ROM
predictions of motive and suction nozzle mass flow rates with relative errors.

Pout, bar
Motive nozzle Suction nozzle

ṁCFD
MN , kg/s ṁROM

MN , kg/s ∆ṁMN ṁCFD
SN , kg/s ṁROM

SN , kg/s ∆ṁSN

5.0 3.09·10−2 3.10·10−2 0.1% 1.16·10−2 1.16·10−2 0.0%
5.5 3.09·10−2 3.10·10−2 0.1% 1.16·10−2 1.16·10−2 0.0%
6.0 3.09·10−2 3.09·10−2 0.0% 1.16·10−2 1.16·10−2 0.0%
6.5 3.09·10−2 3.09·10−2 0.0% 1.17·10−2 1.17·10−2 0.0%
7.0 3.09·10−2 3.09·10−2 0.0% 1.17·10−2 1.17·10−2 0.0%
7.5 3.09·10−2 3.09·10−2 0.0% 1.18·10−2 1.18·10−2 0.0%
8.0 3.09·10−2 3.09·10−2 0.0% 1.19·10−2 1.19·10−2 0.1%
8.5 3.09·10−2 3.09·10−2 0.0% 1.20·10−2 1.20·10−2 0.0%
9.0 3.09·10−2 3.09·10−2 0.0% 1.20·10−2 1.20·10−2 0.0%
9.5 3.09·10−2 3.09·10−2 0.0% 1.18·10−2 1.18·10−2 0.0%

10.0 3.09·10−2 3.09·10−2 0.0% 1.13·10−2 1.13·10−2 0.0%
10.5 3.09·10−2 3.09·10−2 0.0% 1.02·10−2 1.03·10−2 1.0%
11.0 3.09·10−2 3.09·10−2 0.0% 8.44·10−3 8.06·10−3 -4.5%
11.5 3.09·10−2 3.09·10−2 0.0% 5.72·10−3 5.80·10−3 1.3%
12.0 3.09·10−2 3.09·10−2 0.0% 2.10·10−3 2.11·10−3 0.3%
12.5 3.09·10−2 3.09·10−2 0.0% -2.21·10−3 -2.21·10−3 0.2%
13.0 3.09·10−2 3.09·10−2 0.0% -6.88·10−3 -6.90·10−3 0.3%
13.5 3.09·10−2 3.09·10−2 0.0% -1.16·10−2 -1.16·10−2 0.3%
14.0 3.09·10−2 3.09·10−2 0.0% -1.62·10−2 -1.62·10−2 0.1%
14.5 3.09·10−2 3.09·10−2 0.0% -2.07·10−2 -2.07·10−2 0.2%
15.0 3.09·10−2 3.09·10−2 0.0% -2.50·10−2 -2.50·10−2 0.1%
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Figure 4.9: Model calibration of the mass entrainment ratio and the relative error of ROM
model to CFD results for fine resolution (Figure 4.6 c)).

errors for both motive and suction nozzle mass flow rates, as well as good
reproduction of the mass entrainment ratio curve.
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4.3 Ejector operating envelopes

Each of the ROM of VGE and its resulting operating envelopes were created
for an extended operating regime of the ejector to investigate the ejector
performance in the dynamic simulations of the R290 ERS system. The
operating envelope for the motive and suction nozzles was prepared in a
manner that during the simulation of the refrigeration system, the ROM
does not exceed its operating range, which could cause the unrealistic
behavior of the ejector, and thus lead to instabilities in the simulations of
the whole system. Thanks to the HEM model used for generation of the
CFD results, the operating conditions of the VGE cover the vapor phase
region from the saturation line up to the superheated vapor of 8 K for both
inlet nozzles, which ensure the simulation convergence, even at the events
of rapid changes in the input parameters, which cause variations in the
thermodynamic parameters of the system.

The representation of operating envelopes of the ROM of R290 VGE
represented on a pressure-specific enthalpy diagram for the motive and
suction nozzle inlets, and the diffuser outlet is presented in Figure 4.10. The
range of motive nozzle pressure spans from 27 to 40.7 bar, allowing for an
analysis of ejector performance in both the subcritical and the near-critical
area.

The range of the motive nozzle temperature was defined from approx-
imately 70 to 106°C, which ensures that the VGE can handle the system
operation under varying conditions of the low-temperature heat source. The
suction nozzle operating conditions were defined to evaluate the VGE perfor-
mance for the saturation temperatures between 2.5 and 15°C, representative
for operating conditions typical for refrigeration system applications. The
resulting operating range of the suction nozzle pressure ranges from 5.25 to
7.2 bar. As far as the diffuser outlet conditions are concerned, the considered
pressure range from 5 to 15 bar was specified for all the SPs to cover the
entire operating range of the condenser installed in ERS. However, the actual
on- and off-design ranges for each SP are strongly dependent on the VGE
conditions at the inlet nozzles, so the single SP outlet pressure ranges are
limited to the narrower bands. Nonetheless, the broader approach for the
definition of this outlet pressure operational envelope also committed to
the reliability of simulations and helped with avoiding non-physical ejector
behavior arising from operating outside of the ROM operating area, which
is crucial for the fluctuating behavior of dynamic simulations.
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Figure 4.10: Operating envelope of the R290 VGE presented on a pressure-specific enthalpy
diagram for: a) motive nozzle, b) suction nozzle, and c) diffuser outlet.
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4.4 Ejector performance in the Ejector Refrigeration System
application

To get to know the characteristic of the VGE before introducing it into
the system-level models, the performance maps presenting the motive and
suction nozzle mass flow rates were generated using the VGE-ROM with
varying motive nozzle conditions. The suction nozzle inlet conditions were
fixed at saturation temperature of 10◦C with the superheat of 4 K, and the
diffuser outlet pressure was fixed at value corresponding to the saturation
temperature of 20◦C. These performance color maps present the ejector
performance in terms of the mass flow rate when operating within the
operational area range of the VGE implemented to the R290 ERS operating
in the subcritical and near-critical region. The heat maps were prepared
for the R290 pressure-enthalpy diagrams for selected representative spindle
positions of SP0, SP2, SP4, and SP7. This approach allows for visualization
of the VGE behavior distinguishing the difference of its operation in the
different cross-sectional areas of the motive nozzle throat.

First, the analysis of the motive nozzle mass flow rate under fixed suction
nozzle inlet conditions and the diffuser outlet conditions is presented in
Figure 4.11. The gray-shaded region denotes the two-phase zone of R290,
limited by the saturation curve in between.
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Figure 4.11: R290 VGE performance maps of the motive nozzle mass flow rate with fixed
TSN,sat = 10◦C, TSN = 14◦C, and TOUT,sat = 20◦C, for: a) SP0, b) SP2, c) SP4, and d)
SP7.

Looking at the color maps, the consistent trend of the motive nozzle mass
flow rate increase with the increase of the motive nozzle inlet pressure is
observed. Moreover, the lower motive nozzle specific enthalpy contributes
to higher motive nozzle mass flow rates, indicating that the mass flow rate
is the highest for the low values of superheat. This behavior is attributed
to the higher density closer to the two-phase region, enhancing the choked
flow conditions through the nozzle. The maximum values of the mass flow
rates for each SP are observed in the top-left corners of each map, with
approximate peak values of 3.6 · 10−2 kg/s for SP0 and SP2, 3.0 · 10−2 kg/s
for SP4, and a notably reduced value of 1.4 · 10−2 kg/s for SP7. Conversely,
the minimum values of the motive nozzle mass flow rates in each color
map are located at low pressure and specific enthalpy furthest from the
saturated curve, with the values of 2.4 · 10−2 kg/s to 1.0 · 10−2 kg/s for the
SP0 and SP7, respectively. When comparing the charts of Figure 4.11 a)-d)
with each other, a clear reduction in the overall mass flow rate is observed
as the SP advances from SP0 to SP7, which reflects the decrease of the
cross-sectional area of the motive nozzle throat. The gradient of the mass
flow rate within the single-phase region becomes progressively flatter from
SP0 to SP7, suggesting a reduction in flow sensitivity to thermodynamic
changes at the motive nozzle.

Next, the contour color map of the suction nozzle mass flow rate is
presented in Figure 4.12. The charts of this figure correspond again to the
ejector operation at SP0, SP2, SP4, and SP7, respectively, under the fixed
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suction nozzle inlet and diffuser outlet conditions.
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Figure 4.12: R290 VGE performance maps of the suction nozzle mass flow rate with
fixed TSN,sat = 10◦C, TSN = 14◦C, and TOUT,sat = 20◦C and varying motive nozzle inlet
conditions presented on a pressure-specific enthalpy diagram for: a) SP0, b) SP2, c)
SP4, and d) SP7.

When analyzing the suction mass flow rate color maps, it can be observed
that the suction nozzle mass flow rate increases with the motive nozzle
inlet specific enthalpy, with visible optimum values for each of the color
map values at some distance from the saturation curve. Moreover, for the
charts in Figure 4.12 a) - c), the minimum values of the mass flow rate are
close to the critical point of R290, indicating that the ejector experiences a
performance drop, which may be a numerical error of the approximation
when the model operates close to the limits of the operational envelope.
Analyzing the charts of Figure 4.12 a) and b), it can be concluded that the
suction nozzle mass flow rate increases with the decrease of the motive
nozzle pressure for SP0 and SP2, whereas in Figure 4.12 c) representing
SP4, the suction nozzle mass flow rate is independent on the pressure in
the analyzed range of the motive nozzle inlet conditions. Finally, when
analyzing the contour map of SP7 presented in Figure 4.12 d), it can be
observed that for the smallest tested cross-sectional area of VGE motive
nozzle, the ejector requires higher motive nozzle inlet pressure values to
provide the ejector suction, and indicates that the ejector does not entrain
secondary fluid below 32 bar of the motive nozzle inlet pressure.

The maximum value of the suction nozzle mass flow rate for SP0 is
1.0 · 10−2 kg/s, with the minimum observed value of 0.7 · 10−2 kg/s. For
SP2, the observed maximum flow rate is 1.5 · 10−2 kg/s , and the minimum
value is 0.6 · 10−2 kg/s. For the SP4, the maximum suction mass flow rate
is 1.5 · 10−2 kg/s, but the ejector is not entraining the secondary flow when
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operating in the vicinity of the critical point for the given suction and outlet
operating conditions. Finally, for the SP7, the maximum suction nozzle
mass flow rate was reached 1.5 · 10−2 kg/s, and the ejector does not entrain
the secondary flow when the motive nozzle operates below 32 bar and in
the vicinity of critical point. This may indicate the ejector operating in the
choked conditions, which limit the ejector performance and do not allow the
device to entrain higher value of the secondary mass flow.

Moreover, the visualization of the VGE performance for the SP ranging
from SP0 to SP7 by means of the generated ejector performance curves,
so the mass entrainment ratio curves, is presented as a function of outlet
pressure. Their analysis for four different operating conditions is illustrated
in Figure 4.13.
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Figure 4.13: The ejector performance curves of the R290 VGE for SP0-SP7 with varying
pressure at the diffuser outlet for: a) TMN,sat = 84◦C, TSN,sat = 5◦C, b) TMN,sat = 94◦C,
TSN,sat = 5◦C, c) TMN,sat = 84◦C, TSN,sat = 15◦C, and d) TMN,sat = 94◦C, TSN,sat = 15◦C.

The data for these graphs were generated using pairs of constant mo-
tive and suction nozzle operating conditions, i.e., two motive nozzle inlet
pressure levels corresponding to the saturation temperature of 84◦C and
94◦C, and similarly, two suction nozzle inlet pressure levels of the saturation
temperature of 5◦C and 15◦C were analyzed. The curves were generated by
altering the diffuser outlet pressure by 0.5 bar for the range of 6 to 14 bar.

For each SP, the ejector performance curve presents the typical ejector
operation with visible distinction of on- and off-design modes. In the on-
design zone observed at the lower outlet pressure values, the device operates
at its optimum with constant and the highest possible mass entrainment ratio,
thanks to the choked motive flow. The off-design mode of ejector operation
is the zone in which the mass entrainment ratio decreases with an increment
in outlet pressure. The point at which the ejector transitions from the plateau
on-design to a declining trend of the off-design mode is called the critical
point, and the pressure value at which it occurs is called the critical pressure
of the ejector.

Figure 4.13 a) presents the ejector operation at the motive nozzle satu-
ration temperature of 84◦C and the suction nozzle saturation temperature
of 5◦. The ejector working at these operating conditions achieves its max-
imum mass entrainment ratio of around 0.8 for SP7 with a relatively low
critical pressure of 7.2 bar. The effective VGE operation, thanks to the
adjustable spindle, can be broadened up to the critical point of SP0-SP3 at
the outlet pressure of 10.5 bar, in which the VGE is able to work at the mass
entrainment ratio of approximately 0.3.
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When looking at Figure 4.13 b), which corresponds to the motive nozzle
saturation temperature of 94◦C and the same suction nozzle saturation
temperature of 5◦C as in 4.13 a), the effect of higher motive nozzle saturation
temperature extending the range of the ejector operation in terms of the
diffuser outlet pressure can be observed. However, this occurs at the cost of
lower mass entrainment ratio. The SP7 reaches the mass entrainment ratio of
0.6 with its critical point shifted to approximately 8.1 bar. At the same time,
the SP0-SP2 operate at the mass entrainment ratio of 0.22 with the critical
point of approximately 12.5 bar, showing a difference of the critical point
pressure of 2 bar related to the ejector operation at 10 K lower saturation
temperature of the motive nozzle presented in Figure 4.13 a).

Figure 4.13 c) presents the ejector operation at the motive nozzle satu-
ration temperature of 84◦C and the suction nozzle saturation temperature
of 15◦C. It can be observed that the higher saturation temperature at the
suction nozzle leads to an increase of the entrainment performance, due to
the lower pressure ratio of the ejector. For these conditions, the maximum
mass entrainment ratio for SP7 exceeds the value of 1, with the critical point
outlet pressure at 7.2 bar, i.e., a slightly lower value than in the case of the
operating condition presented in Figure 4.13 a). These operating conditions
are characterized by the wider range of the on-design modes of the analyzed
SP, ranging from 0.4 to 1.0. At the same time, the critical point range is
extended in terms of outlet pressure, reaching up to 11 bar for the critical
points of SP0-SP3.

Finally, Figure 4.13 d) presents the VGE operation at the motive nozzle
saturation temperature of 94◦C and the suction nozzle saturation temper-
ature of 15◦C. In this figure, it can be observed that with the increase of
both motive and saturation nozzle pressure, the VGE is able to cover the
widest range of outlet pressures, maintaining relatively high entrainment
performance. The highest value of the mass entrainment ratio reached at
SP7 is 0.8, with the critical point pressure of around 9.3 bar, i.e., the highest
for SP7 among analyzed cases. The effective on-design operation of VGE at
SP0-SP3 is distinguished by the mass entrainment ratio of around 0.35 at
the critical pressures of around 13.2 bar.

Across the analyzed operating conditions, the above-described plots
clearly illustrate the typical on-design and off-design behavior of the VGE.
Thanks to the adjustable spindle, the operating range of VGE is able to
replace several fixed-geometry ejectors, which, with appropriate spindle
control, allows for the optimal operation of the device in the single SP
on-design modes for a wide range of operating conditions. The overall shift
of the on-design region towards higher outlet pressures with the increased
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motive nozzle inlet temperature indicates that a greater pressure head is
favorable for extending the operational range of the ejector in terms of the
diffuser outlet conditions. On the other hand, the increase of the suction
nozzle temperature results in a higher mass entrainment ratio, which in the
case of ERS operation translates into the increased cooling capacity. Thus,
it can be concluded that the use of the VGE ejector is the most suitable
for applications in ERS with a high temperature difference between source
and ambient temperatures, and that with an increase in the temperature of
the cooled space, the cooling capacity increases, which is consistent with
classical vapor-compression refrigeration systems [3].

4.5 Implementation of the ejector Reduced Order Model in
system analysis

All the VGE ROMs used in the study have been implemented in the Dymola
software using a Python code with a mathematical procedure that creates an
input file with a set of input data taken at each time step from the Dymola
model, and executing a binary file with the ROM that searches for the ejector
characteristic outputs for the given operating point. Then, the ROM creates
an output snapshot saved in the text file, which at the end of the execution
loop is imported back into Dymola.

To implement all the considered models, three separate external ROM
call structures were prepared. Each ROM variant is deployed as a com-
piled binary file accessed using the Python interface that handles file-based
communication with the Dymola environment. Figure 4.14 illustrates two
approaches: a) the standard pressure-specific enthalpy based VGE ROM
returning the motive and suction mass flow rates of the VGE for the given
operating conditions, and b) the ULF-VGE ROM using the pressure ratios
and temperatures as inputs and providing the output ejector characteristic
in a form of the mass entrainment ratio, that can be used to determine the
ejector operation for different fluids and their blends. All of the models
combine a highly accurate approach to numerical ejector modeling with
a highly responsive and robust solution that can be used for a variety of
dynamic ejector-based systems analyses.

The Dymola software enables the implementation of add-on utilities via
the external functions approach. For this reason, the ejector model in the
system was built and derived from the TLK partial ejector model, in which
the suction nozzle mass flow rate was introduced directly from the VGE
ROM inputs, rather than calculated from the fixed ejector efficiency. The
motive nozzle mass flow rates for the VGE ROM were passed to the ejector
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Figure 4.14: Flowcharts of the implementation of the R290: a) standard VGE ROM, and
b) ULF-VGE ROM into the Ejector Refrigeration System in Dymola.

model by creating a new nozzle model that just passed the value of the mass
flow rate from ROM to Dymola.

For the ULF-VGE ROM, which has only a single output of the mass
entrainment ratio parameter, the reduced modeling approach was combined
with a simple mathematical model for calculating the motive nozzle mass
flow rate. The built-in Dymola nozzle model of Brennen correlation for the
refrigerant flow through a nozzle (Brennen et al. [121]) was used, with the
variable input of the effective nozzle throat cross-sectional area of VGE (see
Figure 2.3) that are stored in an array element and load at each simulation
time step based on the currently used SP setting. The suction nozzle mass
flow rate was calculated in the Dymola function using the mass entrainment
ratio equation (Equation (1.1)).

The selected communication approach for the implementation of all
the ROMs to the Dymola software allowed to obtain a very fast model
for dynamic simulations, which was able to load the ROM outputs to the
simulation software within fractions of a second, which did not slow down
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the simulation of the considered ERS systems.

4.6 Conclusions

In this chapter, the development of the CFD-based ROM of the R290 VGE
was presented. The ROMs were created using a POD-RBF technique,
enabling fast and accurate reproduction of ejector behavior while drastically
reducing the computational demand in dynamic system simulations. Three
ROM variants were introduced: a standard approach of pressure-specific
enthalpy-based VGE ROM, and a generalized model based on pressure
ratios and temperatures for application with alternative refrigerants, denoted
as the ULF-VGE ROM.

A model calibration confirmed that the high-resolution CFD input data is
essential for accurate ROM performance, especially in capturing the suction
mass flow and the entrainment behavior. The fine resolution approach
yielded the relative errors below 1%, ensuring its reliability in dynamic
simulations. Moreover, the performance maps and determined characteristic
curves highlighted the VGE’s flexibility and adaptability to varying thermal
and pressure conditions. The ROMs were successfully implemented in
Dymola, ensuring a quick response of highly accurate ejector modeling for
dynamic system simulations.
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CHAPTER5
Dynamic analysis of R290 ejector-based

refrigeration system using varying ambient
conditions

This chapter presents the development of the dynamic numerical model
of the R290 ERS equipped with the reduced order model of VGE, which,
using a highly accurate ejector modeling approach, enables the evaluation
of system performance under realistic operating conditions. The objective
of this model is to evaluate the transient behavior of the system compo-
nents, assess the interaction between the VGE and system dynamics, and
to implement real-time control strategies. The model was developed in an
object-oriented equation-based modeling environment based on the Model-
ica language [122], which enables simulation of multi-domain thermody-
namic systems under dynamic ambient conditions.

