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Abstract

This work is intended to investigate and advance industrial high temperature heat pumps in
order to increase the supply temperature and to expand the field of application, especially in
concern of industrial drying processes.

Drying processes are energy-intensive and the most important process steps in various
branches of industry. About 85% of all drying processes are operated by fossil-fired, convec-
tive exhaust air dryers. The use of high temperature heat pumps recovering thermal energy from
the exhaust air offers opportunities as a substitute for fossil energy supply.

Since the compressor and the working fluid play the central roles in concern of elevated
temperatures, the focus was on these two components as parts of high temperature heat pumps.
General theoretical investigations have shown that water as refrigerant causes high compressor
discharge temperatures but suits well for higher heat source temperatures and in the second stage
of a cascaded heat pump cycle. Direct injection cooling offers chances to reduce the elevated
thermal loads but also increases the risk of hydrolock. An injection system was developed and
tested successfully. As a subsequent experimental step, an existing reciprocating compressor test
bench was adapted and operated with the injection system. A certain temperature decrease of
the discharged vapour could be achieved. The considered compressor was rather insensitive to
liquid drops in the cylinder space.

In order to investigate the drying behaviour of clay bricks in a chamber dryer, an open
and easily expandable drying library has been developed. The modelling approaches and the
descriptive mathematical formulations were implemented in the modelling language Modelica
and validated using measurement data from drying tests performed on a small-scale laboratory
container. All the substantial properties and processes were reproduced with sufficient accuracy.
The models are forming the basis to investigate drying processes in conjunction with the energy
supply by high temperature heat pumps, to assess the process quality, and to extend their field
of application.
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Kurzfassung

Diese Arbeit beschäftigt sich mit der Untersuchung und Weiterentwicklung industrieller
Hochtemperatur Wärmepumpen, mit der Absicht die Wärmeabgabetemperatur zu steigern und
den Anwendungsbereich, insbesondere in Bezug auf die industrielle Trocknung, zu erweitern.

Trocknungsprozesse sind in hohem Maß energieintensiv und zählen in verschiedenen Indus-
triezweigen zu den wichtigsten Prozessschritten. Rund 85% aller Trocknungsprozesse werden
mit fossil befeuerten konvektiven Ablufttrocknern betrieben. Die Wärmerückgewinnung aus der
Abluft unter Verwendung von Hochtemperatur Wärmepumpen bietet sich als Substitut der fos-
silen Energiebereitstellung an.

Da der Verdichter sowie das Arbeitsmedium die zentrale Rolle, im Zusammenhang mit
erhöhten Temperaturen, einnehmen, wurde der Fokus auf diese beiden Komponenten der
Wärmepumpe gelegt. Theoretische Untersuchungen haben gezeigt, dass Wasser als Kältemit-
tel hohe Verdichterendtemperaturen verursacht, jedoch für höhere Wärmequellentemperaturen
und in der zweiten Stufe eines Kaskadenzyklus gut geeignet ist. Direkte Zylindereinspritzung
bietet Möglichkeiten, die hohe thermische Belastung zu reduzieren, erhöht aber auch die Gefahr
von Wasserschlag. Ein Einspritzsystem wurde entwickelt und erfolgreich getestet. In einem wei-
teren Versuchsaufbau wurde ein vorhandener Kolbenverdichterprüfstand adaptiert und mit dem
Einspritzsystem betrieben. Ein Temperaturabfall des verdichteten Arbeitsmediums konnte er-
reicht werden. Der betrachtete Kompressor erwies sich als weitgehend unempfindlich gegenüber
Flüssigkeiten im Zylinderraum.

Um das Trocknungsverhalten von Tonziegeln in einem Kammertrockner zu untersuchen,
wurde eine offene und leicht erweiterbare Trocknungsbibliothek entwickelt. Die Modellierungsan-
sätze und daraus resultierenden mathematischen Formulierungen wurden in der Modellierungs-
sprache Modelica implementiert und anhand von Messdaten aus Trocknungsexperimenten vali-
diert. Alle wesentlichen Eigenschaften und Prozesse wurden mit ausreichender Genauigkeit re-
produziert. Die Bibliothek bildet die Grundlage, für die Untersuchung von Trocknungsprozessen
in Verbindung mit Hochtemperatur Wärmepumpen zur Energiebereitstellung, um Aussagen zur
Prozessqualität treffen und den Anwendungsbereich erweitern zu können.
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Preface

A major part of this thesis yields from my work in the Austrian research funding framework
Energieforschung 1. Ausschreibung project DryPump No. 848 912. The project’s content and
thus that of the thesis are partly based on the results of the Austrian research funding framework
e!Mission.at 4. Ausschreibung project SteamUp No. 843 872. The objectives, the teams, and
the main results of the mentioned projects should briefly be outlined in advance, since there are
several references to involved organisations, test set-ups, etc. in course of the thesis.

The aim of the SteamUp project was to technically scope to what extent water is suit-
able for the use in high temperature heat pumps (HTHPs) as a refrigerant with a condensation
temperature up to 200 ◦C in order to utilise industrial low temperature waste heat (60 to
90 ◦C) in the future. With a HTHP using water as a refrigerant, it is possible to develop new
applications for industrial heat pumps. The focus was placed on the development of a novel
compressor concept for the use in selected industrial processes, since it plays the key role in
context to an elevated operation temperature.

The project team was formed by employees of the Austrian Institute of Technology GmbH1

(AIT), the Institut für Energietechnik und Thermodynamik2 (IET), and Leobersdorfer Maschi-
nenfabrik3 (LMF).

Three processes were identified in which the use of a HTHP is eligible. The most promising
application in a practicable performance class and a reasonable coefficient of performance
(COP ) was a sterilisation process using an autoclave. It has also been found out that the
compression of water vapour in a reciprocating compressor is feasible as part of a compression
heat pump process. The high thermal load can be reduced by the direct injection of liquid water
into the cylinder. Then the temperature would be in normal range, hence, an increased duration
of life for the gland packing, piston, and rider rings could be ensured. However, the performance

1 The Energy Department of the AIT, with a team of around 130 employees, develops sustainable energy
systems by applying interdisciplinary approaches. The examinations range from individual components to energy
concepts for buildings, cities, and entire regions. https://www.ait.ac.at/

2The IET is part of the Faculty for Mechanical Engineering and Industrial Management of TU Wien. Within
this faculty IET is the centre of competence for the mechanical and process engineering aspects of energy technol-
ogy. Details to organisation, teaching, research, and industry cooperation can be found on the following homepage:
https://www.iet.tuwien.ac.at/

3LMF is the leading Austrian manufacturer of high pressure reciprocating compressor systems, which are
developed and produced at the headquarters in Leobersdorf (Lower Austria). https://www.lmf.at/home/
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of direct injection and the indemnification of the cylinder, piston rod, crank mechanism, etc.
need to be investigated and tested further. The question concerning the heat pump’s economic
efficiency remains unclear. As a result, it’s theoretically feasible to realise a HTHP with water
as the working fluid [1].

DryPump is intended to solve major industrial research questions in context of using
compression heat pumps for industrial drying at a temperature range from 60 to 95 ◦C evapo-
rator temperature and up to 170 ◦C condenser temperature. For this purpose the temperature
resistance of critical materials, safe start-up and shut-down, and direct injection for cooling the
hot gas are investigated under real operating conditions using appropriate compressor concepts
of relevant size. Concepts for the process integration were developed. The theoretical results
obtained from the SteamUp project are now used to design a test bench.

Several different processes with the required supply air temperatures in the range from 80 to
170 ◦C could have already been identified for the project partners Wienerberger AG and Agrana
in preliminary investigations. By integrating a compression heat pump, the vapour of the exhaust
air can be used as the energy source and the drying process can be operated as a closed air loop.
The water vapour in the air is condensed. Subsequently, the sensible and latent energy from
the wet exhaust air, together with the mechanical compressor energy, are reintroduced into the
circuit air stream to elevate its temperature.

