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Abstract

This report analyses the improvement potential of zeotropic refrigerant mixtures on the performance
of vapour compression heat pumps integrated into industrial dryers. The report reviews the scope of
total global energy consumption and the percentage of this attributable to industry to demarcate appli-
cation area. It proposes that by targeting industrial process heating, significant reductions to energy
consumption and carbon emission by industry can be achieved. Heat pumps are introduced as the pre-
ferred system to accomplish this for temperatures up to 200 °C. A performance limitation is identified
in the form of heat transfer between process streams that reject and receive heat at non-constant tem-
peratures. Zeotropic refrigerant mixtures are introduced in heat pumps to improve the interaction with
non-isothermal heat sources and -sinks. The considered mixture compounds are limited to future-proof
refrigerants and the mixtures are limited to binary ones.

Humid air encountered in industrial drying is targeted as one such non-isothermal process stream
with a large potential for waste heat recovery. The most prominent industries that use dryers are iden-
tified and evaluated as to provide representative operating conditions at which a heat pump integrated
dryer would have to work. Heat pump cycles are described both on a cycle scale as well as per com-
ponent and the most important design aspects and considerations are presented. The methods used
to allow heat pumps to interact favourably with temperature glides are presented namely zeotropic
mixtures and trans-critical heat pump cycles.

A modeling strategy is proposed to simulate heat pump integrated dryers in large numbers in order
to investigate the effects of dryer inlet and outlet conditions as well as refrigerant mixture composition
both in terms of constituents and mixing ratio. The total process flow diagram is given and divided into
definable thermodynamic states for both the (humid) air as well as the refrigerant. Governing equa-
tions for each component are presented and the calculation method for the thermodynamic states is
discussed in terms of known state variables and used thermodynamic libraries. Finally a novel heat
pump cycle is proposed, motivated by a desire to decouple the glide matching in the evaporator from
that in the condenser, that attempts to use the fractionation risk present in zeotropic mixtures as an
advantage instead. The criteria placed on refrigerant are presented both within the context of the
future-proof limitation, legislative limitation as well as those introduced by the process requirements.
The most promising refrigerant candidates from literature are presented for applications in the defined
process conditions. Finally a selection is made of 13 refrigerants namely water, ammonia, (iso)butane,
(iso)pentane, methane, ethane, propane, CO,, propylene, ethylene and hexane. The thirteen refriger-
ants are combined into 78 refrigerant pairs and modelled using the described modeling strategy.

The modelling reveals that using zeotropic mixtures does improve the COP for many refrigerants
when compared to their pure cycle performance. For drying at 180 °C two heat pumps are proposed
at different outlet temperatures. The cycles use 87.5%,,,.; Isobutane mixed with Ethane and 87.5%.,,,
NH3 mixed with Propane for a high temperature and lower temperature outlet respectively. COPs of
3.38 and 3.44 were calculated with PRs of 16.53 and 6.84 for the Isobutane-based and NH;-based
cycles respectively. A lower drying temperature of 120 °C was explored and here CO,-based mixtures
were identified as highly desirable refrigerants due to their non-toxic, non-flammable nature as well
as low global warming and ozone depletion potential. The mixtures 87.5%.,,; COs-lsopentane and
90%.,,.,; CO2-Isobutane were proposed, both feasible with single stage compression and possessing a
COP of 3.96 and 4.02. Zeotropic mixtures improved the COP in at least 48 out of 78 possible refrigerant
combinations when compared to the pure cycle COPs and allowed the dampening of flammability and
toxicity where the pure refrigerant possesses those properties.

It is clearly demonstrated that future-proof binary zeotropic mixtures increase the performance of
VCHP-integrated dryers across all relevant temperature ranges, by as much as 21.47%. The highest
COPs are found when zeotropic refrigerant mixtures are used together with trans-critical operation. It
is concluded that zeotropic mixtures improve the COP of vapour compression heat pump integrated
dryers and should be utilised for non-isothermal processes like drying.
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Introduction

In 2023 according to the International Energy Agency (IEA) the total global energy consumption was
equal to nearly 440 EJ/a of which 38% is attributed to industry [31]. The need to transition to a car-
bon neutral energy mix, well documented by the Intergovernmental Panel on Climate Change (IPCC)
and reaffirmed by policymakers at the 28th Conference of Parties (COP) thus requires a transition for
industry as well [13]. The decarbonisation of industry requires a multifaceted approach of which one
component is decarbonising the energy consumption related to process heating. As two-thirds of in-
dustrial energy use is attributed to heating, a significant reduction in greenhouse gas emissions can be
achieved by targeting this part of the energy demand. Electrification is an important strategy to achieve
this and electric-driven heat pumps are considered the preferred technology for temperatures up to
200°C [50].

A typical heat pump, illustrated in figure 1.1, works by using electricity to power a compressor to
circulate a fluid, typically referred to as the refrigerant. The compressor brings the refrigerant to a high
pressure level at which it can reject heat at elevated temperatures. After supplying heat, the pressure
is reduced in the expansion valve which allows the refrigerant to absorb heat at lower temperatures.

High High
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Figure 1.1: Schematic depiction of a simple heat pump cycle [7]



The fact that a heat pump can supply multitudes of heat compared to the amount of consumed electricity
makes it a very efficient power-to-heat solution. The ability to supply heat at higher temperatures than
at which it absorbs is relevant for industrial decarbonisation as 89% of industrial heat is required above
100°C [76] while 51% of industrial waste heat is available below 100°C [6]. By use of a heat pump, low-
grade heat sources can be upgraded to usable temperatures for industry at high energy efficiencies.
A large source of such low-grade heat is produced by industry itself as an estimated 49% of industrial
energy consumption is lost to the environment [6]. The use of heat that would otherwise be lost is
referred to as waste heat recovery (WHR). Bianchi et al. (2019) estimated that 20.1% of industrial
energy is suitable for WHR using heat pumps. This means approximately a third of industrial heat
demand could theoretically be supplied from its own waste heat using heat pumps, electrifying this
portion in the process.

While heat pumps are becoming cost-effective technologies compared to fossil fuel powered alter-
natives there remains a gap between theoretically possible and economically feasible WHR, specifically
when large temperature lifts are targeted [33]. Improving the performance of heat pump technologies
would allow for better cost-efficiencies, increasing the adoption rate and making a larger segment of
the theoretically possible WHR economically viable. One area of heat pump performance improvement
is the exergy loss that occurs in the heat exchangers of the system. The most significant contributor
to these losses is the exergy destruction associated with stream to stream heat transfer to and from
the refrigerant [55, 78]. The heat transfer associated exergy destruction is highest when the process
stream is at a non-constant temperature. When the process stream has this non-isothermal behaviour
the heat exchange occurs at a temperature glide as illustrated in the left image of figure 1.2.
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Figure 1.2: lllustration of temperature glide phenomenon without (left) and with (right) glide matching [70]

The left image in figure 1.2 shows a typical temperature profile for a refrigerant depicted alongside
that of a heat sink to which the refrigerant is supplying heat. The refrigerant goes through a phase
change characterised by a constant temperature (isothermal). Because the heat sink does not have
this isothermal behaviour the temperature difference between the two streams grows larger. As ex-
ergy losses scale with the temperature difference, these are also larger. By reducing the temperature
difference between the streams during heat transfer, exergy losses are reduced and performance is
increased. This concept, referred to as glide matching is depicted in the right image of figure 1.2.

An example where significant waste heat potential is available, use of which is currently limited by
the presence of temperature glides, is the drying operation used in many industrial processes. Drying
is defined as a thermal process by which water is removed to produce a solid product. Industrial dryers
commonly use convective heat transfer to extract the moisture from the product with hot air as the
medium [56]. The exhaust of this process is a mixture of the air and the evaporated water, referred to
as humid air. All thermal energy, neglecting losses to the environment, ends up in this waste stream
presenting a large potential for WHR. Additionally, the dominant current method for producing the hot
air stream is by use of a gas fired boiler [56]. Significant carbon reduction can be realised if gas fired
boilers are replaced with heat pumps.

Methods to accomplish glide matching in heat pumps are an area of active research. One method to
achieve glide matching is to replace the refrigerant of the heat pump with a zeotropic refrigerant mixture.
A zeotropic mixture is defined as mixture of which the components have different boiling points. The
resulting mixture posses a temperature glide in its two phase region [24]. This temperature glide can
be altered by changing the choice of mixed refrigerants and their fractions thus allowing the glide to be
matched to that of a waste heat source.



Use of zeotropic refrigerant mixtures is being explored both in the context of organic Rankine cycles
(ORCs) [3, 44, 73] and heat pumps [1, 20, 24, 61, 72, 78]. In spite of this being a field of active research,
a matching of heat pumps using zeotropic mixtures to typical drying processes has not been performed.
Furthermore, this work limits the considered mixture compounds to refrigerants that are considered
future proof. Future proof means minimal contributions to climate change, measured in global warming
potential (GWP) as well as no damaging effects on the ozone layer, measured in ozone depletion
potential (ODP). Additionally, toxic compounds such as Per- or Polyfluoroalkyl substances (PFAS) are
excluded as well. This demarcates the research focus of the present work to the use of zeotropic future
proof refrigerant mixtures to achieve glide matching in heat pump cycles applied to industrial dryers.
Specifically, the research question to be answered is formulated as

"How can future-proof binary zeotropic refrigerant mixtures be used to increase the performance of
heat pumps applied to the waste heat recovery of industrial drying processes”

The report is structured into 8 chapters that present the theory required to answer the research ques-
tion, the methodology used to investigate zeotropic mixture effects in heat pumps and the results and
following conclusions on the use of these mixtures to increase heat pump integrated dryer performance.

Chapter 2 provides an overview of drying operations in industry. The chapter provides the defini-
tions of common properties used to describe humid air as encountered in drying operations and the
underlying theory. The concept of a Mollier diagram is introduced to show the inter-dependency of
these properties and how the diagram can be used to describe a generic drying process. The latter
half of the chapter is used to describe the industrial sectors which employ dryers and which dryer types
they use. The chapter concludes with an identification of the in- and outlet conditions of the most
relevant industries for the purposes of designing heat pump cycles operating between these streams.

Chapter 3 describes the basic heat pump cycle and then two ways it is altered to achieve glide
matching. An overview of the thermodynamic cycle as a whole is given followed by an analysis of the
specific components found in this cycle. Important design aspects of each component are given such
as the relevant types of compressors, the design methodology for a heat exchanger and classical and
more novel pressure reduction components.

Chapter 4 introduces the research methodology that is used to design and optimise heat pump
integrated dryers using zeotropic mixtures. First is a description of the process and a full process flow
diagram of the integrated dryer. Several thermodynamic states are defined at which the refrigerant and
air are to be calculated followed by the equations and relations used to perform these calculations. A
heat pump model implemented in python is introduced and integrated into a larger mixture analysis
model that analyses all possible zeotropic mixtures proposed and identifies the best performing cycles.
The concept of a novel cycle is proposed and motivated and any additional relations required for this
cycle are given. The chapter concludes with the selection of the refrigerants to be studied.

Chapter 5 presents the modelling results for drying conditions taken from industry. The modelling
output is classified and the 20 best performing mixtures are presented. The heat pump with the highest
performance is extensively analysed and compared to the pure cycle to demonstrate the effects of the
zeotropic mixture. The chapter goes on to present another high performance cycle with a more desir-
able compression ratio and concludes by extrapolating the insights from specific cycles into general
insights on the effects of zeotropic mixtures

Chapter 6 build on the preceding chapter by investigating whether the optimal mixtures and their
performance change when the drying conditions are changed. The inlet temperature of the dryer is
lowered to represent other industrial drying sectors and uses. The outlet temperature is changed to
investigate whether the angle of the glide impacts the effect of zeotropic mixture use.

Chapter 7 presents a proof of concept design of the previously introduced novel cycle. Given the
cycle was not calculated using the modelling strategy, the design procedure that led to the result is
presented first. The resulting cycle is then given and evaluated based on its performance. Given the
novelty of the cycle, the concept is then investigated in order to identify the underlying thermodynamics
that define its performance.

Chapter 8 concludes the report by reiterating the best performing cycles found in chapters 5 and
6 and the general insights on the use of zeotropic mixtures. It contrasts the improved performance
with increased operational complexity and discusses which aspects of zeotropic mixture heat pumps
require further study. The novel cycle is discussed and the potential of the cycle is compared to the
optimal basic cycle. The novel cycle’s areas of future study are also presented.



Overview of industrial drying

This chapter presents a characterisation of a generic industrial drying process and its underlying physics,
a field referred to as psychrometrics. The chapter proceeds to estimate the amount of industrial energy
use attributable to drying activity per sector. The two industries with the largest usage of dryers are
described in more detail. The current dominant drying technologies used by these industries are dis-
cussed as well as the most relevant alternative technologies. The chapter concludes with a selection
of drying conditions representative of the industry for which heat pump cycles will be designed.

2.1. Fundamentals of Industrial Drying

Drying is commonly defined as the removal of water via a thermal process to produce a solid product.
During drying, two processes are occurring simultaneously, the first being the transfer of heat from the
drying environment to surface moisture to evaporate it. The second process occurring is the internal
mass transfer of moisture to the surface. Drying is thus a complex operation involving transient transfer
of heat and mass and often involves physical and chemical transformations of the product. Over 85%
of industrial dryers use convective heat transfer to supply heat to the wet feed-stock. Typically, the
heat drying medium is air or, when possible, direct combustion gasses are used [56]. The heating of
the drying medium is typically done in a gas-fired heater and a generic drying process based on this is
depicted in figure 2.1.
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Figure 2.1: A schematic depiction of the energy streams in a generic gas-fired drying process [7]

The waste stream of a drying process is a mixture of dry air and water vapour which is referred to as
moist or humid air. The study of systems involving humid air is referred to as psychrometrics [5, 55].
In describing humid air, several properties can be distinguished of which one is the absolute humidity
given as

mw
mg
in terms of the mass of water vapour (myy ) and the mass of dry air (m¢) in the humid air. The absolute
humidity numerically expresses the added mass of water vapour in terms of the original (dry) air mass.

w =

(2.1)
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In addition to the absolute humidity one can also define the relative humidity, given as

oo W (2.2)

Mw,sat

which expresses the fractional saturation with water vapour of a humid air sample in terms of the
mass of water vapour (my,) and the mass that would be present in a saturated sample at the same
temperature and pressure (myy,sq:)- This property ranges between 0 and 1 as supersaturated humid
air is not typically encountered in drying applications.

Several important temperature values can also be distinguished in describing humid air. First is
the temperature of the humid air as measured by a thermometer which is referred to as the dry bulb
temperature (Ty,) and is the actual mixture temperature. Additionally there is the wet bulb temperature
(Twp) which is the adiabatic saturation temperature. T, is equivalent to the temperature the mixture
would have if at equal enthalpy the relative humidity was set to 1. The wet bulb temperature is mea-
sured using a thermometer of which the bulb is fully encompassed in wet cloth. The final temperature
property is the dew point temperature (7};,) which is the temperature at which a humid air sample be-
gins condensing water. This value is always below T, and is reached when the relative humidity is set
to 1 at constant absolute humidity. It is common practice to depict the relative- and absolute humidity
as well as the aforementioned temperatures and their inter-dependencies graphically in a Mollier chart.
An example of a Mollier chart is given in figure 2.3 on the following page.

Shown in figure 2.3 is a generic drying process, depicted in dark blue, is included to illustrate the
use of this chart in the context of drying applications. Ambient air with a relative humidity of 0.8 and
a Ty, of 10°C is defined as state 1. The air is heated to state 2 with a Ty, of 35°C having constant
absolute humidity but changing the relative humidity as my s, is now higher. Note that the lowering
of relative humidity as temperature increases is the fundamental principle which enables drying using
hot air. Finally a drying operation brings the air to state 3, saturating the humid air (¢ equal to 1) and
increasing the absolute humidity as water is extracted from the dryed product. This drying operation is
represented by a constant enthalpy process [56]. Marked in light blue are the T, T',,, and Ty, for state 2
being approximately 35, 18 and 7°C respectively. The amount of latent heat stored in the water vapour
is typically much greater than the sensible heat of the humid air. To illustrate the order of magnitude of
this difference one can look at the change in enthalpy required for water to be heated from 0 to 100°C
versus the enthalpy of evaporation to go from saturated liquid to vapour at 100°C. The latent heat is
more than 5 times greater than the sensible heat and thus is a far more significant contribution to the
total heat of the sample.

An illustration of the difference between a typical gas-fired drying process versus a hypothetical
heat pump drying system is given in figure 2.2.
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Figure 2.2: Gas-fired (left) and heat pump driven (right) drying processes with simplified Mollier diagrams

The left cycle is a generic drying process with a simplified version of the associated Mollier chart pre-
sented in figure 2.3. The right cycle depicts the proposed dryer, now electrified by use of a (high
temperature) heat pump represented by HTHP in the figure. The waste heat source utilisation is de-
picted in the simplified Mollier chart by the process from state 3 to 4. Note that this is predominantly
done along the saturation line (w = 1) and is thus accessing the latent heat of the water vapour present
in the humid air.
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Figure 2.3: Mollier chart depicting a generic drying process (dark blue) and examples of Ty, T, and Ty, (light blue) for
humid air in terms of dry bulb temperature (t), specific enthalpy (h), absolute humidity (x) and relative humidity (¢). [18]
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2.2. Industrial drying applications

Drying applied on an industrial scale occurs in a variety of sectors such as the paper, food, chemicals,
metal, textiles and wood industry and has been estimated to account for approximately 20% of all indus-
trial energy use [36, 56]. This estimate is indicative of the WHR potential of drying but a more detailed
analysis of process conditions is required for the purposes of designing integrated heat pump systems.
A breakdown of several industrial sectors, their contribution to total industrial energy consumption and
the portion attributable to drying is given in table 2.1.

Table 2.1: Sector-wise breakdown of industrial energy use and portion attributed to drying process

Industry sector Percentage of total industrial energy use [21] Portion caused by drying

Paper & Pulp 13.55% 50-55% [10, 16, 32, 42]
Food 11.62% 20 - 25% [35]

Textiles 1.28% 50% [39]

Wood 3.87% 70% [39]
(petro)Chemical 21.48% 7.4% [39]

Mining 1.54 % 15.5% [39]

The two largest industries in terms of total energy use is the paper and pulp industry and the food indus-
try. These account for approximately a quarter of all industrial energy use. Just the drying processes
in these two industries account for 9.1% of all industrial energy use. From these values it is clear that
the paper and pulp industry and the food industry present themselves as large sectors in which drying
constitutes a significant part of the energy use. It is estimated that these two industries account for
45% of all industrial drying energy consumption [17]. Due to the dominance of these two industries in
the use of industrial dryers they are deemed the most practical examples to describe industrial drying
in greater detail and provide representative operating conditions for proposed heat pump cycles.

2.2.1. Paper industry

The paper industry is the third largest industrial consumer of energy [21] and the largest user of industrial
dryers [17]. The drying section of a paper mill can employ a variety of technologies as its working
principle. The dominant technology used to dry paper and pulp is the multi-cylinder dryer [16, 43]. As
visible in table 2.2 the multi-cylinder dryer accounts for nearly 90% of the industry’s dryers. Its working
principle is that consecutive spinning cylinders are heated internally using steam while the paper web
is fed between the rollers as shown in figure 2.4.

Pulp
slurry

Head Wire Press Drying Reel up
box section section section

Figure 2.4: Schematic depiction of the dominant paper drying technology; multi-cylinder drying [25]

The steam allows the exterior of the cylinder to be heated and this is the part in contact with the paper.
The feed temperature of steam varies over the cylinders with the last ones being fed the hottest steam.
Buysse (2021) reported a maximum steam temperature of 138°C in the multi-cylinder dryer [10].
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A maximum steam temperature of 138°C is corroborated by Ghosh (2011) for fine paper but steam as
hot as 180°C is encountered for different paper types [16, 25]. While the cylinders are heated using
steam the drying chamber itself still uses heated air at approximately 100°C to carry the evaporated
water to the exhaust thus for this dryer type the waste stream is also humid air.

Alternative technologies for drying take up a much smaller segment of the industry. Yankee dryers
and impingement dryers are the two most common alternatives to the multi-cylinder dryer. Both tech-
nologies use gas at high temperatures and velocities blown perpendicular onto the surface of the paper
instead of using parallel convection. Yankee dryers use air as the drying medium while impingement
dryers use superheated steam and thus do not fall under the field of psychrometrics. A Yankee dryer
is typically used in high temperatures dryers to achieve large moisture capacities for the air. A typical
Yankee dryer is reported to use air heated to 300°C [16]. Impingement drying requires superheated
steam typically at temperatures between 250 and 300°C. Both Yankee and impingement dryers thus
require temperatures above the realistic supply range of a heat pump cycle. While the waste heat could
be utilised for other purposes it is not suitable for the dryer concept considered in this work.

The representative drying conditions for the purpose of designing a heat pump driven paper mill are
thus defined as those used in multi-cylinder dryers. By excluding the Yankee and impingement dryers
from this definition only a small amount of the industry is placed out of scope. Additionally Yankee and
impingement dryers are typically applied to niche paper types, Yankee dryers for tissue grade paper
and impingement for coating paper. The limited use of alternative technologies in the paper industry
further strengthens the use of multi-cylinder as the selected source for conditions representative of the
sector. Specifically the heating of the air used to carry the evaporated water out is targeted.