The numerical framework is built around the integration of predefined
customizable components from the existing ThermoSystems library created
by TLK-Thermo GmbH [123], including heat exchangers, pumps, expansion
valve, controllers, etc. Each component is configured to reflect physical
constraints, geometrical specifications, and its operating principles are based
on empirical data and the literature. The dynamic simulation environment
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integrates the commonly used literature correlations for heat transfer and
pressure drop, and a control logic to ensure realistic thermal and flow behav-
iors.

The ejector model implementation to Dymola was previously described in
Chapter 4.5. This setup allows an accurate simulation of ejector performance,
thereby enhancing the model robustness and applicability to real-world
operating scenarios. This methodology forms the foundation for simulating
various scenarios evaluated in the subsequent Chapters, including different
model assumptions, a sensitivity analysis of critical parameters, and the
incorporation of additional time-dependent variables.

5.1 System analysis assumptions

In the first stage of the system analysis in this thesis, the performance of
the R290 ERS was evaluated for a simplified set of operating conditions,
where only the ambient temperature varied over time. This configuration
was devoted to isolate the influence of condenser-side waste heat thermal
fluctuations on system performance, while maintaining fixed operating
conditions at both inlet nozzles of VGE. The motive nozzle inlet conditions
representing the generator-side pressure and temperature were held constant
throughout each simulation, mimicking a steady waste heat source with
a fixed temperature of 90°C and a superheat level of 5 K. Similarly, the
conditions at the evaporator outlet (suction nozzle of the VGE) were also
held constant, with an evaporation temperature of 10°C and a superheat value
of 5 K. The only time-varying input parameter was the ambient temperature,
which influenced the condenser and ejector outlet pressures. These ambient
profiles were based on historical weather data for three distinct climate
zones and were introduced into the model as a 24-hour dataset with hourly
values, which were then interpolated for the system time steps using linear
interpolation. This setup allowed for a controlled evaluation of how external
environmental variations affect the operation of the ERS and provided a
baseline for assessing the benefits of incorporating dynamic capacity control
of VGE using the spindle. By limiting variability to the ejector outlet
side, this phase of the study focused on understanding the ejector system
sensitivity to ambient conditions, while maintaining stable conditions at the
generator and evaporator. The resulting analysis served as a reference point
for later stages, where greater complexity was introduced through variable
waste heat temperature data.
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5.2 Dynamic model formulation

To evaluate the performance of the proposed VGE-based refrigeration system
under varying ambient conditions, a dynamic object-oriented model of the
ERS was developed using Dymola simulation software [124]. It is based on
the Modelica language, an equation-based, high-level, declarative modeling
language that is suitable for the simulation of complex engineering systems.
Moreover, it supports both steady-state and dynamic simulation of multi-
domain physical systems, and its modular, object-oriented structure makes
it highly flexible for applications in the thermal-fluid, mechanical, electrical,
and control domains [90, 125–128].

The system model was composed using the TLK ThermoSystem Li-
braries, specifically TILMedia and TILSuite [123]. The TILMedia provides
critical thermophysical properties for various working fluids, including air,
water, refrigerants, and commonly utilized heat transfer fluids, while the
TILSuite is a validated component library for thermal systems, featuring
a range of ready-to-use and customizable elements, such as heat exchang-
ers, compressors, valves, and ejectors. Both TILMedia and TILSuite have
been widely applied in the literature for modeling and analysis of thermal
systems, and their open structure allows for straightforward modification
and integration into user-defined subsystems. In this study, the selected
system component parameters and dimensions were adapted to meet the
specific thermodynamic requirements of the ejector-based refrigeration cycle
investigated.

5.2.1 System layout

The ERS used in this analysis was designed as a vapor-compression ejector-
based system equipped with a controllable ejector. The system, of which the
layout is presented in Figure 5.1, consists of three heat exchangers: a brazed-
plate heat exchanger working as a generator for the waste heat utilization, a
fin-and-tube evaporator for cooling, and another fin-and-tube condenser for
heat rejection from the system to ambient environment. Furthermore, the
system includes a pump, a variable-geometry expansion valve, and a VGE
with a spindle.

The auxiliary side of the generator is a loop simulating a waste heat
source, with the inlet temperature held constant during the analytical phase.
A proportional-integral (PI) controller is utilized on the auxiliary side of
the generator to maintain the temperature difference between the inlet and
outlet of the auxiliary loop at 4 K, thereby ensuring stable heat transfer
without significant energy losses. Ambient temperature conditions for the
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Figure 5.1: PID diagram of the R290 Ejector Refrigeration Cycle equipped with VGE built
in the Dymola software.

condenser are introduced through a 24-hour temperature table, enabling
the simulation of realistic variable ambient conditions specific for different
climate zones. In the refrigeration loop, two PI controllers are used to
regulate the superheating parameters. First one controls the refrigerant
pump to maintain a fixed superheating at the outlet of the generator, while
the second one adjusts the opening of the expansion valve to ensure stable
superheating at the evaporator outlet. The evaporator air loop is maintained
at a fixed inlet temperature to reflect constant cooling demand conditions.

The critical component of the system, the VGE, is implemented in order
to enhance system performance by entraining the high-pressure motive flow
from the generator and mixing it with the low-pressure refrigerant stream
from the evaporator. Therefore, the motive nozzle of the VGE is connected
downstream of the generator, the suction nozzle receives the superheated
refrigerant coming from the evaporator, and the throttled and thoroughly
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mixed fluid flow at the ejector outlet is directed to the condenser inlet.
Thanks to such configuration, the ejector utilizes the pumping effect, which
in overall significantly improves the efficiency of the refrigeration cycle.

The model incorporates detailed thermodynamic measurements, includ-
ing pressure and specific enthalpy at key state points, and the mass flow
rate measurements on each of the pressure line. These diagnostics allow for
the precise characterization of transient behavior and validation of control
responses across varying operating conditions.

5.2.2 System components

Each component of the ERS is adapted from the TLK libraries and con-
figured for the operation with the R290 refrigerant. The components char-
acteristics, geometries and materials are selected to match commercially
available equipment, while the selection of heat transfer and pressure drop
correlations are taken from the literature based on their high accuracy and
experimental validation at similar applications.

The following subsections describe each component’s governing equa-
tions and selected parameters.

Brazed plate heat exchanger

The generator of the ERS was modeled as a brazed-plate heat exchanger
using a predefined component available in the TLK ThermalSystems library
for Modelica. It uses a 1-D modeling approach based on the finite volume
elements, and relies on the equations of mass and energy balance. The
brazed plate heat exchangers are commonly used heat exchangers, due to its
ease of tailoring for a desired application, compactness, and high efficiency.
The geometrical parameters of the plate heat exchanger, based on which
the heat transfer area was calculated, are listed in Table 5.1. The schematic
drawing of the brazed-plate heat exchanger is presented in Figure 5.2.

These dimensions were selected to mimic the commercially available
plate heat exchangers designed for similar applications and thermal duties,
ensuring a realistic representation of physical system behavior and pressure
drop characteristics. The heat transfer rate and pressure drop on the refriger-
ant side was modeled using empirical correlations provided in the VDI Heat
Atlas [129], specifically those developed for Chevron-type plate geometries,
which are widely adopted in calculations of commercial brazed plate heat
exchangers. These correlations incorporate the influence of plate geometry,
flow regime, and thermophysical fluid properties, providing high accuracy
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Table 5.1: Geometrical parameters defined for the generator modeled as a brazed-plate
heat exchanger.

Geometrical parameter Value Unit

Plate geometry

Number of plates 30 -

Length (Lp) 0.526 m

Width (Bp) 0.119 m

Inclination angle (φ) 35 ◦

Plate characteristic parameters

Wall thickness 7.5 ·10−4 m

Pattern amplitude (2â) 2.0 ·10−3 m

Pattern wavelength (Λ) 1.3 ·10−2 m

φ

Bp

Lp

2â

Λ

Figure 5.2: Schematic layout of brazed plate heat exchanger. Adapted from VDI atlas [129].

for both single- and two-phase flows under the operating conditions analyzed
in this study.

In the parallel-flow brazed plate heat exchanger, each of the n discretized
cells along the refrigerant and auxiliary fluid domains obeys transient mass
and energy balance equations. Conservation of mass in the refrigerant side
(denoted with subscript r) in cell i, is calculated using the following mass
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balance:

dmr,i

dt
= ṁr,i-1 − ṁr,i (5.1)

where m is the mass of refrigerant in cell i, t is the time, the subscript
r is for the refrigerant side and subscript i denotes the single cell of the
discretized heat exchanger.

The conservation of energy in each refrigerant side cell combines con-
vective enthalpy transport with heat transfer between the refrigerant and the
solid plate wall. The energy balance for the refrigerant side is as follows:

d (mr,ihr,i)

dt
= ṁr,i-1hr,i-1 − ṁr,ihr,i + Q̇rw, i (5.2)

where Q̇rw,i is the heat transfer rate between refrigerant and a plate wall
as denoted by the subscript rw.

The brazed-plate wall in each discretized segment i stores the thermal
energy according to its material properties and volume of the cell. It gains
heat from the refrigerant side and transfers heat to the secondary fluid via a
plate wall, which can be expressed by the following equation:

ρw Vw cw
dTw,i

dt
= Q̇rw,i − Q̇wsf,i (5.3)

where V is the volume of the discretized part i, the subscript w is for a
plate wall, and Q̇wsf,i is the heat transfer rate from a plate wall to a secondary
fluid as denoted by the subscript wsf.

The secondary fluid side (sf) is modeled as an incompressible liquid. The
transient mass behavior of the fluid is neglected due to the relatively high
mass flow rate in relation to the heat exchanger geometry. The flow rate of the
pump is controlled by the PI controlling the temperature difference between
the generator inlet and outlet temperatures. The temperature changes due to
the convective enthalpy transport and heat gain from the plate wall at cell i
is calculated from the following energy balance:

ρsf Vsf,i cp,sf
dTsf,i

dt
= ṁsf,i-1 cp,sf Tsf,i-1 − ṁsf,i cp,sf Tsf,i + Q̇wsf,i (5.4)

where the subscript sf denotes the secondary fluid and cp is the specific
heat at constant pressure.

The local heat transfer rates for the refrigerant and secondary fluid sides
at single cell are calculated from Newton’s law of cooling:
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Q̇rw,i = Ai αr,i (Tr,i − Tw,i) (5.5)

Q̇wsf,i = Ai αsf,i (Tw,i − Tsf,i) (5.6)

where Ai the plate area of cell i, αr,i and αsf,i are the heat transfer coeffi-
cients on the refrigerant and secondary fluid sides.

The heat transfer coefficients αr,i and αsf,i are computed at each time
step using the appropriate single-phase or two-phase correlations, according
to the procedure that selects a proper correlation depending on the heat
transfer mode. For the brazed plate heat exchanger operating as a generator,
four different correlations are employed, each corresponding to specific
heat exchanger operating zones: two address the single-phase heat transfer
in single-phase subcooled and superheated zones, and two others cover
the two-phase heat transfer, subdivided into evaporation and condensation
regions.

The model defines the refrigerant thermodynamic state in the cell zone
i based on the vapor quality, which in turn denotes a selection of a proper
correlation. The vapor quality is controlled along the discretized plate heat
exchanger using the following balance equation:

dXr,i

dt
=

(mrV, i−1 −mrV, i)

mr,i

(5.7)

where Xr,i and mrV,i are the vapor quality and the vapor mass of the
refrigerant of cell i, respectively.

For each cell in the single-phase superheated vapor region, the heat
transfer coefficient is calculated using the equation presented by Longo and
Gasparella [130]:

αsh = 0.277
λ

dh
Re0.766 Pr

1
3 (5.8)

where the subscript sh is the superheated single-phase region, dh is the
hydraulic diameter, Re is the Reynolds number, and Pr is the Prandtl number.

The dimensionless numbers are defined as follows:

Re =
w dh ρ

µ
(5.9)

Pr =
µ cp
λ

(5.10)

where w is the mean velocity and µ is the dynamic viscosity.
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The mean velocity can be calculated from the volumetric flow rate
through the gap between two plates, divided by the average cross-section of
the gap:

w =
V̇gap

2âBp
(5.11)

where V̇gap is the volumetric flow rate through the plate gap, â is the half-gap
between plates, and Bp is the plate width.

The hydraulic diameter for the refrigerant side of the brazed plate heat
exchanger can be calculated from:

dh =
4 â

Ξ
(5.12)

where Ξ is the surface enlargement factor, so the ratio of the wavy plate
surface to its plane projection.

The surface enlargement factor for the sinusoidal corrugation can be
approximately calculated from the following formula:

Ξ(x) ≈ 1

6

(
1 +

√
1 + x2 + 4

√
1 +

x2

2

)
(5.13)

where x is the wave number, so the ratio of amplitude to the wavelength.
The wave number is calculated as follows:

x =
2πâ

Λ
(5.14)

where Λ is the wavelength.
The heat transfer coefficient for a subcooled liquid refrigerant (αsc) is

calculated using the equation proposed by Thonon et al. [131]:

αsc = 0.2267
λ

dh
Re0.631 Pr

1
3 (5.15)

where the subscript sc is for the subcooled liquid refrigerant.
For the cells in which the evaporation process takes place, Longo et

al. [132] formulated highly accurate empirical correlations separately for
convective and nucleate boiling mechanisms. The heat transfer coefficient
based on the convective boiling (αcb) is computed as follows:

αcb = 0.122Ξ
λ

dh
Reeq

0.8 Pr
1
3 (5.16)
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where the subscript cb is for the convective boiling of the refrigerant,
Reeq is the equivalent Reynolds number calculated using the mean vapor
quality between the inlet and the outlet from the following equation:

Reeq = G
[
(1−Xm) +Xm (ρL/ρV)

1
2

] dh
µL

(5.17)

where Ġ is the mass flux, X is the vapor quality, subscript m is for the
mean value, and the subscripts V and L are for the saturated vapor and
saturated liquid phase, respectively.

The mass flux is calculated using the following formula:

Ġ =
ṁ

2â ·Bp

(5.18)

The heat transfer coefficient based on the nucleate boiling (αnb) is evalu-
ated as:

αnb = Cnb Ξα0CRa F (P
∗)

(
q

q0

)0.467

(5.19)

where the subscript nb is for the nucleate boiling of the refrigerant, Cnb

is a correction factor equal to 0.58, α0 is a reference heat transfer coefficient
determined based on the refrigerant α0 = 4.12 kW/(m2·K) for R290 [129]),
CRa is a coefficient that accounts for the effect of the arithmetic mean
roughness and equals to 0.4 m for corrugated stainless steel plates [132],
q is heat flux, q0 is reference heat flux (q0 = 20 kW/m2), and F (P ∗) is a
function that accounts for the effect of reduced pressure P ∗.

The roughness coefficient can be calculated using the following equation:

CRa =

(
Ra

0.4

)0.1333

(5.20)

where Ra is the arithmetic mean roughness of the plate surface.
The equation accounting for the reduced pressure of the fluid is:

F (P ∗) = 1.2P ∗ 0.27 +

(
2.5 +

1

1− P ∗

)
(5.21)

where P ∗ is the locally reduced pressure, so the ratio of actual pressure
to the critical pressure of the fluid:

P ∗ =
p

pcrit
(5.22)
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where subscript crit stands for the critical point of the fluid.
The criterion based on which the model selects the proper correlation for

the specific boiling mechanism is the product of the boiling number (Bo)
and the Martinelli parameter (Xtt). The boiling number is calculated using
the following formula:

Bo =
q

(G∆JLV)
(5.23)

where ∆JLV is the latent heat of vaporization.
The Martinelli parameter is defined using the mean vapor quality, cal-

culated as the arithmetic mean between the inlet and outlet of the heat
exchanger:

Xtt = [(1−Xm)Xm]
0.9

(
ρV
ρL

)0.5(
µL

µV

)0.1

(5.24)

where Xtt is the Martinelli constant.
The selection of the boiling mechanism is based on the following criteria:

• if Bo · Xtt < 0.00015, then the convective boiling mechanism is
selected,

• if Bo ·Xtt > 0.00015, then the nucleate boiling mechanism is selected.

For vertical flow through a plate gap, the pressure drop is defined as:

∆p = ξ
ρw2 Lp

2 dh
, (5.25)

where ∆p is the pressure drop and ξ is the pressure-drop coefficient.
The pressure drop coefficient can be calculated from:

ξ =
2∆p dh

ρw2 Lp
, (5.26)

The correlation applied for the secondary fluid side of the brazed plate
heat exchanger incorporates the geometric design to determine the friction
parameters essential for calculating the heat transfer coefficient. The fric-
tion factor is integrated into the pressure drop coefficient. The geometric
parameters utilized in these calculations are depicted in Figure 5.2.

Nu = 0.122 Pr
1
3

(
ηsf

ηwa11

) 1
6 (
ξ Re2 sin (2φ)

)0.374 (5.27)
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where Nu is the Nusselt number, ηwall is the dynamic viscosity at wall
boundary layer.

The local heat transfer coefficients for the secondary fluid side of the heat
exchanger is calculated from the general equation:

αsf =
Nuλsf

dh
(5.28)

All the specific empirical correlations used in the model are summarized
in Table 5.2.

Table 5.2: Empirical correlations used for modeling of the generator as a brazed-plate
heat exchanger.

Applied Region Parameter Correlation

Secondary fluid side
Heat transfer model VDI Plate Alpha [129]

Pressure drop Assumed no pressure drop

Refrigerant side
Heat transfer model Longo [132]

Pressure drop VDI Plate pressure drop [129]

Wall modeling
Material Stainless steel

Heat conduction model Geometry based conduction

To identify an optimal discretization of the heat exchangers that balances
numerical precision with computational robustness, a short analysis was
performed. From this study, a discretization level n equal to 15 was adopted
uniformly across all heat-exchangers, as it delivered both high accuracy and
stability of simulations under changing the operation conditions and rapid
model execution.

For the auxiliary loop of the generator, the Therminol 59 [133] was
chosen from among the candidate heat transfer fluids provided by the TIL
suite, owing to its good thermophysical properties in the targeted waste-heat
temperature range [134, 135]. It is a synthetic heat transfer fluid that can
be applied for the heat transfer in the temperature range of -39 °C to 315
°C. The Therminol mass flow rate was regulated via a proportional-integral
controller to maintain a fixed temperature differential of 15 K between the
generator’s inlet and outlet.

To provide a reliable start-up of the model, the initial specific enthalpy
distribution of the refrigerant for the brazed plate heat exchanger was set
by linearly interpolating between prescribed inlet and outlet specific en-
thalpy values. This initialization method enhanced numerical stability while
preserving the accuracy of the steady-state solution.
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Simultaneously, the auxiliary loop was initialized under the assumption
of a uniform liquid Therminol temperature, thus approximating the pre-
modulation thermal condition of the fluid.

Fin-and-tube heat exchangers

The condenser and evaporator components were modeled as TLK Thermal-
Systems fin-and-tube heat exchangers with specified geometrical dimensions,
optimized to achieve the nominal cooling capacity under the analyzed op-
erating conditions. Their geometrical parameters are presented in Table
5.3.