The project team was formed by employees of the AIT, Wienerberger AG4, AGRANA
Research & Innovation Center GmbH5 (Agrana), AMT Kältetechnik GmbH6 (AMT), Bitzer
Kühlmaschinenbau GmbH7, the IET, and the Institut für Ziegelforschung Essen e.V.8 (IZF).
LMF acts as subcontractor.

The following technical goals and highlights were achieved in the DryPump project:

• Development of technically feasible concepts and their economic evaluation when using
compression heat pump technologies for industrial drying of selected processes

• Evaluation of the sealant and lubricant properties and the operation mode for the safe start-
up and shut-down of screw-type compressors, with a refrigeration capacity of approximately
350 kW, at an evaporator temperature from 60 to 95 ◦C and condensation temperature up
to 125 ◦C

4Wienerberger was founded in 1819 as an Austrian brick manufacturer and is the world’s largest producer
of hollow bricks. Wienerberger AG is also the number one producer of facing bricks in Europe and the USA
and the market leader for tiles in Europe. The company has presence in approximately 30 countries worldwide.
https://wienerberger.at/

5The Agrana Research & Innovation Center GmbH, is AGRANA’s research and development company for
starch, bioethanol, sugar, and fruit. http://www.agrana-research.com/start/

6AMT Kältetechnik GmbH is a Styrian company specialised in the field of consulting, planning, engineering,
installation, and service of refrigeration systems. http://www.amt-kaelte.com/

7BITZER was founded in 1934 in Sindelfingen (Germany) and is today one of the world’s largest manufacturers
of refrigerant compressors. https://www.bitzer.de/

8The IZF was founded in 1952 as a research centre for the brick industry. The activities have been related to
applied research and development, consulting, and services in the coarse-ceramic industry. http://www.izf.de/
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• Evaluation of direct cylinder injection for cooling the hot gas and the phenomenological
investigation of the spray drop vaporisation when using water as the working fluid (R718)

• Optimisation of the discontinuous, heat pump driven, brick drying process’ operating con-
ditions, at constant brick quality and the aim of minimising the total energy input including
auxiliary devices

• Bricks were dried with a heat pump for the first time, according to the consortium’s knowl-
edge. The tests showed very good agreement with the theoretical investigations.

• A concept to provide a live steam temperature of up to 170 ◦C for industrial drying under
the usage of a compression heat pump in various continuously operated drying plants

• Proposals to answer the technological challenges in conjunction with industrial drying using
compression heat pumps, such as high evaporator and condenser temperature and direct
water injection for cooling the hot gas

Concerning the technical requirements of the operating parameters, the considered drying pro-
cesses of Wienerberger AG and Agrana are phenomenological representatives for other industries,
such as for the energy-intensive paper industry or the production of veneer boards. Thus, the
results contribute significantly to offer heat pump solutions in conjunction with drying processes
for a wide range of user groups in the medium-term [2].

The publications resulting from the DryPump project are briefly summarised as [3], [4], [5],
[6], and [7].
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Introduction

According to Statistik Austria, the industrial sector was responsible for around 30% of Austria’s
final energy consumption in 2016. That’s equivalent to 329PJ/a, whereof approximately 75%
were used to provide industrial process heat. The industry is one of the main producers of climate-
related emissions, since around 50% of the industry’s energy demand is covered by fossil fuels [1,
8]. Considering industrial sectors of a typical industrialised country like Canada in 2002, where
drying accounts as essential part of the production chain, industrial energy is consumed primarily
in the paper and pulp (30%), mining (15.5%), and chemical industry (7.4%). Depending on
the industry sector and used technology, drying can represent a major fraction of the energy
use. The energy for drying accounts for up to 70% of the total energy in manufacturing wood
products, about 50% of textile, 27% of paper, and 33% of pulp production [9]. In Austria, the
paper industry accounts for 21% of the industrial sector’s total energy consumption [8].

In 1982, drying was estimated to account for at least 10% of industrial energy demand in
typical industrialised regions like the U.K. and Europe [10]. More recent estimates suggest
that drying processes account for up to 25% of the total industrial energy demand in advanced
countries worldwide [2].

However, dryers are major energy consumers, because of the requirement to provide the latent
heat of evaporation for all the moisture that is removed. The relative energy demand is rising,
not at least due to the appearance of many new drying requiring products on the market [10].
Drying processes are among the most important process steps in various branches of the industry.
Water is removed from a product to prevent rot, increase shelf life, minimise transport costs, or
as a part of the production chain and requirement for further processing [5].

The energetically ideal drying process takes place at ambient conditions. Considering pure
convective drying, the product’s temperature drops below ambient temperature as a result of
the evaporation process at the product’s surface. This effect is often referred to as evaporative
cooling. As the drying progresses, the drying product’s temperature rises and approaches ambient
temperature. At the end of the drying process, the drying product, the drying air, and the
evaporated water are reaching ambient temperature again. All that results in a slow, gentle, and
energy efficient drying. Nowadays the requirements on the producing industry are increasing,
e. g. the production process as well as the drying process have to be fast and flexible. Starting
again with the drying air and the drying product at ambient conditions, the air has to be heated
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under supply of external energy to decrease the process duration. The temperature of the whole
system is elevated for this reason. The drying air, the drying product, and the evaporated water
are leaving the dryer with significantly higher temperature compared to the ambient temperature.

About 85% of all drying processes are operated by fossil-fired, convective exhaust air dryers.
99% of these systems dissipate the exhaust air including the water vapour to the environment
without further use of its energy potential [2, 4]. Hence, dryers tend to have pretty low thermal
efficiency, often below 50% [10]. Considering the ideal drying process, there is a huge necessity
and potential for improving efficiency and reducing energy consumption.

There are essentially three spheres of activity, in order to improve the energy efficiency of
drying processes: the drying product, the energy supply for the drying process, and the drying
plant. Some improvements are obvious such as, thermal insulation reduces heat losses of the
drying plant by radiation, conduction, and convection. The waste heat recovery seems to be
more complex and offers large saving potential of thermal energy. The hot exhaust air continues
to be used directly by heat exchange to preheat the drying air. In addition, compression heat
pumps are also used for waste heat recovery. Industrial drying processes can be performed more
efficiently by integrating heat pumps. Heat pumps are using waste heat as a heat source to provide
thermal energy at a higher temperature level by adding mechanical compressor energy [5].

In the past, heat pumps have already been used in drying processes. The main applications
were the drying of food and timber. Due to the heat pump’s limited operation temperature, the
heat pump drying was limited to these fields.

In the future, the heat pump’s operation temperature should be increased by the development
of high temperature heat pumps (HTHPs). Fallow waste heat potentials of a higher temperature
range can then be re-used. The application fields can be extended to numerous other drying
processes, such as in the paper and pulp, petrochemical, and non-metallic mineral industry. The
temperature required in most industrial drying processes ranges from 100 to 200 ◦C [2].

The compressor and the working fluid play the central roles as part of the HTHP. A primary
goal of this work is to perform investigations on a novel reciprocating compressor concept for the
use in selected industrial processes in context to an elevated thermal load, when using water as
the working fluid. Therefore the direct injection of liquid water into the cylinder for cooling the
hot gas and the associated risk on damaging the compressor should be analysed.

The described intents concern the energy supply for the drying process to increase efficiency
and expand the application field of HTHP. As mentioned before, the drying product and the
drying plant offer further prospects. Specifically, the drying behaviour of clay bricks in chamber
dryers should be investigated, since drying is an important and the most energy consuming
process in the production chain of clay bricks [11]. Subsequently, another main goal of this work
is, to investigate and mathematically describe the processes in the drying material and the dryer
as its surrounding environment, during the drying process. Models for simulative description
should be developed and implemented in a suitable simulation environment.