Table 2.2: Drying technologies used in the paper & pulp industry with their total industry share, industry share per grade,
energy use, drying rate and quality [56]

Dryer; application Industry Crades Distribution Energy use Drying rate Paper quality
share (%) (%) (M]J/kg Hz0) (kg Ha0/hm*) (+ ~—)
Multi-cylinder; Printing, 85 90 Tissue 5 28 40 20 ~
base papers & boards Paper 95 2840 20 ]
Board 95 2840 15 3
Coating 35 30 45 510 ~
Yankee; Soft tissues & boards 4-5 Tissue 84 40-5.0 200 ]
Paper (1]
Board 3 28-35 30-50 t
Coating (i}
Infrared; Sizing & coating 34 Tissue o
Paper 1 50-80 10-30 ~
Board 1 5.0-8.0 10-30 ~
Coating 15 5.0-8.0 70-120 ~
Impingement; Incrensed capacity 2-3 Tissue (i}
Paper 4 2B-35 50120 =~
Board o
Coating 50 3.0-50 40140 ~
Through; Soft tissues, filter fabrics 1-2 Tissue 11 34-45 170550 +
Paper (1]
Board 0
Coating 0
Condebelt; In production scale Tissue
Paper
Board 1 26-36 200 +—
Coating
Impulse; Pilot stoge Tissue
Paper 1] 055-14 5008000 +.—
Board 0 0.55-14 5008000 e
Coating

* Pulp dryers excluded.
b ~ indicates that quality might improve or worsen depending on paper grade.
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2.2.2. Food industry

The food industry accounts for 11.62% of industrial energy use making it the fourth largest industry.
It is also the second-largest user of industrial dryers, accounting for about 12% of dryers in industry.
This industry is incredibly diverse in scale, drying conditions and type of feedstock. Because of this it
is important to review this sector as well as more varied operating conditions might be identified. This
industry is thus a valuable addition to the paper industry in representing drying technology. Approxi-
mately 85% of dryers in the food industry use heated air convection as the drying principle [38, 56, 62,
71]. This portion of food dryers will have a humid air waste stream, potentially suitable for WHR of its
waste heat. An overview of the most suitable type of dryer used for a given feedstock is given in table
2.3.

Table 2.3: Most suitable dryer type per food product [56]

Products Dryer type

Vegetables, confectionery, fruits Compartment and tunnel
Grass, grain, vegetables, fruits, nuts, breakfast cereals Conveyor band

Grass, grain, apple, lactose, poultry manure, peat, starch Rotary

Coffee, milk, tea, fruit purees Spray

Milk, starch, predigested infant foods, soups, brewery, and distillery by-products  Film drum

Cereal grains Moving or stationary packed beds
Starch, fruit pulp, distillery waste products, crops Pneumatic

Coffee, essences, meat extracts, fruits, vegetables Freeze and vacuum

Vegetables Fluidized bed

Juices Foam mat

Apples and some vegetables Kiln

Shownin table 2.3 and according to Mujumdar (2007), food drying technologies can be classified into 14
types. Several of these technologies such as the cabinet, tunnel, belt and conveyor dryer are essentially
variations of the same concept. These work by moving the product through the drying chamber with
hot air flowing in the opposite direction to perform convective drying. An illustration of a typical tunnel
and a typical conveyor dryer, to graphically demonstrate the similarities, is given in figure 2.5.

Side exit
for dry trucks

Heater

Exhaust

Direction of air flow

Fresh air
inlet
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T Blower
Wet trucks Trucks progress in
inserted this direction
Exhaust fans Dry air inlet fan

Sealing partition "\ ﬁransferseciion

Figure 2.5: lllustration of a tunnel (top) and a conveyor (bottom) dryer illustrating their comparable operating principle [56]
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Here the drying feedstock in both types of dryers enters on the left side and moves through the dryer.
The heated air enters on the opposite side, thus the hottest air dries the driest product, extracting
the final moisture. The different variations have evolved due to various differences between products
such as their geometries, shrinking rates and drying rate. Spray drying is specifically singled out by
Mujumdar (2007) as the dominant drying technology for liquid food feedstocks.

While spray drying technology also brings the air and the feedstock into the drying chamber at op-
posite directions and is shown in figure 2.6. The difference between spray drying and the technologies
used for solid feedstock is the need to disperse the liquid product to increase the contact area. Liquid
feedstock dispersal can be done in a variety of ways and in the illustrated examples an atomizer wheel
and a spray nozzle are used to accomplish this. Note that the variant using a spray nozzle uses an
added air stream at high velocity, also atomising the feedstock as done with the atomizer wheel and
thus being conceptually the same.

Inlet hot-air duct
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fines to collector

Productl
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product to collector

Figure 2.6: Two illustrations of spray dryers used for liquid food feedstock using an atomizer wheel (left) and a spray nozzle
(right) to increase contact area between the hot air and the feedstock [56]

Besides the actual drying process several additional product quality considerations are present for
food when compared to other industries. Processes that involve food products are subject to hygiene
standards and the retention of nutritional value and vitamins is also important. The sanitation aspect
of drying requires at least 60°C for short duration (~ 5 min) and 48°C for long duration (> 24h) dis-
infestation [56]. The work performed by Loembda et al. (2023) concludes that when heat pumps are
substituted into a food dryer nutritional content is maintained while the colour of the product is improved
[47]. The nutrition and colour results of Loembda et al. (2023) are based on their performed meta-study
of 31 heat pump dryers applied to a variety of products and dryer conditions. The lowest temperature
reported is 40°C for wolfberry drying and the highest temperature was reported to be 105°C for adzuki
bean seeds. The temperatures reported for the feedstocks studied by Mujumbar (2007) mostly fall in
this temperature range as well with the largest divergence being corn which is dried at 110°C. For spray
drying higher temperatures are encountered. For example a spray drying plant operated by Friesland
Campina uses an air temperature of 180°C [23].

Thus for the purposes of identifying representative drying conditions for the food industry several
categories can be identified. Low temperature drying is here defined as any food drying process per-
formed using air with a T};;, lower than 100°C. High temperature drying is defined as processes using
air with a T5, between 100 and 150°C. The final category is very high temperature drying for air tem-
peratures beyond 150°C. All these categories fall in temperature ranges for which heat pumps are the
preferred electrification method. The entire food drying sector should thus be targetable for heat pump
integration.



Heat pump technologies

This chapter presents the basic heat pump cycle in terms of its components, operating principle and
performance indicator. It then presents how this cycle is modified to achieve temperature glide match-
ing. First the zeotropic mixture cycle is discussed and then the most commonly encountered alterna-
tive, trans-critical heat pump operation, is presented. The chapter concludes with three sections on
component-wise design considerations. First on heat exchanger design, then on compressor selec-
tion and finally on pressure reduction. The pressure reduction component typically used in heat pump
cycles, the expansion valve, is presented. In addition to the expansion valve a more novel pressure
reduction component called an ejector is presented.

3.1. Basic heat pump cycle

Heat pumps are thermodynamic systems that use an amount of (electrical) work (W..) to transport or
"pump” thermal energy from a cold reservoir to a hot reservoir. As defined in annex 58 of the IEA, when
a heat pump supplies heat at a temperature exceeding 100°C it is classified as a high temperature heat
pump (HTHP) [77].

A basic vapour compression heat pump (VCHP) cycle is shown in figure 3.1. Depicted are the typical
components of this cycle namely the compressor, condenser, expansion valve and the evaporator.
Figure 3.1 also shows the associated pressure (p) - specific enthalpy (h) diagram of the basic cycle
illustrating the high pressure level (points 2 and 3) and low pressure level (points 4 and 1) that the
system works between. Note that point 2 illustrates the actual compressor outlet while point 2s is
included to demonstrate the compressor outlet if it was operating isentropically. The difference between
point 2 and 2s is used to graphically illustrate the non-ideality of the compressor.
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Figure 3.1: A basic vapour compression heat pump cycle with associated pressure (P)-specific enthalpy (h) diagram [55]
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The change in enthalpy between points 2 and 3 is caused by the heat rejection (Q,..) in the condenser
and the change between points 4 and 1 is caused by the heat absorption (Q;,,) in the evaporator.
Also depicted in the p-h diagram of figure 3.1 is the two-phase region of the refrigerant in green. A
typical heat pump cycle operates within this area, referred to as sub-critical operation. By operating
through the two-phase region large amounts of enthalpy can be stored and released in the evaporation
and the condensation respectively. This also introduces the need to increase the pressure level as
the isotherms depicted show that for a constant temperature condensation can be caused simply by
increasing the pressure sufficiently. Thus by de- and re-compressing the refrigerant heat can be stored
and extracted from the phase changes of the refrigerant.

The effectiveness of a heat pump cycle is typically expressed in terms of a coefficient of performance
(COP) defined as

Qout h2 - hd
P = - =
cO -

(&

(3.1)

in terms of the delivered heat (Q,.;) and the electric power used by the compressor (). These values
can be expressed as the change in enthalpy of the refrigerant in the corresponding component, here
numbered in accordance with figure 3.1. It is important to note that different from an efficiency, a COP
can be, and typically is, greater than unity.

Exergy is defined as the maximum theoretical work obtainable from a system as it comes into
equilibrium with the environment and thus can be conceptualised as the useful part of energy. Just as
for energy, an exergy balance can be made for a given thermodynamic system. As opposed to energy,
exergy can be destroyed trough irreversibilities. The exergy destruction is defined as

Ezg =Ty (3.2)

Where ¢ is the entropy production of the system and Tj is the temperature of the environment which is
typically referred to as the dead state. The exergy destruction is important to quantify per heat pump
component as to indicate where useful energy is lost. As discussed in chapter 1 the exergy destroyed
during heat exchange without glide matching is the dominant factor. The exergy destroyed during heat
exchange is defined as

Exd = HHzn - HH,out - TO(SH,in - SH,out) + HC,in - HC,out - TO(SC,in - SC,out) (33)

Where H,, ; and S, ; give the enthalpy and entropy of stream n, being either the hot (H) or cold (C)
stream, where i designates whether the value is taken at the in- our outlet [52, 55]. Eq. The expression
given in (3.2) can be used to calculate the exergy destruction in the compressor and the expansion
valve using the entropy increase for . The expression given in Eq. (3.3) is used in the condenser and
evaporator where in the former the refrigerant is the hot stream and in the latter the cold stream.
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3.2. Glide matching heat pumps

A basic heat pump cycle uses sub-critical operation to store and release heat using latent heat which
typically occurs at a constant temperature. When the interacting streams are also isothermal this is an
advantage but for glide matching purposes this property of the phase change needs to be circumvented.
There are two dominant strategies that are typically proposed in literature. The first method for enabling
glide matching is changing the refrigerant behaviour in the two-phase region by introducing a zeotropic
mixture. The alternative strategy is to avoid the two-phase region by bringing the refrigerant above its
critical temperature, referred to as trans-critical operation.

3.2.1. Zeotropic mixture cycle

Zeotropic mixture cycles aim to modify a typical sub-critical VCHP cycle with a mixture of multiple re-
frigerants with different boiling points. The difference in boiling points mean that the refrigerant mixture
will have a temperature glide in the two-phase region. An illustration of the glide matching refrigerant
compared to a basic VCHP interacting with an isothermal heat source and heat sink is shown in figure
3.2.
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Figure 3.2: Deviation from theoretically perfect cycle of a basic VCHP (Carnot cycle) for glide-matching VCHP (Lorenz cycle)
[75]

The left image depicts the theoretically optimal normal VCHP cycle called the Carnot cycle. The right
image shows the theoretically optimal cycle for a zeotropic mixture cycle called the Lorenz cycle. Note
the perfect matching of the mixture’s glide to that of the heat source and -sink. The present work
limits itself to refrigerant mixtures of two compounds referred to as binary mixtures. One advantage
of zeotropic mixtures is that they do not always require changes to a cycle’s components or operating
conditions. An example of this is the work by Bell et al. (2019) where they sought to create a drop-in
replacement for R-134a using a refrigerant mixture [4]. Because a refrigerant mixture’s properties can
be customized by adjusting its constituents and their proportions it can be used for a wide range of
applications and matched to pre-existing equipment if present.

3.2.2. Trans-critical cycle

A trans-critical VCHP cycle aims to elevate the refrigerant past its critical point such that instead of
a condensation the refrigerant delivers heat as a supercritical fluid. A trans-critical cycle can still be
described using the process flow diagram (PFD) introduced in figure 3.1 but the term condenser is
typically replaced with gas cooler as the former is referring to a phase change no longer occurring. In
trans-critical operation there is still a variation in material properties during the heat transfer in the critical
region. This variation occurs when crossing the Widom line, is referred to as pseudo-condensation
and should be accounted for in the design [76]. The original idea of operating a VCHP cycle above the
critical point was patented in 1990 by Lorentzen [49]. Lorentzen did not stop their work on the topic
as four years later they published a work demonstrating that CO, possesses "near ideal” properties for
trans-critical operation [48]. A generic temperature (T) specific entropy (s) diagram demonstrating the
glide matching of such a trans-critical CO, cycle is given in figure 3.3. Here two additional processes
are shown when compared to figure 3.1 found in VHCP cycles namely process 1-2 and 4-5, showing
super-heating and sub-cooling respectively.
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Figure 3.3: Generic glide matching demonstration of a trans-critical CO2 cycle with air: 1 Outlet of the evaporator; 2 Inlet of the
compressor; 3 Outlet of the compressor; 4 Outlet of the gas cooler; 5 Inlet of the expansion valve; 6 Outlet of the expansion
valve [76]

Since Lorentzen’s work CO, has been extensively studied by both academia and industry. Yang et
al. (2021) published an overview paper on trans-critical CO, cycles discussing the research progress
on the topic. They showed that the technology is relatively mature and ready for deployment. They
went on to discuss that academic work should focus on novel cycle components and intelligent control
schemes [74]. The conclusion that academia should focus on novel cycle components for trans-critical
cycles is not new as this was already suggested in the work by Chua et al. (2010) a decade before
[12]. lllustrations of the maturity of the trans-critical CO, cycle are given by industry, for example the
successful commissioning of a 65 MWy, trans-critical heat pump station in Esbjerg in 2023 by MAN
energy solutions [27].

The challenge CO, introduces is the requirement for high pressures to operate above the critical
point. Because of these high pressures, work is being done to explore alternative refrigerants in trans-
critical cycles. Zhao et al. (2024) proposed trans-critical operation of R1233zd(E),R1336mzz(Z), n-
Butane and Ammonia for the purpose of heating air from 80 to 200°C [76]. Of these refrigerants n-
butane is repeatedly reported as an interesting candidate for trans-critical operation [34, 53, 57]. In
similar work performed by Vieren et al. (2023) R1336mzz(Z) and R1233zd(E) are also indicated to have
recurring high performances for HTHP cycles. When specifically looking at natural refrigerants they
propose cyclobutene, cis-2-butene, isopentane and pentane as effective refrigerants in trans-critical
operation [70].
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3.3. Heat exchangers
Heat exchangers (HEXs) are used to facilitate heat transfer between two fluids at different temperatures.
HEXs can be indirect-contact or direct-contact but the former is most commonly used as this type keeps
the two streams separate from one another. A direct-contact HEX mixes the two streams such that
they equalise at an intermediate temperature. Direct-contact HEX are most commonly applied when
simultaneous mass and heat transfer is desired or when the interacting fluids are immiscible liquids but
in the latter case separation of the two streams at the outlet remains an issue [54]. Rarely is mixing of
the two streams desired and, depending on the temperature difference, large amounts of exergy can
be lost in this way hence the prevalence of indirect-contact HEXs. In all types of HEXs The temperature
difference between the streams is the driving force of the heat transfer. The total heat transfer in a HEX
can be expressed as

Q =UAAT, (3.4)

in terms of the heat transfer area (A), the overall heat transfer coefficient (U) and an appropriate mean
temperature difference between the hot and cold streams(AT;},,,) [54]. Equation (3.4) is a generalized
expression which makes use of tabulated values and correlations to determine U instead of manually
calculating the thermal resistances present in the system [65]. The logarithmic mean temperature
difference (LMTD) can be used to determine AT}, which results in the following expression for parallel-
flow and counterflow HEXs:

(TH - Tc)out - (TH - Tc)in
n(Ty —Tp).., —In(Ty — Tp)

LMTD = (3.5)

out in

Where (Ty — T.).u: is the temperature difference between the hot and cold stream at the outlet and
(Ty — T.)in at the inlet of the HEX [54]. According to Mills and Coimbra (2015) the LMTD method is
widely used in engineering practice due to its simplicity but is useful only when inlet and outlet tem-
peratures are known. If the inlet and outlet conditions are not known the LMTD method can still be
be applied using iterative solutions or specially constructed charts but a simpler solution is to use the
€ — Ny, formulation.

By expressing the HEX performance in terms of effectiveness (¢) and number of transfer units (V)
a method can be formulated that does not require iteration for unknown outlet conditions [54]. Here
e quantifies the ratio of actual heat transfer achieved in a HEX in terms of the theoretically possible
heat transfer. In practice the value of ¢ for a given HEX will be between 0.6 and 0.9 [54]. Ny, can
be interpreted as the amount of heat transfer the HEX is capable of. Both ¢ and N, are dimension-
less numbers and their mathematical formulations depend on the type and configuration of the heat
exchanger being designed and are available in References [54, 65]. It is important to note that both
e — Ny, and N, — e relations are available and depending on what aspect of the to be designed HEX is
unknown the appropriate relation can be selected. For a counterflow HEX, the most relevant HEX for
VCHP cycles, the ¢ — Ny, and corresponding N,, — ¢ relation is given as

1 —exp(—Nw (1 — R.)) 1 1—€R.
= N u = 1 .
I Reep{-Nu(I—R)D) — ™ I1-R M 1-e (3.6)
with R. being the heat capacity ratio of the two streams defined as
Cmin
c = 3.7
R C’I’TLGI ( )

where C is the flow thermal capacity of the stream being the sum of the specific heat capacity and the
mass flow of the stream. C,,,;,, is the smallest of the two flow thermal capacities in the HEX and C,,,,.
the largest.

It should be understood that the effectiveness and LMTD formulations are mathematically equivalent
and thus either can be used for the design of a HEX. Current practice favours the effectiveness method
for HEX design. This preference is because of the physical significance of both dimensionless numbers
involved. Additional advantages are the suitability for computer-aided design and the aforementioned
availability of non-iterative solutions for unknown outlet conditions [54].
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The condensers and evaporators in a VCHP cycle are usually indirect-contact HEXs as the process
stream and the refrigerant should not be mixed. The most commonly used indirect contact HEX type
is the shell-and-tube heat exchanger consisting of a tube bundle in a shell as shown in figure 3.4. One
fluid stream passes through the tubes, while the other flows in the shell around the tubes. Typically
baffles are included in the shell-side to elongate the flow path of the associated stream as well as to
hold the tube bundle in place. The tube side fluid can have very high pressures and the tubes are
easily cleaned [63]. In the design of shell-and-tube HEXs as well as others commercial software tools
like "ASPEN v12 exchanger design and rating” are available to facilitate in-depth design, as employed
by Zhao et al. (2024) for example [76]. During heat exchange in both the evaporator and condenser
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Figure 3.4: Schematic depiction of a typical shell-and-tube heat exchanger including baffles to elongate shell-side flow path
and front and rear headers [29]

pressure drops can be expected. Nevertheless the flow work associated with the pressures encoun-
tered is neglected as it is assumed the enthalpy of the refrigerant is the dominant energy contribution.
Neglecting pressure drops also has the effect of skewing a comparison between VCHP cycles as was
argued by Bell et al. (2019) based on the work of Mclinden et al. (2017) and Domanski et al. (1992) [4,
15, 51]. Mclinden et al. (2017) demonstrated that models that incorporate the pressure drop show a
smaller impact on the COP for high pressure fluids than low pressure ones. As was done in the work by
Mclinden et al. (2017) initial modeling of ideal cycles will be performed but the resilience of high pres-
sure cycles to pressure drop accounting must be taken into account when comparing the performance
of cycles.

A final important consideration in designing the heat exchangers is the pinch point analysis. Pinch
point analysis revolves around the identification of the smallest encountered temperature difference
during the heat transfer. As process streams rarely have perfectly matched heating behaviours it is
important to ensure that the temperature difference remains large enough such that heat transfer re-
mains feasible. The mismatch in heating behaviour can be the consequence of different flow thermal
capacities as well as differences in phase change behaviour. Thus, given the same @, it is expected
that a different temperature change will occur in the two streams. This introduces a trade-off as the
larger the temperature difference between the streams, the greater the heat exchanged which allows
for a smaller heat exchanger at the cost of exergy destruction.
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Figure 3.5: illustration of a pinch point analysis and defintion of the PPTD [70]
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The common strategy, as graphically depicted in figure 3.5, is to define the minimum pinch point temper-
ature difference (PPTD). At this point during the heat transfer the AT is at its minimum. By predefining
the temperature difference at this minimum distance one can ensure feasible heat transfer over the
entire process. In the context of calculating thermodynamic cycles for heat pumps several PPTDs can
be found in literature such as 3°C used by Zhao et al. (2024), 5°C used by Zuhlsdorf et al (2018) and
5°C used by Vieren et al. (2023) for all condensers and evaporators in their respective heat pump
models [70, 76, 78]. In general PPTD’s range between 5 and 15°C for heat exchanger design and are
typically a cost optimisation problem seeking an optimum between capital expenditures (CapEx) of the
HEX versus the costs of energy [14].