Table 5.3: Geometrical parameters defined for the evaporator and condenser modeled as a
fin-and-tube heat exchanger.

Heat exchanger Geometrical parameter Value Unit

Evaporator

Tube length 4 m

Distance between serial tubes 2.0 ·10−2 m

Number of serial tubes 4 -

Distance between parallel tubes 2.5 ·10−2

Number of parallel tubes 16 -

Condenser

Tube length 0.6 m

Distance between serial tubes 2.0 ·10−3 m

Number of serial tubes 8 -

Distance between parallel tubes 2.5 ·10−3 m

Number of parallel tubes 14 -

In the cross-flow heat exchanger model, similarly to the previously de-
scribed brazed plate heat exchanger, the geometry of the heat exchangers is
discretized into the n number of sections, and its operation is governed by
transient mass and energy balance equations, coupled by the interfacial heat
transfer.

For the tube side, the refrigerant in cell i satisfies the mass and energy
balance similar to these presented in the section of brazed plate heat ex-
changer in Equations (5.1) and (5.2). Similarly to the previous component,
the model uses different correlations for different modes of heat transfer.
Starting with the single-phase correlations, different equations for the Nu
number are distinguished depending on the Re number, denoting the flow
regime:
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• If Re < 2300, then the Nusselt number for laminar flow is equal to:

Nu = 3.6568 (5.29)

• If Re > 2300 and Re < 10e5, then the correlation for transition and
turbulent from Gnielinski [136] is selected.

Nu =

(
ζ
8

)
(Re−1000) Pr

1 + 12.7
√

ζ
8

(
Pr

2
3 −1

) (5.30)

It takes into account the friction factor, which is calculated from the
equation below:

ζ = (0.79 ln(max(Re, 10−12))− 1.64)−2 (5.31)

where ζ is friction factor.

• If Re > 105, then the turbulent flow correlation from Dittus and Boelter
[137] is selected.

Nu = 0.023max(Re, 10−12)
4
5 Pr

1
3 (5.32)

In case of the two-phase correlations for the fin-and-tube heat exchangers,
the correlations are divided depending on whether the heat exchanger works
as the evaporator or condenser. The model guesses the use of the component
based on the direction of the heat flow. For the evaporator, the correlation
by Steiner et al. [138] for horizontal tubes is used. The authors proposed
a correlation that uses the two-phase correction factor and calculates the
two-phase flow correlation based on the correlations for liquid and vapor
phases separately, using the equations for the Nusselt number presented in
Equations (5.29)-(5.32) to calculate the heat transfer coefficient.

χ = (1−X)0.01

(
(1−X)1.5 + 1.9X0.6

(
ρL
ρV

)0.35
)−2.2

+X0.01

[(
αV

αL

)(
1 + 8(1−X)0.7

(
ρL
ρV

)0.67
)]−2

(5.33)

where χ is the phase correction factor.
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αL = f (ReL,PrL) (5.34)

αV = f (ReV,PrV) (5.35)

On the other hand, to calculate the heat transfer coefficient for the conden-
sation process, the correlation from Shah [139] employing the heat transfer
coefficient from Equation (5.34) is applied:

αcond = αL

(
(1−X)0.8 +

3.8X0.76(1−X)0.04

(P ∗)0.38

)
(5.36)

αL =
0.023Re0.8 Pr0.4 λL

dh
(5.37)

The conduction of the component’s wall is calculated according to the
properties of the material and the heat exchanger geometry. For the material
of the heat exchanger walls, copper was selected. The heat transfer from the
refrigerant to the fin wall is governed by the following equation:

ρw Vw cw
dTw, i

dt
= Q̇rw,i − Q̇wsf, i (5.38)

In order to determine the heat transfer between the secondary fluid (air)
and fins, the correlation for finned inline bundled tubes proposed by Haaf
et al. [140] was used. To simplify the calculations of fin efficiency, the
approach of Schmidt [141] using the simplified fin efficiency was applied.

The mass balance of the moist air side is as follows:

d

dt
(msf, i) = ṁsf, i-1 − ṁsf, i (5.39)

The energy balance of the secondary fluid (air) side is governed by the
following equation:

d

dt
(msf, ihsf, i) = ṁsf, i-1hsf, i-1 − ṁsf, ihsf,i + Q̇wsf, i (5.40)

The local heat transfer between fin and air in cell i is governed by the
following equation:

Q̇wsf,i = ηfin Ai αsf,i(Tw,i − Tsf,i) (5.41)

where ηfin is the fin efficiency which is evaluated by approximating the actual
fin geometry through a discretization of the heat exchanger fin pack into a
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series of smaller elements. Then, for the simplification, each rectangular
segment is represented by an equivalent circular fin outer radius of a given
fin size, so that the circular and rectangular geometries exhibit the same
thermal performance.

For the heat exchanger with rectangular fin, Schmidt [141] has formulated
the following set of equations for calculating the efficiency. First, the
equivalent circular fin outer radius is calculated from:

rfin,out,e

rfin,in
= 1.28ψ (β − 0.2)1/2 (5.42)

ψ =
Pt

rfin,in
(5.43)

β =
Pl

Pt

(5.44)

where Pl and Pt are the horizontal and vertical distances between the
inline tubes in the tube bundle presented in Figure 5.3, ψ is the ratio of
vertical distance between tubes in inline tubes arrangement and the tube
diameter, and β is the ratio of the horizontal and vertical distances between
the inline tube arrangement.

Next, the fin efficiency is calculated using the expression for a uniform
circular fin:

ηfin =
tanh(ϕfin ι rfin,in )

ϕf ι rfin,in
(5.45)

where the parameters ι and ϕfin are defined as:

ι =

(
2α

δfinλfin

)1/2

(5.46)

ϕfin =

(
rfin,out,e

rfin,in
− 1

)[
1 + 0.35 ln

(
rfin,out,e

rfin,in

)]
(5.47)

where rfin,in is the inner radius of the fin, rfin,out,e is the equivalent outer
radius of the circular fin, and δfin is the fin thickness.

The heat transfer correlation for the air flowing through the inline bundled
fin tubes is taken from Haaf et al. [140]. As presented in Equation (5.48),
it takes into account the ratio of the internal radius of the tube and the
horizontal distance between them:

Nu = 0.31Re0.625 Pr
1
3

(
rfin,in

Pl

)1/3

(5.48)
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Discretized rectangular fin
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of the same performance

as rectangular

M

L

c)

Figure 5.3: Schematic layout of the fin and tube heat exchanger: a) general representation
of its operation, and b) geometrical parameters, and c) the schematic representation of
the equivalent circular fin. Adapted and modified from [129, 141].

The built-in TLK heat transfer and pressure drop correlations used for
the component calculations are summarized in Table 5.4.

A dry air stream was supplied to both the evaporator and condenser com-
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Table 5.4: The empirical correlations used for modeling of the fin-and-tube heat exchanger.

Applied region Parameter Correlation

Air side Heat transfer coefficient Haaf [140]

Pressure drop Zero pressure drop

Refrigerant side Heat transfer coefficient Steiner [138], Shah [139],

Gnielinski [136], Dittus-Boelter [137]

Tube Pressure drop Zero pressure drop

Material Copper

Fin Fin efficiency model Geometry based conduction

Efficiency Schmidt [141]

ponents. For the evaporator, the inlet air temperature was set as a constant
boundary condition. Both heat exchangers operated under a uniform volu-
metric airflow of 7 m3/s across all scenarios to ensure that the temperature
difference of the air was less than 5 K.

The refrigerant side of each exchanger was initialized by linearly inter-
polating the specific enthalpy between the specified inlet and outlet values,
thereby expediting convergence during start-up transients. In the condenser,
the initial wall state was treated as isothermal at 35°C. In the evaporator, the
initial wall temperature was set equal to the prescribed inlet air temperature.
The superheat at the evaporator outlet was maintained by a proportional-
integral control loop that adjusted the effective flow area of the expansion
valve to sustain the target superheating.

Pump

A TLK ThermalSystems simple pump component with a variable mass flow
rate was selected for modeling for both the refrigerant circulation pump
and secondary fluid pump implemented in the ERS. The mass and energy
balance of the pump are presented in Equations (5.49) and (5.50):

ṁpump,out = ṁpump,in (5.49)

The energy balance takes into account the hydraulic work of the pump
influenced by the pump efficiency:

hpump,out = hpump,in +
∆ppump

ρ η
(5.50)
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where ∆p is the pressure increase, and η is efficiency. The pressure
increase is defined as:

∆ppump = ppump,out − ppump,in (5.51)

The volumetric flow rate of the pump is calculated as:

V̇pump =
ṁpump

ρr
(5.52)

For the refrigerant circulation pump, the power consumption of the pump
was necessary to calculate the system COP. In order to do that, first the
hydraulic power delivered to the fluid was determined as:

Ṗhyd = ∆ppumpV̇pump (5.53)

where subscript hyd denotes the hydraulic power.
The shaft and drive power of the pump are calculated with the following

equations

Ṗshaft =
Ṗhyd

η
(5.54)

where subscript shaft denotes the pump shaft.

Ṗdrive =
Ṗshaft

ηdrive
(5.55)

where subscript drive denotes the pump drive.
Finally, the internal loss of power is calculated using the pump efficiency:

∆Ṗloss = Ṗdrive (1− η) ηdrive (5.56)

where ∆Ṗloss is the pump power loss.
The pump components were connected to the proportional integral com-

ponent that controlled the generator superheat parameter by adjusting the
mass flow rate in case of refrigerant pump, and the temperature difference
by adjusting the secondary fluid mass flow rate in the secondary fluid loop.
Therefore, the pressure values at the inlet and outlet necessary to calcu-
late the pressure increase are determined by the components upstream and
downstream of the pump. The pump and drive efficiencies were fixed and
equal to 0.75 and 0.85, respectively, defined as typical values for the rotary
refrigerant pumps in ERS [142, 143]. The limits of the mass flow of the
pump, set as the PI limits, were set between 0.01 and 0.04 kg/s for the
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refrigerant pump, and between 0.0001 and 0.01 kg/s for the secondary fluid
pump.

Expansion valve

The expansion valve model was introduced to maintain the desired superheat
level at the evaporator by adjusting the evaporating pressure to the air
temperature flowing through the heat exchanger. It was carried out by
controlling the evaporation pressure using a predefined orifice-type valve
model with an effective flow area that was controlled by the proportional
integral controller. The expansion process was assumed as isenthalpic,
and the resulting pressure drop across the valve was calculated from the
Bernoulli equation:

ṁvalve = Aeff

√
pvalve,in − pvalve,out

2 ρvalve,in
(5.57)

where Aeff is the effective flow area.
The effective flow area was controlled by the PI within the specified min-

imum and maximum limits of 1·10−10 and 4·10−4 to maintain a superheat
of 4 K at the evaporator outlet.

Ejector

The numerical model of the ejector implemented in this study is a simple
model using two steady-state mass and energy balances, taking the param-
eters at the inlet motive and suction nozzles and the outlet diffuser into
consideration:

ṁmn,in + ṁsn,in = ṁdiff,out (5.58)

ṁmn,in hmn,in + ṁsn,in hsn,in = ṁdiff,out hdiff,out (5.59)

The pressure and specific enthalpy values at the motive and suction
nozzle inlets are obtained directly from the upstream heat exchanger outlets.
For the VGE ROM model, the values of the motive and suction mass flow
rates are retrieved from the reduced order model of the VGE. Namely, the
reduced order model of the specific SP is called by the ejector model using
the current step boundary conditions, namely pressure and specific enthalpy
at the motive nozzle and suction nozzles, and outlet pressure, as previously
described in Section 4.5. These serve as input parameters, along with the
selected SP provided by the ejector control logic. Then the reduced order
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model returns the predicted motive and suction nozzle mass flow rates
corresponding to those conditions. Therefore, the balance equations are
used to determine the mass flow rate at the ejector outlet and the specific
enthalpy of the mixed stream at that outlet.

As far as the ULF-VGE ROM is concerned, this model provides as an
output a single parameter of the ejector mass entrainment ratio. To determine
the ejector mass flow rates, one additional mass flow rate has to be known.
Therefore, in this approach, the motive nozzle mass flow rate is calculated
using the Brennen two-phase nozzle flow correlation [121] based on the
determination of the critical flow for the nozzle throat and the speed of sound
calculated for the sonic flow inside. The equation will be provided in detail
in Chapter 7. The suction nozzle mass flow rate is then retrieved from the
mass entrainment ratio equation (Equation 1.1).

5.2.3 Solver settings

The dynamic simulation of the ERS was executed by solving the system of
ordinary differential equations generated by the model based on the Model-
ica language using the explicit Euler algorithm with a fixed time step of 0.1
seconds. This time resolution was selected to adequately capture fast tran-
sients and control behavior without a significant increase in computational
cost. Initial tests with lower error tolerances led to convergence issues. After
iterative refinement, a solver tolerance of 10−7 was selected as the optimal
value, ensuring numerical stability and convergence in all simulation cases.

To improve computational efficiency and facilitate seamless model ini-
tialization, initial values for pressure, temperature, and mass flow were
specified for all system components at time t = 0 s. These initial conditions
significantly reduced simulation startup times and helped avoid non-physical
behavior during early simulation phases. With this configuration, a full 24-
hour dynamic simulation of the ERS could be completed in approximately
90 minutes on a standard single-core CPU, offering a practical trade-off
between simulation fidelity and computational demand.

5.2.4 Ejector control

The performance of the VGE is strongly influenced by boundary conditions,
but it can be effectively optimized through real-time adjustment of the SP,
which dynamically adapts the effective throat area of the motive nozzle to
match the prevailing operating conditions. In the ejector model used in
Dymola, a control algorithm is implemented to dynamically adjust the SP
during transient system operation, based on the maximization of the suction
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nozzle mass flow rate. This approach is rooted in the physical principle that,
for a given set of boundary conditions, the highest mass entrainment ratio
corresponds to the highest COP of the system, since it reduces the necessary
power input to the system in the pump and heat provided at the generator.
By targeting this condition, the system can adaptively track load changes
and optimize the overall system performance over time.

The control strategy is executed at every simulation time step by follow-
ing a search method across a set of sub-models (subROMs), each repre-
senting an individual SP performance, by retrieving the predicted suction
nozzle mass flow rate. The subROM call function uses the thermodynamic
boundary conditions of the ejector motive and suction nozzles, together with
the ejector outlet pressure.

Once the complete set of mass flow rate values is evaluated across all
spindle positions, the optimum spindle position SPopt is determined by
identifying the subROM that brings the maximum mass entrainment ratio
for given operating conditions.

SPopt = argmax
i∈0,...,7

(ṁSN = f(SPi)) (5.60)

The spindle position that yields the maximum value of suction nozzle
mass flow rate is selected as optimal for this time step. If this value exceeds
the one from the previous time step, the control logic updates the SP ac-
cordingly. This newly selected SP is then passed into the ejector model,
which passes the mass flow rates for use in the next time step of the Dymola
simulation by calling another subROM for getting the values of mass flow
rates.

5.2.5 Simulated conditions

The simulation framework was established to simulate the performance
of the R290 ERS under realistic and steady-state conditions of waste heat
recovery applications. These environments demand consistent thermal con-
ditions to maintain safe operating temperatures and stable performance of
heat-sensitive components like graphics processing units (GPU) and central
processing units (CPU). Therefore, the secondary fluid side temperature of
the generator, which serves as the thermal driving input to the ejector, was
kept constant at the level of 95◦C throughout all test cases described in this
section.

To represent the cooling space side, the evaporator temperature was fixed
at 10◦C, in order to mimic the standard supply air temperature for space
cooling. A superheat value of 5 K was applied at the evaporator outlet to
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ensure single-phase conditions at the ejector suction inlet, providing stable
device operation.

These simulation assumptions ensured consistency in thermal load and
driving conditions, allowing for a focused evaluation of the ejector system
performance under variable ambient environments.

Ambient conditions

To evaluate the performance of the R290 ERS under varying climatic con-
ditions, representative weather data from three distinct European climate
zones were selected: Gliwice (humid continental climate), Milano (humid
subtropical climate), and Trondheim (subarctic climate), according to the
Köppen-Geiger classification [144]. These locations were chosen to pro-
vide a broad spectrum of daily ambient temperature profiles typical of the
spring/summer period. For each city, a representative day from the year
2024 was selected to reflect periods of high or moderate cooling demand.
The corresponding ambient temperature profiles were used as input in the
Dymola simulation environment to model the air flow over the condenser
unit of the ERS.

Figure 5.4 presents the ambient temperature data for Gliwice (07.07.2024),
Milano (07.06.2024), and Trondheim (07.06.2024), plotted with 15-minute
averaging intervals. The maximum and minimum ambient temperatures
recorded on these days in all locations ranged from 8.5°C in Gliwice to
27.9°C in Milan. A constant ambient relative humidity of 35% was assumed
for all cases, and the air volumetric flow rate through the condenser was set
to 7 m3/s using a constant speed cross-flow fan. The temperature profiles
were introduced into the simulation as 24-hour data tables with hourly values
interpolated using a piecewise linear approximation. This approach ensured
a continuous and realistic representation of dynamic ambient conditions
throughout the simulation period.

Simulation procedure

The fixed-ejector simulations were performed using fixed-ejector throat
diameters of SP1-SP3 for cases of Gliwice and Milano, and the diameters
of SP5-SP7 for the case of Trondheim. Their performance was compared
with a VGE model with adjustable spindle positioning. From the ejector
perspective, the simulations were tested for two motive and suction nozzle
pressure levels to assess their impact on overall system performance. The
tests aimed for the analysis of the system adaptability to varying operating
environments and pressure regimes, enabling a detailed comparison between

143



Chapter 5. Dynamic analysis of R290 ejector-based refrigeration system
using varying ambient conditions

Figure 5.4: The graphical representation of the temperature data from Gliwice, Milan and
Trondheim for three days of 2023 being representatives of the summer and transitional
periods seasons.

fixed and spindle ejectors. The ambient conditions presented by the climate
data were introduced into the system in the form of a 24-hour data table with
an hourly step, and a linear approximating function between the values with
a period of value change equal to 15 min.

5.2.6 Performance parameters

To quantitatively assess the behavior and efficiency of the ERS under dy-
namic operating conditions, a set of key performance parameters was defined
and used consistently throughout the analysis. These indicators allow for
assessing both the instantaneous and aggregated system performance and
are applicable across different configurations, including both VGE- and
FGE-based systems. The primary focus is placed on two core metrics: the
cooling capacity resulting from the evaporator operation and the COP. These
are further complemented by their respective daily averaged values, which
allow a direct comparison of system efficiency over analyzed simulation
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periods.
Finally, to quantify the improvement introduced by the VGE system

relative to the FGE baseline, a relative difference metric is employed.
The instantaneous cooling capacity fo VGE is defined as the thermal

energy extracted by the evaporator and is calculated based on the mass flow
rate at the suction nozzle inlet and the specific enthalpy difference across
the evaporator:

Q̇evap = ṁSN (hevap,out − hevap,in) (5.61)

The instantaneous power input includes both the hydraulic power con-
sumed by the pump, defined by Equation (5.53) , and the thermal power
supplied to the generator:

Q̇gen = ṁMN (hgen, out − hgen,in) (5.62)

The COP is used to assess the overall energy efficiency of the system and
is calculated as the ratio of the cooling capacity to the total energy input:

COP =
Q̇evap

Ṗpump + Q̇gen
(5.63)

To evaluate the system performance over an entire 24-hour simulation,
daily averaged values of both cooling capacity and COP are computed.
These are obtained as the arithmetic mean of the instantaneous values across
all time steps:

Q̇evap =
1

N

N∑
i=1

Q̇evap,i (5.64)

COP =
1

N

N∑
i=1

COPi (5.65)

where N is the total number of simulation time steps, and the subscript i
denotes the value at the particular time step.