The models are forming the basis for the simulation of drying processes. In future, the
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models should be used as sub-models for the optimisation of overall processes and for finding
proper controlling strategies. Therefore, Modelica (cf. Chapter 2.3.3) was chosen as the modelling
language, since it suits ideally for the simulation of the dynamic behaviour of multi-domain
systems.
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Chapter 1

Experimental investigation of
injection cooling for water as the
working fluid of high temperature
heat pumps

As already outlined in the general Introduction, industrial drying processes can be performed
more efficiently by the integration of heat pumps. HTHPs need to be advanced further in order
to increase the supply temperature and to expand the field of application.

First some important fundamentals according to, HTHPs, the considered reciprocating com-
pressor type, and alternative injection applications are presented. Subsequently, general theo-
retical investigations on the use of water as a working fluid, and in particular, as an application
under the usage of a reciprocating compressor with direct injection cooling are following. Finally,
the set-up and results from the experimental investigations on the developed injection system and
the reciprocating compressor test bench are presented. The chapter concludes with a summary
and outlook. At this point it should be noted, unless otherwise stated, hereinafter a subcritical
operated vapour compression heat pump is considered if there’s talk about a heat pump.

1.1 Introduction

Industrial HTHPs are applied to provide industrial process heat. Waste heat of low temperature
can be brought to a higher temperature level and is returned to a given process under supply
of external energy. The variety of heat pumps with high thermal output ranging from 20 kW to
20MW and elevated supply temperature has grown steadily in recent years [12]. The required
thermal output as well as the occurring temperatures and nature of the heat source and sink are
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from great importance to select the working fluid, size, and type of used aggregates. The heat
pump system has to work reliably and efficiently under the given circumstances.

The compressor as the most complex component of a compression heat pump plays a key
role in terms of the achievable temperature and thermal output. It’s charged with the system’s
highest occurring temperature. With conventional compression, this temperature can be far
beyond the condenser temperature respectively the sink temperature and could lead to wear
rates of unacceptable levels for various components. Compressors of the reciprocating type are
often used. Those are well suited for higher pressure ratios as well as for higher flow rates,
which together corresponds to increased thermal outputs. For increased flow rates other types of
compressors are used more frequently, namely the screw and turbo compressors [13]. However,
applying several reciprocating compressor in parallel also results in higher flow rates. In addition,
any requirement of oil-free compression will rule out most of the screw type compressors [14].
High pressure ratios respectively increased temperature shifts, generally have a negative effect
on the system’s efficiency for all compressor types [15].

The selection of the working fluid is also closely related to the given operation conditions. A
high enthalpy of vaporisation and a high critical temperature are important for efficient use of
subcritically operated heat pumps. Further, a variety of other requirements apply on the working
fluid [15]. An innovative approach to advance HTHPs is the development and investigation of
a heat pump with water as refrigerant or working fluid. Water is a natural refrigerant, it’s
completely neutral in regard to harmful effects on humans, animals, and the environment. The
global warming potential equals zero and so does the ozone depletion potential. It’s non-toxic,
non-combustible, and non-explosive. That compares with some technical challenges caused by
the thermodynamic properties of water: very high compressor discharge temperatures and thus
extreme thermal loads to the components used in the compressor, high pressure ratios, and a
large specific volume and consequently large volume flows [1].

It’s examined theoretically which operation conditions are advantageous for an efficient use
of water as a working fluid. A novel reciprocating compressor concept with liquid direct injec-
tion is developed and investigated experimentally in order to reduce the compressor discharge
temperature and to control the increased thermal load. These measures represent opportunities
to increase the achievable supply temperatures and significantly expand the field of application
of HTHPs in the drying industry and in other industry branches as well.

1.2 High temperature heat pumps

1.2.1 Basic working principles and thermodynamic fundamentals

A heat pump is a device that transfers thermal energy from a heat source at low temperature
(cold side) to a heat sink at higher temperature (hot side) under supply of electrical energy. The
basic scheme of a compression heat pump is shown in Fig. 1.1 and consists of a compressor, a
condenser, an expansion valve, and an evaporator [15].
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Figure 1.1: Basic scheme of a compression heat pump, adapted from [15]

The working fluid (refrigerant) vapour at low pressure level (state 1) is taken to the higher
pressure level (state 2) by the compressor under supply of mechanical power P . The temperature
also rises. In the condenser, the refrigerant’s sensible heat and latent enthalpy of vaporisation,
represented by Q̇H , is transferred to the heat sink until state 3 is reached. The condensed
refrigerant is brought to the lower pressure level (state 4) by the expansion valve before it enters
the evaporator. In the evaporator, the working fluid is vaporised by absorbing the heat flow
rate of the heat source Q̇C . When entering the compressor, the refrigerant circuit closes and
the compression starts again. This process is referred to as an thermodynamic cycle running
anticlockwise.

The source’s thermal energy arises at low temperature on the system’s low pressure side,
the thermal energy transferred to the sink arises at high temperature on the high pressure side.
Thermal energy is "pumped" from a low to a high temperature level. This process doesn’t violate
the second law of thermodynamics, since energy has to be supplied for compression [15].

The idealised compression heat pump process is conveniently illustrated in the T, s-chart as
shown in Fig. 1.2 and consists of the following sub-processes:

• 1 - 2: Polytropic compression of vapour, often assumed as isentropic compression (1 - 2s)

• 2 - 3: Isobaric remove of vapour superheat and condensation

• 3 - 4: Isenthalpic expansion (throttling) to the saturated region

• 4 - 1: Isobaric vaporisation

The real heat pump process differs lightly from the course shown in Fig. 1.2, e. g. due to
pressure losses in the heat exchangers or non-isenthalpic expansion due to thermal losses [15].

The power input through compression P , the heat flow rate supplied by the heat source Q̇C ,
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Figure 1.2: Theoretical heat pump cycle in T, s-chart, adapted from [15]

and the heat flow rate delivered to the heat sink Q̇H can be determined as follows [16]:

P = ṁ (h2 − h1) = ṁ

ηs

2∫
1

v dp (1.1)

Q̇H = −ṁ (h3 − h2) = −ṁ
3∫

2

T ds (1.2)

Q̇C = ṁ (h1 − h4) = ṁ

1∫
4

T ds (1.3)

ṁ denotes the refrigerant mass flow rate, h the specific enthalpy, v the specific volume at a
certain thermodynamic state, and ηs the compressor’s isentropic efficiency (cf. Eq. 1.16).

The most common indicator to compare the performance of heat pump systems is the coeffi-
cient of performance COP . Which is defined as usable thermal energy flow delivered per power
input. In general, heat pumps have a COP of 4 to 6.

COP = Q̇H
P

(1.4)

The ideal heat pump cycle is the reversed Carnot cycle, which can be used as the standard cycle.
Its coefficient of performance COPCar represents the maximum theoretical achievable value and
is given by:

COPCar = TH
TH − TC

= 1
ηCar

≥ COP (1.5)

as the reciprocal value of the Carnot efficiency ηCar. Where TC and TH denote the saturation

7



temperatures corresponding to the evaporator’s pressure level pC and the condenser’s pressure
level pH . This performance value serves as a second law standard. The comparison to actual
cycles results in the exergy (second-law) efficiency ζ [17]:

ζ = COP

COPCar
(1.6)

Refrigerant

The selection of a refrigerant as working fluid for mechanical vapour compression heat pumps
or refrigerators depends on its thermodynamic properties, environmental impact, and the given
process parameters. The following requirements apply: high critical temperature, high enthalpy
of vaporisation, high volumetric heating capacity, high heat transfer coefficients in the apparatus
(condenser, evaporator), low final compressor discharge temperature, pressures above atmo-
spheric pressure (but as low as possible on the suction side), thermal stability, low flammability,
good lubricating properties, compatible with materials of construction and lubricant, and ad-
vantageous chemical and toxic properties [12, 15, 18].