3.4. Compressor

The compressor stage serves to increase the pressure, priming the refrigerant for condensation. Com-
pressors can be classified as positive displacement or dynamic compressors, the latter is frequently
referred to as turbocompressors. Positive displacement compressors draw gas into a chamber and
then reduce the volume of this chamber. As this process is performed at constant speed it follows
that the resulting volumetric flow rate is also constant. turbocompressors transfer kinetic energy to
the gas which is converted into pressure by reducing the velocity of the refrigerant using diffusers.
Compressors can be further classified as reciprocating or rotating. Reciprocating compressors are ex-
clusively positive displacement compressors while rotating compressors can be dynamic or positive
displacement. Rotating compressors have several advantages such as their smaller size, more silent
operation, low vibration and better control and modulation capability [26]. An overview of commercially
available compressors is given in figure 3.6. Kiss and Ferreira (2017) identifies scroll, piston and screw
as compressor types typically employed in heat pump cycles [37]. according to the IEA (2014) and
Liang et al. (2022) as well as industrial parties such as MAN energy solutions turbo-machinery is also
well suited for use in a HP cycle with compressor power ratings above 100 kW [27, 41, 46].
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Figure 3.6: Categories of commercially available compressors [46]

Of these four compressor types the scroll and piston compressor technologies are not commercially
available for industrial scale heat pumps such as the ones required for large drying processes [37, 41]
Thus the focus is on screw compressors and turbo compressors.

Screw compressors consist of one or two rotating screw(s) which trap a pocket of fluid and progres-
sively force it to the discharge and are therefore of the positive-displacement type. They can achieve
moderate pressure ratios (PRs) of 2.5 to 5.5 but posses low volume flow rates limited to approximately
650m> h~1[37]. Oil is not needed for lubrication, however, it is often employed as a seal between the
screw and the housing, and between the screws in the case of a twin screw.

Recent work has shown that these compressors can also be used in wet compression scenarios
[8]. Brancaccio (2023) performed interesting work arguing for the potential of wet compression screw
compressors where the liquid fraction of the refrigerant effectively performs the part of the oil but without
contaminating the refrigerant. While this work is valuable it is unknown how this operating principle
interacts with refrigerant mixtures and is thus an active field of research of its own which falls outside
the current scope of this work. Thus it is assumed that the compressor must be operated in a dry
compression regime. It is typical in industry that when a compressor requires no droplets be present
that a degree of superheat (AT,,) is introduced.
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Turbo-compressors use fast spinning blades called rotors to impart velocity to the refrigerant which is
subsequently turned into pressure through the stators. Given the high velocity at which the blades spin,
these compressors are highly sensitive to droplets and should thus be operated in strictly dry compres-
sion regimes [55]. They can be used for high total pressures and provide good volumetric flow rate [27].
Qil free variants exist and are preferred for HTHPs as lubricating oil can become thermally unstable
above 150°C [8, 19, 53].For compressors the non-ideality of performance is typically represented in
terms of the volumetric (ny ;) and isentropic (7.) efficiencies. The values of these are dependent on
the pressure ratio and the type of compressor. For a screw compressor 7. has an optimum of 70% for
PRs between 3 and 4 [37] with 1y, between 90 and 100 %. For a turbo-compressor these are typically
higher but under conservative estimation can also be assumed to be in this range [76].

3.5. Pressure reduction component

A typical heat pump uses an expansion valve to reduce the pressure back to the level of the evaporator.
It is common to assume isenthalpic behaviour for this component [55]. the expansion valve is not a
component of significant innovation but the associated entropy production has led to work investigating
potential novel components that can take the place of an expansion valve. One such concept that is
specifically valuable for high temperatures and more specifically the associated high pressures is the
ejector. The high pressures found in cycles such as a trans-critical CO, cycle show the most promising
use case for ejectors [70].
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Figure 3.7: Trans-critical R744 ejector system. (a) Component layout. (b) Corresponding pressure—specific enthalpy diagram
[19]

Shown in figure 3.7 is a trans-critical CO, cycle using such an ejector with its associated pressure-
specific enthalpy diagram. The difference with a basic VCHP cycle is most clear when evaluating the
cycle at the separator. Instead of evaporating the multi-phase refrigerant it is instead split and the two
saturated phases are heated separately. This corresponds to state 10 for the liquid phase which is
heated to state 12 and state 9 for the saturated gas which is heated to state 1. The ejector mixes the
outlet of the gas cooler, taking the place of the condenser, and mixes it with the evaporated liquid. Use
of an ejector was modeled by Elbel et al. (2008) using a constant pressure model and Li et al. (2005)
using a constant volume model. A VCHP cycle modified with an ejector, when done right, allows for an
isentropic conversion of pressure related flow work into kinetic energy [19, 45]. While this technology
is potentially very important in further heightening the effectiveness of applicable HTHP cycles it is
difficult to implement. It's nature as a concept, taking into account the separator step, will be difficult
to integrate with a zeotropic refrigerant mixture. As mixtures are the focus of the present work ejectors
are thus left outside the scope of this work at this stage.



Methodology

This chapter discusses the methodology used to investigate zeotropic mixtures in VCHP-integrated
dryers. The chapter begins with a process flow diagram depicting the entire system of the basic heat
pump integrated dryer. The process flow diagram is then used to define the thermodynamic states
of the (humid) air and of the refrigerant mixture. The interactions between the refrigerant and the
air streams is explicitly elaborated upon. The system is then discussed per component, where the
governing equations and assumptions of each component are specified. The methodology used to
calculate the air and refrigerant mixture thermodynamic states is given in terms of the models and
thermodynamic libraries used and their validity ranges. The modelling strategy and procedure is given
which were implemented in python to perform the calculations. The chapter concludes with the proposal
of a different type of heat pump cycle. The novel cycle is motivated using the heating profile of humid
air and the process flow diagram is given for an integrated dryer with this type of heat pump as well.

4.1. Basic heat pump cycle: Process definition

The large variety of drying process types and conditions presented in chapter 2 will be represented
by a generic adiabatic drying operation. For the purposes of glide-matching and VCHP design it is not
essential to model the inner workings of the dryer. The drying process is thus chosen to be represented
by a black-box operation adiabatically humidifying incoming hot air. Integrating a heat pump into this
generalized drying process is accomplished by connecting the in- and outflow of the dryer to the heat
exchangers of the VCHP cycle as shown in Figure 4.1.
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Figure 4.1: Process flow diagram of a vapour compression heat pump integrated into a drying unit with defined states of air
(blue), defined states of the refrigerant mixture (red) and their flow directions

Shown is the air stream in blue and the refrigerant mixture stream in red as well as four thermodynamic
states for air and five for the refrigerant mixture of which the definitions follow. Starting with the air
states, the input air is assumed to be taken from the environment (denoted by A1) and is thus at
ambient pressure, temperature and relative humidity which are taken to be 1 atm, 10 °C and 80%
respectively [11, 43]. This air is heated by the heat pump within the condenser to the required inlet
conditions of the dryer (A2). The humid air outflow of the dryer (A3) is the heat source utilised in the
evaporator of the heat pump. The humid air exiting the evaporator (A4) is returned to the environment.
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The thermodynamic states of the refrigerant mixture stream are also defined at several points within the
process flow diagram. The refrigerant mixture will absorb heat in the evaporator and reach a saturated
vapour state (R1). The saturated vapour will be at the evaporator’s operating pressure. As a common
safety measure to prevent wet compression a degree of superheat, AT, is designed to be present at
the exit of the evaporator. The superheated vapour state (R2) is thus at a temperature ATy, higher than
R1 but also present in the evaporator and thus at its operating pressure. R2 is fed to the compressor
such that the refrigerant mixture reaches elevated pressure and temperature (R3). The goal of this
compression is to bring the refrigerant mixture to an appropriate isobar such that subsequent heat
release to the dry air in the condenser is feasible. Feasibility here means that, upon heat release, the
refrigerant mixture’s temperature remains sufficiently higher than the temperature of the dry air being
heated. The refrigerant mixture exiting the condenser (R4) will be at reduced specific enthalpy but
remains at the condenser pressure. This stream is fed through the expansion valve (R5) to bring the
refrigerant mixture back to the evaporator pressure and lies in the two-phase region of the mixture.

an addition to this simple cycle can be made motivated by the first law of thermodynamics. The
energy balance of the heat pump can be defined as

Qout = Qin + WC (41)

Where Q; is the heat transferred, denoted by subscript "out” when heating dry air and denoted by
subscript ”in” when heat is being extracted from the humid air. W, is the work done by the compressor.
This equation shows that for any cycle where the compressor performs work (Wc > 0), Q(mt will be
higher than Qm Given that Qout > Qm and that drying is adiabatic, there will be more heat added
between A1 and A2 than subtracted from A3 to A4 and thus some waste heat is present in the air outlet
state A4. A heat exchanger is proposed between air states A1 and A4 to pre-heat the ambient air and
utilise the VCHP cycle’s waste heat. The modified cycle’s process flow diagram is shown in Figure 4.2.
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Figure 4.2: Process flow diagram of a VCHP and air-to-air heat exchanger integrated into a drying unit with defined states of
air (blue), defined states of the refrigerant mixture (red) and their flow directions

Shown is the originally proposed VCHP cycle with one new component and two new defined states
for the air. The new component is a heat exchanger operating between two air streams and thus falls
under the same governing equations and assumptions that apply to the condenser and evaporator.
State A1* is introduced to define the preheated air at equal pressure and absolute humidity as A1 but
at an elevated temperature. State A5 is introduced as the new exhaust condition of the system to the
environment. The proposed cycle reduces the total temperature lift required by the heat pump section
and targets the lowest quality waste heat to perform the lowest temperature heating. The PPTD used
in the air-to-air HEX is set to be the same for the VCHP HEXs.
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4.2. governing equations

The following section presents a component-wise analysis of how to describe the VCHP cycle both
with and without pre-heater. Key global assumptions made throughout this section are pre-emptively
summarised in Table 4.1 with the components to which they apply and section within which they are
justified given.

Table 4.1: Overview of global modelling assumptions

Assumption relevant component Justifying section
Minimum pinch point temperature difference = 5.0 °C  Heat exchanger section 3.3
Degree of superheat =7.5 °C Compressor and Evaporator  Section 3.4
Pressure losses are neglected Heat exchangers Section 3.3
ne =70% Compressor Section 3.4

4.2.1. Heat exchangers

Both the evaporator and the condenser are assumed to be well-insulated such that any heat removed
from one stream is gained by the other. This assumption translates to a coupling of heat fluxes using
the first law of thermodynamics given by

Qair = Qref — mair(hin,air - hout,air) = mref(hout,ref - hin,ref) (42)

where Q7 is the heat exchanged by process stream i, 7, is the mass flow rate of process stream i
and hg; is the specific enthalpy of a process stream ¢ in direction d. It is important to note here that
the temperature difference is, at every point within the heat exchanger, greater than or equal to the
pinch point temperature difference. The global PPTD, thus being applied to the air-to-air HEX, the
evaporator and the condenser, is chosen to be 5 °C. A PPTD of 5 °C is an intermediate value within
the encountered values in literature as presented in section 3.3.

The target temperature of the air entering the dryer T4 is set to be 180 °C which was categorised as
very high temperature drying in chapter 2 and is, for example, used in the drying of liquid food products.
The exit temperature of the dryer T43 is set to be 80 °C in accordance with data from both paper and
food drying with the humidity defined by the enthalpy of the dryer inlet, following the adiabatic drying
definition.

4.2.2. Compressor & expansion valve
The compressor is modelled using an isentropic efficiency defined as

e = T2 4.3)

where h; denotes the refrigerant mixture’s specific enthalpy at thermodynamic state i and h; ;; denotes
the specific enthalpy at thermodynamic state i if the compression was performed isentropically. The
determination of the compressor outlet is done by solving for the outlet and the isentropic outlet si-
multaneously using the scalar minimisation function available in the python library SciPy [9, 22]. The
isentropic compression point has equal entropy as the inlet and a given pressure p. The actual out-
let has the same pressure p and a specified enthalpy following Eq. (4.3). The "bounded” method is
then applied above the pressure of the compressor inlet to determine the value for p if an appropriate
isobar exists. The isentropic efficiency is assumed to be 70%, a conservative value in line with the
data presented in chapter 3.4 and explicitly recommended as a good approximation of real compressor
efficiency by Kiss and Ferreira. (2017) [37].

The expansion valve is modelled as an isenthalpic expansion, a common definition for the compo-
nent. The expansion valve operates between the condenser pressure pr4 and the evaporator pressure
pr1- The determination of the pressure levels the expansion valve operates between is the conse-
quence of the calculation of other refrigerant mixture states and is presented in section 4.4.2.
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4.3. Modelling strategy

In order to determine the effects of different refrigerant mixture constituents, mixture ratios and operat-
ing conditions a model programmed in python was constructed. The goal of the model is to calculate
the performance of heat pumps operating between the same heat source and -sink namely the dryer
outlet and inlet respectively. The heat pumps must be compared at the same operating point which is
chosen to be defined using the pinch point in the condenser and evaporator. The goal of the code is
to optimise the COP without violating the PPTD or requiring wet compression for VCHP cycles using
a wide range of different refrigerant mixtures. Shown in Figure 4.3 is a flow chart of the heat pump
calculation and optimisation implemented in python.

Initialise heatpump
inputs:

1. Mixture components and fractions
2. Design PPTD

3. Dryer in- and outlet conditions

4. Isentropic efficiency

Calculate initial (humid)
air thermodynamic states

Calculate initial refrigerant
thermodynamic states

Calculate smallest temperature
difference in evaporator

PPTD =5.0
or No
iterations = 100?

state's temperature by

lower saturated vapourk
5.0 - smallest offset |

yes

Calculate smallest ‘
temperature differenc
in condenser ‘

Calculate if
Q<1.0 during
compression

PPTD =5.0
Q>1.0
or
Iterations = 100

No Increase compressor outlet temperature by

MAX(condenser_offset,Dry_compression_offset)

yes

Calculate final
thermodynamic
states

Calculate COP,
PR, Exergy
destruction

Figure 4.3: Flow chart depicting the calculation procedure of pinch-point optimised heat pumps with calculation steps in blue,
conditions in yellow, iteration loops in red and outputs in green
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An initial calculation is made of the heat pump using definitions which will be presented in detail in
subsections 4.4.1 and 4.4.2 for the air and refrigerant respectively. The pinch point in the evaporator
is calculated and, if unequal to the specified minimum PPTD, the refrigerant’s temperature (R1) is
modified accordingly. If the evaporator’s PPTD is larger than the minimum PPTD then Ty, is increased,
if the PPTD is smaller than the minimum it is decreased instead. The same method is applied to the
condenser to determine the PPTD and bring it to the minimum PPTD value.

The inlet of the condenser is the outlet of the compressor (R3) which is defined to require dry
compression. As the superheat is kept equal between heat pumps the only modifiable aspect of com-
pression is the exit temperature of the compressor. A second check is performed to ensure no wet
compression occurs, expressed as the quality being equal to or lower than 1.0. Both the pinch point
analysis of the condenser and the wet compression check report by how much Tr3 must be changed to
meet their respective condition. The most severe of the two temperature changes is used. For exam-
ple, if the PPTD analysis returns that T3 must be 10 °C larger as to not violate the minimum PPTD but
the wet compression check reports a 15 °C increase is required then the latter value, being the larger,
is used. The implementation of the PPTD and wet compression checks is given in Appendix A.2

The heat pump calculation procedure specified in Figure 4.3 is implemented in python as part of a
larger model capable of calculating and comparing heat pumps for all possible refrigerant pairs. The
model is comprised of three main modules that work together as shown in Figure 4.4.

The top-level module is Optimiser.py, which contains two main classes: Divider and MixtureSweep.
The Divider class creates pairs of all considered refrigerants and divides them into steps of 5 %,,,.;. The
MixtureSweep class is responsible for calling heatpump.py, comparing the outputted heat pump cycles
based on their performance, and then reporting the best performing mixtures and their composition.
Each binary pair is modelled in a VCHP dryer by calling heatpump.py. The MixtureSweep class stores
the data of each pair’s highest COP, providing a dataset of the best performing composition of each
binary pair. This allows for easy identification of the best matching of a VCHP to a dryer’s operating
conditions. Additionally, the MixtureSweep class records the COP of each binary pair for every calcu-
lated mixture composition, showing the effect of each refrigerant mixture over the full range of possible
compositions. The implementation of MixtureSweep is given in Appendix A.3.

The second module, heatpump.py, contains the Heatpump class, which operates at the middle level
and is responsible for calculating a heat pump cycle as shown in Figure 4.3. The output is a heat pump
definition with no wet compression and minimal pinch point temperature differences.

The inner module, defined as states.py, is responsible for defining the thermodynamic state of a
compound or mixture thereof based on two state variables. It includes two classes: ThermoState
and ThermoStateHumid. The ThermoState class handles the calculations for refrigerants using the
REFPROP library, while the ThermoStateHumid class handles the calculations for humid air using the
CoolProp library. The states.py module is called by heatpump.py to calculate the necessary thermody-
namic states used in the heat pump cycle.
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Mixture Class: Divider _ o
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Isentropic Solve for every mixture item within list
efficiency
Heatpump.py
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:CIass:m|xturesweep fluid (mixture item)
- Call heatpump.py: Class: Heatpump
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for entire process (max 100 iter.)
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2) Datasheet of best performing variant of each refrigerant pair

Figure 4.4: Code hierarchy of the model showing initialisations in green, data exchange in blue and conditional calls in yellow
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4.4. Thermodynamic state calculations

Given the definition of the process, its governing equations, its thermodynamic states and the modelling
strategy, implementation can now be proposed. In order to calculate the defined thermodynamic states
of refrigerants and their mixtures appropriate models and values need to be used. It was chosen to rely
on the REFPROP V10.0 thermodynamic state library developed by The National Institute of Standards
and Technology (NIST) as this is considered an industry standard [5, 30]. This database consists of 147
pure fluids, 5 pseudo-pure fluids and mixtures with up to 20 components. For considered carbohydrate
refrigerant mixtures such as those comprised of pentane or CO, the GERG-2008 model is used as
this demonstrated a better stability during modelling. The GERG-2008 model describes 21 natural
gas components of which the most relevant are carbon dioxide, n-butane, n-pentane, isopentane and
isobutane [40]. The GERG-2008 model has a validity range of 90 to 450 ° K and pressure up to 35 MPa
with an extended validity range up to 700 ° K and 70 MPa [40]. The model is report to have relative
uncertainties of 0.03 to 0.1% for thermodynamic state calculation, 1 to 2% for the heat capacities and
1 to 3% for vapour-liquid equilibrium calculations within the validity range.

Humid air can be described at various levels of complexity. The simplest method to describe the
air-water vapour mixture is by assuming it behaves as an ideal gas mixture. An ideal gas mixture
can be described using the related Dalton model which assumes that each component behaves as an
ideal gas as if it were alone at the given temperature and volume [55]. This simple analysis fails to
account for the interactions between air and water molecules that must be accounted for. While more
complex equations of state and mixture models that use interaction parameters can be applied, the
most reliable data will always be based on experimental data. Implemented within the CoolProp open-
source thermophysical library is a humid air property library called HAPropsSI| based on the findings of
The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) as part of
the research project ASHRAE-RP1485 [28]. The CoolProp library is reported to reproduce the humid
air experimental data with very high accuracy between pressures between 0.01 kPa and 10 MPa and
temperatures between 130 and 623.15 ° K [5].

4.41. Air Thermodynamic state calculations

Using the HAPropsSI function provided in CoolProp the properties of all air states can be calculated
given 3 state properties. State Al is the input from ambient and thus any 3 ambient condition properties
can be taken to define it. The average annual ambient temperature and relative humidity were taken
in combination with atmospheric pressure to define this state. state A1* is defined by the introduction
of the air-to-air HEX. The HEX’s pressure drop is neglected so the pressure is still 1 atm, the absolute
humidity is constant as well and the temperature is taken to be the PPTD below the exit condition of the
evaporator T 44 such that the maximal amount of waste heat is captured. This introduces an iteration
requirement as the state A4 is defined by the heat pump but the heat pump is affected by the incoming
temperature A1* as included in the modelling hierarchy given in figure 4.4. State A2 is defined similarly
to A1* by assuming constant absolute humidity and pressure through the condenser and using the
dryer inlet temperature of 180 °C. State A3 is defined by the adiabatic drying process meaning h 43
is equal to H 42, atmospheric pressure and the dryer outlet temperature of 80 °C. State A4 is defined
using the using Eq. (4.2) to specify the specific enthalpy. Additionally, the relative humidity is taken as
1 as it is assumed the latent heat of the evaporated water is accessed successfully. Finally, following
the assumption of neglected pressure losses, the pressure is taken to be 1 atm. The exit condition A5
is specified using the same three assumptions but applying Eq. (4.2) to the air-to-air HEX instead. The
values used to determine the defined air states are summarised in Table 4.2 below.