Finally, to directly compare the performance between the VGE and FGE-
based configurations, a relative difference metric is used. It was calculated
for the selected performance parameters as:

δY =
YVGE − YFGE

YFGE
· 100 (5.66)

where Y is an arbitrary performance parameter.
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This metric enables a direct quantification of the performance improve-
ment (or reduction) resulting from the implementation of a VGE, based on
daily averaged values of the cooling capacity or COP.

5.3 Results and discussion

Figure 5.5 presents the dynamic performance of the R290 ERS over a 24-
hour simulation on July 7th, 2024, using ambient temperature data from
Gliwice and a constant waste source temperature input of 95◦C. This par-
ticular day featured the highest ambient temperature amplitude among all
the analyzed locations, with outdoor air temperatures fluctuating between
approximately 8°C and 26°C. The simulation compares a system operating
with VGE to three FGE configurations, i.e., SP1, SP2, and SP3, chosen
as they were the only fixed-ejector setups capable of sustaining operation
throughout the entire daily ambient temperature profile. Fixed geometries
beyond SP3, i.e., SP4 to SP7, could not maintain full-day operation due to
limitations under varying load and, therefore, were excluded.

As seen in the figure, the control system of the VGE dynamically adjusts
the spindle position in response to changing ambient conditions. The second
subplot presents the spindle positions varied from SP7 (most restricted
motive nozzle throat) during low ambient temperatures to SP1 (nearly fully
open throat) during periods of high thermal demand. This adaptability is the
key to maintaining optimal mass flow rate and pressure conditions across
the ejector, enabling efficient operation over the full ambient temperature
range.

The third subplot shows the results of COP, where the VGE-based system
clearly outperforms the FGE-based one, particularly during the cooler early
hours of the day. The VGE COP reaches a maximum of 0.64 and a minimum
of 0.26, reflecting its ability to adapt to load fluctuations. In contrast,
the COP values for fixed ejectors remain relatively flat and are restricted
within a narrower range of approximately 0.2 to 0.3, indicating a more rigid
performance profile less responsive to environmental changes.

In terms of the generator capacity, the VGE shows a dynamic response
with values ranging between 6.6 and 11.2 kW, corresponding to varying
spindle position and system demand. For the fixed ejectors, the generator-
side heat input remains more stable and falls within the approximate range
of 10.0 and 11.5 kW across all three configurations. The lower minimum
value observed in the VGE case reflects the system’s ability to reduce the
necessary generator heat delivered during low-load periods by moving the
spindle and decreasing the motive nozzle throat cross-sectional area.
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Figure 5.5: Performance comparison of VGE and fixed geometry ejectors (SP1-SP3) for
ambient temperature of Gliwice on July 7th, 2024, using constant waste heat temperature
of bearings factory as generator input.
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The evaporator capacity further underscores the superior adaptability of
the VGE. The cooling capacity on the evaporator side reaches a maximum
of 4.3 kW and a minimum of 2.9 kW for the VGE configuration. In com-
parison, the fixed ejectors provide slightly lower but steadier evaporator
cooling capacity, generally varying between 3.0 and 4.0 kW. The daily av-
eraged results of the COP and cooling capacity for both ejector types for
the 24-h simulations using temperature data from Gliwice and waste source
temperature from the bearings factory are summarized in Table 5.5.

Table 5.5: Summarized performance parameters of system using VGE and fixed geometry
ejectors (SP1-SP3) for ambient temperature of Gliwice on July 7th, 2024, using waste
heat temperature from bearings factory as generator input.

Case Daily avg. COP Daily avg.
cooling capacity, kW

FGE VGE FGE VGE
VGE – 0.41 – 3.57
SP1 0.25 – 2.93 –
SP2 0.26 – 3.00 –
SP3 0.27 – 2.94 –

Figure 5.6 presents the results for the R290 ejector-based refrigeration
system operating under ambient conditions representative of Milano, with
waste heat profile bearings factory. In contrast to the Gliwice case, the
ambient temperature profile in Milano exhibits a smaller daily amplitude,
ranging from approximately 20 to 28°C, and maintains higher overall tem-
perature levels throughout the 24-hour period. These boundary conditions
significantly influence system dynamics, particularly in terms of the control
strategy and the ejector adaptability.

At the beginning of the day, the VGE starts its operation at a spindle
position of SP4, corresponding to a mid-position throat diameter suitable for
higher condenser pressures resulting from elevated ambient temperatures.
As the external temperature increases further during the day, the control
system incrementally adjusts the spindle to more open positions, reaching
SP2 by the end of the afternoon, to accommodate the increased thermal
loads necessary for higher condenser saturation temperature and maintain
system performance.

The COP, presented in the third subplot, demonstrates a distinct advantage
for the VGE in terms of adaptability. The VGE achieves a maximum COP
of 0.34 during the early morning hours and a minimum of 0.20 around
peak ambient conditions. Again, this dynamic behavior contrasts with the
more uniform COP profiles of fixed geometry ejectors (SP1-SP3), which
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Figure 5.6: Performance comparison of VGE and fixed geometry ejectors (SP1-SP3) for
ambient temperature of Milano on July 7th, 2024, using waste heat temperature from
bearings factory as generator input.
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maintain values within a narrower band of approximately 0.22 to 0.28.
These results highlight the ability of the VGE to maintain operation closer to
optimal thermodynamic conditions, including the case in which the ambient
temperature is relatively higher and less variable.

Looking at the generator capacity, the thermal input varies between 9.8
and 11.4 kW, with lower values corresponding to reduced spindle openings
during periods of low ambient temperature. In comparison, fixed ejector
configurations present more stable characteristics of cooling capacity and
remain between 10.5 and 11.4 kW.

The evaporator cooling capacity again reveals the superior performance of
the VGE that modulates the cooling output. The system delivers a maximum
cooling capacity of 3.4 kW and a minimum of 2.2 kW, whereas fixed ejectors
operate within a comparatively narrower range of approximately 2.8 and
3.4 kW. This enhanced flexibility enables the VGE to better match the
ejector operation to varying environmental conditions, contributing to more
efficient and responsive system operation. The daily averaged results of the
COP and cooling capacity for both ejector types for the 24-h simulations
using temperature data from Milano and waste source temperature from the
bearings factory are summarized in Table 5.5.

Table 5.6: Summarized performance parameters of system using VGE and fixed geometry
ejectors (SP1-SP3) for ambient temperature of Milano on July 7th, 2024, using waste
heat temperature from bearings factory as generator input.

Case Daily avg. COP Daily avg.
cooling capacity, kW

FGE VGE FGE VGE
VGE – 0.29 – 3.12
SP1 0.23 – 2.75 –
SP2 0.24 – 2.72 –
SP3 0.25 – 2.62 –

Figure 5.7 presents the performance of the R290 ejector-based refrigera-
tion system for the ambient conditions recorded in Trondheim on July 7th,
2024, for the same waste heat input as in the previous two cases. Among
all the locations analyzed, Trondheim represents the coldest climate profile,
with ambient temperatures varying modestly between approximately 10 and
17°C during the 24-hour simulation. Due to this narrow thermal amplitude
and lower overall outdoor temperature, the performance differences between
the VGE and FGE are less pronounced compared to the previous cases.

In this case, the VGE operates almost exclusively at spindle position
SP7, which is the one with the smallest nozzle throat cross-sectional area,
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Figure 5.7: Performance comparison of VGE and fixed geometry ejectors (SP5-SP7) for
ambient temperature of Trondheim on July 7th, 2024, using waste heat temperature a
bearings factory as generator input.
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consistent with the low condenser pressure requirements under cold ambient
conditions. A brief transition to SP6 is visible only during the midday peak
in the ambient temperature. However, this adjustment is for a small period
of time and only marginally impacts the system performance. Therefore, the
performance curves of the VGE and SP7 nearly overlap throughout the day.

The COP results, shown in the third subplot, further confirm this op-
erational similarity. The VGE achieves a maximum COP of 0.90 and a
minimum of 0.49, values closely mirrored by the SP7 fixed ejector con-
figuration. The fixed ejectors SP6 and SP5, which are progressively less
restrictive, perform slightly below SP7, particularly during the midday pe-
riod, where the brief change of the VGE to SP6 allows it to maintain a more
favorable operating point. However, the overall advantage of the VGE in
this scenario is small due to the stability and relatively low value of ambient
temperature.

The generator capacity for the VGE varies between 6.5 and 7.9 kW,
whereas the fixed ejectors operate within a similar range, approximately 7.9
kW to 8.0 kW, which indicates that at the positions with restricted flow at
the motive nozzle and lower condenser pressures, the differences between
these positions are negligible.

Similarly, the cooling capacity of the evaporator shows minimal deviation
between configurations. The VGE delivers a maximum of 4.0 kW and a
minimum of 3.9 kW, while SP7 tracks these values closely throughout the
day. The more open fixed ejectors, SP6 and SP5, work with slightly lower
performance throughout the period, resulting from a worse suitability of
such restricted flow under such low-load conditions. The daily averaged
results of the COP and cooling capacity for both ejector types for the 24-
h simulations using temperature data from Trondheim and waste source
temperature from the bearings factory are summarized in Table 5.5.

Table 5.7: Summarized performance parameters of system using VGE and fixed geometry
ejectors (SP1-SP3) for ambient temperature of Trondheim on July 7th, 2024, using
waste heat temperature from bearings factory as generator input.

Case Daily avg. COP Daily avg.
cooling capacity, kW

FGE VGE FGE VGE
VGE – 0.80 – 5.37
SP5 0.39 – 3.70 –
SP6 0.47 – 3.84 –
SP7 0.80 – 5.26 –

Figure 5.8 presents a comparative analysis of the daily averaged COP
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and cooling capacity differences of VGE-based system operation relative to
the FGE-based configurations across all three analyzed locations: Gliwice,
Milano, and Trondheim.

Figure 5.8: Relative daily average performance differences between VGE and FGE systems
for COP (top) and evaporator cooling capacity (bottom) across all studied locations.

In terms of COP, the VGE consistently outperforms all fixed configura-
tions. The analysis identifies the FGE cases with minimal deviation from
VGE, showcasing the best-performing fixed options for specific conditions
in each location: SP3 for Gliwice and Milano, and SP7 for Trondheim. In
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Gliwice, the VGE shows the most substantial improvement, achieving a
52.4% higher daily average COP relative to SP3, due to the highest vari-
ability of the ambient temperature throughout the day. In Milan, which
maintains higher and more stable ambient conditions, the improvement is
still significant, reaching 17.9% over SP3. Finally, in Trondheim, where the
ambient conditions are both relatively cold and stable, the performance gap
is marginal, with only a 0.4% COP advantage observed for VGE over SP7,
confirming the limited necessity for active modulation in such environments.

When comparing the cooling capacity, the relative advantage of the VGE
exhibits a slightly different trend. The FGE configurations showing the
smallest difference from the VGE are SP2 for Gliwice, SP2 for Milan, and
again SP7 for Trondheim. Compared to the respective optimal FGE cases
identified based on the COP, the VGE still delivers a measurable increase
in the cooling capacity: it provides a 21.4% improvement over SP3 in
Gliwice, 18.8% over SP3 in Milan, and a modest 2.1% increase over SP7 in
Trondheim. These findings highlight that although the VGE’s efficiency is
notably superior in fluctuating conditions, it consistently delivers augmented
cooling across diverse climates, albeit less so in stable, low-demand settings.

5.4 Conclusions

The R290 ERS model has been built in Dymola and equipped with the ROM
of the R290 VGE. The developed ROM was successfully implemented
and validated for use in dynamic analyses, confirming its reliability and
computational efficiency for system studies. Comparative analysis in three
climate scenarios: Gliwice, Milan, and Trondheim, demonstrates that the
VGE-based system offers notable advantages over the one based on FGE,
particularly in environments with high daily temperature variability. Across
all locations, the VGE achieves daily average COP improvements ranging
roughly from 0.4% to over 50%, and cooling capacity increases from about
2% to over 21%, depending on climate conditions.

In both Gliwice, characterized by a high daily temperature amplitude, and
Milano, with consistently high ambient temperatures, the VGE outperforms
the FGE configurations in terms of COP, and evaporator cooling capacity.
By actively modulating the throat area of the motive nozzle in response to
changing ambient and source conditions, the VGE maintains operation closer
to the critical on-design state, maximizing the advantages brought by the
implementation of the ejector to the cycle. Even in the case of Trondheim,
where ambient temperatures remain low and relatively stable, the VGE
demonstrates its responsiveness by briefly adjusting to a more favorable
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geometry during midday peaks. Although performance gains under such
stable conditions are less visible, this behavior confirms the suitability of
the presented capacity control method using an ejector with a spindle for a
wide spectrum of real-world operating conditions.
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CHAPTER6
Dynamic analysis of R290 ejector-based
system using industrial low-grade waste

heat

6.1 System analysis assumptions

In this stage of the analysis, the R290 ERS model is extended to include
time-varying generator operating conditions based on real industrial waste
heat data. This enhancement significantly enhances the model’s realism,
enabling an analysis of the benefits associated with the implementation of
the ejector in practical application. The motive nozzle operating conditions,
namely the pressure and temperature of the motive flow entering the ejector,
are directly influenced by the dynamic waste heat profiles collected from
three industrial sites: a mine, a forge, and a bearings factory. These sources
introduce short- and long-term thermal fluctuations in the generator inlet,
thereby affecting the ejector mass entrainment ratio and imposing a need for
continuous spindle control to optimize the ejector performance. Therefore,
the analyzed configuration corresponds to an application of air-conditioning
system driven by industrial waste heat recovery, highlighting its relevance
for energy-efficient cooling solutions in realistic operational conditions.
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In contrast, the suction nozzle conditions corresponding to the evaporator
outlet are kept constant across all simulations, with a fixed evaporation
temperature of 10°C and a superheat value of 3 K. This approach isolates the
impact of the temperature variability in the evaporator, allowing for the eval-
uation of the fluctuations in the input of waste heat on the system dynamics.
Similarly to the previous chapter, the condenser, and so the ejector outlet,
are subjected to realistic, time-dependent ambient temperature profiles from
three different geographical zones, representing various heat rejection envi-
ronments for the three selected ambient temperature sets already described
in Chapter 5.

The simulation approach described in this Chapter results in a wide range
of dynamic boundary conditions across the ejector ports: a variable motive
nozzle input driven by fluctuating waste heat, a fixed suction nozzle input
determined by the stable cooling demand, and a transient diffuser outlet
conditions tied to ambient temperature. Such a framework provides a robust
basis for assessing the influence of real-world thermal variations on the VGE
performance and evaluating the effectiveness of spindle positioning control
strategies under dynamic, unsteady-state operation.

6.2 Industrial waste heat characteristics

To assess the performance and control response of the R290 ERS in realistic
operating scenarios, source temperature inputs were derived from actual
waste heat data from three different industrial sites: mine, forge, and bearings
factory. These data sets were supplied by Marani Sp. z o.o. (Zabrze, Poland)
[145], a company specializing in converting industrial and natural waste heat
into electricity and cooling through novel technologies and offering them
also using an outsourcing model. The data capture the thermal characteristics
of waste heat streams that are typically available in industrial environments.
They were employed to model the thermal driving source on the generator
side of the system.

The data were recorded with a time resolution of 1 s and directly in-
troduced into the dynamic simulation environment without any filtering,
preserving all the site temperature variations. For visualization purposes,
the raw signals were post-processed to generate 15-minute moving average
profiles, which, together with the raw data, are presented in Figure 6.1.
Although the temperature data sets are within a relatively narrow operational
range of 90 to 101°C, they present different variations in thermal dynamics
coming from the different industrial sites.

Among the three sources, waste heat temperature coming from the data
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Figure 6.1: Graphical representation of the waste heat temperature data from a mine, forge,
and bearings factory.

of the mine plant exhibited the most stable temperature behavior, with
only moderate variation around its mean value of 98.39◦C, with a standard
deviation of 0.86◦C. The difference between the daily maximum temperature
of 100.2◦C and the minimum temperature of 96.9◦C is only 3.3K, confirming
its steady operation and limited thermal fluctuation. In contrast, the forge
presents a more dynamic temperature profile, likely influenced by periodic
high-temperature industrial processes, with a mean value of 96.1◦C with
a standard deviation of 1.48◦C, and a maximum deviation of 5.83 from
the average. The highest temperature reached 101.5◦C, while the lowest
temperature was equal to 90.2◦C, recorded around 3:20 a.m., coinciding
with the warm-up phase of the industrial system. The bearings factory
demonstrated the largest degree of thermal oscillation, characterized by
frequent and sharp short-term deviations in temperature. It exhibited a mean
temperature of 95.7◦C, a standard deviation of 1.65◦C, and a maximum
deviation of 6.06◦C, with the overall daily temperature difference reaching
11.2 K. This diversity in the source behavior offers valuable insight into the
impact of transient heat availability on the ejector performance and control
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logic. By applying these unfiltered temperature profiles to the system model,
the simulation captures dynamic operating conditions representative of real-
world waste heat recovery scenarios. This allows for an in-depth evaluation
of the control system ability to respond to fluctuations in generator-side
heat input and highlights the need to assess the influence of ejector spindle
movement discretization on the overall R290 ERS performance and stability.

6.3 System control method

The control strategy implemented in the present study is based on the SP
control method developed and tested in Chapter 5 under fixed source temper-
ature conditions. In the current configuration with variable realistic waste
heat data from three industrial sites, an additional layer of complexity is
added to the control task. These dynamic temperature inputs require a
more adaptive and responsive control mechanism, particularly in terms of
regulating the refrigerant superheat and refining spindle actuation behavior.

To address this issue, an analysis of the effect of the superheat values
associated with both generator and evaporator on the overall stability and
performance of the system was carried out. This parameter play a critical
role in controlling the responsiveness and robustness of the analyzed ejector-
based system, especially when subjected to real-world transient boundary
conditions.

In the simulations presented in Chapter 5 under constant source condi-
tions, a fixed superheat of 5 K was sufficient to ensure vapor quality and
prevent two-phase flow from entering the ejector. However, under transient
conditions with varying inlet temperatures, maintaining optimal superheat
becomes more critical for preserving ejector performance and avoiding
issues such as choking or underexpansion in the motive nozzle.

This study evaluates a range of superheat configurations to identify the
optimal trade-off between ejector stability and overall system efficiency.
An excessive superheat may delay the dynamic response of the system,
increasing the inertia of thermal regulation, while insufficient superheat can
introduce a risk of two-phase flow entry, leading to unstable operation. By
tuning the superheat level under variable source temperature conditions, this
analysis aims to determine the most robust and effective operating strategy
for ejector refrigeration systems relying on industrial waste heat.

Figure 6.2 presents the transient simulation results for the R290 ERS
operating under ambient temperature data from Gliwice and waste heat
source conditions from the mine. Six different superheat levels—ranging
from 1K to 6K were applied at both the generator and evaporator sides to
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observe their influence on the ejector performance and control behavior.
The top subplot confirms consistent ambient temperature across all the
considered cases. The SP plot reveals distinct control behavior as a function
of superheat setting. At lower superheating values (1-3 K), the spindle
tends to operate at higher positions, resulting in more restrictive nozzle
configurations. In contrast, with increased superheat levels (5-6 K), the SP
shifts to lower values, indicating the system compensates the increase of
density by opening the ejector throat.