To quantify the capability of a refrigerant at given process parameters, the volumetric heating
capacity V HC is defined as:

V HC = h2 − h3
v1

(1.7)

With h as the refrigerant’s specific enthalpy and v as the specific volume when entering the
compressor (indices according to Fig. 1.2). V HC depends on the refrigerant’s thermodynamic
properties at the chosen pressure levels. High values of V HC allow the operation of compression
heat pumps or refrigerators with a relatively low volume flow rate, which leads to a compact
design of the equipment [15].

Refrigerants can be classified by their chemical composition: chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), and inorganic natural refriger-
ants. In the past, CFCs, HCFCs, and HFCs have been extensively used due to their excellent
thermodynamic properties. However, the disadvantage of these synthetic refrigerants is their
strong negative environmental impact. Consequently, extensive research activities have been
initiated to find new, more environmental-friendly refrigerants.

The impact of refrigerants on ozone destruction is estimated by the ozone depletion potential
(ODP), which is the ratio of the destructive potential of the given fluid and the depletion caused
by an equal amount of the reference substance R11. The global worming potential (GWP)
quantifies the ability to absorb infrared radiation relative to carbon dioxide [19].

In ASHRAE1 Standard 34 refrigerants are also classified according to their toxicity (A, B)
and flammability (1-3) in six safety groups (SGs) [12, 19].

1The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) is a global pro-
fessional association with the mission to advance the art and sciences of heating, ventilating, air conditioning,
and refrigerating to serve humanity and promote a sustainable world. https://www.ashrae.org/
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Compressor

The refrigerant vapour at evaporator pressure level is taken to the condenser pressure level by
the compressor. The ratio of these pressure levels is called compression ratio Π:

Π = pH
pC

(1.8)

According to Eq. 1.1, the compression ratio determines the required compression power and
further affects the COP (cf. Eq. 1.4). High compression ratios have a negative effect on the
heat pump’s performance. Furthermore, the condenser pressure should be chosen moderately,
since the enthalpy of vaporisation decreases with increasing pressure (cf. Fig. 1.2) and the
requirements on material strength increase [15].

Different types of compressors are used in mechanical vapour compression heat pumps: scroll
and rotary vane compressors in small and medium heat pumps up to 100 kW thermal output,
reciprocating compressors up to 500 kW, screw compressors from 50 kW up to around 5MW,
and turbo compressors in large systems above 2MW, as well as oil-free turbo compressors above
250 kW. For industrial heat pumps, the majority of compressors is of the reciprocating, screw,
scroll, or rotary vane type. Compressors are available with variable-speed control to run the
power unit according to heating load [19, 20].

Evaporator and condenser

Heat pumps can be classified according to the heat source and sink type. Possible combinations
are air-air, air-water, or water-water. Hence, the heat exchanger’s design strongly depends on
the type of application.

If the refrigerant exchanges heat with water, different types of heat exchangers are used.
Plate and frame heat exchangers are often employed. The heat is transferred by corrugated
metal plates. Tube in tube heat exchangers are also used, shaped by two coaxial tubes with the
inner one corrugated to increase the heat transfer area and to force turbulence. Shell and tube
heat exchangers are used as well.

Air heat exchangers are basically constituted by finned tube bundles. The refrigerant flows in
tubes and air is blown by fans. This is the most common type for low capacity heat exchangers.
More complex devices are employed for larger units. However, they are working on the same
operation principle [20].

The design of the heat exchangers plays a significant role in the heat pump’s overall efficiency.
The heat exchange areas and the corresponding temperature difference directly affect the oper-
ating pressures and further the energy required to provide the same heating load. A larger heat
exchange area causes lower temperature difference and the system becomes more efficient [17],
since the exergy losses due to the heat transfer fall with decreasing temperature gradient in the
heat exchanger [16].
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Liquid receiver and expansion valve

The liquid receiver (not shown in Fig. 1.1) is placed at the condenser outlet to store high pressure
liquid leaving the condenser. Its purpose is to collect fluid when load fluctuations occur. It’s
sized to contain the whole refrigerant charge during the power-off periods.

The expansion valve is a metering device that feeds working fluid to the evaporator, irre-
versibly taking the refrigerant from the condenser pressure to the evaporator pressure [20].

1.2.2 Temperature limitations

The aim of HTHPs is to provide process heat at elevated temperatures. In case of subcritically
operated heat pumps, a condenser temperature rise is associated with increasing the condenser
pressure.

The majority of heat pump compressors is lubricated with oil, thus the refrigerant in the
compressor contains oil. The oil chemically changes and contaminates the refrigerant, at tem-
peratures ranging from 160 to 200 ◦C. Usually there’s no oxygen in the system, hence the oil
doesn’t burn. Some refrigerants decompose at elevated temperatures. Specifically, ammonia is
sensitive to decomposed oil contamination, in the presence of some metals. Also, the properties
of the reciprocating compressor’s valve material can change, making them more susceptible to
failure [17]. Increased temperature and pressure will also influence the compressor material’s
duration of life. In case of reciprocating compressors, the piston rings for sealing the cylinder
space to the ambient are critical components. Those are charged with the highest occurring gas
temperature and additionally rub on the cylinder wall [13].

The thermal limit of application in terms of process performance is determined by the re-
frigerant’s critical temperature. Depending on the refrigerant, a gap of 10 to 15K from the
condenser temperature should be maintained [12]. As mentioned in the previous chapter, the
enthalpy of vaporisation decreases with increasing condenser temperature and pressure, what
negatively influences the COP .

The supercritical or transcritical heat pump cycle is basically possible. The operation with
carbon dioxide as the refrigerant (R744) is known. Its appliance is limited, since the pressurised
fluid must experience very large temperature differences in the supercritical region. In order
to operate efficiently, the difference of the sink’s inlet and outlet temperature has to be large
too. These operation conditions are rarely required in industrial processes [1]. For example, the
process is used for hot air supply [21].

1.2.3 Process enhancements

As already mentioned, an increase of the temperature lift and an increase of the condenser
temperature lead to different technological problems. In addition, they have negative impact on
the process performance. There are different possibilities to improve the process efficiency and to
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lower the compressor discharge temperature in conjunction with these enhanced requirements.
Some of them are introduced in the following.

Internal heat exchanger

The application of an internal heat exchanger improves the process efficiency, in certain cases.
It subcools the refrigerant leaving the condenser by superheating the vapour before entering the
compressor. As a result of the subcooling, the amount of heat absorbed from the heat source
increases without significant increase of the compression work. The amount of heat absorbed
by the heat sink increases, compared to the conventional process [15]. Notice, the superheating
leads to a higher compressor discharge temperature, which may cause problems [17]. The usage
of an internal heat exchanger is not necessarily related to enhanced operation requirements, but
is often implemented to heat pumps as a simple installation to increase efficiency and should
therefore briefly be mentioned for reasons of completeness.

Multi-stage operation

The cycle efficiency is significantly reduced with an increase of the pressure ratio [17], the COP
decreases and the process becomes uneconomic. In this case, multi-stage operation makes sense,
since the pressure ratio of a certain stage assumes more favourable values again [15].

The compressor discharge temperature due to high compression ratios can be lowered by
substituting the single-stage compressor, in the conventional scheme from Fig. 1.1, by a two-
stage compressor with an interstage cooler. The heat absorbed by the heat sink is reduced
and the sum of the compression works of the two stages can be smaller than the work of the
single-stage compressor. Generally, this solves the compressor discharge temperature problem
but does not lead to an improvement of cycle performance. The COP can even be reduced due
to the decreased thermal energy delivered to the sink. The expansion still takes place from high
to low pressure level so that the expansion losses are the same, compared to the conventional
process [17].