Table 4.2: All values used to define the initial thermodynamic state of air at 6 points using the CoolProp function HaPropsSI

Air state state property 1 state property 2 state property 3
A1 T=10°C ©»=0.8 p=1atm
A1* T:TA47ATPP w=wAa1 pzlatm
A2 T =180 °C w=wa1 p=1atm
A3 T =80°C h = hao p=1atm
A4 H:HA3_AHR2_>R5 (1021.0 p:latm

A5 H=Hp—AHp1- 521 ¢=1.0 p=1atm
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4.4.2. Refrigerant thermodynamic state calculations

Using the REFPROP thermodynamic library to define the states of the refrigerant requires the specifi-
cation of two state properties. R1 can be defined using the knowledge that it is in the saturated vapour
state meaning the quality (x 1) is equal to one. Additionally the temperature is chosen to be the mini-
mum PPTD below the dew point temperature of the humid air stream T}, 43. This initial guess is to be
iterated upon to bring the refrigerant as close as allowed to the air’s temperature as depicted in Figure
4.3. The dew point provides a good starting point as this indicates the start of the latent heat release
and thus the most relevant glide to match. State R2 is also in the evaporator meaning that, assuming
pressure loss are neglected, the pressure is equal to that of R1. R2’s temperature is ATy, higher than
TRl-

The refrigerant states R3 and R3,, are defined together given their interdependence. R3 and R3;;
have an unknown but equal pressure p,,..- The enthalpy of R3 and R3,, is coupled through the
isentropic efficiency given in Eq. (4.3) chosen to be 70%. The temperature of state R3 is defined
in relation to the required temperature of the air (T'42). The temperature at R3 must be at least the
PPTD above T4 unless defined to be higher following the pinch analysis. The entropy of R3;, is equal
to that of R2 following the definition of R3;,. p.... is then determined using the SciPy "minimise scalar”
function using the "bounded” method and the constraints placed on the entropy of R3,,, the temperature
of R3 and the enthalpy relation given by 7.

State R4 is defined using the no loss assumption meaning that the pressure is still equal to the
compressor outlet pr3. The second property is the specific enthalpy which can be defined using Eq.
(4.2) applied to the dry air stream and the refrigerant leaving the compressor. State R5 is defined by the
enthalpic expansion assumption meaning that the specific enthalpy does not change and thus remains
equal to hr4. The pressure must be the same as the pressure of the other evaporator states pr; and
pre- The values used to determine the defined refrigerant states are summarised in Table 4.3 below.

Table 4.3: All values used to define the initial thermodynamic state of the refrigerant mixture at 5 points using the CoolProp
function PropsSI

Refrigerant state  state property 1 state property 2
R1 T =Typ a3 — PPTD z=1

R2 T=Tr + ATsup P = DPR1

R3;s P = Pmax S = SR2

R3 T =Tss + PPTD D = Pmaz

R4 H = Hpz — AHp1- 542 D= PR3

RS h = hpry P =pPr1

the implementation of the state definitions given in Table 4.2 and 4.3 and the use of SciPy to determine
the value of p,,,... is available in Appendix A.1
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4.5. Novel heat pump cycle: Process definition

One problem encountered when applying zeotropic mixture VCHP to the glides of a dryer is that it
encounters two different glides in the evaporator and the condenser. The heating profile of dry air is a
linear relation between temperature and specific enthalpy for temperatures relevant to drying processes.
Investigating the humid air profile yields Figure 4.5.
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Figure 4.5: Graphs showing the heating profile of humid air both at different relative humidities (top) and at different starting
temperatures (bottom)

These graphs show the variety both in amount of heat released and the profile of that release depending
on the relative humidity. It is clear that for temperature variations the shape at a given relative humidity
stays similar but stretched over the x-axis, releasing more heat along a similar profile. The relative
humidity effects the amount of heat released but also the temperature at which heat can be supplied.
For example in the top graph, the 60% relative humidity humid air at 60 °C shown in green releases
more than 200 kJ/kg.;» where at the same temperature but 40% relative humidity not even 150 kJ /kg.;,
has been released. The glides of dry air heating and humid air cooling are not the same both in terms
of magnitude and shape.

Matching both the linear glide of the dry air and the complex glide of humid air is theoretically possible
using a VCHP cycle but cannot actively be designed for as both glides are defined by the mixture and
so the perfect glide in both HEXs can only be a matter of fortuitous refrigerant behaviour. Classic VCHP
cycles thus present with a limitation as there are two different glides that the refrigerant must match
but only one degree of freedom. A modification to the classic heat pump cycle is proposed to allow
for different glide matching the evaporator and the condenser. The novel cycle proposal separates the
liquid and vapour phase from one-another using a flash tank which, by nature of zeotropic mixtures, will
posses different compositions allowing decoupled glide matching in the HEXs. A zeotropic refrigerant is
by definition comprised of constituents with different boiling points. A difference in boiling points means
that during a phase change the liquid and vapour phases have different compositions. By introducing
a flash tank to separate the liquid and vapour phases two different refrigerant loops are created, a top
loop rejecting heat in the condenser and a bottom loop absorbing heat in the evaporator. The T-s cycle
of the ideal proposed novel cycle is given in Figure 4.6 in contrast to the ideal simple cycle. Provided
as well is a PFD of the novel cycle given in Figure 4.7.
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R3

Figure 4.6: Optimal cycle of classic (left) and novel (right) heat pump cycles interacting with (humid) air given in blue, the
refrigerant in red and in the novel cycle the saturated liquid loop in green and the mixing in the flash tank in purple

Shown in Figure 4.6 in the left T-s diagram in blue are schematic depictions of the temperature glides of
(humid) air and what a perfectly matched basic VCHP cycle would present as. The perfect simple VCHP
cycle is translated into the perfect novel cycle, shown in the right T-s diagram which is comprised of two
loops. The first loop starts from the saturated liquid given in green and flows through the evaporator
to absorb heat. The second loop starts from the saturated vapour given in red and rejects heat in a
condenser at elevated pressures realised by a compressor. The two loops start and end in the flash
tank which is assumed to be well-mixed and adiabatic and the resulting equilibrium state shown in
purple.

A1:T=10°C
¢ =80% A1* A2:180°C
Al
" V3 Condenser V2 5
Pre-heater « © @
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= Flash s
= tank g
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Figure 4.7: Process flow diagram of novel heat pump cycle integrated into a dryer with defined states and directions of (humid)
air (blue) and refrigerant separated into a bottom (green) and top (red) loop

The bottom loop is defined by two states namely the saturated liquid phase (L1) at the flash tank
temperature and pressure. This liquid phase then flows through the evaporator to absorb the waste
heat. The exit condition of the evaporator is either a saturated or superheated vapour state (L2). The
top cycle employs the exact same operations as the previous cycle. The flash tank is a thus far unused
type of component. It is assumed that the mixing of the return streams happens adiabatically and that
the result is well-mixed. Adiabatic mixing means the energy balance in the flash tank is defined as

Miotal * htotal = Msat_vap * hsat_'uap + Msat_lig * hsat_liq (44)

Where h; is the specific enthalpy of the refrigerant with the subscript denoting either the two phase
mixture in the flash tank, the saturated vapour leaving towards the compressor or the saturated liquid
flowing down to the evaporator.
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The mass of each stream is given by m,. The mass balance over the flash tank is given as

Mtotal = Msat_vap + Msat_lig (45)

Where each massflow can be subdivided as

m; = Y1, * M1 +ya,; * Ms (4.6)

stated in terms of the mol fraction y of stream i of either compound 1 or 2 comprising the binary refrig-
erant mixture. The molar mass given by M of compound 1 or 2.

4.5.1. Advanced heat pump cycle: Thermodynamic state calculations

In the alternative heat pump cycle that splits the liquid and vapour loops alternative expressions are
defined. The top loop of the cycle uses similar thermodynamic state definitions as stated in Table 4.3
with an omission of the superheat state. For the bottom loop new definitions are introduced. Thermody-
namic state L1 is defined using its definition as a saturated liquid meaning the quality (z1) is equal to 0.
The pressure and temperature are equal to the flash tank conditions so either can be used to define the
second state property. The outlet state of the evaporator L2 is defined using an equal pressure as L1
following the no pressure loss assumption. The temperature is defined as the humid air temperature
T 43 minus the PPTD. This targets minimum temperature difference during heat exchange but may be
set lower upon iteration if the PPTD is violated somewhere else in the heat exchange. The definitions
for the top and bottom loop are summarized in Table 4.4 below.

Table 4.4: All values used to define the initial thermodynamic state of the Liquid refrigerant loop at 2 points and the vapour
refrigerant loop at 4 points using PropsSI

Refrigerant state  State property 1 State property 2

L1 T = TFl_T z=0

L2 T =Ta — ATpp P =pL1

V1 T = TFLT rz=1

V25 T=ncx(Tyz —Tv1) +Tv1 s=sy1

V2 T =Tz + ATpp h=hyy + tze=iv
V3 H=Hys— AHp1- 42 P =pva

V4 h = hys D =DPFL_T

4.6. Refrigerant selection

Refrigerant selection is an immensely important design step for VCHP cycles. The material and thermal
properties of the refrigerant need to be matched to the process requirements of the system and specif-
ically the heat source and heat sink the cycle is applied to. When operating sub-critically the phase
change behaviour of the refrigerant is an additional property to take into account. When operating
trans-critically the critical pressure and temperature are important parameters.

As discussed in chapter 1 the present work only considers refrigerants that are classifiable as future-
proof. This term is defined using hard constraints for GWP and ODP as well as soft constraints for tox-
icity and flammability. Refrigerant mixtures that do not meet the defined hard constraints are excluded
from consideration altogether. Violating soft constraints does not disqualify a mixture outright but these
are disfavoured in proposed mixtures.

The hard constraints placed on the refrigerants are a GWP of less than 150 and an ODP of approx-
imately 0. This also in line with the most recent legislation on the topic namely the Kigali amendment
to the Montreal protocol[64]. The values for the GWP and ODP of refrigerants are procured from REF-
PROP. An additional hard constraint on refrigerant selection is made in the form of an exclusion of
synthetic refrigerants such as hydrofluoroolefins (HFOs) and hydrofluoroethers (HFEs) as well as any
others that are classified as PFAS. This final hard constraint is made in acknowledgement of the health
risks posed by PFAS and in anticipation of proposed restriction of their use by the European Chemicals
Agency (ECA)[59, 60].
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Soft constraints are placed on the toxicity and flammability of the considered refrigerants. Two
systems of classifying flammability and health risk are encountered in literature discussing refrigerant
safety. The first is the NFPA-704 grading system defined by the National Fire Protection Association
(NFPA) to classify the flammability, reactivity and health risk posed by a material in three respective
colour groups [58]. The second system is the ASHRAE 34 standard for classifying refrigerants as de-
fined by ASHRAE [2]. As both these systems are used in literature the soft constraints will be expressed
using both terminologies. Refrigerants are preferred that have a NFPA-704 grade in flammability and
health of 2 or less. Alternatively, refrigerants must be classifiable as A2L or safer under the ASHRAE 34
standard. The resulting preferred refrigerant are mildly flammable at worst with health risks only under
intense or chronic exposure.

It is important to note that a binary mixture of which one constituent violates a constraint does
not by always result in a mixture that violates that constraint. This phenomenon was demonstrated
by Fernandez et al. (2022) who expressed the flammability of a mixture in terms of the mixing ratio
and demonstrated that an A3 (highly flammable) refrigerant can produce an A2L(mildly flammable)
mixture if blended with the right additions[20]. They specifically showed that a mixture of the natural
and flammable (A2/A3 class) refrigerants butane and pentane will, when blended with 60%,,,,; non-
flammable (A1) r-125, be classified as A2L. This effect does not only apply to flammability and thus for
all defined constraints the mixture’s properties should be considered, not those of the constitutes. An
example of this is the work by Bell at el. (2019) who investigated mixtures to replace r-134a for military
applications [4]. An emphasis was placed on non- or lightly flammable refrigerant mixtures and it was
demonstrated that a diverse selection of binary and tertiary mixtures, some using A2 refrigerants, can
closely reproduce the performance of r-134a while being estimated as A1 class.

4.6.1. Refrigerant candidates

Refrigerants that are suitable for zeotropic VCHP cycles require high critical conditions to match the
temperatures needed for drying as presented in chapter 2. Mixtures of CO, with n-butane and pentane
were explored by Ganesan et al. (2023) and showed both mixtures had a maximum temperature glide
when the CO, fraction was 30%.,..; [24]. Pentane specifically shows great promise at achieving good
COPs under large temperature lifts in sub-critical operation due to its high critical temperature [20, 24,
78]. Sanchez et al. (2024) explored CO, based mixtures with R32, R1234yf and R1270 to reduce the
otherwise high pressures characteristic of pure CO, cycles. The results showed the largest increase to
the COP (15.3%) for a 19.3%.,: addition of R32 [61]. Work done by Abedini et al. (2023) exploring binary
refrigerant mixtures for various use-cases showed the potential of water based refrigerant mixtures for
heating applications up to 200 °C [1]. For one application Abedini et al. (2023) reported that the
introduction of a binary zeotropic mixtures caused a 10% increase to the COP when compared to pure
fluids.

One other conclusion by Abedini et al. (2023) was that most of the best performing mixtures were
comprised of highly flammable hydrocarbons [1]. This finding corroborated by Fernandez et al. (2022)
who reported their five best performing tertiary mixtures for each ASHRAE 34 flammability class. In
class A3 the best performing mixture was a binary blend of predominantly pentane (74 %.,,,.;) with
R1234ze(Z). In class A2L the four best performing mixtures all possessed as much pentane as possi-
ble while being classifiable as A2L [20]. These findings reaffirm the importance to apply the refrigerant
constraints on the resulting mixture and not the components as otherwise such results will be over-
looked. The recurring presence of pentane [1, 20, 24] in these works indicates this compound as a
promising mixture component.

Given the above described works the refrigerants CO,, Butane, Propane, Pentane and water are
selected for refrigerant pair candidates. Additionally NH3 is included as it is a refrigerant with an ODP
and GWP of 0 it is within the hard constraints presented in subsection 4.6. Ammonia is additionally clas-
sified as B2L meaning it is less flammable than several hydrocarbons commonly used but does present
toxicity concerns. The isomers of butane and pentane are also included as they are comparable but
can present different mixing behaviour as will be demonstrated in section 5.1. other order hydrocar-
bons (Methane, Ethane and hexane) are also selected to be modelled as these also do not posses
a GWP or ODP higher than the defined limits. The final two additions are Ethylene and Propylene to
investigate the effect of a double bond in the performance of a hydrocarbon refrigerant.



Simple cycle modelling

This chapter presents the results of the modelling of 13 refrigerants and their mixtures in a VCHP-
integrated dryer, with an inlet temperature of 180 °C and an outlet of 80 °C. The chapter first presents
the modelling results, starting with the success rate of the code to contextualize the resulting pro-
posed refrigerant mixtures. The analysis then focuses on the twenty mixtures that yielded the highest
COP. The temperature-specific entropy diagram of the highest COP cycle is presented as well as the
temperature-exchanged heat diagram, to demonstrate the successful glide matching. This best COP
cycle is then compared to other high performance cycles on the basis of PR, P,,.., and refrigerant prop-
erties such as flammability, as specified in the preceding discussion on refrigerant selection presented
in section 4.6.

5.1. Simple cycle results

The thirteen considered refrigerants presented in subsection 4.6.1 were combined into 78 refrigerant
pairs. Each refrigerant pair was divided into possible compositions in steps of 2.5 %,,,,;. 78 refrigerant
pairs each divided into 41 possible compositions means a total of 3198 refrigerant mixtures were pro-
posed. Every mixture was modelled within a VCHP-integrated dryer with assumptions as defined in
Table 4.1 and drying conditions selected in subsection 4.2.1. The known values and applied assump-
tions are summarized visually in Figure 5.1.

'PPTD =5.0°C |
A1:10°C, ¢ = 80% - AT*
— Air Heat
Pre-heater pump
AS A4
n=70% |

Figure 5.1: Simplified process flow diagram of a integrated heat pump dryer highlighting design assumptions using red and
(humid) air state values using blue

Shown is a simplified PFD using the same air states defined in section 4.1 with known design values
marked using red and (humid) air state properties marked using blue. As shown, the integrated heat
pump cycle must heat ambient air at 10 °C and a ¢ of 80% to a temperature of 180 °C. The heat
source is the humid air exiting the dryer which is defined to be at 80 °C in accordance with data from
food and paper dryers [23, 42]. The model successfully calculated 1415 mixtures for a success rate of
approximately 44.25%. The modelling output is categorized in a Sankey diagram given in Figure 5.2
and is available in Appendix B.1.
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Figure 5.2: Sankey diagram classifying the modelling outputs in terms of successes and failures and further specifying primary

compounds per category
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Ofthe 78 pairs, 7 failed to resolve for any composition. The 7 unresolved pairs were mostly comprised of
atleast one lower-order hydrocarbon with the exception of the Pentane-Isopentane mixture. The reason
Pentane-Isopentane fails to resolve is explored in section 5.2. Of the 71 refrigerant pairs modelled
successfully, 20 reported no COP improvement for mixtures. Of the 20 pairs for which mixtures did not
improve the COP, 13 were only successfully modelled for the pure refrigerants thus the pure refrigerant
has the highest COP only by default. Of the 51 refrigerant pairs for which mixtures improved the COP,
Isobutane is most often encountered as the constituent with the largest fraction in the mixture.

5.1.1. Highest COP cycle

Out of the 1415 mixtures that were successfully calculated the twenty results with the highest COP are
shown in Figure 5.3.
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Figure 5.3: 20 mixtures with the highest calculated COP in a VCHP-integrated dryer operating between 180 and 80 °C with
CORP (blue), highest encountered pressure (green)and PR (orange) shown

The 20 highest calculated COPs were between 3.45 and 3.26 with the highest encountered pressures
(Pmaz) between 48 and 100 bar and pressure ratio’s between 11.3 and 26.1. The greatest COP was
achieved by an 82.5%,,.; Isobutane-Hexane mixture with a pressure ratio of 21.2 and a top pressure
of 56 bar. The T-s and T-Q diagrams of the optimal Butane-Hexane heat pump cycle are given in Fig-
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ure 5.4 and 5.5 respectively. Visible is that out of the 20 highest COP mixtures, 17 are either mostly
N-Butane or Isobutane with 60%,,.; Butane being the lowest fraction encountered for these two con-
stituents. Given the dominant presence of the Butane isomers in the top twenty presented in Figure
5.3 as well as the total modelling output presented in Figure 5.2, there appears to be a correlation be-

tween modelling stability and mixture performance suggesting that mixtures constituents that resolve
well tend to perform better.
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Figure 5.4: Temperature (T)-specific entropy (s) diagram showing the dryer integrated heat pump with the highest COP with
states marked and interconnected in solid red and the isentropic compression marked in dashed red

Figure 5.4 shows the thermodynamic cycle of the heat pump using the same state definitions introduced
in Chapter 4.4.2. Given are the five thermodynamic states, interconnected by solid red lines, as well as
the isentropic compression line given by the dashed red line. This cycle is a trans-critical cycle, clearly
visible by the top isobar at 56.03 bar not passing through the two-phase region. The expansion valve
reduces the pressure from the condenser’s operating pressure of 56.03 bar to the operating pressure of
the evaporator being 2.64 bar. The glide matching introduced by the zeotropic mixture is clearly visible
here as the refrigerant begins at 21.82 °C in the two-phase region and ends as saturated vapour at
51.55 °C at the same pressure. The superheating of the refrigerant vapour then brings the refrigerant
to a temperature of 59.05 °C which is the inlet condition of the compressor. Investigating the TQ-plot

given in Figure 5.5 shows the heat transfer in the condenser as well as the evaporator where red depicts
the refrigerant and blue the (humid) air.
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Figure 5.5: Temperature (T)-heat (Q) diagram showing the heat transfer within the evaporator and the condenser where red is
the refrigerant and blue the air within the dryer integrated heat pump with the highest COP
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Within the evaporator the glide matching is also visible, the red refrigerant line curving around the
knee of the humid air located at the dew point. By curving around the dew point of the humid air
the temperature difference can be kept much smaller than if the refrigerant had an isothermal phase
transition. It is also visible that the temperature at the compressor outlet is not 185 °C, the minimum
required value defined by the PPTD, but instead 194.97 °C. The additional temperature was calculated
by the code and is a consequence of the refrigerant’'s steepening glide as it cools down causing the
pinch point to be at the air’s inlet with an air temperature of 21.82 °C with a refrigerant temperature of
26.82 °C, exactly the design PPTD apart. The PPTD in the evaporator is encountered around 150 kJ
of heat exchanged and is located around the knee of the humid air’s heat release present at its dew
point with T, equal to 38.42 °C. The refrigerant’s glide curves around the dew point such that the
temperature when exiting the two-phase region is as close to the humid air temperature as possible.
Investigating the optimisation of the mixture ratio can be done by comparing the COP and exergy
destruction versus the mixture ratio as is done in Figure 5.6.
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Figure 5.6: Comparison of COP (blue) and total destroyed exergy (green) of heat pump cycle using an Isobutane-Hexane
mixture with highest COP marked with a red star

Figure 5.6 shows that not all mixture ratios were successfully calculated. Specifically, only 11 compo-
sitions were calculated and all those were in the range between 0 and 25%,,,,; Hexane. The sharp
decrease in COP after the optimal mixture ratio of 17.5%.,,,.; suggests that larger amounts of Hexane
strongly negatively impact the cycle. Specifically, the deteriorating performance lies in an increase in
compressor work demonstrated by the model’s calculations of the PR for the optimal mixture (21.24)
versus that of the last calculated refrigerant mixture, 25%,,,; Hexane with a PR of 25.22 and the pure
Hexane cycle’s PR of 66.07. Also shown is the sum of exergy destroyed by each component of the
calculated VCHP cycle as defined in section 3.1. The exergy destruction clearly mirrors the COP with
a clear minimum reached at the optimal mixture with a value of 21.18 kJ kg;,!. Given in Table 5.1 is the
exergy destruction per component of the optimal mixture and the pure Isobutane cycle.