The COP results present that the highest instantaneous value is achieved
for the 3K superheat case, peaking at approximately 0.90 during early morn-
ing operation. The lowest minimum COP of around 0.21 is observed for the
6K superheat case, which occurred during the temperature peak of ambient
conditions. These results indicate that excessively high superheat leads to
performance degradation, likely due to decreased enthalpy difference be-
tween suction and outlet streams, and potentially overexpanded motive flow.
On the other hand, too low superheat settings yields lower COP compared
to the 3 K value. The generator capacity profiles show that lower superheat
configurations (1-3 K) correspond to higher thermal input, which is a result
of higher motive nozzle mass flow rate. Furthermore, the evaporator capacity
on the evaporator side also reflects this behavior, with the highest value of
evaporator capacity reaching above 5 kW for the 3 K case. This capacity
gradually decreases with the increase in superheating values, with the 6 K
configuration providing the lowest evaporator capacity below 3.6 kW during
the peak ambient temperature.

To better visualize the effect of the superheat level on the overall system
performance, Figure 6.3 presents the daily averaged COP and evaporator
capacity for each superheat setting. The optimal daily averaged COP of
0.50 is observed for the 3 K superheat, while the worst performance of
0.42 corresponds to the 6 K value. Similarly, the maximum daily averaged
evaporator capacity of 3.9 kW is achieved at 3 K, while the lowest, 3.50 kW,
is found for 6 K. Notably, the decline in performance with the increasing
superheat is more visible in the evaporator capacity than in COP, suggesting
that the superheat impact influences more the suction nozzle conditions, and
therefore the evaporator capacity, rather than the thermal efficiency alone.

These results confirm that a moderate superheat level of 3 K offers the
best trade-off between stability and performance, maximizing the COP and
evaporator capacity while maintaining robust ejector operation. Increased
superheating levels degrade performance, whereas reduced values may com-
promise ejector reliability and its stable operation under transient conditions.
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Figure 6.2: Superheat sensitivity analysis on the ERS results for ambient temperature of
Gliwice and waste heat source data from mine.
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Figure 6.3: Daily averaged COP and evaporator capacity for different superheating levels
in the Ejector Refrigeration System for ambient temperature and source temperature
data from mine.

6.4 Simulated cases

To systematically evaluate the performance and control behavior of the R290
ERS with VGE under realistic conditions, a set of nine distinct simulation
scenarios was developed. These cases were designed to combine realis-
tic weather conditions with industrial waste heat source profiles, thereby
capturing a wide range of thermal boundary conditions representative of
practical applications. The simulated cases are summarized in Table 6.1,
where each case is denoted by a capital letter from A to I for ease of ref-
erence throughout this chapter. For each location’s ambient temperature
(Figure 5.4), the simulation was carried out using waste heat data from three
different industrial environments presented in the previous section (Figure
6.1). This resulted in a total of nine combinations, each simulating a unique
interaction between ambient and source temperature conditions.

Each simulation spanned a full 24-hour cycle, which allowed for the
analysis of both short-term dynamic behavior and long-term average per-
formance metrics of evaporator capacity and COP. The naming convention
(A-I) will be used throughout the subsequent results and discussion sections
to refer to each simulated case.
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Table 6.1: Weather and source temperature data used for simulated cases.

Case name Ambient temperature data Source temperature data

A
07.07.2024, Gliwice

Forge
B Mine
C Bearing factory

D
07.06.2024, Milano

Forge
E Mine
F Bearing factory

G
07.07.2024, Trondheim

Forge
H Mine
I Bearing factory

6.5 Results and discussion

The section presents the results of the numerical simulations performed
for the R290 ERS under transient operating conditions, incorporating both
variable generator temperature derived from industrial waste heat sources
and fluctuating ambient temperatures affecting the condenser and ejector
outlet conditions. The purpose of this analysis is to evaluate the system
thermodynamic response, cooling performance, and control behavior in
realistic boundary scenarios that mimic real-world operation, also focusing
on the ejector device and evaluating its performance parameters.

The results are analyzed both locally, with respect to instantaneous values
focusing on system stability, efficiency trends, and control response over a
24-hour operating cycle, as well as globally, looking at the 24-hour mean
averaged values to evaluate the system operation under various conditions
and compare them under operation in different scenarios.

Figure 6.4 presents the dynamic performance of the R290 ERS for the
case of Gliwice, evaluated using the waste heat temperature data from
a forge. This ambient temperature data is characterized by the highest
daily temperature amplitudes among the analyzed cases, with temperatures
ranging from approximately 8°C to 25°C. At the same time, the generator
temperature exhibits high fluctuations due to the unstable thermal behavior
of the forge waste heat, introducing significant variability to the motive
nozzle inlet conditions.

Looking at the ejector SP, shown in the third subplot, the graph shows
a clear correlation with the trend of ambient temperature. During the early
morning hours, when the ambient temperature is at its lowest, the ejector op-
erates at SP1, representing the near-fully open configuration. As the ambient
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Figure 6.4: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case A
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temperature increases throughout the day, the spindle closes progressively,
reaching SP7 at midday, corresponding to the most restrictive nozzle throat.
This wide operational range from SP1 to SP7 confirms that for this rep-
resentative case the VGE adapts dynamically showing its full potential to
control the ejector and system capacity by means of spindle. The short-term
oscillations in SP are observed, driven by fluctuations in source temperature.
These oscillations suggest that further tuning of the control algorithm of
the SP responsiveness should be made. In the subsequent chapters, this
issue will be addressed by applying a longer averaging period of the source
temperature data, in order to mitigate oscillatory behavior.

The COP for this case varies between 0.23 and 0.79 over the course of
the day. The highest COP values are recorded during periods of low ambient
temperature, while the minimum COP coincides with the peak in ambient
temperature, highlighting the strong inverse relationship between the am-
bient conditions in the condenser and the overall efficiency of the system,
characteristic for the refrigeration system. A similar trend is observed in the
generator capacity, which ranges from 5.9 to 10.2 kW. The lowest generator
demand is observed during the early hours, corresponding to low thermal
load and high system efficiency, whereas the maximum occurs when the
spindle position is at SP1 and the system requires higher mass flow rate
through the motive nozzle to meet increased cooling demand.

Finally, the evaporator capacity of the evaporator ranges from 2.27 to 4.70
kW. The maximum is observed during the early morning, in alignment with
both low ambient temperature and higher SPs of the ejector. As the ambient
temperature rises, the evaporator capacity gradually decreases, reaching its
minimum at the warmest point of the day. While the COP and generator
capacity are clearly linked to ambient temperature, the evaporator perfor-
mance also demonstrates a dependence to the SP curve. This highlights
the inherent sensitivity of the ejector performance to variations at the outlet
nozzle exposed to the ambient conditions, which often leads to off-design
operation. However, the implementation of a VGE and a controllable spindle
enables capacity modulation, allowing the system to adapt dynamically and
optimize operation by maximizing the SN mass flow rate.

Figure 6.5 presents the ejector operation for case A. The mass entrain-
ment ratio fluctuates between 0.26 and 0.88 during the 24-hour simulation.
These values are closely correlated with the SP value, as capacity control
strongly influences the mass entrainment capacity. The highest mass entrain-
ment ratio values are observed when the ejector operates in SP7, the most
restrictive configuration, where the throat of the motive nozzle is nearly
closed, maximizing the mass entrainment ratio. In contrast, the lowest
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entrainment occurs in SP1, where the nozzle is almost fully open.

Figure 6.5: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case A

The motive nozzle mass flow rate presents an inverse relationship, fol-
lowing the opposite trend. The motive nozzle flow ranges from a minimum
of 0.0145 kg/s at SP7, to a maximum of 0.0275 kg/s at SP1. This outcome is
consistent with the expected response of a choked nozzle, where the spindle
position directly controls the effective throat area and therefore the critical
flow rate through the motive stream.

The suction nozzle mass flow rate varies between 0.0071 and 0.0128 kg/s.
Unlike the motive nozzle flow, the suction nozzle mass flow rate does not
exhibit a direct one-to-one relationship with a spindle position alone. This is
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because suction performance depends on a combination of factors, including
ejector geometry, current ambient conditions at the outlet (which affect back
pressure), and whether the ejector operates under design-on or design-off
conditions. As a result, the suction behavior appears more complex and
reflects the combined influence of external boundary conditions and internal
geometry modulation.

Figure 6.6 presents the dynamic performance of the ERS for Case B,
using ambient temperature data from Gliwice and generator-side input from
a mine waste heat source. In contrast to Case A, using the forge waste
heat data, the mine data exhibits significantly lower thermal variability,
with source temperature fluctuations remaining within a narrow band of
approximately ±0.5-1.0 K on an hourly scale. This stability has a direct
impact on system operation, particularly with regard to the ejector control
behavior.

The SP reflects the reduced variability in the waste heat temperature
condition. The SP profile is smooth and gradual, transitioning between SP1
and SP7 throughout the day. Apart from two brief deviations, the control
signal does not display the SP oscillations observed in Case A. This indicates
a more stable and predictable control response when the source temperature
represents a more stable manner.

As for the COP, it ranges from a minimum of 0.29 to a maximum of
0.72. Compared to the forge case presented in Case A, the COP curve
appears to be more stable, aligning well with the smoother trends in ambient
and source temperatures. The maximum COP again occurs during the
early morning when the ambient temperatures are at the lowest and the
ejector operates under high-efficiency conditions. As the day progresses and
ambient temperatures rise, the COP decreases but remains higher than the
values recorded for the forge case, confirming the performance benefits of a
stable heat source. Generator capacity varies between 6.2 and 10.5 kW. The
trend of capacity follows the expected behavior, with lower values in the
early hours of the day and higher values coinciding with increased cooling
demand and larger SP openings. The more stable waste heat profile ensures
that the generator-side performance remains continuous, avoiding abrupt
spikes or dips in the thermal input.

Finally, the evaporator capacity ranges from 3.0 to 4.5 kW. The highest
evaporator capacity value is reached during periods of low ambient tem-
perature and optimal ejector operation, while the lowest is recorded during
midday when the system faces the highest thermal rejection load. In particu-
lar, the capacity of the evaporator maintains a smoother profile than in the
previous case, once again benefiting from the steady heat input at the motive
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Figure 6.6: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case B.
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nozzle.
In Figure 6.7, the ejector performance for Case B is presented. The

mass entrainment ratio ranged from 0.33 to 0.81 over a 24-hour period. The
highest entrainment is achieved when the SP is at the most restricted position
(SP7), while the lowest mass entrainment ratio corresponds to more open
configurations (SP2-SP3) during higher ambient temperature periods. This
confirms a consistent inverse correlation between the mass entrainment ratio
and spindle position, as tighter nozzle restrictions favor entrainment at lower
motive nozzle mass flow rates.

Figure 6.7: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case B.

The motive nozzle mass flow rate shows a trend directly governed by the
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SP and the motive nozzle thermodynamic conditions. As the ejector spindle
moves toward the maximal opening, the effective throat area increases,
allowing higher critical mass flow. Consequently, the motive nozzle mass
flow rate rises from a minimum of 0.0152 kg/s at SP7 to a maximum of
0.0286 kg/s when the spindle reaches its most open positions in the middle
of the day. These results align with theoretical expectations and confirm
that the VGE control algorithm effectively modulates the flow through the
motive nozzle in response to changing boundary conditions.

Analysing the suction nozzle mass flow rate, it varies between 0.0094
and 0.0123 kg/s. Although partially dependent on spindle position, this
parameter is more complex in nature due to its sensitivity to both the entrain-
ment capacity (linked to SP) and the ejector outlet pressure, influenced by
ambient temperature. The suction nozzle mass flow rate is also modulated
by the control logic presented in Chapter 3, which dynamically updates the
ejector geometry to match system demands. Thus, while a general trend is
visible, the suction flow pattern reflects the interaction between the internal
geometry and the external thermal conditions, highlighting the importance
of the dynamic control for the real-time ejector optimization.

Figure 6.8 presents the dynamic simulation results for Case C, where the
R290 ERS is subjected to the ambient temperature profile of Gliwice and a
waste heat input from the bearings factory. The source temperature in this
case exhibits a moderately variable behavior, ranging from approximately 90
to 98°C. The highest degree of fluctuation occurs during the early morning
hours, followed by a more stable thermal profile throughout the rest of
the day. These initial instabilities reflect the short-term industrial process
variations typical of this type of facility.

The control response of the SP reflects generator variability in this con-
text. In the early hours of the day, the SP plot reveals a series of short-term
oscillations caused by the transient changes in the waste heat source tem-
perature. However, as the source conditions stabilize, the control system
maintains consistent operation, with only two brief disruptions around 8:15
and again near 21:30. For most of the day-time operation, from approxi-
mately 09:00 to 18:40, the system stabilizes at SP1, indicating sustained
operation at the fully open ejector geometry due to high thermal demand
and elevated ambient temperature levels.

Moving to the next parameter, the COP varies from 0.23 to 0.79 through-
out the 24-hour period. The maximum COP is recorded during the early
morning when both the ambient and source temperatures are lower. Despite
minor fluctuations in SP during this time frame, the COP remains stable,
demonstrating the system’s resilience to slight control perturbations. A no-
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Figure 6.8: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case C.

172



6.5. Results and discussion

table COP drop is observed around 14:00, which corresponds to a short-term
decrease in source temperature and a consequent reduction in suction nozzle
performance.

The generator capacity ranges between 5.78 and 10.27 kW. The lower
values appear during the early morning hours, gradually increasing as the
ambient temperature and evaporator capacity increase. The peak generator
load coincides with the sustained SP1 period, where the ejector geometry is
almost fully open and the system is operating under high-load conditions.
Looking at the next parameter, the evaporator capacity of the evaporator in
this case varies from a minimum of 2.17 kW to a maximum of 4.60 kW.
The highest values are observed during the early morning when the ejector
operates under favorable thermodynamic conditions. As ambient temper-
ature increases which results in ejector suction mass flow rate decreased,
the evaporator capacity gradually decreases, with the most significant drop
occurring around noon, corresponding to the same event that triggered the
COP reduction.

Figure 6.9 presents the ejector performance for Case C. Compared to the
previous case involving the mine, the ejector performance here shows more
irregular behavior due to the higher frequency fluctuations in the temperature
profile of the source side, particularly in the early hours of the day. This
variability introduces disturbances in the system, reflected in the dynamics
of both the mass entrainment ratio and the mass flow rates.

The mass entrainment ratio fluctuates between 0.26 and 0.89 over the
24-hour period. The maximum value occurs during early operation when
the ejector geometry is mostly restricted (SP7), resulting in efficient entrain-
ment of the suction stream. The lowest mass entrainment ratio is observed
around 14:00, coinciding with a noticeable drop in the temperature of waste
heat, which affects the thermodynamic conditions in the motive nozzle and
consequently degrades the entrainment performance.

The motive nozzle mass flow rate varies between 0.0139 and 0.0281 kg/s.
Its profile reflects both the spindle position and the thermal input to the
generator. As the ejector motive nozzle opens, the mass flow rate through
this nozzle increases, with the maximum reached during mid-day operation
under high ambient load. A sharp disturbance is again seen at approximately
13:45, where the sudden dip in the waste heat source temperature leads to a
temporary decline in the motive mass flow.

The suction nozzle mass flow rate ranges between 0.0067 and 0.0126
kg/s. Similarly to the motive nozzle stream, the suction nozzle mass flow
rate is highly responsive to both ejector geometry, influenced by the SP
value, and external boundary conditions. The most visible reduction in the
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Figure 6.9: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case C.

suction nozzle mass flow rate occurs at the same time as the dip in the mass
entrainment ratio and the motive nozzle mass flow rate flow, highlighting
the sensitivity of the ejector system to generator instabilities. Outside of this
disturbance, the suction nozzle mass flow rate remains relatively steady, with
gradual reductions during higher ambient temperatures and partial recovery
as external conditions improve toward the evening.

Figure 6.10 presents the simulation results for Case D, where the R290
ERS is exposed to the ambient temperature profile of Milano combined with
the generator-side waste heat input from the forge. Compared to Gliwice,
the Milano ambient temperature shows a higher baseline with a smaller daily
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temperature amplitude, ranging from approximately 20 to 28°C. In contrast,
the forge waste heat source exhibits high-frequency oscillations, resulting in
a strongly fluctuating generator inlet profile.

The graph of spindle response reflects the instability of the forge data.
The plot displays persistent short-term oscillations across the entire 24-hour
period, particularly pronounced between 3:15 until midnight. Despite the
elevated ambient temperatures, the spindle transitions between SP2 and SP5,
indicating continuous adjustments required to respond to transient thermal
load and generator-side instability. The oscillatory behavior confirms the
control algorithm aims to maintain the stable operation under highly variable
source input. Looking at the system COP in this case, it ranges from a mini-
mum of 0.16 to a maximum of 0.40. While the overall efficiency remains
comparable to other Milano cases, the fluctuations in source temperature
introduce greater variability in the COP curve, with the most significant
drop observed between 17:30 and 18:00. This degradation in performance is
linked to source-side instabilities propagating through the system. Thermal
input of the generator varies from 9.22 to 10.47 kW. This relatively narrow
band is consistent with the stable average value of the forge heat source,
though the superimposed high-frequency oscillations necessitate continuous
ejector modulation. The evaporator capacity ranges from 1.70 to 3.74 kW.
As expected, the lowest values occur during the most intense disturbances
in the generator-side temperature, while the peak evaporator capacity is
reached during periods of the relatively steady operation and low ambient
temperature.

In Figure 6.11, the ejector behavior for Case D is presented. The mass
entrainment ratio varies between 0.19 and 0.46, closely following the high-
frequency spindle position fluctuations. These results highlight the difficulty
of maintaining stable entrainment performance when the generator condi-
tions are rapidly changing. Maximum mass flow rate values coincide with
more restrictive nozzle configurations (e.g., SP5), while the lowest values
correspond to fully open throat positions (SP1-SP2).

The motive nozzle mass flow rate exhibits a dynamic range from 0.0242
to 0.0287 kg/s. Its profile mirrors both the SP variation and the time-
varying generator temperature, with frequent local peaks and troughs. The
suction mass flow rate similarly fluctuates between 0.0054 and 0.0112 kg/s,
with the lowest values appearing during the same time windows as the
minimum mass entrainment ratio and motive nozzle flow. This further
confirms the interconnected nature of source-side disturbances and the
ejector performance degradation.

In Figure 6.12, the dynamic simulation results for Case E are presented,
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Figure 6.10: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case D.
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Figure 6.11: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case D.

where the R290 ERS operates under ambient temperature conditions from
Milano and uses waste heat input from a mine. The ambient temperature
profile retains the high average characteristic of Milano’s climate, with
values ranging between 20 and 28°C. The mine heat source provides a stable
thermal input, with source temperature oscillations confined within a narrow
range of 90 and 100°C and minimal high-frequency disturbances. This
stability plays a key role in defining the ejector and system behavior.