Larger temperature shifts can also be obtained by a two-stage heat pump cycle using different
refrigerants. It’s also known as the two cascaded heat pump cycle. Doing so, it is possible to
select the most appropriate refrigerant for each temperature level. The disadvantage of the
cascaded cycles is that an additional heat exchanger is required between the condenser of the
low temperature cascade cycle and the evaporator of the high temperature cascade cycle [17].
An additional heat exchanger is always related to additional exergy losses.

Another way to meet high pressure ratios, hence large temperature differences between ther-
mal source and sink, is injecting vapour into the compressor at an intermediate pressure. Fig. 1.3
shows the scheme of such an application and Fig. 1.4 illustrates the changes in state in the p, h-
chart. After the condenser (state 5), the refrigerant is sent to the first expansion valve, at its exit
(state 6) vapour and liquid are separated at an intermediate pressure. The liquid with state 7
goes to the second expansion valve before entering the evaporator. The vapour with state 9
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Figure 1.3: Scheme of a heat pump cycle with vapour/liquid separation and
vapour injection to the compressor, causing an intermediate cooling

is forwarded to the compressor’s intake of the second stage, where it mixes with superheated
vapour from the end of the first stage (state 2) to state 3. Vapour injection causes intermediate
cooling which lowers the compression work [20]. Notice, the mass flow rate through the first
stage is lower than through the second stage.
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Figure 1.4: p, h-chart of a heat pump cycle with vapour/liquid separation and
vapour injection to the compressor, causing an intermediate cooling, adapted
from [20]

The two-stage heat pump cycle with an interstage flash cooler is a quite similar process.
The high pressure liquid from the condenser is expanded to the intermediate pressure. The
flash gas is directly removed by the second stage compressor together with the vapour coming
from the discharge of the first stage compressor. The remaining liquid is further expanded to
the evaporator pressure level. The irreversible expansion process is taken over smaller pressure
differences, so that the losses are significantly reduced [17]. That also applies for the process
described before. The main difference between these cycles is that the compressor stages are
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clearly separated and the discharge of the first stage enters the flash cooler. Hence, the suction
state of the second stage (state 3 according to Fig. 1.4) lies on the dew line.

Another cycle using injection technology is sketched in Fig. 1.5. The corresponding p, h-chart
is shown in Fig. 1.6. Refrigerant exiting from the condenser with state 5 can take two different
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valve

Figure 1.5: Scheme of a heat pump cycle with an economiser and vapour in-
jection to the compressor, causing an intermediate cooling, adapted from [20]

ways. A certain amount of refrigerant (primary fluid) flows to the first expansion valve, after
passing through the economiser (state 6), and goes to the evaporator (state 7). In the economiser
the primary fluid transfers heat to another amount of secondary fluid flowing along path 5-8-9.
This secondary fluid is expanded from state 5 to an intermediate pressure (state 8) by a second
valve and reaches the compressor as superheated vapour with state 9. Primary fluid is further
subcooled and secondary fluid heats up and mixes with vapour from the first compression stage
(state 2) to state 3 [20].
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Figure 1.6: p, h-chart of a heat pump cycle with an economiser and vapour in-
jection to the compressor, causing an intermediate cooling, adapted from [20]

Such injection systems are implemented in scroll compressors. Qin et al. [22] and Kim
et al. [23] are investigating scroll compressors with injection systems under the usage of an
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economiser. In [22] the experimental results have shown that the thermal output of an air source
heat pump system was raised up by 28.6% compared with the conventional system. The research
proves that refrigerant injection can improve the thermal output especially for high pressure ra-
tios. Injection cooling is also employed in screw compressor with a COP increase by about
20% [20].

In addition scroll compressors which can bear liquids exist on the market, thus allowing
saturated vapour injection, so-called wet vapour injection. The use of wet vapour injection is
also aimed at limiting the compressor discharge temperature [20]. There are many scientific
papers, as [24] and [25], related to this topic.

Suction injection cooling

Suction injection cooling can usually be employed in scroll compressors and is an effective tech-
nology to decrease the compressor discharge temperature. A certain amount of the subcooled
refrigerant coming from the condenser is expanded to the low temperature two-phase fluid. Then,
it flows into the suction pipe and mixes with the superheated vapour from the evaporator to re-
duce the suction temperature. The compressor discharge temperature decreases. Furthermore,
the refrigerant’s specific volume decreases with the decreasing suction temperature, which leads
to the increase of the compressor mass flow rate. If the injection mass flow rate is rather high,
the compressor will also inhale liquid fluid which can further cool the compression process [26].
Wet vapour compression takes place.

Supercritical process

A supercritical respectively transcritical mechanical vapour compression heat pump consists of
similar components as the subcritical cycle (cf. Fig. 1.1). The most significant difference is the
replacement of the two-phase condenser by a gas cooler. As shown in Fig. 1.7, a single-phase,
sensible cooling process takes place in the refrigerant supercritical region (path 2-3), with large
temperature glide transfering thermal energy to the heat sink. The refrigerant is neither gas
nor liquid, its temperatures and pressures are independent properties, thus an additional control
device is needed. However, the evaporator still absorbs thermal energy from the heat source by
vaporisation at constant pressure and temperature [19].

As mentioned in Chapter 1.2.2, the operation with carbon dioxide as the refrigerant (R744)
is known. Compared to conventional refrigerants, its remarkably low critical temperature of
ϑcrit = 31.1 ◦C allows CO2 heat pumps to work above the critical pressure pcrit = 73.8 bar [19].

Rotary and reciprocating compressors are used [20]. Vapour injection systems in case of
rotary compressors and internal heat exchangers can also be employed [19]. Chung et al. [27]
are presenting results from experimental performance investigations of a twin-rotary compressor
using flash tank vapour injection for interstage cooling. The thermal output and COP improve-
ments of the system were 9.2% and 7.1% compared to the non-injection system, at the operation
temperatures −15 ◦C outdoor and 20 ◦C indoor.
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Figure 1.7: p, h-chart of a supercritical vapour compression heat pump cycle,
adapted from [19]

Supercritical CO2 cycles claim higher pressure differences between compressor discharge and
suction, resulting in elevated expansion losses. Hence, expansion work recovery is more bene-
ficial to improve efficiency in such systems. The expansion work is used to reduce the energy
consumption of the compressor [19].

1.2.4 State of the art and research

Industrial HTHPs

The variety of heat pumps with high thermal output of 20 kW to 20MW and raised supply tem-
perature has grown steadily in the recent years. The temperatures of typical heat sources range
from 17 to 65 ◦C and the determined COP values are between 2.4 and 5.8 with a temperature
shift of 95 to 40K. R245fa, R717 (ammonia), R744 (supercritical carbon dioxide), R134a, and
R1234ze(E) are mainly used as refrigerants. The compressors installed in HTHPs are single-
or twin-screw, two-stage turbo, and several parallel reciprocating compressors. Internal heat
exchangers are applied to ensure sufficient overheating of the refrigerant before entering the
compressor. Parallel compressors are used to achieve higher thermal outputs. Economisers, two-
stage compressors, or intermediate injection lead to an increase of performance. Two-stage cycles
as cascade are implemented on a large scale [12]. Tab. 1.1 summarises a selection of marketable
HTHPs with a sink temperature equal or greater than 100 ◦C. The Norwegian company Vicking
Heating Engines AS represents the industrial benchmark with the HeatBooster and a supply
temperatures up to 150 ◦C [28]. The vapour compression heat pump system with an internal
heat exchanger was developed by Viking Heat Engines AS in collaboration with AVL Schrick2.
It’s equipped with a proven reciprocating machine technology designed for 40 000 operating hours
at temperatures up to 200 ◦C before half life maintenance. The system was successfully tested
with HFO-1336mzz(Z) and R245fa as the working fluid [29].