Table 5.1: Comparison of COP and exergy destruction (given in kJ kg;irl) of optimal mixture cycle versus pure refrigerant cycle
for heat pump integrated dryer

Refrigerant COP Exy Condenser Ex; Compressor Ex, evaporator Ex,; Expansion valve  Total Exy
100 % Isobutane 3.19 3.95 9.47 6.67 4.38 24 .47
82.5% Isobutane-Hexane 3.45 6.69 8.62 3.24 2.64 21.18

It is clear that the COP has increased, rising from 3.19 to 3.45 representing an 8.15% increase in
performance. When comparing the exergy destruction the effect of glide matching in the evaporator
is explicitly demonstrated as the exergy destroyed in this component has reduced from 6.67 to 3.24

kJ kg;i. In contrast, the exergy destroyed in the condenser has increased from 3.95 to 6.69 kJ kg;ﬂ,
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indicating that the glide matching is worse than in the pure Isobutane cycle. A comparison between
the two cycles in a T-s diagram is given in Figure 5.7 to investigate this.
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Figure 5.7: T-s diagram of optimal refrigerant mixture (red) and pure refrigerant (green) heat pump cycles

Figure 5.7 shows, in addition to the mixture cycle in red as in Figure 5.4, the pure Isobutane cycle
given in green. The shape of the red and green supercritical isobars are not that notably different but
the compressor outlet temperature of the mixture is equal to 194.97 °C in contrast to the 185.0 °C of
the pure cycle. Both cycles are plotted within their respective two-phase regions and here the effect
of glide-matching is clearly visible. The pure Isobutane enters and leaves the two-phase region at
22.78 °C, an isothermal phase change characteristic of pure refrigerants. The isothermal evaporation
of pure Isobutane at 22.78 °C is in contrast to the temperature increase of the mixture experienced
within the two-phase region from 21.82 to 51.55 °C. The effect of glide matching is most apparent
when investigating the pure cycle T-Q diagram shown in Figure 5.8.
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Figure 5.8: T-Q diagram of a pure Isobutane VCHP cycle showing the heat transfer within the evaporator and the condenser
with refrigerant in green and (humid) air in blue

The unmatched glide within the pure Isobutane cycle’s evaporator is clearly visible with the temperature
difference becoming as large as 49.72 °C. In contrast to the evaporator, the pure Isobutane does
maintain a smaller temperature difference than the mixture and is at exactly the design PPTD at both
the in- and outlet, diverging during heat transfer to approximately 15 °C due to the pseudo-condensation
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behaviour. The mixture’s isobar travels closer to the saturated liquid boundary than the pure Isobutane
cycle which causes the former’s expansion valve to destroy less exergy as the isenthalpic expansion
is nearly isentropic in the two-phase region.

Evaluating the cause for the increase in COP of the optimal mixture compared to the pure cycle is best
done by its definition given in Eq. (3.1). The COP increases when Q... is larger or W, is smaller. Given
that the heat output is the sum of the work done by the compressor and the heat input as stated in Eq.
(4.1) the COP can also be written as _ )
Wc + an

C

COP = (5.1)
and in this form it is evident that the COP increases when more heat is absorbed from the heat source
for the same amount of compressor work. The heat absorbed in the pure and mixture cycles is given
by the distance of the teal and red lines along the x-axis in Figures 5.8 and 5.5 respectively. The
amount of heat the pure Isobutane absorbs in the evaporator is equal to 327.79 kJ kg . The mixture
absorbs 388.09 kJ kg ! in its evaporator meaning an 18.4% increase in absorbed heat from the humid
air. Comparing the compressor work of both cycles, depicted in the TQ diagrams as the difference
in distance along the x-axis of the red and green lines, values for 1, of 149.8 and 158.62 kJ kg !
are found for the pure and mixture cycle respectively. An increase from 149.8 to 158.62 kJ kg;1 in
the compressor equals an increase of 5.89%. For an increase in compressor work of 5.89%, 18.4%
more heat was absorbed in the evaporator leading to an increase in COP of 8.15%. One cause for
more heat being absorbed in the mixture cycle is that the pressure of the pure refrigerant evaporator
had to be higher due to the PPTD placement at the inlet. If the pure Isobutane had been at the mixture
evaporator pressure of 2.64 bar instead of its own 3.29 bar the amount of heat that was absorbed would
have been 19.01 kJ kg ' higher. Another reason for improved heat absorption is the significantly higher
heat capacity of Hexane, equal to 143.26 Jmol ' K~! at 300 ° K, compared to that of Isobutane being
97.15 Jmol ' K1

Thus the mixture improves upon the pure refrigerant both by enabling lower operating pressures
where more latent heat can be stored as well as by adding 12.5%,,,;, of a compound with greater
sensible heat storage. The maximum pressure of 56.03 bar is not an extreme when compared to the
rest of the dataset presented in Figure 5.3 ranging from 48 and 100 bar.

5.1.2. Best performing cycle feasible with two-stage compression

The Isobutane-Hexane cycle requires a PR of 21.2 which, assuming a single-stage PR smaller than 4.6,
requires a three-stage compressor. The use of a three-stage compression introduces more equipment
with associated higher CapEx and more complex operation. Given the complexity and costs associated
with three-stage compression cycles ,it is preferred to consider a cycle that is feasible with two-stage
compression.

The cycle with the highest COP that can be expected to require only two compressor stages is the
87.5%.,,.; Isobutane and Ethane mixture. The Isobutane-Ethane mixture has a PR of 16.5 and thus a
single-stage PR of 4.062 if achieved using two compression stages. A single-stage PR of 4.062 is at
the upper bound of a screw compressor’s range for 7. equal to 70%. The Isobutane-Ethane mixture
was calculated to have a COP of 3.38 and a P,,,,. of 86 bar and the T-s and T-Q diagrams are given in
Figures 5.9 and 5.10 respectively.

Shown in the T-s and T-Q diagram is that the glide matching of Isobutane when mixed with Ethane
is convex which is in contrast with the concave glide matching achieved when mixed with Hexane. This
does allow a small AT for significant parts of the humid air heat exchange but fails to achieve a saturated
vapour temperature as high as the Hexane mixture, the latter curving around the dew point instead of
plateauing beneath it. The worse glide matching of the Ethane-based mixture is also demonstrated by
the exergy destruction of the cycle. The Exergy destruction per component of the Isobutane-Ethane
cycle is given in Table 5.2 below.

Table 5.2: Comparison of COP and Ex, (Given in kJ per kg air) of pure Isobutane and a mixture with 12.5%,,,,; Ethane

Refrigerant COP Ex, Condenser Ex; Compressor Ex,; Evaporator Ex,; Expansion valve Total Ex,

100 % Isobutane 3.19 3.95 9.47 6.67 4.38 24.47
87.5% Isobutane-Ethane 3.38  4.11 8.97 4.14 4.78 21.99
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The exergy destruction of the total cycle was improved from 24.47 to 21.99 meaning a 10.1% reduction,
less than the 13.4% reduction achieved by the Hexane mixture. The largest reduction in destroyed
exergy by the Ethane mixture was in the evaporator, showing that even imperfect glide matching still
provides a major gain compared to pure refrigerants. In contrast to the Hexane mixture, the condenser’s
exergy destruction was barely increased and the dominant exergy destroyer of the Ethane mixture is
the compressor, accounting for 40.8% of the destroyed exergy.
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Figure 5.9: T-s diagram of highest COP cycle with two-stage compression for a dryer operating between 180 and 80 °C
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Figure 5.10: T-Q diagram of highest COP cycle with two-stage compression for a dryer operating between 180 and 80 °C with
refrigerant marked in red and (Humid) air marked in blue

The larger exergy destruction of the Ethane mixture cycle’s compressor is also visual in its T-s diagram
in the form of the distance travelled along the x-axis during compression. Comparing Figure 5.9 to
Figure 5.4, it is clear that the angle of the line between R2 and R3 is greater for the Ethane mixture.
Given that the exergy destruction is directly coupled to entropy change following Eq. (3.2) this directly
explains the dominant E'z, contribution of the Ethane mixture cycle’s compressor.
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5.2. Effects of zeotropic mixture

51 refrigerant pairs were calculated to have the highest COP when a mixture was used. The isomers
of Butane were dominantly present both in the number of successfully resolved pairs as well as in the
twenty highest COPs. As stated in section 5.1, the fact that the Butane isomers both present great
modelling success and performance makes these refrigerants worth studying in detail. Presented in
Figure 5.11 and 5.12 are the COPs of every n-Butane and Isobutane based refrigerant pair respectively
at their optimal composition.
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Figure 5.11: Comparison of the COP of n-Butane mixture VCHP cycles (blue) in reference to the pure Butane cycle (red)
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Figure 5.12: Comparison of the COP of Isobutane mixture VCHP cycles (blue) in reference to the pure Butane cycle (red)

N-Butane and Isobutane are very similar chemicals, being isomers of one another, and thus can be
expected to perform similarly which, given their respective pure cycle COPs or 3.20 and 3.19, is also
implied by the modelling results. However, once the two Butane isomers are mixed the behaviour
does begin to vary. For example, when both isomers are proposed to be mixed with isopentane the
model returns an optimal addition of 2.5 and 22.5 %,,.; for n-Butane and Isobutane respectively with
COPs of 3.21 and 3.33. The difference in results between the two compounds shows that in spite of
their chemical similarity they can present different performance and mixture characteristics. To further
demonstrate the difference in mixture behaviour not just at the optimal mixture composition Figure 5.13
is provided.



5.2. Effects of zeotropic mixture 40

3.40

—4+— Butane mixed with Propane

Isobutane mixed with Propane
PR e e
3.35 e .

” N

4
3.30
3.25 .

S

S3.20
3.15
3.10

3.05

0.0 0.2 0.4 0.6 0.8 1.0
%mor of Propane

Figure 5.13: Coefficient of performance of Propane mixed with either n-Butane (orange) or Isobutane (blue) with their
respective best-performing composition marked in red

Shown is the calculated COP in terms of mol percentage of Propane added to n-Butane, shown in blue,
and Isobutane shown in orange with maximum cops highlighted. Clearly demonstrated in Figure 5.13
is that the response of n-Butane to an addition of Propane is very different. Both isomers have maxima
that are in the region of 30 to 40%,,,,; Propane thus favouring a smaller amount of Propane. While both
butanes have better performance when mixed the effect is far less pronounced for Isobutane. The max-
imum improvement in COP to Isobutane is 1.76% compared to 4.76% for Butane. This demonstrates
that while two refrigerants can be chemically similar and have comparable pure cycle performances
their behaviour within a mixture is not the same.

Evaluating probable causes for the difference in COP response reveals that while the isomers share
a molecular weight and have comparable critical properties the boiling point at standard conditions is
different being 272.66 and 261.4°K for n-Butane and Isobutane respectively [67, 68]. While the boiling
points are not massively different from one another, the difference between boiling points of the two
mixture constituents is the enabling property causing glide matching and thus is an important factor.
Compared to the boiling point of Propane 231.185°K the difference with Butane is larger and thus the
possible glide is larger [69]. The analysis of better performance with larger differences in boiling points
holds for other examples as well. Hexane is the other compound in the best-performing Isobutane
mixture and yielded the highest COP of all results and has a normal boiling point of 341.88°K [66].
As with Propane, the Butane isomer that has the largest difference in boiling point has the greatest
performance enhancement, an 8.15% increase for Isobutane compared to only 4.69% for n-Butane.
Thus the trend that the defining factor in mixture improvement potential is the difference in boiling
points between the two mixture components.

While the improvement of COP as a consequence of zeotropic mixture use is widely encountered
in the produced data, for example for the Propane mixtures shown in Figure 5.13, the opposite is also
encountered. As discussed in Section 4.3, the compressor outlet temperature may require increasing
beyond 185 °C if either the pinch analysis of the condenser or the wet-compression avoidance in the
compressor requires this. A pure refrigerant that did not violate pinch or perform wet compression
may result in a mixture that does if it is blended with refrigerants that have an undesirable two-phase
boundary or p,,.. isobar. The undesirable two-phase boundary can be encountered in refrigerants
with a high critical temperature and when the dew line has a slop of ds/dT as is the case for Hexane
and the Pentane isomers. The two-phase boundary is the reason the Pentane-Isopentane mixture
failed to resolve as was presented in Figure 5.2. The effect of an unfavourable isobar is demonstrated
using Figure 5.14 where various refrigerants are mixed with NH3, a refrigerant with an unfavourable
trans-critical isobar.
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Figure 5.14: Selected coefficient of performance of Ammonia mixed with Isobutane (blue), Butane (orange), Propane (green)
and Pentane (red) between 40 to 0 %,,,,; Ammonia

Shown in Figure 5.14 is the COP as a function of the fraction of several refrigerant mixtures that
is not NH;. The pure COPs, plotted on the right of the image, are all improved by small fractions of
NH;. As the fraction of NH3 increases all four mixtures begin to experience sharp declines in COP. As a
consequence of an increasing NHj fraction, the mixture’s isobar increasingly takes on the shape of the
Ammonia isobar. This isobar has an incredibly unfavourable pinch point which will be further discussed
and shown in Section 6.1 but means that a pure NH3 cycle requires a compressor outlet temperature
of 311.97 °C as to not violate the PPTD.

Upon the introduction of approximately 10%.,,,; NH3 or more, the Ammonia mixtures start requir-
ing higher outlet temperatures and consequently higher outlet pressures as well. For example, when
examining the Isobutane-Ammonia data, the exit temperature of the compressor is 185 °C for 0%,,,0;
Ammonia and 196.63 °C at 35%,,,.,; Ammonia. This temperature makes for elevated pressures which in
turn requires greater amounts of work from the compressor which reduces the COP. The same cause
can be found when investigating the Butane, Pentane and Propane mixture cycles. While the steepest
drop is caused in the pentane mixture, all mixtures have increasing compressor outlet temperatures
and decreasing cycle COPs for past a certain critical fraction of Ammonia. The highest value for Ty
between the mixture cycles is 214.79 °C for a 40%,,,,; Ammonia fraction with Pentane which is also the
lowest COP at 2.82.



Simple cycle temperature sensitivity
study

This chapter presents an investigation of the effect of the in- and outlet temperature of the drying section
on the performance of the integrated VCHP cycle. It especially highlights whether the improvements
of zeotropic mixtures are more or less pronounced in reference to the baseline results presented in
Chapter 5. An additional inlet temperature of 50 °C is considered and the outlet temperature is also
calculated at 120 °C, representing a different segment of the drying industry. The additional in- and
outlet temperatures modelled mean that in, addition to the case presented in Chapter 5, three addi-
tional dryer conditions are calculated and evaluated in reference to the original conditions. Operating
conditions which produce cycles with non- or lightly flammable refrigerants are given specific attention.

6.1. Effect of reduced dryer outlet temperature

The outlet temperature of 80 °C was selected as it was encountered both in the drying industry, as
presented by Laurijssen (2013), and in the food industry, as reported by FrieslandCampina (2024) [23,
42]. Given the modeling of the dryer as adiabatic and isenthalpic and following the Mollier diagram
shown in Figure 2.3, different temperatures along the isenthalp are possible and will lead to different
humidities and thus different temperature glides. Different temperature glides might cause the effects
of mixtures to become more or less pronounced or may cause different mixtures to present with the
highest COP.

Reducing the dryer outlet temperature means a larger amount of the heat is now stored as latent
heat. As was observed in Figure 4.5, a higher relative humidity means that the temperature difference
between the T43 and Ty, is smaller and the glide is flatter. The same 3198 refrigerant mixtures that
were proposed in Chapter 5 were calculated for 50 °C. The modeling output remains consistent in
successfully resolved pairs with 71 successful and 7 failed mixture pairs as was the case for the 80
°C outlet temperature and is again sorted and presented in a Sankey diagram given in Figure 6.1 with
the data available in Appendix B.2. The modelling stability was improved slightly, with an increase in
successfully calculated cycles from 44.25% to 47.25% which equates to 1511 successfully calculations.

In comparison to the 80 °C outlet, the same seven mixture pairs fail to resolve indicating that the
condenser and not the evaporator condition is a determining factor in this. The mixtures that success-
fully improved COP are now even more dominated by the Butane isomers, now making up 21 of the 50
successful mixtures. Ammonia no longer presents in the category "Pure refrigerant cycle has highest
COP” and is now successfully presenting in pairs that improve the COP with two predominantly NH;
mixtures now being calculated as optimal.

42
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The 20 mixtures with the highest COPs are given in Figure 6.2 with the cycle’s PR and p;,,q..
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Figure 6.2: 20 mixtures with the highest calculated COP in a VCHP-integrated dryer operating between 180 and 50 °C with
COP (blue), highest encountered pressure (green)and PR (orange) shown

Lowering the dryer’s outlet temperature has not affected the highest achieved COP, although the mix-
ture that achieved this COP has changed. Instead of 82.5% Isobutane-Hexane now the top performing
mixture is 55% Butane-Propylene. It is also important that while Butane and Isobutane are still ex-
tremely dominantly present in the top 20, their presence has reduced to 16 out of 20 top mixtures with
two predominantly Ammonia cycles now also present. The cycles generally present with comparable
COPs and p,,.q.. to the 80 °C outlet but with notably reduced PR’s, ranging from 6.8 to 22.9 compared
to the original range of 11.3 to 26.1. This is also represented by the fact that the top 3 cycles are fea-
sible with two-stage compression whereas three-stage compression was required for the 80 °C outlet.
Given that Isobutane and Butane cycles were already explored in Chapter 5 and that Ammonia-based
mixtures are interesting as Ammonia is classified as B2L meaning that while toxic, it has a low flamma-
bility index and thus provides an additional factor of interest. The Ammonia-Propane mixture has the
highest fraction of Ammonia, its T-s diagram and T-Q diagram are given in Figures 6.3 and 6.4.
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Figure 6.3: T-s diagram of Ammonia-based mixture optimised with an inlet of 180 °C and outlet of 50 °C

Shown in the T-s diagram given in Figure 6.3 is that the cycle is trans-critical, requiring a pressure of
108.02 bar in the condenser. The pressure level after the expansion valve is also elevated at 15.79 bar
and thus while pressure levels are significantly elevated the PR is only 6.84. The COP of the mixture
cycle is 3.44 compared to the pure NH;3 cycle COP of 3.09 representing an 11.33% increase, larger
than the 8.15% increase for the top mixture with 7’43 equal to 80°C. The compression line and the two-
phase boundary move away from one another meaning that no risk of droplet formation will be present.
Evaluating the temperatures it is immediately apparent that the temperature at the compressor outlet,
Trs, is far beyond the required PPTD. The T-Q diagram of the cycle, given in Figure 6.4, shows that this

is due to the pinch point located before the start of pseudo-condensation around 400 kf“g‘; of exchanged
heat.
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Figure 6.4: T-Q diagram of Ammonia-based mixture optimised with an inlet of 180 °C and outlet of 50 °C

As was also discussed in Section 5.2, the unfavourable trans-critical isobar of NH; affects the value of
Tr3 heavily. An unfortunate additional effect of the isobar shape is that the pinch point is now encoun-
tered within the HEX instead of at the in- or outlet. A pinch point within the HEX is the most undesired
place as there is then no recourse but to heat through it and may mean greater PPTDs must be con-
sidered. An example of the effect an increased PPTD would have is available in appendix C and for
the NH3-Propane mixture the COP is reduced from 3.44 to 3.21 when the PPTD is doubled.
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6.2. Effect of reduced inlet temperature

As presented in Chapter 2, the drying industry is heterogeneous in terms of process conditions both
between and within industrial sectors. The highest feasible temperature required for drying was 180
°C and was classified as being in the very high temperature drying regime.

It is valuable to investigate how well VCHPs integrate with lower temperature drying regimes to
determine if zeotropic mixtures have added value across the entire drying industry. Specifically, it is in-
teresting to determine if the performance improvement of zeotropic mixtures is more or less pronounced
than for the very high temperature drying regime. The high temperature drying regime is one regime
lower than the case presented in Chapter 5 and was defined as having a T, between 100 and 150
°C. An intermediate temperature within this range of 120 °C is selected, representative of air used in
multi-cylinder drying and the high temperature drying of solid food products such as corn as described
in sections 2.2.1 and 2.2.2 respectively.

Shown in Figure 6.5 is the sorted output of the model applied to the lower drying temperature, given
in a Sankey diagram with the data available in Appendix B.3. Reducing the inlet temperature to 120
°C Decreased the number of mixtures that did not resolve from 7 to 4 with Water, Isopentane and
Pentane mixed with one another as well as Methane-Ethylene being the refrigerant pairs that failed
to resolve. Compared to the higher inlet temperature, lower-order hydrocarbon mixtures now resolve
much better and are found to be generally more suited to the lower temperature heat sinks. The
failure to resolve the Pentane isomers is consistent between calculations and the addition of the water
cycle is a consequence of the air-to-air HEX, with T 43 being lower than T 4; plus the PPTD making
the component unfeasible. If the Air-to-air HEX is removed from the model the water cycle resolves
successfully.

The successful resolution rate has increased only a little, from 1415 to 1424 for a success rate
of 44.53%. The increases in resolved refrigerant pairs combined with the near-constant success rate
implies that while more refrigerant pairs are possible, fewer combinations within a pair are feasible. The
presence of the Butane isomers in the successful mixtures has reduced compared to the 180 °C inlet
condition and a more diverse result set has been produced.