The SP varies between SP1 and SP5, with smooth transitions and no
visible short-term oscillations, except for a few discrete changes at approxi-
mately 7:00 and 9:00. This reflects the robustness of the waste heat input
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Figure 6.12: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case E.
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from the mine, which enables the control algorithm to operate with minimal
corrections. The SP remains at SP2 for the majority of the midday period,
indicating sustained operation under high cooling load and ambient temper-
ature. Looking at the COP, it varies between 0.20 and 0.40, with the highest
values recorded during the early hours of the day. The smooth and stable
COP curve again reflects the favorable impact of steady generator conditions.
A slight dip in performance is observed around 17:50, likely linked to the
peak in the ambient temperature. However, the system maintains consistent
operation throughout the entire period without abrupt performance losses.
Generator capacity ranges from 9.19 to 10.59 kW, showing a narrow and
stable operational range. The evaporator capacity follows a similar trend,
varying between 2.06 and 3.74 kW. These values, while slightly lower than
those from more dynamic source inputs, are maintained more consistently
throughout the simulation due to the predictable thermal input.

Figure 6.13 illustrates the ejector dynamics for Case E. The mass entrain-
ment ratio ranges from 0.22 to 0.46. This relatively narrow operating range
mirrors the behavior observed in the SP curve, with the maximum mass
entrainment ratio recorded when the ejector throat is most restricted (SP5),
and the lowest mass entrainment ratio values appearing during fully open
operation (SP2) at peak ambient load.

The motive nozzle mass flow rate ranges from 0.0241 to 0.0293 kg/s,
with the highest values again linked to high thermal demand during the
afternoon. The stability of the mine source ensures that these mass flow rates
evolve smoothly, without the abrupt variations seen in forge- or bearings-
based cases. On the suction nozzle side, the mass flow rate fluctuates
between 0.0065 and 0.0111 kg/s. Although partially modulated by the
control algorithm, this flow is also shaped by the ambient temperature at
the ejector outlet and the dynamic interaction between suction performance
and ejector geometry. As in previous cases, the lowest suction nozzle mass
flow rate coincides with the minimum mass entrainment ratio and the peak
cooling load of the system.

Figure 6.14 illustrates the dynamic performance of the R290 ERS for
Case F, where the system operates under Milano ambient conditions with
waste heat sourced from the bearings factory. Similar to other Milano cases,
the ambient temperature fluctuates within a relatively narrow band (from
20 to 28°C) and peaks around mid-afternoon. In contrast, the generator
input from the bearings factory is characterized by pronounced short-term
oscillations, especially in the early part of the day. These fluctuations
introduce higher-frequency variations in the system response and control
behavior.
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Figure 6.13: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case E.

The ejector SP in this case transitions between SP1 and SP3, with occa-
sional high-frequency oscillations observed from the start untill 6:00 and
again after 22:00. For most of the day, i.e., from around 11:00 to 22:00,
the system maintains continuous operation at SP1. This stable setting cor-
responds to high thermal demand, requiring an almost fully open ejector
configuration to accommodate increased cooling requirements under persis-
tently high ambient conditions. The COP profile for Case F ranges between
0.11 and 0.41. The lowest performance is recorded around 18:20, coinciding
with the peak ambient temperature and a temporary dip in the generator
temperature, which degrades motive nozzle conditions and therefore causes

180



6.5. Results and discussion

Figure 6.14: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case F.
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the drop of suction nozzle mass flow rates. Despite this performance drop,
the COP recovers quickly, reflecting the ability of the control system to adapt
to transient disturbances. The heat capacity of the generator varies between
9.25 and 10.40 kW. This narrow operational band reflects the high baseline
thermal load imposed by the ambient temperature. The evaporator capacity
shows more pronounced variation, ranging from 1.16 to 3.82 kW. The lowest
values are again observed at around 18:20, during the temporary system
underperformance, while the maximum cooling output corresponds to the
early hours of the day under more favorable ejector and ambient conditions.

Figure 6.15 presents the ejector behavior for Case F. The mass entrain-
ment ratio varies from 0.13 to 0.46, with the lowest values observed during
the short performance dip mentioned earlier. The highest entrainment is
reached when the SP transitions to more restrictive positions (SP3) during
early operation.

The motive nozzle mass flow rate ranges between 0.0242 and 0.0280 kg/s.
These values are influenced by both SP and the thermodynamic properties of
the motive fluid. The flow rate exhibits a gradual increase throughout the day,
corresponding to the rising cooling load. As for the suction nozzle mass flow
rate, more significant fluctuations are observed, ranging between 0.0037 and
0.0114 kg/s. This metric is the most sensitive to ambient temperature and
the transient influence of source-side disturbances, especially evident around
18:30, when both suction and motive nozzle flows experience a noticeable
drop, resulting in the observed minimum in the mass entrainment ratio and
the system COP.

Figure 6.16 presents the dynamic performance of the ERS under Case G,
where the ambient temperature data from Trondheim is combined with the
waste heat input from the forge. Among all analyzed locations, Trondheim
exhibits the lowest overall ambient temperatures and smallest diurnal varia-
tion, with a daily temperature amplitude below 10°C and values remaining
within the range between 6 and 16°C. In contrast, the forge waste heat input
maintains a highly unstable profile, with substantial short-term temperature
oscillations throughout the simulation. This juxtaposition of stable and
unstable boundary conditions offers an interesting scenario to assess the
adaptability of the VGE work.

The SP profile for this case shows continuous adjustments throughout the
day, with the control algorithm modulating the spindle between SP2 and SP7
in response to the short-term disturbances in the source temperature. Despite
the relatively stable ambient temperature profile, the ejector control system
remains active, reflecting the highly fluctuating character of the generator-
side thermal input. The SP oscillations are less frequent than in the Gliwice
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Figure 6.15: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case F.

case with the same source, yet they still appear in several clusters, especially
during mid-day periods of increased generator variability. The system COP
ranges between 0.48 and 0.75, maintaining relatively high values throughout
the entire day. The maximum COP is observed during the early morning
hours when the ambient temperatures are lowest and the ejector operates at
higher entrainment efficiency. Even during mid-day, the COP remains above
0.5, underscoring the beneficial impact of cooler ambient conditions on the
condenser performance and the overall system efficiency. The generator
capacity ranges from 6.1 to 8.4 kW, showing a relatively narrow spread
compared to other cases. The maximum generator load occurs during early
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Figure 6.16: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case G.
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afternoon, aligning with periods of increased thermal demand. Due to
the cooler ambient temperature profile, the system does not require high
motive nozzle mass flow rates, thus limiting the thermal input required at
the generator. The evaporator capacity of the evaporator varies between 3.95
and 4.61 kW. These values are higher on average than those observed for
the Milano and Gliwice cases, reflecting the favorable ambient temperature
conditions in Trondheim. The lower ambient temperatures support the
improved ejector entrainment and the reduced back pressure at the outlet,
enabling higher and more consistent evaporator performance throughout the
simulation period.

Figure 6.17 shows the ejector performance for the same case. The mass
entrainment ratio ranges from 0.54 to 0.84 during the simulation. The max-
imum value is reached in the early morning under high SP configurations
(SP7-SP6), when the ejector operates with the most restrictive throat diame-
ter. The minimum mass entrainment ratio occurs during midday, when the
spindle position is lower, increasing the effective motive nozzle throat to
accommodate higher required flow rates through the motive nozzle. The
trend once again confirms the inverse relationship between SP and the mass
entrainment ratio.

The motive nozzle mass flow rate fluctuates between 0.0150 and 0.0215
kg/s, with a gradual increase during the day as the spindle opens in response
to the system demand. The relatively small amplitude of variation in the
motive nozzle flow confirms the stable generator-side flow behavior under
lower ambient temperature conditions. No extreme mass flow rate spikes are
observed, further validating the stable system behavior. Next, the suction
nozzle mass flow rate varies between 0.0114 and 0.0127 kg/s. Compared
to other cases, the suction nozzle flow exhibits limited variability, with a
gradual profile that mirrors the modest variations in SP and the ambient
temperature. The suction nozzle mass flow rate remains consistently high
due to the combination of the low outlet back pressure and the steady
generator input, resulting in a stable ejector operation and reliable evaporator
performance.

Figure 6.18 presents the dynamic simulation results for Case H, where the
ERS operates under ambient conditions of Trondheim and the generator-side
thermal input from the mine waste heat source. Among all the analyzed
cases, this configuration exhibits the most stable behavior, owing to the com-
bination of a relatively narrow ambient temperature range and low-variability
source temperature. The ambient air temperature fluctuates modestly be-
tween approximately 8 and 17°C, while the mine-derived waste heat data
remains highly stable throughout the day.
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Figure 6.17: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case G.

The SP curve, shown in the third subplot, confirms this stability, with
the ejector operating predominantly at SP6. A brief transient shift to SP7
occurs early in the day, but aside from this, the control system maintains a
steady spindle position, reflecting the absence of sharp variations in either
generator or ambient boundary conditions. The graph of COP follows a
smooth trajectory ranging from 0.52 to 0.74. These values are among the
highest observed across all scenarios, further highlighting the benefit of
reduced external variability on overall system efficiency. The peak COP is
attained during the early morning hours under optimal thermal lift conditions,
while the minimum is recorded at midday when ambient temperature and
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Figure 6.18: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case H.
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condenser back pressure are highest. However, the relative change is modest,
and no sudden efficiency losses are observed throughout the simulation.
The generator-side thermal input varies between 6.08 and 7.77 kW. The
flow remains consistent, and its evolution over time corresponds to the
gradual increase in thermal demand as the day progresses. The limited
spread in values indicates a more balanced system operation, aided by the
predictability of the mine heat source. On the evaporator side, the evaporator
capacity ranges from 4.01 to 4.51 kW. Compared to other cases, this is the
most stable cooling performance recorded, with minimal deviation from
the mean value. The early morning and late evening hours yield slightly
higher cooling output, while midday values are marginally reduced due to
increased condenser temperature. Still, the differences remain small, and
the evaporator maintains near-constant operation throughout the day.

Figure 6.19 presents the ejector dynamics for the same scenario. The
mass entrainment ratio varies within a relatively narrow band between 0.59
and 0.83. The peak value is observed during the early morning, correspond-
ing to the SP7 operation and favorable thermodynamic conditions. As the
spindle transitions to SP6, the mass entrainment ratio slightly decreases but
maintains a high value throughout the day. This confirms the system ability
to sustain efficient entrainment even with minimal geometric modulation.

The motive nozzle mass flow rate fluctuates between 0.0150 and 0.0199
kg/s. This range is narrower compared to more variable cases, and the shape
of the curve aligns with spindle transitions and thermal load progression.
The suction nozzle mass flow rate, ranging from 0.0115 to 0.0125 kg/s,
exhibits a similarly smooth trend. The suction flow is maintained at a
high level due to the combined effect of favorable ambient temperature and
effective entrainment from the motive stream. These results confirm that
under stable conditions, the VGE system is capable of maintaining consistent
and high-performance operation with minimal actuator involvement, making
it particularly suited for sites with predictable waste heat availability.

Figure 6.20 presents the results for Case I, where the ERS operates under
the ambient temperature conditions of Trondheim and the waste heat data
from the bearings factory. This configuration represents a combination of
low ambient variability and a highly dynamic source temperature profile,
characterized by frequent short-term fluctuations.

The ambient temperature ranges from 8 to 17°C, exhibiting modest
variability typical for the Trondheim location. In contrast, the waste heat
source from the bearings factory presents high-frequency oscillations, with
temperature swings of up to 3-4 K within short-time intervals. This unstable
thermal input affects the generator-side conditions and introduces a challenge
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Figure 6.19: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case H.

for the SP control system.
Looking at the plot of the spindle position, it reveals multiple short-

term adjustments throughout the day, particularly during the morning and
afternoon, as the system reacts to rapid source temperature changes. The
ejector transitions primarily between SP6 and SP7, with high-frequency
fluctuations especially prominent in the early and late parts of the day.
This behavior suggests that the system attempts to stabilize entrainment
despite the unstable motive inlet conditions, leveraging the VGE capacity
for rapid response. The COP in this case varies from 0.51 to 0.73. Despite
the source-side instability, the system maintains relatively high efficiency.
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Figure 6.20: Dynamic simulation results of performance parameters and spindle position
(SP) results of the ERS equipped with VGE for Case I.
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The maximum COP is achieved during the early morning hours, as in the
previous cases, while the minimum corresponds to a temporary drop in
suction nozzle performance around midday. The overall profile remains
relatively smooth, suggesting that the VGE mitigates the impact of source
fluctuations on energy efficiency. Generator heat input ranges from 6.03
to 7.83 kW. The influence of source temperature oscillations is partially
visible in this signal, particularly during the early morning and late evening,
where sudden changes in the waste heat availability trigger corresponding
adjustments in the motive nozzle flow. However, the heat capacity remains
within a constrained band, indicating the resilience of the system to these
transient disturbances.

As for the evaporator capacity of the evaporator, it fluctuates between
3.99 and 4.51 kW. The lower values align with periods of source-side
instability, especially when the suction mass flow rate is briefly reduced.
Still, the system recovers quickly, and the evaporator performance stabilizes
during midday operation. The narrow spread of values again confirms the
effectiveness of the VGE control in adapting to rapid changes and ensuring
continuous thermal output.

Figure 6.21 presents the ejector performance under these conditions. The
mass entrainment ratio ranges from 0.55 to 0.82, with the maximum recorded
during early operation at SP7. The ratio drops temporarily around midday
in response to the source-side temperature dips and associated changes in
the flow balance between motive and suction nozzles.

The motive nozzle mass flow rate varies between 0.0150 and 0.0215
kg/s, showing a mild increasing trend during the day, in line with increasing
thermal load and progressive opening of the spindle. Fluctuations in motive
flow reflect the direct influence of generator temperature variability on
choked flow at the motive nozzle. The suction nozzle mass flow rate remains
within the range of 0.0113 to 0.0127 kg/s. While the suction flow pattern
is overall stable, several transient dips are visible, particularly in the early
and late parts of the day. These correspond to disturbances in the generator
profile and confirm the importance of maintaining stable source conditions
for optimal entrainment. Nevertheless, the active control system of the VGE
successfully regulates the suction nozzle flow and ensures reliable operation
even in a challenging thermal context.

The results summarized in Table 6.2 provide a comparative assessment of
the daily averaged performance metrics of the R290 ERS system equipped
with VGE across all the considered climatic zones and distinct waste heat
sources in this analysis. The evaluation of daily averaged COP, evaporator
capacity, and generator capacity demonstrates distinct patterns associated
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Figure 6.21: Dynamic simulation results of ejector mass entrainment ratio (MER) and
motive and suction nozzle mass flow rates for Case I.

with ambient temperature, source stability, and system adaptability.
Starting with cases using temperature data from Gliwice, so intermediate

scenario. Despite the significant daily ambient temperature variation, the
system performed relatively well, with the COP values around 0.46. This
outcome is particularly notable given the three different waste heat sources
with varying degrees of thermal stability. Case C, using the moderately fluc-
tuating bearings source, achieved the highest COP and the lowest generator
heat load, suggesting that the control system was able to effectively manage
short-term variability in the generator input when ambient conditions were
favorable. The daily average cooling power in Gliwice remained stable
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Table 6.2: Daily averaged results of evaporator capacity and COP parameters of the
ERS equipped with VGE analyzed for varying ambient and waste source temperature
conditions.

Location Case Daily avg.
COP

Daily avg.
evaporator capacity, kW

Daily avg.
generator capacity, kW

Gliwice
A 0.46 3.68 8.62
B 0.46 3.82 8.78
C 0.47 3.71 8.65

Milano
D 0.32 3.18 9.94
E 0.34 3.33 9.98
F 0.31 3.05 9.86

Trondheim
G 0.61 4.27 7.14
H 0.61 4.25 7.14
I 0.61 4.31 7.21

across all cases ranging from 3.7 kW to 3.8 kW and indicating reliable
system operation even under challenging and highly dynamic boundary
conditions. In contrast, the performance in Milano (Cases D-F) was no-
tably lower, with COP values ranging from 0.31 to 0.34, presenting higher
influence of the variable heat source temperature used, when compared
with the cases of Gliwice. This COP reduction arises from the higher aver-
age ambient temperature in this location, which increases the condensation
pressure and negatively impacts ejector entrainment and system efficiency.
Additionally, the generator heat load remained high around 10 kW, while
the evaporator capacity was the lowest among all locations (3.1-3.3 kW).
Case F, using the bearings waste heat source, resulted in the lowest COP
and evaporator capacity, reflecting the dual impact of unfavorable ambient
conditions and highly variable generator temperature input. On the other
hand, Case E, using the stable mine source temperature, achieved the highest
COP in Milano, reinforcing the benefit of a predictable thermal input.

Finally, in the Trondheim cases (G-I) the system consistently achieved
the highest daily average COP of 0.61 across all source configurations. This
outcome is primarily attributed to the lowest ambient temperatures among
the tested cases, which reduced the ejector back pressure and enhanced the
device performance. Furthermore, it achieved the generator capacity ranging
from 7.1 kW to 7.2 kW, while delivering the highest average evaporator
capacity of up to 4.3 kW in Case I. These values confirm that at cooler
climates the variability of generator conditions is of lower importance, and
the ERS benefits from an optimal ambient temperature operating window
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for ERS.
In summary, the tabulated results reinforce the conclusion that system

efficiency is highly sensitive to both ambient temperature and source stability.
The ERS operation in cooler climates presented higher COP and reduced
generator heat input, while stable waste heat sources enhance overall control
effectiveness and energy performance for all the cases.

6.6 Conclusions

The analysis of all the simulated cases revealed the significant influence of
both ambient and generator-side thermal conditions on the performance and
control behavior of the R290 ERS equipped with VGE. The flexibility of
the VGE through dynamic spindle control demonstrated a clear advantage
across the considered range of environmental scenarios.

In the scenarios involving relatively stable waste heat source tempera-
ture (case of the mine) consistently led to the improved system stability,
smoother control response, as well as higher mean daily values of COP
and evaporator capacity. These conditions minimized the need for frequent
spindle adjustments and allowed the system to operate closer to its optimal
thermodynamic conditions. This effect was particularly evident in Cases
B, E, and H, in which the system benefited from reduced the generator
variability, despite varying ambient conditions coming from historical data
for Gliwice, Milano, and Trondheim. In contrast, configurations utilizing
unstable waste heat inputs, so these coming from the forge or the bearings
factory, presented a necessity for quicker response of the spindle control,
indicated by high SP variability, which caused local reductions in both COP
and evaporator capacity. This behavior was notably visible in Cases A,
D, F, and I, where the ejector system had to rapidly adapt to source-side
fluctuations. Although the VGE managed to maintain system functionality
and relatively stable performance, its efficiency was reduced due to the
frequent ejector off-design operation and the resulting impact on the mass
entrainment ratio, which locally decreased.

The ambient temperature conditions significantly influence the system
performance. Cooler climates, such as the one presented by representative
of Trondheim, provided a favorable condenser environment with lower
ambient temperature, which resulted in improved overall system efficiency,
reduced generator thermal load, and more consistent COP performance. This
was observed in Cases G, H, and I, underscoring the benefits of deploying
ERS systems in thermally favorable climates. For the cases of Milano and
Gliwice, the system performance dropped in terms of COP and evaporator
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capacity, but the VGE was able to adapt the ERS operation to these less
favorable conditions and provided the stable system operation.