2https://www.avl-schrick.com/
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Table 1.1: Selection of industrial HTHPs, adapted from [12, 28]

Manufacturer Product Refrigerant ϑmax Q̇H Compressor
◦C kW

Kobelcoa SGH 165 R134a/R245fa mix 165 70 to 660 Twin-screw
Kobelco SGH 120 R245fa 120 70 to 370 Twin-screw
Vicking Heating HeatBooster R245fa or 150 28 to 188 Recip.
Engines ASb R1336mzz(Z)
Ochsnerc IWWDSS R134a/ÖKO1d 130 170 to 750 Screw

R2R3b cascade
Ochsner IWWDS ER3b ÖKO1 130 170 to 750 Screw
Mayekawae Eco Sirocco R744 120 65 to 90 Screw
Hybrid Energyf Hybrid HP R717/R718 120 250 to 2500 Recip.
Combithermg HWW 245fa R245fa 120 62 to 252 Recip.
a http://www.kobelco.co.jp/english/
b http://www.vikingheatengines.com/heatbooster/
c https://www.ochsner.com/en/
d contains R245fa [12]
e http://www.mayekawa.com/
f https://www.hybridenergy.no/
g https://www.combitherm.de/

Ochsner provides HTHPs with screw compressors and condenser temperatures up to 130 ◦C.
Waste heat of 35 to 55 ◦C is used as heat source for a single-stage cycles or 8 to 25 ◦C for a two-
stage cascade cycles. The thermal output ranges from 170 to 750 kW. Higher thermal outputs
can also be achieved by connecting several machines [28].

The Japanese company Kobe Steel developed the SGH 120 heat pump, which generates steam
at 120 ◦C with a mass flow rate of 0.51 t/h and a COP of 3.5 from a waste hot water source
with a temperature of 65 ◦C. It’s equipped with a two-stage screw compressor using R245fa as
refrigerant. The SGH 165 consists of a single-stage compressor heat pump with a R134a/R245fa
mixture as refrigerant and a steam compressor. It generates superheated steam with 165 ◦C by
compressing the 110 ◦C dry saturated steam coming from the heat pump unit. The mass flow
rate of the supplied steam is 0.89 t/h and the COP reaches 2.5 when absorbing waste heat of a
hot water source of 70 ◦C [21].

The transcritical CO2 heat pump Eco Sirocco offered by Mayekawa supplies hot air. Inlet air
is heated from 20 to 120 ◦C at a thermal output of about 90 kW and a COP of 2.9, when using
water of 25 ◦C as the heat source. Heating air from 30 to 100 ◦C reaches 100 kW thermal output
under a COP of 3.43 [12].
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State of research

There are a few experimental research activities in which a sink respectively supply temperature
higher than 120 ◦C was reached so far.

Chamoun et al. [30] have shown the technical feasibility of a condenser temperature up to
145 ◦C with water as the working fluid. Therefore, a twin-screw air compressor was adapted.
Liquid water is injected to the suction chamber before compression to avoid excessive superheat-
ing. The presented heat pump test bench shows high performance, highly depending on the heat
source temperature. The heat pump is able to shift a heat source temperature ranging from 85
to 95 ◦C to a condenser temperature of 145 ◦C with a corresponding COP between 4.5 and 5.5.

The highest supply temperature of 155 ◦C was achieved at a test bench with a single-stage
HTHP using an internal heat exchanger and R1336mzz-Z as the refrigerant [12]. The system
was operated at condenser temperatures ranging from 75 to 160 ◦C. The latter temperature was
reached with a gross temperature shift of 45K and a COP of 2.67. The results are promising,
since the test bench was made up of marketable components, with minimal modifications at the
compressor [31].

Refrigerants for HTHPs

Nowadays R134a and R245fa are widely used in HTHPs. However, the European F-gas regula-
tion [32] states that only refrigerants with a GWP lower than 150 may be used in all new heat
pumps by 2022. Tab. 1.2 shows properties of the newly developed HFO refrigerants R1336mzz(Z),
R1233zd(E), R1234ze(Z), R1234ze(E), and R1234yf for the use in HTHP. Properties for the low
GWP natural refrigerants like R718 (water), R744 (carbon dioxide), R717 (ammonia), R600
(butane), and R601 (pentane) are also shown. Essential criteria for the application in HTHPs
are the thermodynamic suitability, the environmental impact, and the safety classification [12].

R134a is used in the first stage in case of two-stage HTHPs because of the low critical
temperature. R1234yf and R1234ze(E) are shown as candidates of the substitute refrigerant of
R134a, due to their similar critical temperature [33].

R1233zd(E) is shown as candidate of the substitute refrigerant of R245fa due to the similar
critical temperature [33]. Also, R1234ze(Z) is considered as a promising substitute [12].

The refrigerant R1336mzz-Z is from high interest. The advantages of R1336mmz-Z are: the
very high critical temperature of 171.3 ◦C, a low GWP of 2, an ODP of 0, and good safety
properties (safety group A1 which indicates lower toxicity and no flammability). Furthermore,
R1336mzz-Z is thermally stable up to 250 ◦C in the presence of metals commonly used in equip-
ment constructions [34] and, as already proven, it allows condenser temperatures up to about
160 ◦C [31]. It is considered as a substitute for R123 and R245fa.

As R600 and R601 are highly flammable (safety group A3), these refrigerants are not used in
large installations. R717 is toxic and highly flammable, but due to its high volumetric heating
capacity it is successfully used in large machines up to 90 ◦C supply temperature. R744 is used
in supercritical cycles [12]. R718 as a refrigerant is discussed in more detail in Chapter 1.5.1.
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Table 1.2: Properties of refrigerants for HTHPs, adapted from [12]

Refrigerant Chemical formula ϑcrit pcrit ODP GWP SG
◦C bar

R245fa C3H3F5 154 36.5 0 858 B1
R134a C2H2F4 101.1 40.6 0 1430 A1

R1336mzz-Z C4H2F6 171.3 29 0 2 A1
R1233zd(E) C3ClF3H2 166.5 36.2 0 1 A1
R1234ze(Z) C3H2F4 150.1 35.3 0 <1 A2
R1234ze(E) C3H2F4 109.4 36.4 0 7 A2L
R1234yf C3H2F4 94.7 33.8 0 4 A2L

R718 H2O 373.9 220.6 0 0 A1
R601 C5H12 196.6 33.7 0 20 A3
R600 C4H10 152 38 0 20 A3
R717 NH3 132.3 113.3 0 0 B2L
R744 CO2 31.1 73.8 0 1 A1

1.3 Reciprocating compressors

1.3.1 Basic working principles and thermodynamic fundamentals

The basic reciprocating compression element is a single cylinder compressing on one side of the
piston. Rotary motion provided to the compressor shaft is converted to reciprocating motion
by use of a crankshaft and a connection rod. Heavy duty machines are additionally equipped
with a piston rod and a cross head. Piston rings are sealing the cylinder space to the ambient.
Spring-loaded suction and discharge valves are used that open automatically when the proper
pressure difference exists across the valve. The suction valves opens when the pressure in the
cylinder is slightly below the suction pressure. Discharge valves open when the pressure in the
cylinder is slightly above the discharge pressure. Fig. 1.8 shows the basic element with the piston
at the top dead centre (TDC) and the p, V -chart (indicator card) of the ideal reciprocating cycle.
The compression starts at state 1, where both valves are closed. The piston moves to the left,
reducing the gas volume resulting in the rise of pressure. Compression ends at state 2, where the
pressure inside the cylinder has reached the discharge pressure. The discharge valves opens just
beyond state 2. Compressed gas is flowing out through the discharge valves to the plenum. After
the piston reaches the bottom dead centre (BDC), the discharge valves closes. The clearance
volume is filled with gas at discharge pressure (state 3). During the expansion stroke both valves
remain closed and the remaining gas in the clearance space increases in volume. The pressure
decreases. This continues until the pressure inside the cylinder drops below the suction pressure
at state 4. The inlet valves opens, and gas flows into the cylinder until the end of the reverse
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stroke at state 1. The inlet valves closes and the cycle starts again with the next revolution of
the crankshaft [35].