The reduction in inlet temperature with a constant outlet temperature effectively means a larger
amount of waste heat will be sensible and thus a steeper glide will be encountered in the evaporator.
The much steeper glide encountered in these operating conditions means that a very different severity
of glide matching is required. The different glide requirement is most clearly reflected in the mixtures
that do not improve the COP. Compared to the 180 °C inlet, all mixtures that do not improve the COP
are now different, with the exception of Propylene-Propane. As was demonstrated in Section 5.2, a
determining factor in glide matching is the difference in boiling points. For a lower inlet temperature,
with a majority of heat in the evaporator available as sensible heat, A steep glide matching is needed
thus requiring large differences in the boiling point of the mixture constituents. The mixtures that do
not improve the COP are predominantly Ethane and CO,, based, two refrigerants with very low boiling
points, -89 and -78.46 °C respectively. The refrigerant that Ethane and CO, do not improve when
mixed with are either very close in boiling point, thus not providing the glide match needed by this
drying condition, or the other constituent caused an elevated compressor outlet temperature as was
also shown for select refrigerants in Section 5.2.

31 out of 51 successful mixtures were either mainly a Butane isomer or Propane and its alkene.
These four most often encountered refrigerants posses boiling points at the mean of the 13 proposed
refrigerants. The only refrigerant at the boiling point mean that isn’t a common dominant constituents is
NHs, likely caused by its unfavourable trans-critical behaviour. The propensity for the model to return
mixtures with a large amount of a refrigerant with a mean boiling point mixed with a small amount of
a refrigerant with an extreme boiling point is a valuable insight into how glides can be constructed in
zeotropic VCHP cycles.
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Evaluating the 20 mixtures with the highest COP as given in Figure 6.6 shows that for this drying regime,
the Butane isomers are no longer the dominantly present in the top performing mixtures.
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Figure 6.6: 20 refrigerant mixtures with the highest calculated COP for a dryer operating between 120 and 80 °C with COP,
PR and pmqq reported in blue, orange and green respectively

It is immediately striking that the calculated PRs now range between 2.5 and 13.5 which is a significant
reduction compared to T3 equal to 180 °C and is fully feasible with two-stage compression. Addi-
tionally, PRs below 4.0 can even be expected to be achieved by single compressor stages. As was
the case for the 180 °C inlet, when PRs are lower the p,,.. is higher and indeed higher pressures are
encountered in Figure 6.6, ranging from 144 to 51 bar.

The three most encountered mixture bases are CO,, Ethane and Ethylene. Of the three base
compounds CO, performs with the highest COP when mixed with 12.5%,,,,; Isopentane yielding a
COP of 3.96 with a PR of 3.6 and a p,,,, of 136 bar. CO, is a highly desirable mixture base as it
is classified as A1 being a non-flammable and non-toxic compound. The top 20 results have COPs
between 3.96 and 3.61, notably higher than the 180 °C results.
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Given the advantageous refrigerant properties of CO,, feasible single-stage compression and the high-
est calculated COP, the CO.-Isopentane cycle is further explored using the T-s and T-Q diagrams given
in Figures 6.7 and 6.8 respectively.
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Figure 6.7: Temperature (T)-specific entropy(s) diagram depicting the best-performing cycle calculated for a dryer operating
between 120 and 80 °C with refrigerant states marked and interconnected in solid red and isentropic compression shown using
dashed red
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Figure 6.8: Temperature (T)-exchanged heat(Q) diagram depicting the best-performing cycle calculated for a dryer operating
between 120 and 80 °C with refrigerant shown in red and (humid) air in blue

Visible in both the T-s and T-Q diagram is the severe glide matching performed by the mixture. The CO,-
Isopentane mixture enters the two-phase region at a temperature of 10.72 °C and exits at a temperature
of 67.50 °C meaning a temperature increase of 56.78 °C during the evaporation which occurs at 38.08
bar. As expected, a steep glide is required to match that of the humid air dryer outlet, shown in Figure
6.8, exiting the dryer at the specified temperature of 80 °C with a ¢ of only 7%. Shown in Figure 6.8
is a temperature difference between T 43 and Ty, the steep part of the glide, of 53.92 °C with sensible
heat accounting for 70.60% of the 297.5 kJ /kggr of exchanged heat.

Evaluating the temperatures in the condenser, the outlet temperature of the compressor is 187.06
°C, higher than what would be required by the minimum PPTD though not by much. The elevated value
for T3 is the consequence of the mixture’s trans-critical isobar and specifically the fact that the heat
capacity before pseudo-condensation is lower than after. The average heat capacity of the refrigerant
mixture is 1.817kJ/(kgg K) during the first 100 kJ of heat exchange, 2.538kJ/ (kg K) during the second
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100 kJ and 2.727kJ/(kgr K) during the heat exchange beyond 200 kJ. Due to the lower heat capacity
before pseudo-condensation, the temperature diverges in this region leading to the large compressor
outlet temperature. The Pinch point in the condenser is encountered at the outlet where the refrigerant
is exactly the PPTD above the incoming pre-heated ambient air at 15.02 °C.

The pinch point in the evaporator is located at the outlet and is thus the temperature of the super-
heated refrigerant T'z>. The heat capacity in the superheated region is significantly smaller as there is
no longer any latent heat storage upon exiting the two-phase region. The lack of latent heat storage
causes the glide in the initial 10.6 kJ of heat exchange to diverge from the humid air profile which carries
through the entire heat exchange. The early divergence means that after the dew point, even though
the glides are nearly perfectly parallel, the temperature difference remains 9.3 °C.

The optimal CO,-Isopentane mixture was calculated to have a COP of 3.96. Comparing the COP
of the optimal composition to the other calculated compositions can be done using Figure 6.9, giving
the COP and exergy destroyed per kilogram of air.
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Figure 6.9: Calculated COP and Ex, of VCHP cycles using CO2z-Isopentane integrated in a dryer operating between 120 and
80°C

Itis immediately apparent that the mixture presented with modelling instabilities at certain compositions,
as only 10 out of 41 proposed compositions were calculated. The COP is not improved at all composi-
tion, compared to a pure CO- cycle with a COP of 3.26 an addition of only 2.5%,,,,; Isopentane causes
adrop in COP to a value of 3.05, a 6.44% decrease. As was observed for Ammonia mixtures presented
in Figure 5.14, sudden drops in COP can be the result of increased compressor outlet temperatures
as a consequence of wet compression avoidance or PPTD adherence. Investigating the value of Ty
for the pure both compositions reveals it has increased from 152.84 to 180.03 °C upon the 2.5%,,01
Isopentane addition to the CO, cycle. It is important to note that while an increase in Tr3 can cause
a drop in COP it is not guaranteed as the optimal composition presents with the highest value for Ty
of all with 189.75 °C. The optimal cycle demonstrates that an elevated T g3, while a possible cause, is
only one factor affecting COP and it should not be extrapolated as an assured indicator of cycle perfor-
mance. Furthermore, it is also important to compare the CO,-Isopentane response to mixture fraction
to that of more well-behaved examples like those given in Figure 5.13 for Propane mixed with Butane
and Isobutane. It should be explicitly noted, as demonstrated by the CO,-Isopentane mixture, that not
every mixture presents as a gradual and consistent dome-shaped improvement towards an optimal
CORP at a given fraction. Figure 6.9 demonstrates the unpredictability and multi-variable dependence
of a VCHP cycle’s response to a mixture.

The COP of 3.96 for the optimal fraction is an improvement of 21.47% when compared to the pure
CO- cycle with a COP of 3.26. An improvement of 21.47% on the pure cycle COP is far greater than
the 8.15% increase calculated in Chapter 5 and the 11.33% increase calculated in Section 6.1, showing
that indeed the COP improvement caused by zeotropic mixture use varies per drying regime.
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6.3. Effect of reducing inlet and outlet temperature

As was done for the very high temperature drying regime, It is valuable to investigate whether a larger
amount of heat available as latent heat affects the performance of the VCHP-integrated dryers as well
as the relative improvement caused by zeotropic mixture introduction. To investigate how a larger latent
heat fraction affects the VCHPs the drying condition with the reduced inlet of 120 °C is combined with the
reduced outlet of 50 °C. The same 3198 mixtures were calculated and resulted in the highest success
rate thus far with 1668 successfully calculated cycles accounting for 52.16% of proposed mixtures. The
sorted modelling output is given in Figure 6.11 with the data available in Appendix B.4.

The sorted modelling output shows that the number of failed mixture pairs has reduced to 1 with only
Methane-Ethylene still failing to resolve at least once. It is no coincidence that Methane and Ethylene
are the two refrigerants with the lowest boiling points of the thirteen considered refrigerants. Given the
boiling points of the rejected mixture pair it follows that while these refrigerant can make good additions
to other, higher boiling point having, refrigerants neither makes a good dominant constituent.

The number of refrigerant pairs wherefore a pure cycle is calculated to be the best is higher than for
any other drying condition with 15 (subtracting highest by default results) pairs having the highest COP
for a pure refrigerant. Hexane mixtures account for a third of refrigerant pairs that were calculated to be
unimproved by zeotropic mixture introduction. Hexane-based mixtures with low boiling point partners
like Propane, Ammonia, Methane etc. would be expected to perform well as Hexane has a high boiling
point allowing for a large range of glide matching. However, low boiling point mixture partners are fully
rejected by the model for Hexane due to its saturated vapour border as visible in the T-s diagram of
Hexane’s two-phase region given in Figure 6.10.
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Figure 6.10: T-s diagram of pure Hexane’s two-phase region with 6 isobars shown

Given in blue is the saturated liquid phase and in red the saturated vapour phase with 6 isobars plotted
equidistantly between 1 and 26 bar. The red saturated vapour boundary clearly has a strong positive
ds/dT relation that, in order to ensure dry compression, must be avoided by increasing T g3.

The other mixture constituent often encountered in the highest COP for pure cycle class is water.
Water based cycles encounter a rarer issue namely that the superheated isobars for water have an
extremely steep ds/dT relation. The superheated water isobars are such that in practice it is common
to inter-cool between compressor stages and as this was not an implemented feature of the python
model the introduction of water into other refrigerants quickly has a negative impact on the COP.
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Only 48 mixture pairs were calculated to successfully improve the COP by introducing zeotropic mix-
tures, the smallest amount of successful improvements for the four investigated dryer operating condi-
tions. Propane and Propylene together account for 37.5% of the successful mixtures and in contrast
to previous results the number of Butane- and Isobutane-dominant mixtures is at the lowest value of
all dryers. Investigating the 20 highest COPs reveals that, as was the case for the Butane isomers for
T 42 equal to 180 °C and T'43 equal to 80 °C, refrigerants that are most often encountered also perform
best. The 20 refrigerant mixtures with the highest COP are given in Figure 6.12 with their PR and p;,,4..
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Figure 6.12: 20 mixtures with the highest calculated COP in a VCHP-integrated dryer operating between 120 and 50 °C with
COP (blue), highest encountered pressure (green)and PR (orange) shown

Propane and Propylene dominate the top 20 with 14 of these mixtures being dominantly one of these
refrigerant. PRs range between 3.2 and 7.7 meaning all are possible with two-stage compression and
some with a single stage. The values for p,,,... range between 34 and 142 and again the PRs and p;,4.
values are inversly correlated with the highest pressures at the lowest PRs. The COPs range between
4.30 and 4.00 presenting the highest values thus far.

The top performing mixture is an 80%,,,; Propane-Ammonia mixture with a COP of 4.3, a PR of
4.61 and a top pressure of 62.5 bar of which the TS and TQ diagrams are shown in Figures 6.13 and
6.14 respectively.
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Figure 6.13: Temperature (T) specific entropy (s) diagram showing the VCHP cycle using an 80%,,,,; Propane - Ammonia
refrigerant mixture

Shown in Figure 6.13 is the optimal cycle for T 4, equal to 120 °C and T 43 equal to 50 °C accomplished
by an 80%,.; Propane-Ammonia mixture. Once more the highest COP is achieved by a trans-critical
cycle, a consistent result for all drying conditions. The crossing of the widom line and the associated
pseudo-condensation is observable in the flattening of the isobar around the critical point with the 20
% mor NH3 introducing some of its undesired non-linearity.

Clearly visible within the two-phase region is that the isobar for 13.56 bar is not isothermal, given
the temperature increaes of the refrigerant within the two-phase region from 13.85 to 29.74 °C. The
temperature at the exhaust of the compressor is higher than the minimum amount required which would
be 125 °C, given the distance of the compression line to the two-phase boundary this is a consequence
of the PPTD set for the condenser and not a wet compression risk. The adherence to the PPTD is more
clearly visible when investigating the TQ plot of the HEXs given in Figure 6.14.
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Figure 6.14: Temperature (T) exchanged heat (Q) diagram showing the 80%,,,,; Propane - Ammonia refrigerant cycle’s
condenser and evaporator with (humid) air given in blue and the refrigerant mixture in red
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The T-Q plot given in Figure 6.14 shows the heat exchanged in the condenser (R3 to R4) and the evap-
orator (R5 to R2) in red. The air is preheated from ambient conditions such that T4, is 14.18 °C which
is thus the inlet temperature for the VCHP cycle. The top blue line shows the pre-heated air reaching
the targeted dryer inlet of 120 °C. The top red line is the "condensing” refrigerant which starts the heat-
ing at exactly the PPTD higher than the air such that Tg; is 19.18 °C. The maximum temperature Tg3
is greater than what is required by the PPTD indicating a PPTD constraint encountered by the model.
In addition to the pinch point at the evaporator outlet the refrigerant encounters a second point where
the AT with the air grows small. The second constraining point in the condenser is encountered at
approximately 100 kJ exchanged and has a AT of approximately 10 °C. The required value for Tg3 to
maintain a PPTD of 5.0 °C was calculated to be 134.47 °C.

Evaluating the evaporator, the design value of T'43 = 50 °C is found with ¢ 43 equal to 0.42, a result
of the isenthalpic dryer assumption. The T}, is calculated to be 33.52 °C where-after the slope of the
humid air significantly flattens indicating the condensation of the evaporated water. The wet air exits the
evaporator at 19.18 °C which is the heat source for the air pre-heater (not shown). The refrigerant’s
temperature at the expansion valve outlet, T, is calculated to be 13.85 °C. Tgs is lower than the
PPTD, required by the slight curve upwards that the refrigerant shows between Trs and Tz, with the
closest distance between the two streams around 200 kJ of heat exchanged. The degree of superheat
is set to be 7.5 and as a direct consequence, T is found to be equal to 37.24 °C.

The PR of 4.61 is slightly higher than the optimal values presented for screw compressors in section
3.4 but is still feasible with 7. between 65% and 70%. the top-performing refrigerant mixture uses
20%.,,,: Ammonia which is classified as B2L being mildly flammable and toxic. As discussed in 4.6,
the flammability and toxicity of constituents can be suppressed by the use of mixtures. As the work
by Fernandez et al. (2022) required at least 60 %,,.; of non-flammable (A1) refrigerant be added to
a highly flammable (A3) refrigerant to bring it down to "marginally flammable” (A2L) classification it is
not expected that a 20%,,,,; addition of a "marginally flammable” type refrigerant to an A3 refrigerant
will bring the mixture’s rating down to A2L. Nevertheless, while the presence of the Ammonia cannot
be expected to lead to a different classification, it will suppress flame propagation speed, the defining
difference between A2 and A2L classification and a desired property. In the same sense, the toxicity
of the mixture will be significantly lower (though not zero) than a pure Ammonia cycle would be.

The COP change as a function of mixture fraction is given in Figure 6.15.

43 ok é
‘0' '0‘ 26
42 ‘%‘ ¢‘ =
2475
41 L g
. [ =
¢ 2224
¢ -
40 3
5 ¢ oz
Y39 ¢ Z
188
38 o
® .. 16 S
3.7 . o o i3
® °® 14
36 ®000000°° N
0.0 02 04 0.6 08 .02

%mor of NH3 mixed with Propane

Figure 6.15: COP (blue) and exergy destruction (green) as a function of mixture fraction for the top performing refrigerant pair

Visible is the COP, given in blue, as a function of the mol fraction of NH3 and the exergy destruction
in green in kJkg;! with the maximum COP marked in red. The model failed to resolve around the
50% ratio but clearly demonstrates again the coupling of exergy destruction minimisation with COP
optimisation and gives a clear maximum COP at 20%,,,.,; NH3. Also shown in figure 6.15 are two distinct
declines in COP, first after the optimum is reached but the second as the fraction of NH; approaches
100%, a consequence of its trans-critical isobar shape. In comparison to the pure propane COP, the
addition of 20%,,,,; NH3 caused a COP increase of 12.81%.
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If the selection is restricted to only consider mixtures that can be expected to have an A2L classifica-
tion the first high COP cycle that meets this criteria is the 90%.,,,; CO»-Isobutane cycle, entry 16 in
Figure 6.12. As was the case for Section 6.2, the use of a CO, comes with the benefits of having a
predominantly A1 (non-flammable, non-toxic) refrigerant mixture with low GWP and no ODP. Given the
benefits of CO,, the cycle may be preferred in spite of its lower COP. The T-s and T-Q diagrams of the
CO, mixture cycle are given in Figures 6.16 and 6.17 respectively.
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Figure 6.16: Temperature (T) specific entropy (s) diagram showing the VCHP cycle using a 90%.,,,; CO2-Isobutane refrigerant
mixture
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Figure 6.17: Temperature (T) exchanged heat (Q) diagram showing the 80%,,,,; Propane - Ammonia refrigerant cycle’s
condenser (blue and purple) and evaporator (red and teal)

This marginally flammable, non-toxic alternative to the cycle shown in Figure 6.13 has a COP of 4.02,
a PR of 3.2 and a p,,.. of 142 bar. The COP, while lower than the optimal, is competitive with values
presented in Section 6.2 for the same drying regime and has feasible single stage compression. One
downside inherent to CO, VCHPs is that the pressure is high and thus will affect the piping sizing if
this cycle was to be constructed. The pinch in the evaporator is encountered at the refrigerant inlet
and diverges to a AT of approximately 15.0 °C. The glide matching in the condenser was relatively
successful thanks to the CO-, trans-critical isobar shape with a divergence around 75 kJ of exchanged
heat caused by the Isobutane leading to a maximum for AT of 18.45 °C at the condenser inlet.



Novel cycle modelling

As was presented in section 4.5, a novel cycle is proposed to decouple glide matching in the evaporator
and the condenser. The decoupling is accomplished using a flash tank to separate the saturated liquid
and vapour from one another which, by nature of zeotropic mixture use, will have different composi-
tions. This chapter presents a proof of concept for this cycle using an isopentane-Propylene mixture
integrated into a dryer with the same inlet temperature as presented in Chapter 5 being 180 °C. An
outlet temperature of 60 °C is selected as the results of Chapter 6 showed that at this dryer inlet perfor-
mance does not vary for outlet temperatures between 80 and 50 °C. The novel cycle was not calculated
and optimised on a large scale as described in section 4.3 and instead was defined through user input.
Given the reliance on user input the chapter opens with a discussion on the design procedure before
presenting the result of the cycle and evaluating its performance.

7.1. Design procedure

Given the design of the novel cycle, in contrast to the basic cycle, was not automated this procedure
must be performed manually. The feasibility conditions placed upon the basic cycle, adhered to by
the model, are also placed on the novel cycle being the adherence of a PPTD of 5.0 °C in both the
evaporator and condenser as well as an avoidance of wet compression. The design of a cycle requires
a mass and energy balance between the refrigerant and the air in both HEXs as well as between the
inlets and outlets of the flash tank.

The very first step in the proof of concept cycle design is a selection of the mixture pair to be used.
The 78 refrigerant pairs specified in 4.6 were divided into fractions with steps of 20%,,,.,; and the resulting
468 mixtures were each plotted in T-s diagrams. The two-phase regions of each mixture were plotted
with several isobars such that of each mixture it could be evaluated if the mixture presented with profiles
like those schematically given of the perfect novel cycle presented in section 4.5 and Figure 4.6. The
mixtures that present with desirable isobars must also be evaluated if the required mixture composition
is feasible in the evaporator. The evaporator is part of the bottom loop and thus will have the composition
of the saturated liquid in the flask tank. The saturated liquid phase will favour the higher boiling point
of the two mixture constituents and thus mixtures that require the low boiling point refrigerant to be
dominantly present in the evaporator must be rejected. To give an example: Isopentane-Ammonia has,
when the latter is 80%,,,; of the mixture, a very suitable glide in the two-phase region for interaction
with humid air. In spite of the suitable glide the mixture is unfeasible for the novel cycle as Ammonia
will never be more present than Isopentane in the liquid phase given the former has a boiling point of
-33.33 °C compared to the latter’s of 27.83 °C.

Upon selecting a compound with an appropriate two-phase composition and an approximately linear
trans-critical isobar the conditions in the flask tank must be specified. As the pressure of the flash tank
is also that of the evaporator it affects the glide matching in this component directly. The shape of the
isobar is generally defined by the composition but the temperatures between which the glide presents
is directly defined by the pressure.
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The equilibrium temperature is defined by the mass and energy balance of the HEXs and the flash tank
which are given in as

mair(hAZ - hAl) = msat_vap(hv2 - hVB)
Mair(has — haa) = Msat_tig(hr2 — hi1) (7.1)
(msat_’uap + msat_liq)cp,FlTFl = msat_vapth + msat_lithl = msat_vaphV4 + msat_lithQ

where h; ,, is the specific enthalpy given for loop ¢ given at thermodynamic state n, 7i; is the massflow
of a given loop, T’ is the equilibrium temperature within the flash tank and c,, ; is the heat capacity here
defined for the equilibrium composition in the flash tank denoted by F.