In summary, the results confirm the effectiveness of implementation of
the VGE to ERS under a wide range of dynamic conditions. The combi-
nation of a relatively stable thermal input in the generator and moderate
ambient conditions presents optimal performance with the minimal SP con-
trol intervention. However, even under thermally unstable or highly transient
conditions, the VGE demonstrates resilient system behavior through its ca-
pability to modulate the motive nozzle geometry parameters in the real time.
These findings highlight that the VGE presents a viable solution for flexible,
efficient, and stable operation in modern refrigeration systems subjected
to variable thermal environments, potentially replacing conventional single
fixed-type ejector systems, that would be installed in order to cover the same
operational range. This can be achieved not only through the standalone
application of VGE but also via hybrid configurations combining fixed-type
ejectors with VGE or through the use of multiejector modules.
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CHAPTER7
Evaluation of other natural refrigerants and

their blends in an ejector-based
refrigeration system

One of the most important issues for the development and adoption of
environmentally friendly and efficient ejector-based refrigeration systems is
a selection of appropriate working fluids, which must comply with current
environmental requirements and demonstrate attractive performance. In this
context, apart from natural refrigerants playing the most important role in
the sustainable refrigeration, refrigerant blends offer additional opportunities
to tailor the thermodynamic behavior of refrigeration systems, capable of
achieving better performance characteristics than those utilizing pure single-
component fluids. Thanks to the dimensionless mass entrainment ratio
output of the ULF-VGE ROM, developed in this thesis and presented in
Chapter 4, and the model derivation from validated CFD numerical models, it
is possible to analyze the VGE performance for different refrigerants without
carrying out a full redesign of the ejector geometry. Such an approach
brings a substantial reduction in the computational effort and accelerates the
flexibility of ejector applications for various fluids and their blends.

In this chapter, the analysis devoted to the assessment of the potential
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application of the R290 VGE to ERS utilizing other refrigerants will be
divided into three parts. First, a screening procedure to identify refrigerants
and their blends whose thermophysical properties, specifically the two input
pressure ratios for the ULF-VGE ROM at a representative ERS operating
point, fall into the operational envelope defined for the R290 VGE. This
ensures that only thermodynamically similar fluids are selected for the
operation with the optimized R290 VGE geometry. Second, a mathematical
model for calculating the motive nozzle mass flow rate required for the
implementation with the ULF-VGE ROM is described and implemented
in the ERS simulations within Dymola. Finally, the performance of the
optimized R290 VGE geometry is assessed for various fluids and their
blends. For the simulations, a single case of variable ambient temperature
for Gliwice has been selected due to its highly variable daily temperature
variation and a temperature range that covers the entire range of evaluated
SP. For the variable waste-heat temperature profile, the data from the forge
was selected as a mid-variability candidate, as the effect of its influence
on the system COP and cooling capacity has been identified as low. This
provides direct insights into how flexible the controllable ejector optimized
for a single hydrocarbon refrigerant can be when applied to alternative
refrigerants.

7.1 Refrigerants screening for the optimized R290 VGE geom-
etry

Based on the literature, different blends of hydrocarbons can bring different
outcomes when applied into the typical vapor-compression refrigeration cy-
cles. For example, mixtures with butane or pentane allow for increasing the
energy efficiency due to their thermodynamic characteristics [146]. The au-
thors stated that the mixtures of R290 with lower boiling point components
or synthetic fluids such as DME can improve the system COP by shifting
the operating pressures to more favorable regions for the vapor-compression
systems. Caramaschi et al. [147] demonstrated that hydrocarbon-based
natural refrigerants mixtures can yield higher COPs than pure hydrocarbons
under low-charge heat pump operation, while still maintaining acceptable
volumetric capacities. Calleja-Anta et al. [148] reported that DME as a
pure refrigerant can outperform R290 in the vapor-compression systems,
showing COP increases of up to 30% over the system with R290. More-
over, the authors stated that DME-rich natural mixtures like DME/R744 or
DME/R1270 are the best mixtures for applications with low hydrocarbon
charge limits. These results indicate that, while DME and its mixtures show
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strong potential, R290 is still a reliable baseline refrigerant for advancing
sustainable refrigeration. Targeted use of other natural refrigerant mixtures
may further improve cycle efficiency or cooling capacity, depending on the
design priorities. In addition, the potential of these mixtures for thermally-
driven cycles requires additional study, since their performance has not yet
been systematically tested.

In the context of the ERS equipped with already optimized VGE geome-
try for R290, being aware of the high variability in ejector geometries that
were designed for different fluids, it can be expected that only refrigerants
with similar thermodynamic characteristics can be successfully used with
the R290 VGE, achieving comparable performance with minimal required
operation adjustments. Therefore, mixtures of R290 with other hydrocar-
bons will be analyzed. Additionally, the non-natural ether candidate of
DME will be considered for this analysis due to its repeatedly demonstrated
performance improvements in the conventional vapor-compression cycles,
especially in the transcritical binary R744-DME cycle [11, 15, 148, 149] as a
pure refrigerant or mixture component. Therefore, a systematic screening of
natural refrigerants and selected blends is necessary to identify refrigerants
that show the best alignment with the operating envelope defined for the
R290-based VGE.

7.1.1 Properties of selected refrigerants and their blends

The representation of selected hydrocarbons refrigerants on the pressure-
specific enthalpy diagram in Figure 7.1 allows for grouping the fluids’
saturation curves that are similar to each other, indicating the fluid pairs like
in the case of R290/R1270, or R601 and R601a, having similar shapes of
the saturation curves and operating in similar pressure ranges.
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Figure 7.1: Saturation curves of selected natural refrigerants and DME presented on the
pressure - specific enthalpy diagram.

On the other hand, looking at the values of critical temperature of those
fluids presented in Table 7.1, all the alternative refrigerants except R1270
will need to operate in far subcritical conditions when compared to R290
utilizing the waste heat temperature data, analyzed in this thesis, in the
range of 90-100◦C, aiming also at completely different values of the ejector
motive nozzle and diffuser outlet pressure levels. However, the observed
thermodynamic similarities provide a compact rationale for transposing the
R290-optimized VGE operating map to other refrigerant and their blends.

Table 7.1: Critical conditions of selected refrigerants. Adapted and modified from [41].

Refrigerant Critical temperature, ◦C Critical pressure, bar

R290 96.7 42.5

R1270 91.1 45.6

R600 151.9 38.0

R600a 134.7 36.3

RE170 (DME) 127.2 53.4

R601 195.6 33.7

R601a 187.2 33.7

Taking a closer look at the thermophysical properties of R290 and
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R1270, they are characterized by similar critical conditions, namely the
Tcrit = 96.7◦C, and pcrit = 42.5 bar for R290 and Tcrit = 91.1◦C and
pcrit = 45.6 bar for R1270. Their saturation domes overlap to a large extent,
with comparable dome widths and so the latent heat values, indicating that
the ERS operating pressure levels should be similar for their subcritical
cycles. Moving to butanes, the R600 and R600a exhibit markedly higher
critical temperatures and lower critical pressures, namely the R600 hav-
ing Tcrit = 151.9◦C, pcrit = 38.0 bar, and R600a with Tcrit = 134.7◦C,
pcrit = 36.3 bar. Their saturation domes shift to the right and widen relative
to R290 and R1270. This trend signals a larger latent heat potential over the
temperature range of interest, and lower operating pressures for the same
condensation/evaporation levels, indicating that they may feature better
cooling capacity but at a cost of lower ejector performance and a different
choking regime at different pressure ratios. The critical points of pentanes
such as R601 and R601a are characterized by the lowest pressure levels,
but having the extremely high temperature values, being Tcrit = 195.6◦C
and pcrit = 33.7 bar for R601, and Tcrit = 187.2◦C, pcrit = 33.7 bar for
R601a. Lastly, the artificial DME, frequently proposed as a drop-in alter-
native to R290 in conventional vapor-compression systems, has a relatively
high critical pressure and temperature when compared with the hydrocar-
bons (Tcrit = 127.2◦C, pcrit = 53.4 bar), which can be also observed in its
saturation dome being the largest in terms of both the pressure range and
the span of specific enthalpy.

The representation of the same fluids on the temperature-specific entropy
diagram is presented in Figure 7.2 highlights additional thermodynamic
features.
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Figure 7.2: Saturation curves of selected natural refrigerants and DME presented on the
pressure-specific enthalpy diagram.

Starting with the saturation domes of the R290 and R1270, they are again
closely aligned, with narrow dome widths and comparable specific entropy
spans, confirming their nearly identical cycle characteristics. The butanes
(R600 and R600a) present slightly wider two-phase domes, when compared
to the R290. Their critical point temperature is visibly higher, which implies
larger refrigerating effect potential, but at relatively lower working pressures.
The pentanes (R601 and R601a) exhibit the widest specific entropy ranges at
the low temperatures, but with overall very slim dome shapes, emphasizing
their high vaporization enthalpy and suitability for very low-pressure cycles
and a smaller potential for high temperature applications. In contrast, DME
shows a distinctive dome with both a larger entropy span and an elevated
critical temperature compared to R290, confirming its broader operating
envelope and higher flexibility. Overall, the T-s representation reinforces
the grouping trends seen in the p-h diagrams while underlining differences
in entropy change of the phase transitions, which is crucial for the cycle
irreversibilities and ejector choking behavior.

The selection of refrigerants for this study was based on the operational
limits of the ULF-VGE ROM, which was built based on the same set of
numerical input data as for the R290 VGE ROM. To ensure the compatibility
of other refrigerants and their mixtures with the ULF-VGE ROM limits, the
representative operating point was selected for the VGE operation in the
ERS, corresponding to the saturation pressure levels of 85◦C at the motive
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nozzle, 5◦C at the suction nozzle, and 20◦C at the ejector outlet. For this
point, the pressure ratios for the ULF-VGE ROM from Equations 4.35 and
4.36, representing the ratios of the pressure of the motive nozzle to the
diffuser outlet and the diffuser outlet to the suction nozzle of the ejector,
were calculated.

To identify suitable alternative refrigerants for the VGE, the mixtures
of natural refrigerants listed in the ASHRAE refrigerants database [150]
were selected for screening. Each candidate was evaluated at the same
operating point, and the corresponding pressure ratios for ULF-VGE ROM
were calculated. A tolerance range of ±10% relative to the reference values
of the R290 was established as the admissibility criterion, ensuring that only
refrigerants with comparable thermodynamic behavior could be directly
implemented within the ULF-VGE ROM framework. The results of this
screening process are summarized in Table 7.2, where the refrigerants that
meet the selection criteria are highlighted in bold text.

Among the pure refrigerants, only R1270 satisfied the defined pressure
ratio limits, as its values closely matched those of R290 at the selected
operating point. In addition, three ASHRAE-listed binary mixtures of
R290 with R1270, namely R436A, R436B, and R436C, were identified as
suitable candidates. These blends, containing 90%, 95%, and 75% of R1270,
respectively, exhibit thermodynamic properties sufficiently close to R290
and remain within the ±10% range.

As far as the mixtures with other hydrocarbons are concerned, the analysis
showed that blends containing larger fractions of R600a or R600 highly
exceeded the allowable limits. Nevertheless, R436C, a mixture of 95% R290
and 5% R600a, remained within the limits and was therefore selected for the
analysis. Additionally, the ternary mixture R443A, composed of 40% R290,
5% R600a, and 55% R1270, was selected due to its compliance with the
pressure ratio constraints. Finally, looking at the mixture of DME, the binary
mixture R511A composed of 95% R290 and 5% DME was identified as the
only suitable, while other compositions exhibited excessive deviations from
the reference R290 values. Hence, the highlighted set of refrigerants forms
a consistent and representative basis for subsequent performance assessment
of the ejector refrigeration system.

7.2 Implementation of the Reduced Order Model of Variable
Geometry Ejector for other refrigerants simulations

In the analysis devoted to alternative natural refrigerants application in
the ERS equipped with VGE, the ULF-VGE ROM providing the mass

203



Chapter 7. Evaluation of other natural refrigerants and their blends in an
ejector-based refrigeration system

Table 7.2: Screening of the refrigerants with properties similar to the R290 and the R290
blends with the comparison of the pressure ratio and temperature parameters for a
representative operating point of the ERS operation.

ASHRAE number Refrigerant (mass
composition

PMN , PSN , POUT , ΠS ΠM

85◦C 5◦C 20◦C - -

290 R290 34.36 5.51 8.36 1.518 4.108
E170 DME 24.66 3.17 5.10 1.609 4.839
1270 R1270 40.79 6.76 10.17 1.504 4.010
600 R600 11.26 1.24 2.08 1.671 5.422
600a R600a 14.87 1.87 3.02 1.619 4.921
601 R601 4.17 0.31 0.57 1.851 7.372
601a R601a 5.15 0.43 0.77 1.796 6.723

436A 56% R290 & 44%
R600a

22.27 2.99 4.75 1.589 4.688

436B 52% R290 & 48%
R600a

21.54 2.87 4.57 1.593 4.715

436C 95% R290 & 5%
R600a

34.36 5.02 7.70 1.532 4.465

433A 10% R290 & 90%
R1270

40.35 6.68 10.05 1.505 4.016

433B 5% R290 & 95%
R1270

40.58 6.72 10.11 1.504 4.013

433C 25% R290 & 75%
R1270

39.58 6.52 9.83 1.506 4.029

443A 40% R290 & 5%
R600a
55% R1270

35.71 5.53 8.46 1.530 4.223

511A 95% R290 & 5%
DME

34.54 5.52 8.39 1.519 4.119

441A 54.8% R290 & 6%
R600a
36.1% R600 &
3.1% DME

19.68 2.37 3.86 1.634 5.093

entrainment ratio as a single output variable was used. However, for a
consistent evaluation of the ejector performance, the complete set of mass
and energy balance equations (Equations (5.58) and (5.59)) requires the
definition of the mass flow rate to satisfy the set of equations. Therefore, a
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Dymola built-in motive nozzle model was used for the ejector component,
which, combined with the mass entrainment ratio output from the ULF-VGE
ROM, enabled the definition of both mass flow rates entering the ejector. The
model relies on the two-phase critical flow correlation proposed by Brennen
[121], in which the mass flux at the motive nozzle throat is determined from
the sonic flow condition using the local speed of sound. This approach
provides a framework for estimating the critical flow conditions that may be
used in both single and two-phase regions and hence completes the system
of equations required for the ejector model.

The calculation of the motive nozzle mass flow rate follows the afore-
mentioned Brennen formulation, which explicitly accounts for the liquid
compressibility and thermodynamic interactions between the vapor and liq-
uid phases. To determine the state of the flow, the following equation for the
gas volume fraction of the two-phase flow was used:

Θ

1−Θ
=

[
ΘMN

1−ΘMN
+

κ

κ+ 1

pMN

ρLc2ss,L

](
pMN

p

) 1
κ

− κ

κ+ 1

pMN

ρLc2ss,L

p

pMN
(7.1)

where Θ is the local gas volume fraction, κ is the polytropic exponent,
css is the speed of sound.

The local velocity in a nozzle can be evaluated through the application of
momentum and energy conservation equations:
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where the additional term Φ depends on the polytropic exponent κ. For
κ ̸= 1, it is given by:
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while for κ = 1, it reduces to:

Φ =
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(7.4)
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The throat pressure p∗ is then obtained by equating the local velocity
evaluated at p = p∗ using Equation (7.2), to the mixture sonic velocity
computed from Equation 7.5 and substituting p with p∗.

c2ss =

p
ρL

(
1 + Θ

1−Θ

)2
1
κ

Θ
1−Θ

+ p
ρLc2L

. (7.5)

where the subscript ∗ denotes the conditions at the motive nozzle throat.
This pressure condition defines the choking point, resulting in the critical

throat pressure ratio p∗/pMN and the associated gas volume fraction at the
nozzle throat Θ∗, computed utilizing Equation 7.1.

Once the throat conditions are established, the critical mass flow rate for
the nozzle can be determined using the following equation:

ṁMN

A∗(ρMNpMN)1/2
=

(1−Θ∗)css,∗[
pMN(1−ΘMN)

ρL

]1/2 (7.6)

Finally, the suction nozzle mass flow rate can be calculated from the mass
entrainment ratio ?? obtained as an output from an ULF-VGE ROM, and
the critical mass flow rate of the motive nozzle using the following equation:

ṁSN = ϕ · ṁMN (7.7)

The implementation of the motive nozzle model for VGE is executed in
the Dymola software by integrating the motive nozzle model with a data
table that contains throat diameters corresponding to specific SP values
previously defined in Section 2.3. The SP logic dynamically selects the
effective throat diameter based on the SP determined by the spindle control
logic and transfers this value as an input to the motive nozzle equations in
the following time step. In this way, the ROM framework ensures that the
motive nozzle throat geometry for the mathematical nozzle model and the
suction nozzle mass flow rate coming out from the ULF-VGE ROM remain
consistent within the system configuration.

7.3 Verification of Universal Low-temperature Fluids Reduced
Order Model

First, the comparative analysis of the R290 VGE performance using two
different ROM approaches presented in Chapter 4, namely the VGE ROM
and the novel approach ULF-VGE ROM, are presented in Figure 7.3. The
performance is evaluated by plotting the mass entrainment ratio as a function
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of the ejector outlet pressure. The analysis is conducted for eight distinct
spindle positions (from SP0 to SP7) under constant motive and suction
nozzle operating conditions, which for the VGE ROM were previously
presented in Figure 4.13.
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Figure 7.3: Ejector performance curves of the R290 VGE comparing the baseline VGE
ROM and the ULF-VGE ROM for SP0-SP7 at TMN,sat = 94◦C, TSN,sat = 5◦C, and varying
pressure at the diffuser outlet.

The ejector performance curves for both models exhibit typical opera-
tional characteristics with a clear distinction between the on- and off-design
modes. It demonstrates a strong correlation between the two models, with
the data from both models overlapping, indicating that the ULF-VGE ROM
accurately approximates the performance of the baseline VGE ROM, with
very small differences in their characteristics. One of them can be observed
as the slight increase of the value of the ejector critical pressure, which for
the ULF-VGE ROM is slightly higher for all the analyzed SP except SP0
and SP1. The highest difference of the critical pressure value of around 0.2
bar can be observed for SP3, SP4, and SP7, for which the mass entranment
ratio is around 3-5% higher for the ULF-VGE ROM in the vicinity of critical
point, when compared with VGE ROM. For the other cases of SP0, SP1,
SP2, and SP6, the difference of value of critical pressure is below 0.1 bar,
which corresponds to the mass entrainment ratio relative errors below 2%.
Furthermore, the on-design part of the ULF-VGE ROM lines is not per-
fectly straight, but rather a slightly wavy set of points, which may indicate
a reduction in accuracy resulting from a change in the input parameters
used from pressure and enthalpy in the VGE ROM to the pressure ratio and
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temperature in the ULF-VGE ROM formulation. However, this alignment
validates the ULF-VGE ROM’s approach of using two pressure ratios and
temperatures, which was designed to enhance its applicability to various
fluids and their blends.

For the spindle position with the most restricted throat, SP7, the ejector
achieves its maximum mass entrainment ratio of approximately 0.6. The
critical pressure for this configuration is approximately 9 bar. As the spin-
dle position increases (from SP7 towards SP0), both the maximum mass
entrainment ratio and the ejector critical pressure generally decrease. For
instance, at SP0 and SP1, the ejector achieves a mass entrainment ratio of
around 0.2, with a critical pressure of approximately 10.5 bar. The consis-
tent performance observed between the two models confirms the ULF-VGE
ROM’s reliability and its potential for broader application.

Next, the results of the ULF-VGE ROM analysis for a R1270 fluid using
the same fixed motive and suction nozzle temperatures and varying ejector
outlet pressure are presented in Figure 7.4.