p

V

23

14

Suction

Discharge
z

TDC BDC

Clearance
Capacity

Stroke

Figure 1.8: Basic reciprocating compressor element and the p, V -chart (indi-
cator card) of the ideal reciprocating cycle, adapted from [35]

The volumetric efficiency V E gives information about the quality of the compression process.
It is defined as the ratio of the so-called capacity (V1 − V4) and the stroke volume (V1 − V3):

V E = V1 − V4
V1 − V3

= ṁ vsuc
n (V1 − V3) (1.9)

Where n denotes the rotational speed, ṁ the delivery mass flow rate and vsuc the specific volume
of the suction gas. V E is reduced due to increasing pressure ratio Π and increasing clearance
volume V3. The larger Π is, the larger is the gas volume V4 after the expansion of the mass
trapped in the clearance volume V3. Consequently the actual capacity (V1 − V4) decreases as
the mass sucked does [20]. Normal clearance will vary between 4 and 16% for most standard
cylinders [35].

The work to be provided for a single cycle is called indicated work Wind and corresponds to
the spanned area in the p, V -chart. The p, V -chart can be determined experimentally [13]:

Wind =
∮
V dp = −

∮
p dV = −

∮
pAdz = −

∮
F dz (1.10)

Pind = nWind = ṁwind (1.11)

Where Pind denotes the indicated power, wind the specific indicated work, F the force on the
piston, and A the net cylinder area.
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For reversible compression cycles it can be shown that:

wind =
2∫

1

v dp (1.12)

Hence, just the compression sub-process from state 1 to state 2 has to be considered, when dis-
cussing the specific indicated work. The optimum compression process concerning the indicated
work is the reversible isothermal compression. Assuming the ideal gas, the specific indicated
work can be determined by

wind = RT1 ln
(
p2
p1

)
(1.13)

with R as the fluid’s specific gas constant. This assumption requires ideal cooling and slow
compression. In real compressors, heat removal is very limited, so that isentropic (reversible,
adiabatic) compression is more appropriate than isothermal compression to describe the process.
The specific indicated work and the discharge temperature are increased.

wind = κ

κ− 1 RT1

((
p2
p1

)κ−1
κ

− 1
)

(1.14)

T2 = T1

(
p2
p1

)κ−1
κ

(1.15)

κ denotes the isentropic exponent. However, adiabatic compression is never obtained exactly,
since some heat is always removed or added. Therefore, compression takes place along a poly-
tropic change in state. The isentropic exponent in Eq. 1.14 and Eq. 1.15 is replaced by the
polytropic index k. k is determined experimentally for a given type of machine and may be lower
or higher than the isentropic exponent κ [35]. If k is smaller than κ, the cooling of the cylinder
space is more intense. As the rotational speed increases, the time for heat transfer becomes
smaller and the actual process approaches the isentropic process (k → κ) [13].

During the compression process several phenomena are causing irreversibilities. Among them
are friction losses in the mechanical compressor’s components, fluid friction losses, fluid leaks
towards the suction valve, and a very significant due to pressure losses in suction and discharge
valves. In addition, the model assumption of an ideal gas is just sufficiently accurate for moderate
pressures. That leads to the introduction of the isentropic efficiency. It’s defined as the ratio of
the ideal enthalpy change of the isentropic compression and the enthalpy change of the actual
compression [20]:

ηs = h2s − h1
h2 − h1

(1.16)
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1.3.2 Concepts to decrease the compressor discharge temperature

As outlined in the previous chapter, optimal compression concerning energy consumption claims
an isothermal process. Furthermore, the permissible compressor discharge temperature is limited
for different reasons. Limitations regarding the heat pump process have already been discussed
in Chapter 1.2.2. Oil accumulations can cause fires or explosions in downstream sections of
oil-lubricated air compressors. In gas compressors, unwanted chemical reactions or lubrication
problems limit the discharge temperature. For non-lubricated compressors with self-lubricating
sealing elements, the wear rate increases with increasing temperature to unacceptable levels [13].
Therefore, different cooling possibilities should be presented.

The cylinder design specifies the available area for the heat exchange between gas and cylinder.
Typical machines with increased heat transfer area include a small diameter cylinder with a long
stroke or a large diameter cylinder with a short stroke [36]. However, it’s not always possible to
realise such a design. In addition, forced cooling through the cylinder barrel and heads is most
common for heavy duty compressors. The cylinders and cylinder heads are surrounded by water
jackets. Thermal energy is removed by the flowing water and the heat transfer from the metal
to the water is much more efficient than the heat transfer from metal to the surrounding air [14].

The internal cooling of reciprocating compressor parts is a promising technology to reduce
the temperature. In case of a double-acting cylinder, the piston and the piston rod as well
are thermally stressed due to their direct contact with the working fluid and due to friction at
the sealing gaps. A two-phase coolant is contained within the hollow piston and the piston rod.
Owing to the reciprocating motion, both phases are generally intermixed and the fluid flows back
and forth between both ends of the cavity. Thereby, thermal energy is absorbed from warmer
parts and released at the colder oil-lubricated cross head [37].

A very effective technique to approach an isothermal process is to apply multi-stage compres-
sion with intercoolers and an aftercooler. Fig. 1.9 illustrates idealised multi-stage compression
and idealised single-stage compression with equal total compression ratios in the p, v-chart, start-
ing with state 1 and finishing with state 3. The grey area represents the energy savings due to the
multi-stage operation with intercooling. Fig. 1.10 shows the processes in the T, s-chart. The grey
area represents the decrease of the thermal energy removed from the system by the intercoolers,
hence, it also represents the energy savings. After each intercooler, the fluid’s temperature again
equals the suction temperature. Assuming an infinite number of compression stages, the process
will approach isothermal compression. But there is a limitation in the number of stages. The
additional required equipment for each stage causes additional costs and increases the size of the
system. Furthermore, each intercooler introduces additional pressure losses [13].

All the presented concepts have one thing in common. Considering the cylinder space, they
are kind of a dry cooling mechanism. Machines that involve direct contact of the compressed gas
with liquids try to benefit from the liquid as an external agent to absorb the heat of compression.

Representatives of this group are liquid piston and liquid ring compressors. In case of the
liquid piston compressor, a so-called liquid piston directly compresses the gas and is used as a
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Figure 1.9: Comparison of idealised multi-stage and idealised single-stage
compression with equal total compression ratios in the p, v-chart

medium to carry thermal energy out of the cylinder. For example, the liquid piston is controlled
by switching the inlet and outlet of the hydraulic valve between two cylinders. In this arrange-
ment, one liquid piston is emptying while the other is filling. However, liquid piston compressors
have certain drawbacks. First, at high pressures gas can be solved in the liquid and possibly
cause cavitation in low pressure areas of the system. Second, the liquid can leave the cylinder
when discharging the gas through valves [36].

Another option of a liquid cooling mechanism to decrease the compressor discharge temper-
ature is the injection of wet vapour or a liquid directly into the cylinder or into the suction pipe.
The injection applications discussed in Chapter 1.2.3 are all in conjunction with rotary compres-
sors. Considering reciprocating compressors with injection cooling, special attention must be
paid to prevent damage by hydrostatic lock. Hydrolock occurs when the volume of a liquid is
greater than the clearance volume of the cylinder. The piston cannot complete its stroke, since
liquids are almost incompressible. Consequently, mechanical failure can occur [38].