The system of equations given in Eq. 7.1 is done using the following two definitions. First is the
vapour quality given as

T = Msat_vap (72)
my
which describes the fraction of the total mass (m.) that is in the saturated vapour state (msqt vap)-

Second is the mass ratio given as
Mair

Tmass =

(7.3)

Msat_lig

Which defines the mass of air that is heated (m,;,) in relation to the mass of liquid refrigerant (msq¢_1iq)-
Eq 7.2 and 7.3 are substituted into the system of equations given in Eq. (7.1) which yields

x hya—hys  hps—hp

(7.4)

Tmass = =
1—xzhag—har has—has

T
cp,riTr = xhyvi + (1 —2)hpy = chya + (1 — x)hpo — m(hm —hva) =hra—hpa (7.5)

relating the various enthalpies encountered at thermodynamic states within to the system to one another
using only the vapour quality and mass ratio. The expressions given in Eq. (7.4) and 7.5 can be
combined given their shared quality factor which yields

hre —hpy hve —hvs _ has —har hys=hva hva —hys  has —ha
hyvi—hva hpo —hri has—haa hyvi—hyvs  has—haa

(7.6)

Qout,v_ref _ Qin,air (77)

Qout,v_ref — We Qout,air

Which demonstrates that in addition to a direct coupling of ), as was given in Eq. (7.1), the specific
heat and work of the refrigerant and the air are also coupled. The temperature defines the amount
and composition of the saturated vapour state which, following Eq. (4.4), defines the amount of heat
rejected by determining myq: »ap Which also fixes m,,: 1;, through the mass balance as given in Eq.
(4.5). The composition of m,;,; and the ratio between mass of refrigerant and mass of air, r,,,ss, can
be set to match the total exchanged heat in the evaporator to the dry air and in the condenser to the
humid air. The interconnection of the mass- and heatflows mean that while several user defined values
are present they all affect one another and so they cannot be freely selected.
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7.2. Proof of concept result

The modelling of a cycle using the state definitions presented in Table 4.4 were used to calculate a

demonstration using a mixture of Isopentane-Propylene. The cycle has several degrees of freedom
that were user-defined that are given in Table 7.1.

Table 7.1: Overview of user inputs used to design the novel cycle proof of concept

Design parameter Symbol Value
molar fraction isopentane X 0.68
Flash tank temperature Tr 20.38 °C
Flash tank pressure Pri 1.415 bar
Air to refrigerant ratio Mnass 3.655
Drying outlet temperature Tas 60 °C

By defining the molar fraction of isopentane the amount of propylene is also determined as it is a
two-compound mixture. The flash tank temperature, molar fraction and mass ratio are three variables
that influence the mass and energy balance and as such can be user defined but this must be done

in proportion to one another. The resulting cycle is shown in a T-s diagram in Figure 7.1 and a T-Q
diagram in Figure 7.2.
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Figure 7.1: T-s diagram of proof of concept novel heat pump cycle using a flash tank (purple) to create a saturated vapour
evaporation loop (green) and a saturated vapour condensation loop (red)

Visible in the T-s diagram is the successful calculation of the novel cycle concept heating air from 10 to
180 °C such that there is no air-to-air pre-heater in this cycle. The cycle’s has a composition of 51%.,,0;
Isopentane-Propylene in the condenser and a 91%,,,,; isopentane concentration in the evaporator. The
COP of the cycle is calculated to be 2.81 with a PR of 37.6. The pressure ratio requires a three-stage
compressor with a single-stage PR of 3.35. The quality in the flash tank is 0.57 and so slightly more
mass flows in the top loop than the bottom. The mass of air is defined to be 3.655 kg kg !

sat_liq"
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Figure 7.2: T-Q diagram of proof of concept novel heat pump cycle exchanging heat with (humid) air shown in blue with the
evaporating refrigerant given in green and the condensing refrigerant in red

The T-Q diagram given in Figure 7.2 shows the glide matching of this cycle. The outlet temperature
of 60 °C is an intermediate value between the two conditions studied in Chapter 6 and has a relative
humidity of 0.4 which means about 80% of Q;,, is available below Tap. The glide matching performed
in the evaporator is very effective with the temperature difference at the refrigerant inlet being 7.07
°C, narrowing to the PPTD during evaporator with a temporary divergence due to a mild mismatch
between the placement of Ty, and the saturated vapour state. The exergy destroyed by the novel
cycle per component is given in Table 7.2.

Table 7.2: determination of exergy destroyed, given in kJ kg;} per component of the proof of concept novel cycle

COP Exq flash tank Exy; Condenser Exy; Compressor Ex, Evaporator Ex,; Expansion valve Total Exy
2.81 9.54 7.07 11.67 1.56 4.06 33.9

The glide matching in the evaporator was indeed successful as the exergy destroyed in the evapo-
rator of this cycle per mass of air is lower than any other cycle with a value of 1.56 kJ kg;ﬂ compared to
3.24 and 4.14 for the optimal three- and two-stage compression cycle presented in Chapter 5. Unfortu-
nately the cycle does destroy a significant amount of exergy in the compressor and the glide matching
in the condenser was also sub-optimal with both values being higher than the optimal standard VCHP
mixture cycles. Additionally, the novel cycle destroys exergy during mixing as well and this component
accounts for 28.1% of exergy destroyed. The novel cycle does also perform the heating segment that
the basic cycle performs using the air-to-air HEX of which the Ex; was not included in analysis but this
does not compensate for the 60% larger exergy destruction. While the novel concept enabled a more
bespoke glide matching in the evaporator, the total cycle was evidently not optimised. The COP of 2.81
is also 18.55% lower than the optimal COP of 3.45. Given the COP can be written as

COP = Qout _ Q7n + Win o msat_liq * Qin + msat_vap * Win (7 8)
Wi WZ msat_vap * Win '

It becomes clear that a higher vapour quality negatively affects the COP as the COP goes towards 1
as m,q, goes to m,,. This also makes intuitive sense as more gas is compressed and circulated that
does not absorb any heat. An optimised novel cycle would have a larger amount of mass flowing into
the evaporator such that a lot of refrigerant is absorbing heat and only a little is rejecting. One additional
advantage this cycle does posses is that no single component besides the flash tank needs to be sized
for the total refrigerant mass. The evaporator only needs to accommodate the liquid refrigerant, the
compressor and condenser the compressed vapour fraction. The mass split means that individual
components can, for the refrigerant, be smaller than for a classic VCHP.



Conclusions & Recommendations

In this chapter, the key conclusions drawn from the study will be presented, followed by the recommen-
dations for future research on the subject. The 13 natural refrigerants water, ammonia, (iso)butane,
(iso)pentane, methane, ethane, propane, CO,, propylene, ethylene and hexane were combined into
78 binary pairs. Each binary pair was divided into 41 possible compositions for a total of 3198 possible
refrigerant mixtures. These refrigerant mixtures were modelled within a VCHP cycle operating between
the inlet and outlet of a dryer. Two temperatures for the inlet as well as for the outlet were calculated
for a total of 4 dryer operating conditions and as such 12792 possible VCHP dryers were calculated
and optimised.

8.1. Conclusion

For each drying condition the 20 mixtures with the highest COP were explored and per dryer a preferred
cycle was selected based on COP, estimated compressor stages as well as flammability and toxicity.
The selected cycle for every dryer, the used mixture and the cycle’s COP and PR are summarized in
table 8.1 below.

Table 8.1: Overview of best performing mixtures for each studied drying condition

Dryer outlet temperature
80 °C 50 °C
Dryer inlet temperature Mixture COP PR Mixture COP PR
180 °C 87.5%mo Isobutane-Ethane  3.38  16.53 | 87.5%,,,,, NHs-Propane 3.44 6.84
120 °C 87.5%,,00 COo-Isopentane 3.96  3.58 | 90%,,, COs-Isobutane 4.02 3.18

The highest COP for an inlet temperature of 180°C was calculated to be 3.45 for both outlet tempera-
tures. Both optimal mixtures for 180°C were predominately isomers of butane and the investigation of
the top 20 mixtures revealed these were the main component of the majority of top performing cycles.
Both T 45 = 180 °C cycles with a COP of 3.45 were rejected, for the T 43 = 80 °C condition this was due
to a requirement of three compressor stages and for T 43 = 50 °C it was because cycles were avail-
able with comparable performance but a lower expected flammability rating. The outlet temperature
of 50°C differentiates itself from the higher outlet temperature by enabling less flammable refrigerants.
Additionally, the lower outlet temperature dryer has a lower PR, that being 6.84 compared to 16.53 for
the high temperature outlet. PRs deemed likely to be achievable using less compressor stages were
given preference due to CapEx and operational complexity concerns introduced by having multiple
compressor that are interconnected.

For an inlet temperature of 120°C CO, based refrigerant mixtures presented themselves with high
COPs and low PRs with the additional benefit of an A1 rating using the ASHRAE-34 classification
and low GWP and ODP. For the higher outlet temperature the highest COP of 3.96 was achieved by an
87.5%,,,1 CO2-Isopentane mixture. In addition to a high COP the cycle also has a low PR of 3.58 which
could be performed using only a single compression stage. For the low outlet temperature the highest
COP of 4.3 was rejected as it was achieved by a mostly Propane mixture. Instead the choice was made
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to explore the top COP A2L mixture which was achieved by a 90%,,,,; CO,-Isobutane mixture. While
the COP is 6.51% lower than the top cycle’s the large presence of CO, was deemed preferable and
with a PR of 3.18 single stage compression is also possible for this cycle. As discussed in Section 4.6,
work by Fernandez et al. (2022) demonstrated that a mixture comprised of a highly flammable (A3) and
a non-flammable (A1) mixture can have a rating of lightly flammable (A2L) provided the A1 refrigerant
is the dominant compound. The possibility of an A2L classification is an advantage of the CO.-mixture
cycles that was given strong emphasis as it makes safety concerns smaller when the proposed cycle is
brought into practice. One downside of using mostly CO, mixtures is that values for p,,.... are typically
large and as such the sizing of piping will require thicker walls to safely handle the stresses imposed.

It was demonstrated in a broad sense that zeotropic refrigerant mixtures improve the COP of VCHP-
integrated dryers for at least 51 refrigerant pairs for a dryer operating between 180 and 80 °C with the
number reducing for other conditions with a minimum of 48 refrigerant pairs for dryer operation between
120 and 50 °C. Mixtures that failed to resolve or failed to improve upon the pure cycle COP were repeat-
edly discussed. Some refrigerants struggled to adhere to the PPTD and dry compression requirements
leading to highly elevated compressor outlet temperatures. Specifically Hexane was found to have an
inconvenient saturated vapour line. Ammonia was repeatedly observed to have an undesirable trans-
critical isobar shape with significant changes to its heat capacity during condensation. Water cycles
were often rejected by the model or failed to resolve and this was attributed to the compression defini-
tion as water VCHPs often have intercooling between compression stages to avoid extremely elevated
compressor outlet temperatures.

The dominant constituent of many refrigerant mixtures was repeatedly found to be one around the
median boiling point value. It was observed that the most used refrigerant shifted between the Butane
isomers, the two refrigerants with a boiling point directly above the median, and Propane and Propylene,
the two refrigerants directly below the median depending on drying conditions. The shifting between
above and below median boiling point refrigerants indicates a relation between the drying temperature
and the most stable dominant refrigerant constituent. It was valuable to observe that for all drying cases
the dominant constituent is a near-median refrigerant and this insight can be used for theorising future
cycles.

The highest COP was achieved by a Butane mixture but when compared to the pure cycle COP the
COP of Butane can be improved by mixing it with 8 other refrigerants as shown in figure 5.6. Another
commonly found mixture compound was Isobutane which also showed that a pure Isobutane COP
can be improved through mixing it with 8 different refrigerants. While Isobutane and Butane are both
encountered often in well performing mixtures and the fact that one is the isomer of the other they
are not interchangeable. As shown by comparing both refrigerants when mixed with Propane, the
behavior both in COP values as well as the relation of COP to mixture ratio was different. This shows
that even comparable refrigerants warrant inclusion in analysis as both the mixing behavior as well as
the performance in a heat pump cycle can be different.

A recurring result across all drying conditions and their top COP cycles was that these cycles op-
erated trans-critically. As shown in the schematic TS-diagram given in figure 4.5 the isobar of the
refrigerant mixture in the super-critical region closely matched the temperature glide of dry air. This
presents an addition to the discussion on how VCHP cycles can glide match that was presented in
chapter 3. Zeotropic mixtures and trans-critical cycles are commonly presented as two different meth-
ods to achieve glide matching. It was consistently demonstrated, across all drying conditions, that the
top performing cycles were both zeotropic and trans-critical. The choice between trans-critical and
zeotropic mixture VCHPs is a false dichotomy as it is clearly demonstrated that the best performance
is achieved by trans-critical zeotropic mixture cycles, a combination of both methods.

The main research question of the present work was: "How can future-proof binary zeotropic refrig-

erant mixtures be used to increase the performance of heat pumps applied to the waste heat recovery
of industrial drying processes.”
It was clearly demonstrated that future-proof binary zeotropic mixtures increase the performance of
VCHP-integrated dryers across all relevant temperature ranges, by as much as 21.47%. The greatest
performance increase is found when zeotropic refrigerant mixtures are used together with trans-critical
operation. The performance increase does vary across drying conditions as does the best performing
refrigerant mixture. Zeotropic mixtures can also be used to conceptualise new cycles that were not
possible for pure refrigerants as was demonstrated using the novel cycle. Zeotropic mixtures improve
the COP of VCHP-dryers and should be utilised for non-isothermal processes like drying.
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8.2. Recommendations

One aspect in which the present work can be improved is by introducing an accounting of the pressure
drops within the VCHP cycle. As Bell et al. (2021) discussed based on the work of Mclinden et al. (2017),
pressure drop models are required to make truly fair comparisons between refrigerants. As was donein
the work by Mclinden et al. (2017), the current model can serve as an identifier of high potential cycles
which are then provided into a second, more realistic model that also accounts for pressure drops. The
developed model for large scale analysis of optimal VCHP integrated dryers can also be applied to a
larger set of refrigerants and a higher resolution temperature sensitivity study can be performed. Such
a wide-scale deployment of the model will realistically require use of a high performance computing
cluster such as DelftBlue.

Given that water cycles are of specific interest to industry due to its availability and safety, the used
python model is recommended to be modified such that intercooling can be modelled. It would be
valuable to investigate water-based refrigerant mixtures specifically, modelling just water paired with
each other refrigerant and optimising the cycle and the compression stage. A water-based refrigerant
mixture cycle optimisation would be a valuable addition to the present work.

Instead of producing a large scale dataset using large amounts of computing power, it is more
effective to use the developed model applied to dryers currently in operation. Ideally, accurate data of
the dryer in- and outlet conditions is supplied to the model, an optimised mixture is calculated by the
model and that VCHP cycle is then physically constructed and tested. Specific points of attention are
the behaviour of refrigerant mixtures in the supercritical region, with fractionation concerns being most
pressing, and heat transfer profile investigation to validate and improve assumptions made about the
PPTD, especially when trans-critical mixtures are to be used. Alternatively, or, preferably in parallel,
molecular simulations can be performed investigating the behaviour of refrigerant mixtures as well. If
simulations are performed it is once again recommended to focus attention on predicting super-critical
behaviour as a merger of trans-critical cycles with zeotropic refrigerant cycles has been consistently
shown to result in the highest COPs across all drying regimes and latent to sensible heat storage ratios.

Two additional areas of study would be a techno-economic study of select high-performance cycles
from the results. At several point within the present work reference is made to CapEx considerations.
For example CapEx factors into the pressure levels through pipe sizing, PRs and associated compres-
sor stages in amount of required equipment as well as PPTD optimisation. A PPTD optimisation also
leads to the second area of study as it is recommended to perform a dimensioning of the HEXs both in
the VCHP cycles as well as the air-to-air HEX. Given the interaction with air, it is not expected that the
heat transfer coefficient of the refrigerant will be a limitation. Nevertheless, trans-critical refrigerants
can have unexpectedly low heat transfer coefficients and including mixtures with different boiling points
into this warrants a proper study.

The novel cycle proposed demonstrated that the consideration of the potential of zeotropic refrig-
erant mixtures can go beyond their introduction into a standard heat pump cycle. The novel cycle
proposed in the present work allowed for different glide matching in the evaporator and condenser.
The optimisation of the novel cycle did prove more complex than the standard heat pump and the proof
of concept cycle presented with lower COPs than the optimised standard cycles. One identified reason
for this is the COPs dependence on the quality in the flash tank with higher COPs achieved when a
larger amount of the refrigerant mixture stays liquid and absorbs heat. A model that optimises the novel
cycle, as was done in the present work for the basic cycle, would be a valuable addition to this rapport.
Additionally, the novel cycle should be constructed for the purposes of testing and be investiagted as
to identify the steady-state as well as the dynamic operation behaviour.
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Excerpts from python model

Listing A.1: Python code implementation of air and refrigerant state calculation

def calc_init_states(self,fluid,T_pinch,T_airout,T_airin,R_airin,etac,T_wetout,R_wetout):

#Define air boun
self.airdryl = s

dary conditions
tates.ThermoStateHumid ("TR", T_airin+kelvin, R_airin)

self.airdryl_init = self.airdryl

H_init = self.ai
S_init = self.ai
self.airdry2 = s
self.airwetl = s
self.airwet2 = s
#Define known re
self.tsl = st
self.ts2 = st

#Determine the i
set value

def objective (p)
ts3is_H = Pr
ts3_H = Prop
etac_calc =
return abs (e

p_max = PropsSI(
bounds = (self.t

rdryl.H

rdryl.S

tates.ThermoStateHumid ("TW", T_airout+kelvin, self.airdryl.W)
tates.ThermoStateHumid ("TH", T_wetout + kelvin, self.airdry2.H)
tates.ThermoStateHumid ("TR", self.airwetl.Tdp, 1.0)

frigerant states

ates.ThermoState ("TQ", self.airwet2.T - T_pinch, 1.0, fluid)
ates.ThermoState ("TP", self.airwetl.T-T_pinch, self.tsl.P, fluid)

sobar wherefore ts3is.S = ts2.S, T_max = airdry2.T+ PPTD and etac =

opsSI("H", "s", self.ts2.8, "P", p, self.fluid)

sSI("H", "T", self.airdry2.T + T_pinch, "P", p, self.fluid)
(ts3is_H - self.ts2.H) / (ts3_H - self.ts2.H)

tac_calc - self.etac)

'P',"T",self.airdry2.T + T_pinch,"S",self.ts2.S,self.fluid)
s2.P,p_max)

res = minimize_scalar(objective,bounds = bounds, method = 'bounded', options = {'
maxiter': max_iter,'xatol':error, "disp": 1})
p_chosen = res.x

#calculate other

refrigerant state

self.ts3is = states.ThermoState("PS", p_chosen, self.ts2.S, self.fluid)

self.ts3 = state
self.r_mass = (s

s.ThermoState ("TP", self.airdry2.T + T_pinch, p_chosen, self.fluid)
elf.ts3.H - PropsSI("H","T",self.airdryl.T + T_pinch,"P",self.ts3.P,

fluid))/(self.airdry2.H-self.airdryl.H)

self.ts4d = st

ates.ThermoState ("PH",self.ts3.P, self.ts3.H - ((self.airdry2.H -

self.airdryl.H)*self.r_mass),fluid)

self.tsb = st

ates.ThermoState ("PH", self.tsl1.P, self.ts4.H, fluid)

#calculate wet air outlet

self.airwet3 = s
self.r_mass,

tates.ThermoStateHumid ("HR", self.airwetl.H-(self.ts2.H-self.ts5.H)/
1)
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dT_min_wet
for

Listing A.2: Python code implementation of PPTD and wet compression check

=80
i in range(int(discretization/5)):
dH_check = np.linspace(0, self.ts3.H - self.ts4.H, discretization, endpoint=True

)

dH_check_evap = np.linspace(0, self.ts2.H - self.tsb.H, discretization, endpoint
=True)

dT_min = None

dT_min_evap = None

#Identify pinch point in condenser
for i, dH in enumerate (dH_check):
T_refrigerant = CP.PropsSI("T", "H", self.ts3.H - dH, "P", self.ts3.P, fluid)
T_air = CP.HAPropsSI("T", "H", self.airdry2.H - (dH/self.r_mass), "P", self.
airdry2.P, "W", self.airdryl.W)
dT = T_refrigerant - T_air

if dT_min == None:
dT_min = dT

elif dT < dT_min:
dT_min = dT

#Identify pinch in evaporator
for x, dH in enumerate(dH_check_evap):
T_refrigerant = CP.PropsSI("T", "H", self.ts2.H - dH, "P", self.tsl1.P, fluid)
if (self.airwetl.H - dH/self.r_mass) > self.airwet2.H:
T_air = CP.HAPropsSI("T", "H", self.airwetl.H - (dH/self.r_mass), "P",
self.airwetl.P, "W", self.airwetl.W)
else:
T_air = CP.HAPropsSI("T","H",self.airwetl.H - (dH/self.r_mass),"P",self.
airwetl.P,"R",1.0)
dT = T_air - T_refrigerant

if dT_min_evap == None:
dT_min_evap = dT

elif dT < dT_min_evap:
dT_min_evap = dT

dS_check = np.linspace(0,self.ts3.S - self.ts2.S, discretization, endpoint = True

)

for x, dS in enumerate(dS_check):

a = (self.ts3.T-self.ts2.T)/(self.ts3.S-self.ts2.8)
T = a*dS + self.ts2.T
Q = PropsSI("Q","T",T,"S",self.ts2.S + dS,fluid)