6 7 8 9 10 11 12 13 14 15
0

0.2

0.4

0.6

0.8

Diffuser outlet pressure, bar

M
as
s
en
tr
ai
n
m
en
t
ra
ti
o,

-

SP0
SP1
SP2
SP3
SP4
SP5
SP6
SP7

Figure 7.4: Ejector performance curves of the ULF-VGE ROM using R1270 for SP0-SP7
at TMN,sat = 94◦C, TSN,sat = 5◦C, and varying pressure at the diffuser outlet.

The ejector performance curves for R1270 exhibit the same characteristic
behavior of operation, but with higher values of mass entrainment ratio than
for the case of R290 presented in Figure 7.3. For the most restricted throat
at the SP7, the ejector achieves the highest mass entrainment ratio, which is
approximately 0.7. The critical pressure for this configuration is observed
at around 9.2 bar. For SP0, SP1, and SP2, the maximum mass entrainment
ratio is around 0.25, with critical pressures of approximately 12.5 bar, 13 bar,
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and 14 bar, respectively. When using R1270 as the working fluid, the ULF-
VGE ROM exhibits more pronounced wavy behavior in its performance
curves, particularly for the most restricted spindle positions: SP6 and SP7.
Despite this, the model still maintains the characteristic on- and off-design
modes of operation, making it suitable for dynamic analysis of the ERS in
Dymola. However, these more significant fluctuations in the predicted mass
entrainment ratio suggest that higher mass flow rate oscillations may occur
during the dynamic simulations of 24-h operation using realistic data due to
inherent instabilities.

The final analysis of the ejector performance curves presents the perfor-
mance of the ejector using a R290/DME blend with the ratio of 90%/10%,
respectively. The corresponding performance curves are presented in Figure
7.5.
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Figure 7.5: Ejector performance curves of the ULF-VGE ROM using a 90% R290 and
10% DME blend for SP0-SP7 at TMN,sat = 94◦C, TSN,sat = 5◦C, and varying pressure at
the diffuser outlet.

The performance curves for the R290/DME blend exhibit a similar wavy
behavior, with even more pronounced instabilities for the most restricted
spindle position of SP7. This increased instability is attributed to the sig-
nificant differences in the pressure ratio and temperature characteristics of
DME compared to pure R290, indicating that at the last SP at which the
ejector is entraining the secondary flow, the ejector is particularly prone to
instabilities. Despite this, the model successfully maintains the characteristic
on- and off-design modes of operation, but the more significant fluctuations
in the predicted mass entrainment ratio suggest that higher mass flow rate
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oscillations may be expected during real-world operation due to potential
instabilities. For the most restricted spindle position of SP7, the ejector
achieves a maximum mass entrainment ratio of approximately 0.65, with a
critical pressure of around 8 bar. At SP6, the maximum mass entrainment
ratio drops to approximately 0.5, and the ejector critical pressure is around
9 bar. At the least restricted positions, such as SP0 and SP1, the mass
entrainment ratio is approximately 0.25, with a critical pressure of about 11
bar.

This analysis highlights the complexity of modeling an ejector and using
a single geometry for a variety of fluids, due to the supersonic flow dynamics
inside that are highly sensitive to the fluid, and it can drastically affect its
performance. As a consequence, the VGE analyzed in this thesis, designed
to be used with R290, is able to effectively handle also the other refrigerants
with very similar characteristics or their blends with a small percentage of
additives. Moreover, the instability of the mass entrainment ratio observed
at SP7 indicates that, when the R290-optimized VGE is applied to other
fluids, its operation should be restricted to narrower conditions (e.g., from
SP0 to SP6) to ensure stable performance.

7.4 Application of Universal Low-temperature Fluids Reduced
Order Model for other refrigerants

In the next step, the numerical analysis of refrigerant mixtures applied to
VGE-based ERS was performed to assess their performance characteristics,
with emphasis on the COP and cooling capacity. The system was simulated
using an ambient temperature and waste heat profile from a single Case
B from the Table 6.1 presented in the previous chapter (Chapter 6). A
comparative analysis of the performance of pure R290 with three different
R290-based mixtures, and pure R1270 is illustrated in Figure 7.6.

The daily averaged performance metrics provide a clear comparative
analysis. Starting with the daily averaged COP, the results indicate that the
mixtures of 5% R290/95% R1270 and 25% R290/75% R1270 demonstrate
superior performance with a COP of 0.54 and 0.53, respectively. These
values are approximately 10% higher than the 0.49 value obtained for the
ERS system running with pure R290. The 40% R290/55% R1270/5% R600a
mixture also performed better than pure R290, with a COP of 0.47, but was
outperformed by the other two mixtures. As far as the daily averaged cooling
capacity is concerned, similarly to the COP results, the 5% R290/95% R1270
and 25% R290/75% R1270 mixtures exhibit a higher cooling capacity of
4.57 kW and 4.43 kW, respectively, when compared to 3.80 kW of pure
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Figure 7.6: Daily averaged values of the COP and the evaporator capacity for various
R290-based blends and R1270 refrigerants operating in ERS equipped with VGE and
using ambient temperature data from Gliwice.

R290. This results in an improvement of 20% and 17%, respectively. The
40% R290/55% R1270/5% R600a mixture had both the cooling capacity and
COP slightly worse when compared to R290, so its performance was worse
than the one presented by other mixtures simulations. These findings confirm
that the R290 VGE used in ERS can be successfully used with pure R1270
or its blends with R290, which generally enhances the thermodynamic
performance related to the R290-based system.

The daily averaged performance of a ERS system utilizing various con-
centration R290/R1270 refrigerant blends is presented in Figure 7.7. The
objective was to evaluate how the blends ratio of these two refrigerants
influences the key ERS performance metrics. The study aimed to iden-
tify, whether a particular blend composition yielded superior performance
compared to the pure components or other mixtures.

The analysis of the daily averaged COP indicates a systematic improve-
ment as the R1270 mass fraction increases within the mixture. For pure
R290, the COP reached the lowest value of 0.49, whereas pure R1270 deliv-
ered the highest, at 0.54. The progression, however, is not uniform across
all compositions. Up to the 70% R290/ 30% R1270 mixture, the increase
in COP remains relatively modest, suggesting only incremental efficiency
gains in this composition range. Beyond this point, the improvement be-
comes more pronounced, highlighting that higher proportions of R1270
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Figure 7.7: Daily averaged values of the COP and evaporator capacity for various
R290/R1270 refrigerant mixtures operating in ERS equipped with VGE and using
ambient temperature data from Gliwice.

have a stronger influence on the overall thermodynamic performance of
the system. This behavior underlines the advantageous role of R1270 in
enhancing energy efficiency, particularly when it constitutes a dominant
fraction of the working fluid.

A similar tendency is observed for the daily averaged evaporator capacity,
where a consistent increase accompanies the rising content of R1270. The
lowest value of 3.80 kW was recorded for pure R290, while the highest, 4.60
kW, was measured for pure R1270. For most intermediate compositions, the
variation follows a fairly regular upward trend, with one notable deviation at
the 70% R290/ 30% R1270 mixture. At this point, the measured capacity
slightly departs from the otherwise progressive increase, which could reflect
experimental uncertainties or minor non-linear interactions between the
refrigerants at this concentration. Overall, the results demonstrate that
R1270 is more effective than R290 in facilitating heat absorption in the
evaporator, thereby improving the cooling capacity of the system under the
investigated operating conditions.

The evaluation of the daily averaged COP for the R290/DME mixtures
presented in Figure 7.8 shows a gradual decline as the proportion of DME
in the blend increases.

For pure R290, the COP was 0.49, and this value remained almost
unchanged for the first four mixture compositions to 60% R290/ 40% DME.
The lowest performance, with a COP of 0.46, was observed for the 50%
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Figure 7.8: Daily averaged values of the COP and evaporator capacity for various
R290/DME refrigerant mixtures operating in ERS equipped with VGE and using ambient
temperature data from Gliwice.

R290/ 50% DME composition. These results suggest that, unlike in the
case of R290/R1270 blends, the incorporation of DME does not provide a
thermodynamic advantage. Instead, the COP remains nearly constant for
small additions of DME and then starts to decrease at higher concentrations.
This behavior indicates that DME has a detrimental effect on the overall
energy efficiency of the ERS equipped with VGE when present in significant
proportions.

A similar downward trend is observed in the daily averaged evaporator
capacity. For pure R290, the capacity reached 3.79 kW, and a nearly identical
value of 3.80 kW was measured for the 90% R290/ 10% DME mixture,
indicating negligible impact at low DME content. However, as the DME
fraction increases further, a progressive reduction is observed: 3.73 kW for
the 80% R290/ 20% DME mixture, 3.56 kW for 70% R290/ 30% DME ,
3.35 kW for 60% R290/ 40% DME, and a minimum of 3.04 kW for the
50% R290/ 50% DME mixture. This steady decline demonstrates that
DME weakens the cooling capacity of the working fluid mixture, with the
effect becoming more pronounced as its proportion increases. Collectively,
the results indicate that R290 alone provides both the highest COP and
cooling capacity, while the addition of DME systematically reduces system
performance.

When compared with the R290/R1270 blends, where R1270 enhanced

213



Chapter 7. Evaluation of other natural refrigerants and their blends in an
ejector-based refrigeration system

both COP and evaporator capacity, it becomes clear that R1270 acts as
a performance-improving additive, whereas DME behaves oppositely by
diminishing system efficiency and cooling performance. This contrasting
behavior highlights the crucial influence of refrigerant selection on the
thermodynamic performance of the VGE, and thus on the ERS.

7.5 Conclusions

The ULF-VGE reduced-order formulation, coupled with a compact motive-
nozzle model, enabled the alternative fluids simulations without ejector
geometry re-design by maintaining the ejector behavior through the dimen-
sionless mass entrainment ratio output of the ULF-VGE ROM. A systematic
screening at a representative ERS operating point indicated the refriger-
ant candidates whose pressure-ratio pairs was within ±10% of the R290
reference values, selecting only the R1270 among pure fluids and a set of
R290-based mixtures, i.e. 433A/B/C, 436C, 443A, and 511A. The ULF-
VGE ROM and VGE ROM verification for R290 showed a close agreement
between the baseline and generalized models, with small offsets in the criti-
cal pressure at SP3 and SP7 and mild disturbances in the reproduction of the
on-design part of the ejector efficiency curve. The analysis of the ULF-VGE
ROM performance for other fluids with thermophysical properties similar to
R290 confirmed its potential to evaluate its applicability for dynamic ERS
studies for alternative refrigerants.

Performance assessments highlighted the dependence of system perfor-
mance on evaluated fluids under identical boundary conditions. Relative to
R290, the blends with R1270 present an increase of COP and cooling capac-
ity of the ERS related to the R290 system. The pure R1270 showed the best
COP and cooling capacity improvements of 10% and 20% consecutively,
when related to pure R290.

In contrast, the mixture of R290 and DME presented opposite behavior,
showing a decrease of performance with the increase of DME percentage in
the mixture, up to -6% for COP and -20% for cooling capacity for the 50/50
ratio. Similarly, the fluid 444A, being a mixture of 40% R290, 5% R600a,
and 55% R1270 also presented a slight drop in performance relative to the
R290 system for both the COP and cooling capacity, indicating that even a
small amount of the R600a with different thermodynamic characteristics is
unfavorable for the designed R290 VGE.

In conclusion, the above findings show that the R290-optimized VGE
ensures applicability to the R1270 and R1270/R290 blends showing even
better ERS performance than the system utilizing pure R290, whereas blends
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of R290 with refrigerants of much different thermodynamic characteristics
than R290, i.e. with DME, butane, and pentane, presented slight or even no
improvement when related to ERS running with R290, which undermine the
benefit of VGE application for those fluids.
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CHAPTER8
Conclusions and future plans

This PhD thesis present an in-depth numerical study of the ERS equipped
with VGE, driven by ultra-low-grade waste heat and operating with the
natural refrigerant R290. The study comprises the experimental campaign
focusing on assessment of the R290 spindle ejector, the development of
CFD-backed ROMs enabling fast and accurate dynamic simulation, assess
the ERS performance under varying ambient and waste heat temperatures,
and analyze the potential for application of the R290 VGE for alternative
natural refrigerants and their blends.

A VGE with a controllable spindle designed by Besagni and Cristiani [29]
was manufactured to modulate the motive nozzle effective throat area and
provide the ejector capacity control to maximize its performance for variable
operating conditions using a single ejector. The device was equipped with
a micrometer knob allowing for repeatable spindle positioning over the
analyzed SP range and integrated into the R290 test rig. The experimental
campaign confirmed a successful ejector entrainment control by means of
the spindle. Increasing the ejector SP (decreasing effective throat area)
systematically increased the mass entrainment ratio. However, due to the
test being carried out for the motive nozzle pressure conditions lower than
those for which the ejector was originally designed, the empirically deter-
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mined control line was non-linear, in contrast to the linear curve reported
in literature [29, 101]. The static pressure results indicated the shock trains
and pressure recovery varying between the SPs, confirming that the data
provides a valuable insights of the supersonic flow inside the ejector and can
be a basis for further calibration of the CFD model.

Two CFD-based ROMs of the R290 VGE were developed using the
POD-RBF technique to enable fast and accurate reproduction of the ejector
behavior, allowing its implementation to the dynamic system simulations
of ERS. The baseline VGE ROM formulation using pressure and specific
enthalpy for both inlet nozzles together with the outlet pressure returns two
values of motive and suction mass flow rates for a given operating point. Ad-
ditionally, a generalized ULF-VGE ROM was developed using the pressure
ratios and inlet temperatures as inputs in order to return the VGE character-
istic expressed in the mass entrainment ratio. By combining this generalized
model with a mathematical nozzle, it allows for its application to alternative
refrigerants of similar thermodynamic characteristics. Hence, it creates a
potential for extension of R290 VGE modeling for other studies similar
to R290 fluids studies without the necessity of remodeling the geometry.
Moreover, owing to its general formulation with the mass entrainment ratio
as the output and its coupling with a separate nozzle model, the ULF-VGE
ROM can be applied to simulate the R290 VGE ERS at different cooling
capacities by scaling the ejector throat. This scaling changes the motive
nozzle mass flow rate, which influences the cooling capacity being directly
linked to the suction nozzle mass flow rate derived from the ROM mass
entrainment ratio.

A calibration study established the CFD map resolution required to
eliminate the interpolation error. The ROM verification showed a close
agreement to CFD results, with relative errors below 1% with a proper
reproduction of the critical-point and the on- an off-design transition. Both
ROMs were implemented in Dymola as external functions, providing very
fast evaluations suitable for dynamic ERS simulations, while preserving the
physics of ejector operation.

A dynamic R290 ERS model equipped with the ROM of VGE was built
in the Dymola software. Under time-varying ambient temperature data
from Gliwice, Milano, and Trondheim, the VGE presented higher COP and
cooling capacity when compared with the same system utilizing FGE, as
a consequence of the ability of VGE to maintain the ejector operation in
the on-design for the simulations with temperature data representing three
different climatic zones. The sensitivity analysis indicated the superheat
of 4 K as an optimal value for both evaporator and generator, showing the
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necessity of proper selection for the maximization of system performance.
The VGE-based ERS indicated the improvement for the daily-averaged
operation between 0.4% to 52.4% for the COP, and between 2.1 to 13% for
the evaporator cooling capacity, when compared with the system utilizing
the best-suited FGE.

The VGE-based system benefits from the high daily variability of tem-
perature in hot climates, in which the spindle control provides continuous
ejector operation in the on-design mode despite the variability of the outlet
pressure. When temperatures are low and stable, the benefits of the introduc-
tion of VGE are substantially smaller. Nevertheless, small SP changes for
the highest midday temperatures confirm the responsiveness of the control
logic and allow to maintain high efficiency across the full range of tested
operating conditions in the ambient temperature between 8.6 to 27.9◦C.

The realistic waste heat temperature data profiles provided by Marani Sp.
z o.o. company were used to evaluate the real potential of ERS application
for ultra-low waste heat recovery. The temperature profiles from the forge,
mine, and bearings factory were used for simulations of ERS operation in
different climatic zones. When the waste-heat source was relatively stable,
the ERS exhibited smoother control and higher COP and cooling capacity
owing to reduced spindle movements and operation closer to thermody-
namic optima. In contrast, the unstable source profiles required rapid SP
modulation, which resulted in local reductions in the mass entrainment ratio
visible as transient drops in the COP and cooling capacity. In summary, the
combination of a stable generator input with moderate ambient conditions
yields the best performance with minimal control effort. The VGE main-
tained functional stability thanks to rapid SP adaptation, demonstrating the
ability to cope with disturbances coming from the variability of waste heat
and ambient temperature, and can replace the standard FGE-based systems.

The ULF-VGE ROM enabled ERS simulations for alternative natural
refrigerants and selected blends, allowing the R290 VGE to be used without
requiring a redesign of the ejector geometry. The R1270 with the ther-
mophysical properties close to R290 retained similar ejector behavior in
the analysis of mass entrainment ratio at fixed inlet nozzle conditions and
under varying ejector outlet pressure conditions. On the other hand, the
R290 blends with other refrigerants exhibited mild oscillations of the on-
design curves, indicating potential ejector suction mass flow rate instabilities.
Hence, the performance drop for applications in systems operating at dif-
ferent pressure and temperature levels, when operating with R290-based
refrigerant blends with fluids of different thermodynamic characteristics.

The VGE operating in the ERS using pure R1270 presented an increase
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in evaporator capacity by 21% and a COP improvement of 10% for the
single case analyzed, demonstrating that the R290-optimized VGE can also
be successfully applied in ERS for waste heat utilization with R1270 as
refrigerant.

The combined outcomes confirmed that a single VGE can effectively
replace multiple FGEs to expand the ejector operating envelope, maintaining
its operation near the on-design conditions, providing the optimal perfor-
mance of the ERS. The proposed control system of SP can operate with the
waste heat temperature at different level of variability

For the work continuation, starting with the ways of improvement of the
VGE modeling, the hybrid ROM solution combining the high-resolution
CFD maps with targeted experimental data could benefit the prediction
accuracy around the on/off-design transition and bring the modeling one
step closer to reality. Additionally, decreasing the spindle step size for the
ROM inputs or developing a method for continuous control of the spindle
position could improve the efficiency of the system providing a quick and
continuous ejector response to the varying system operating conditions.

As for the future plans for the application of the R290 VGE for alternative
refrigerants, based on the results of this thesis it seems that using current
operational envelope allows for the R290 VGE ROM usage only with the
refrigerants with very similar characteristics, therefore an extension of the
ULF-VGE ROM operational envelope should be performed to cover much
wider range of pressure ratios for this particular ejector geometry. Another
approach could be to use a tool for a quick ejector geometry evaluation
for other refrigerants and develop a way on how to better transform the
ULF-VGE for the other fluids.

As for the system level, a possible improvement could be a combination
of the FGE-based multiejector modules with a VGE providing smooth and
fast modulation, which can be especially beneficial for the industrial sites
with distinct thermal dynamics, in which the combination of two types of
ejectors could provide a stable cooling capacity decoupled from the variable
heat source. From a techno-economic perspective, further enhancement
of the proposed ERS concept may be achieved by its integration with the
state-of-the-art heat exchangers for the waste heat utilization to reduce
temperature differences and exergy losses in the generator loop, thereby
increasing the overall system COP. In parallel, incorporation of the state-
of-the-art cold energy storage technology would help decoupling cooling
demand from the waste-heat availability, mitigating peak-load operation
and reducing off-design operation of the ejector. The combined effect of
these measures is expected to yield superior system efficiency and stability,
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directly improving key economic indicators, like specific investment cost or
payback time, which always remain the crucial incentive from an investor’s
point of view.
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