#print (£"Quality is {round(Q,2)3}")
try:
T_sat = PropsSI("T","Q",1,"S",self.ts2.S + dS,fluid)
print (f"Succesfully_resolved, the saturatedvapour, T_satis {T_sat},
degrees Kelvin")
except ValueError:
pass
if 0 <= Q <= 1.0:
dT_min_wet += 1
continue
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Listing A.3: Python code implementation of mixturesweep.py as presented in modelling hierarchy

class Mixturesweep:
1f, compoundl, compound2, N_step, T_pinch, T_airout,
in, R_wetin, plot = False):

es = np.array ([£"REFPROP:: {compound1}[{round (f,_ 4)}]1&{compound2} [{round (1

def

__init__(se
etac, T_wet
self .mixtur

u-uf,u4)}]" for f in np.linspace(0,
self .heatpumps = np.empty(len(self.mixtures), dtype=object)
Heatpump objects

self.failur
self.optima

self.optimal_mixture

SweepCOP =
SweepMix
SweepExd =

SweepExdcon =
SweepExdcom =
SweepExdeva =

SweepExdthr
SweepTmax =
SweepPR =

es =0

1l_cop = None

[]
[]
[]
= [
= [
=0
= [
[]
[]

= None

for i, mixture in enumerate(self.mixtures):

try:

1, N_step)], dtype=str)
# Empty array for

self .heatpumps[i] = Simplified.Heatpump (mixture, T_pinch, T_airout, T_airin,

R_airin,

etac, T_wetin)

SweepCOP . append (round (self.heatpumps [i].COP,4))
SweepMix .append (self.mixtures[i])

SweepExd.append (round (self.heatpumps[i].Exergy_destruction/1000,4))
SweepExdcon.append (round (self.heatpumps[i].Exd_condenser/1000,4))
SweepExdcom.append (round (self.heatpumps [i] . Exd_compressor/1000,4))
SweepExdeva.append (round(self.heatpumps[i].Exd_evaporator/1000,4))
SweepExdthr.append (round (self.heatpumps[i].Exd_throttle/1000,4))

SweepTmax.append(self.heatpumps[i].ts3.T)
SweepPR.append (self.heatpumps [i].PR)

if self.optimal_cop is None or self.heatpumps[il.calc_COP() > self.

optimal_cop:

try:
self
self

self.
self.
self.

self
self
self

.optimal_cop = self.heatpumps[i].calc_COP()
.optimal _mixture = self.heatpumps[i].fluid
optimal_PR = self.heatpumps[i].PR
optimal_Phigh = self.heatpumps[i].ts3.P
optimal_Plow = self.heatpumps[i].tsl.P
.airpreheat = self.heatpumps[i].airdryl.T
.Tsat = self.heatpumps[i].tsl.T

.Tmax = self.heatpumps([i].ts3.T

except ValueError:
continue

except ValueError:
self.failures += 1

con

df = pd.Dat

tinue

aFrame ({

'Mixture': SweepMix,

'COP': SweepCOP,
'ExergyDestroyed': SweepExd,
'Exd,Condenser': SweepExdcon,
'Exdyin Compressor': SweepExdcom,
'Exdyingevaporator': SweepExdeva,
'Exdyingthrottle': SweepExdthr,
'Maxmimum_temperature': SweepTmax,
'Pressure Ratio': SweepPR

b

df . to_excel (f'sweepdata_{compoundl}_and_{compound2}_{date.today()}.xlsx',index=False)

print (£" N_failures for {compoundi} and, {compound2}: {self.failures}/{N_step} ({np.
round (100*x (N_step,,—self.failures)/N_step,2) }%,succesrate)")
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compounds = ["C02", "Pentane", "Butane", "Propane", "Isobutane", "isopentane", "hexane","
Ethane","Methane", "Ethylene", "Propylene","water","NH3"]

mixture_divisions = 41

pptd = 5

hotair_t = 180 # deg C
inputair_t = 10 # deg C
inputair_r = 0.8 # (-) relative humidity

etac = 0.7
waste_humid_air_t = 80
solutions = []
for compoundl, compound2 in combinations(compounds, 2):
solution = Mixturesweep(compoundl, compound2, N_step=mixture_divisions, T_pinch=pptd,
T_airout=hotair_t, T_airin=inputair_t, R_airin=inputair_r, etac=
etac,

T_wetin=waste_humid_air_t)
solutions.append(solution)



Complete model outputs for integrated
dryer performance simulation
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75

345 2124 56.03 2.64 294.97 194.97 12
340 2257 54.26 2.40 295.13 187.42 12

338 1653 86.20 5.21 295.21 18562 39

337 1958 64.59 3.30 295.23 187670 40

Butane[0.6]&Propylene[0.4] 337 1521 75.90 4.99 295.25 91110 4@
sobutane[0.925]&Ethylene[0.075] 337 1755 82.94 4.73 295.26 185.39 34
sobutane[0.925]&NH3(0.075] 336 17.31 83.95 4.85 295.27 185.71 19
Propane[0.775]&isopentane[0.225] 3.36 13.27 88.69 6.68 295.27 193.83 25
Butane[0.625]&Propane[0.375] 335 1677 74.58 4.45 295.31 18818 4@
Butane[0.95]&Ethylene[0.05] 335 2028 6334 3.12 295.32 187.53 36
€02(0.05]&Isobutane[0.95] 335 1846 82.38 4.46 295.32 18534 38
Butane[0.825&hexane[0.175] 335 2612 48.02 1.84 295.32 195.82 9
Butane[0.95]&NH3[0.05] 335 2041 63.98 3.14 295.33 188.04 19
€02(0.05]&Butane[0.95] 334 2023 63.76 3.15 295.34 187.78 36
Pentane[0.175]&Propane[0.825] 334 1287 91.91 7.14 295.37 197.64 26
[0.775)&i [0.225] 333 2298 61.27 2.67 295.38 185.63 10
Butane[0.975]&Methane(0.025] 331 2188 62.40 2.85 295.47 187.37 32
sobutane[0.975]&Methane[0.025] 331 19.99 81.77 4.09 295.47 185.14 30
isopentane[0.15]&Propylene[0.85] 3.27 11.31 100.35 8.87 295.62 203.57 27
sobutane[0.825]&Propylene[0.175] 326 1872 83.54 4.46 295.66 185.40 [ AL
Pentane[0.15]&Butane[0.85] 325 2628 52.33 1.9 295.68 187840 4
Propane[0.3]&lIsobutane[0.7] 324 1814 86.76 4.78 295.72 1853904
Pentane[0.125]&Propylene[0.875] 324 1127 104.13 9.24 295.74 208.45 27
Butane[0.525]&Isobutane[0.475] 322 2397 65.50 2.73 295.80 185.46 [ AL
Butane[0.975]&isopentane[0.025] 321 2595 57.79 2.23 295.86 18646 2
Butane(1.0]&water(0.0] 320 2585 58.59 227 295.89 186.34 [NZ
Propane(0.925]&hexane[0.075] 320 13.07 106.79 817 295.90 209.74 18
3.19 9.66 144.35 14.94 295.92 188.54 23

319 2401 78.87 3.29 295.94 185.00 2

317 1025 139.15 13.57 296.02 187.53 24

€02(0.125]&Propylene(0.875] 3.16 8.43 14233 16.88 296.06 191.65 36
Propane(0.875]&Ethylene[0.125] 315 1024 138.80 13.55 296.07 186.87 32
Methane[0.05]&Propylene(0.95] 3.14 9.05 134.10 14.82 296.11 190.22 22
Propane[0.95]&Methane[0.05] 314 1099 136.00 12.38 296.14 186.57 20
Ethylene([0.15)&Propylene[0.85] 313 8.53 142.17 16.66 296.15 190.25 31
Propylene([0.85]&NH3(0.15] 3.09 9.27 134.96 14.55 296.31 192.40 33
Propane[0.8]&Ethane[0.2] 309 1049 143.66 13.69 296.32 18662 38
3.07 9.35 137.99 14.77 296.39 18923039

3.06  29.05 56.80 1.96 296.47 19705, 5

3.04 1101 118.15 10.73 296.51 209.40 17

Pentane[0.75]&NH3(0.25] 303 3446 48.60 141 296.55 200.73 9
Propane[0.0]&Propylene[1.0] 303 1088 120.73 11.09 296.56 189.22 [
Propylene[1.0]&water(0.0] 3.03  10.88 120.73 11.09 296.56 189.22 2
3.03 1345 123.05 9.15 296.58 185.90 [Z

301 2892 57.00 1.97 296.64 195.08 26

298 3023 57.37 1.90 296.80 195.53 10

Pentane[0.75]&Ethylene[0.25] 295 3364 5035 1.50 296.90 198.15 24
sopentane(0.7)&Ethane[0.3] 294 27.68 61.14 221 296.97 195.10 27
hexane[0.0]&NH3[1.0] 291 1161 112.60 9.70 297.09 31197 TS
291 1161 112.60 9.70 297.09 311.97 S

291 1161 112.60 9.70 297.09 311.97 T

291 1161 112.60 9.70 297.09 311.97 [

Ethylene[0.0]&NH3[1.0] 291 1161 112.60 9.70 297.09 311.97 T
Methane[0.0]&NH3([1.0] 291 1161 112.60 9.70 297.09 311.97 [
Pentane[0.675]&Ethane[0.325] 289 3102 54.95 177 297.16 199.53 25
€02(0.25&Pentane[0.75] 288 3500 52.96 151 297.23 200.14 25
Pentane(0.8]&Methane[0.2] 284 37.05 50.06 135 297.39 197.02 29
sopentane[0.7]&Methane[0.3] 2.64 28.68 62.34 217 298.32 197.64 23
€02(0.05]&water{0.95] 264 6054 2.98 0.05 298.34 720.66 13
€02(0.95&hexane(0.05] 2.63 6.30 167.59 26.59 298.37 261.56 22
hexane[0.575]&Ethane([0.425] 259 5389 40.06 0.74 298.57 204.64 22
hexane(0.625]&Ethylene[0.375] 259 5838 37.63 0.64 298.59 203.67 25
:: Ethylene[0.0]&water(1.0] 255 8261 272 0.03 298.79 790.10 16
Ethane[0.0]&water[1.0] 255 8261 272 0.03 298.79 790.10 12
:: Methane[0.0]&water[1.0] 255 8261 272 0.03 298.79 790.10 7
hexane[0.0]&water[1.0] 255 8261 2.72 0.03 298.79 790.10 NG
:: isopentane[0.0]&water[1.0] 255 8261 2.72 0.03 298.79 790.10 T
Pentane[0.0]&water(1.0] 255 8261 2.72 0.03 298.79 790.10 [T
:: hexane[1.0]&Methane[0.0] 240  66.07 14.16 0.21 299.56 185.00 13
sopentane[0.0]&hexane[1.0] 240  66.07 14.16 0.21 299.56 185.00 [T
:: Pentane[0.0]&hexane(1.0] 240 66,07 14.16 0.21 299.56 185.00 N

Figure B.1: All model outputs for a VCHP integrated dryer heating dry air from 10 to 180 °C using the humid air exiting the
dryer at 80 °C with results having the pure refrigerant COP as highest marked red
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Butane([0.55]&Propylene[0.45]
Propylene[0.175]&NH3[0.825]
Propane[0.125]&NH3[0.875]
Butane[0.9]&Ethane([0.1]
Pentane[0.275]&Isobutane[0.725]
Butane[0.575]&Propane[0.425]
sobutane[0.875]&Ethane[0.125]
Butane[0.925]&NH3[0.075]
Butane[0.925]&Ethylene[0.075]
sobutane[0.9]&Ethylene[0.1]
sobutane[0.925]&NH3[0.075]
€02(0.05]&Butane(0.95]
€02[0.075]&lIsobutane[0.925]
[0.775]&i: [0.225]
Butane[0.975]&Methane[0.025]

Propane[0.9]&isopentane[0.1]
isopentane[0.05]&Propylene[0.95]
C€02[0.15]&Propylene[0.85]
Pentane[0.15]&Butane[0.85]
Pentane[0.05]&Propylene[0.95]
sobutane[0.775]&Propylene[0.225]
Pentane[0.075]&Propane[0.925]
Propane[0.325]&Isobutane[0.675]
Butane[0.9]&isopentane[0.1]
Methane[0.05]&Propylene[0.95]
Ethylene[0.175]&Propylene[0.825]
Butane[0.575]&Isobutane[0.425]
C€02[0.1]&Propane[0.9]
Butane([1.0]&water[0.0]
Propane[0.85]&Ethylene[0.15]
sobutane[1.0]&water{0.0]
Pentane[0.775]&NH3[0.225]
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Propane[0.775]&Ethane([0.225]
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Methane[0.0]&water[1.0]
hexane[0.0]&water[1.0]
isopentane[0.0]&water[1.0]
Pentane[0.0]&water[1.0]
hexane[1.0]&Methane[0.0]
sopentane[0.0]&hexane[1.0]
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dryer at 50 °C with results having the pure refrigerant COP as highest marked red

Figure B.2: All model outputs for a VCHP integrated dryer heating dry air from 10 to 180 °C using the humid air exiting the
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REFPROP:: C02[0.875]&isopentane[0.125] 3.96 3.58 136.15 38.08 288.17 10 460.21
REFPROP:: isopentane[0.175]&Ethane[0.825] 3.90 4.50 103.88 23.06 288.31 27 448.57
REFPROP:: hexane[0.05]&Ethane([0.95] 3.90 3.63 91.14 25.14 288.33 23 441.21
REFPROP:: isopentane[0.125]&Ethylene[0.875] 3.90 3.35 118.19 35.29 288.33 2 442.43
REFPROP:: Pentane[0.175]&Ethane(0.825] 3.89 4.52 74.12 16.41 288.34 27 445.66
REFPROP:: CO2(0.725]&Butane(0.275] 3.89 4.05 143.58 35.42 288.36 36 458.94
REFPROP:: hexane[0.05]&Ethylene[0.95] 3.88 2.80 8636 30.88 288.37 24 43338
REFPROP:: C02[0.875]&Pentane[0.125] 3.86 3.62 97.99 27.07 288.42 28 460.98
REFPROP:: Pentane[0.15]&Ethylene[0.85] 3.81 3.60 75.34 20.95 288.57 28 442.76
REFPROP:: C02[0.55]&Isobutane[0.45] 3.78 5.33 119.93 22.48 288.63[0 40 455.73
REFPROP:: Propane(0.85]&hexane[0.15] 377 9.09 55.74 6.13 288.66 21 460.44
REFPROP:: Butane[0.375]&Ethylene[0.625] 3.74 5.30 105.24 19.86 288.75 34 455.39
REFPROP:: Isobutane[0.65]&NH3[0.35] 3.68 8.66 86.22 9.95 288.92 18 452.72
REFPROP:: Butane[0.425]&Ethane[0.575] 3.66 7.13 94.32 13.23 288.97 AL 455.10
REFPROP:: Isobutane[0.45]&Ethylene[0.55] 3.65 5.98 104.19 17.41 289.00 34 449.70

exane[0.075]&Propylene[0.925] 3.65 7.43 61.96 8.34 289.02 12 462.23

ropane[0.55]&isopentane(0.45] 364 1330 51.30 3.86 289.02 27 449.97
utane[0.65]&NH3(0.35] 3.64 9.56 75.06 7.86 289.02 16 459.61
entane(0.4]&Propane[0.6] 362 1353 54.40 4.02 289.10 26 458.78
obutane[0.525]&Ethane(0.475] 3.61 8.04 90.09 11.21 289.12 [ a 447.16
obutane[0.725]&hexane[0.275] 358 2047 4036 1.97 289.20 13 458.06
entane(0.325]&Propylene(0.675] 357 1188 61.38 5.16 289.23 2 467.44
opentane[0.375]&Propylene[0.625] 3.56 12.44 59.14 4.75 289.26 27 460.43
ropane[0.575]&Ethane[0.425] 3.53 6.35 106.85 16.82 28936/ 38 433.30
ropane[0.825]&NH3(0.175] 351 7.57 101.49 13.40 289.43 20 441.15
: Propane0.8]&Ethylene(0.2] 351 7.23 98.19 13.58 289.43 32 437.87
ropane[0.95]&Methane(0.05] 3.49 8.25 85.44 10.36 289.47 17 434.82

REFPROP:: CO2[0.125]&Propane[0.875] 3.49 7.81 96.01 12.30 289.47 24 439.23
REFPROP:: Isobutane[0.975]&Methane[0.025] 348 14.90 50.53 3.39 289.50 26 434.19
REFPROP:: Pentane[0.525]&NH3([0.475] 347 1258 4558 3.62 289.52 12 468.59
REFPROP:: Ethane[0.475]&Propylene[0.525] 3.46 5.69 114.64 20.17 28956 39 432.25
REFPROP:: Butane[0.575]&Propylene[0.425] 345 1329 58.79 4.43 28959 38 448,52
REFPROP:: Butane[0.55]&Propane[0.45] 345 1376 58.08 4.22 28959 39 444,61
REFPROP:: Ethylene[0.3]&Propylene[0.7] 3.45 5.98 11532 19.27 289.59 34 441.98

opentane(0.675]&NH3[0.325] 345 1579 45.50 2.88 289.60 6 455.36
: Pentane(0.35]&lsobutane(0.65] 345 2062 39.58 1.92 289.60 13 444.15
obutane[0.875]&Propylene[0.125] 343 1490 52.34 3.51 289.65 30 435.01
ropane[0.425]&Isobutane[0.575] 343 13.02 60.18 4.62 289.67 [0 40 437.01
obutane[0.7]&isopentane[0.3] 3.42 19.61 40.88 2.08 289.68 11 439.10
02(0.175]&Propylene[0.825] 3.42 6.78 109.61 16.16 289.69 37 446.59
ethane[0.05]&Propylene[0.95] 3.40 7.57 94.72 12.52 289.76 18 442.68
utane[0.0]&Isobutane(1.0] 336 17.24 47.15 2.73 289.89 37 43235
obutane[1.0]&water[0.0] 336 17.24 47.15 2.73 289.89 [T 43235

utane[0.975]&Methane[0.025] 335 19.25 45.29 2.35 289.92 31 441.23
utane[0.825]&hexane[0.175] 333 2557 39.54 155 289.96 9 456.93
ropane[1.0]&Propylene(0.0] 333 10.00 76.88 7.69 289.99 [T 433.29
: Propane([1.0]&water[0.0] 333 10.00 76.88 7.69 289.99 T 433.29
ropylene[0.875]&NH3[0.125] 3.32 8.01 96.22 12.02 289.99 28 445.06
entane[0.25]&Butane[0.75] 329 2471 37.49 152 290.10 9 444.16
utane[0.8]&isopentane[0.2] 3.28 23.90 39.08 1.64 290.15 7 441.30

REFPROP:: Propylene[1.0]&water[0.0] 3.26 8.98 84,53 9.42 440.70
REFPROI 02[1.0]&hexane[0.0] 3.26 3.99 220.14 55.18 425.99
REFPROP:: CO2[1.0]&Ethane[0.0] 3.26 3.99 220.14 55.18 425.99
REFPROI 02[1.0]&Ethylene[0.0] 3.26 3.99 220.14 55.18 425.99
REFPROP:: CO2[1.0]&Methane[0.0] 3.26 3.99 22014 55.18 425.99
REFPROI 02[1.0]&NH3[0.0] 3.26 3.99 220.14 55.18 425.99
REFPROP:: CO2[1.0]&water[0.0] 3.26 3.99 220.14 55.18 425.99
REFPROI utane[1.0]&water[0.0] 3.24 22.59 42.71 1.89 440.19
REFPROP:: hexane[0.0]&NH3[1.0] 125 CLils 7153 7.81 543.08
£ 9.15 71.53 7.81 543.08

3.23 9.15 71.53 7.81 543.08

Bt25) CHlE P 7.81 543.08

3.23 CLILE 7L 7.81 543.08

entane[0.825]&Methane([0.175] 3.08 28.24 33.97 1.20 449.47
thane[1.0]&water[0.0] 3.02 4.74 174.49 36.82 411.45
thane[1.0]&Ethylene[0.0] 3.02 4.74 174.49 36.82 411.45
thane[1.0]&Methane([0.0] 3.02 4.74 174.49 36.82 411.45

: isopentane[0.725]&Methane([0.275] 3.02 18.24 40.94 2.24 447.17
exane[0.6]&Methane[0.4] 258 3282 30.11 0.92 465.34

REFPROP:: hexane[1.0]&water[0.0] 2.52 65.39 10.51 0.16 440.93
REFPROI opentane[0.0]&hexane[1.0] 2.52 65.39 10.51 0.16 440.93
REFPROP:: Pentane[0.0]&hexane[1.0] 2.52 65.39 10.51 0.16 440.93
REFPROP:: Ethylene[0.6]&water[0.4] 229  17.04 6.55 0.38 629.42
REFPROP:: Methane[0.85]&water[0.15] 1.99 5.30 8.69 1.64 541.25

Figure B.3: All model outputs for a VCHP integrated dryer heating dry air from 10 to 120 °C using the humid air exiting the
dryer at 80 °C with results having the pure refrigerant COP as highest marked red
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Pentane[0.125]&Propane[0.875]
Pentane[0.075]&Propylene[0.925]
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:: Propane[1.0]&water[0.0]

:: Butane[0.95]&Methane[0.05]
isopentane[0.025]&Ethane[0.975]
isopentane[0.85]&NH3[0.15]
Pentane[0.875]&NH3(0.125]
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Figure B.4: All model outputs for a VCHP integrated dryer heating dry air from 10 to 120 °C using the humid air exiting the
dryer at 50 °C with results having the pure refrigerant COP as highest marked red
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Figure C.1: T-s diagram of the Ammonia mixture cycle for T 40 = 180 °C and T 43 = 50 °C with PPTD = 10 °C
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Figure C.2: T-Q diagram of the Ammonia mixture cycle for T 4o = 180 °C and T 43 = 50 °C with PPTD =10 °C
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