The development of an reciprocating air compressor using direct water injection to achieve
quasi-isothermal compression is presenter in [39] and [40]. Water is sprayed in the cylinder in
high quantity that is sufficient to achieve cooling without significant vaporisation. The cylinder
with a diameter of 385mm and a stroke of 400mm was equipped with 360 nozzles and a novel
discharge valve to provide inherent safety features. The tests have been done at rotational speed
up to 380/min and pressure ratios up to 25. It was shown that the transient air temperatures can
be maintained below 100 ◦C compared to an adiabatic discharge temperature of about 500 ◦C.

Another investigation concerning the effectiveness of the internal water spray cooling in re-
ciprocating air compressors is shown in [41]. The application is based on the concept of suction
injection cooling. Water is sprayed into the suction pipe, where the drops and the suction air
are mixed before entering the cylinder. Sensible heat and latent heat are transferred between
drops and the air. It was indicated that the lower the mean drop diameter, and the longer the
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Figure 1.10: Comparison of idealised multi-stage and idealised single-stage
compression with equal total compression ratios in the T, s-chart, adapted
from [13]

suspending period of the drop, the better the cooling effectiveness is. Compared to the reference
case with a pressure ratio of 8, a decrease in the discharge temperature of 28K was achieved.
However, deposition of drops in the suction pipe, plenum, and suction valve aren’t avoidable.
Water accumulations cannot be excluded.

Friedl et al. [42] planned to apply the concept of suction injection cooling on a heat pump
cycle with a reciprocating compressor. The refrigerant itself serves as the injected medium (cf.
Chapter. 1.2.3). Initial numerical studies and experimental tests have shown that the drops
generated by the nozzle would be to large (up to 120 µm) to pass their way into the cylinder
space without deposition, especially through the suction valve. Operation without risking a
compressor failure was not possible under the circumstances. The reciprocating compressor
seems to be disadvantageous for suction injection cooling, especially because of the tight path
through the suction valve [43].

1.4 Supplementary applications of injection cooling

Applications of injection cooling in compressors have been discussed so far. More specifically, this
has just concerned the sub-category of positive displacement compressors. Injection cooling is
also applied in turbo compressors for the compression of water vapour, air, and other gases [44].
Apart from the compressor technology, there are other fields of application too. Some of them
should briefly be outlined.

Water injection at internal combustion engines reduces, the combustion temperature, NOx

and soot emissions, and tends to reduce fuel consumption [45]. In this context, there are numerous
scientific papers in which different types of engines and injection options are investigated: water
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injection to the intake manifold of a naturally aspirated petrol direct injection engine [46], fuel
water injection through one and the same nozzle hole or through separate nozzle holes of a
large size diesel direct injection engine [47], or direct water injection in a turbocharged diesel
engine [48].

In the so-called wet gas turbine cycle, water or steam is injected in different parts of gas
turbine, e. g. before the compressor inlet, between compressor stages, or directly into the com-
bustor [49]. In doing so, the advances are the same as with the injection cooling in internal
combustion engines. Injection cooling is applied extensively to stationary gas turbines. The
application for aero engines, in which fuel consumption plays a key role, is very limited [50, 51].

Injection coolers are also used in steam generators to control the temperature of the working
fluid. The steam temperature should be kept constant before it enters the superheater or the
steam turbine. The advantage of the injection cooler lies in its simple design and, compared
to heat exchangers, in its higher control rate. Usually, injection coolers are placed between the
superheaters. Injection immediately upstream of the high pressure or medium pressure turbine
is generally avoided to prevent the risk of turbine blade damage due to injection water drops [52].

1.5 Theoretical investigations

The use of water as a refrigerant in HTHPs creates opportunities as well as technical challenges.
General investigations are presented in this regard. In particular, the aspects and additional
challenges of using reciprocating compressors in conjunction with injection cooling are clarified.
The compressor is the heat pump’s most complex component and therefore demands the central
part of the investigations.

1.5.1 Water as the working fluid

Water (R718) is a natural refrigerant, hence it does not have to be produced synthetically. It’s
completely neutral in regard to harmful effects on humans, animals, and the environment. The
GWP equals zero and so does the ODP. It’s non-toxic, non-combustible, and non-explosive. Fur-
thermore, it shows a high enthalpy of vaporisation, good heat transfer properties, good chemical
and thermal stability. It’s cheap and available in sufficient quantity. That’s important in con-
cern of large heat pumps. In particular, the high critical temperature should be mentioned,
since this is an important property of refrigerants for subcritical operated HTHPs. The critical
temperature of organic working fluids is much lower (cf. Tab. 1.2) [1, 12, 53].

That compares with some disadvantageous properties. Due to the low volumetric heating ca-
pacity V HC, high volume flow rates and thus large compressors are required for higher thermal
outputs. The claimed temperature shifts of the heat pump process with the corresponding com-
pression ratios Π result in very high compressor discharge temperature causing extreme thermal
loads to components used in the compressor. Furthermore, conventional lubricants are not solu-
ble in water and corrosion of machine components by dissolved gases, such as oxygen and carbon
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dioxide, is possible. In addition, the vapour pressure of water is lower than the atmospheric
pressure for temperature ranges below 100 ◦C. Depending on the temperature level of the heat
source, vaporisation in partial vacuum is required. This partial vacuum implies challenges for
the compressor design, especially for sealing the affected zones from the environment [1, 53].

At first glance, water appears rather unsuitable for efficient use as a refrigerant in HTHPs, in
particular due to the low volumetric heating capacity and the high required compression ratio.
There are some technical problems to cope with, such as the risk of corrosion and high thermal
loads on the compressor components. The usage of austenitic stainless steels for the components
in contact with water vapour contains the corrosion effects. Theoretical investigations are carried
out to examine other negative aspects. An idealised heat pump process, according to the T, s-
chart illustrated in Fig. 1.2, with a temperature shift of (ϑH − ϑC) = 50 K and an isentropic
efficiency ηs = 0.8 is examined for different refrigerants. Depending on the refrigerant, the
considered condenser temperature ϑH ranges from 60 ◦C to (ϑcrit − 10 K).

Compression ratio

Fig. 1.11 shows the dependency of the compression ratio Π on the condenser temperature ϑH
for different refrigerants and the introduced operation case. All the illustrated trends are
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Figure 1.11: Required compression ratio for a temperature shift of
(ϑH − ϑC) = 50 K of different refrigerants with a maximum condenser tem-
perature of (ϑcrit − 10 K)

showing the same behaviour. The compression ratio decreases with rising condenser temperature.
Aside from water, these graphs are close together at a similar range of values. Water shows an
acceptable compression ratio of 4 at a condenser temperature of about 170 ◦C. As described in
Chapter 1.2.1, high compression ratios are associated with increased compressor work and have
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negative impact on the COP and should therefore be kept low. With regard to the compression
ratio, the application range of water as the refrigerant can be interpreted as shifted to higher
temperature conditions.

Coefficient of performance

Further investigations reveal that water has an acceptable theoretical COP at low condenser
temperature and an excellent COP for elevated condenser temperatures (cf. Fig. 1.12). This
characteristic can be explained by the distinctive two-phase region of water, which corresponds
to a high enthalpy of vaporisation. High enthalpy of vaporisation positively effects the COP .
The typical course of the COP has a maximum at a certain condenser temperature and drops
significantly for higher ones. As the condenser temperatures gets closer to the critical tempera-
ture, the enthalpy of vaporisation approaches to zero. The trend for water does not drop in the
illustrated temperature range, since there is still a significant distance to the critical temperature
of 373.9 ◦C.
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Figure 1.12: Theoretical COP of a heat pump process with a temperature
shift of (ϑH − ϑC) = 50 K and an isentropic efficiency ηs = 0.8 for different
refrigerants with a maximum condenser temperature of (ϑcrit − 10 K)

Volumetric heating capacity

Fig. 1.13 compares different refrigerants in terms of their volumetric heating capacity over the
condenser temperature. The V HC addresses the required suction volume flow rate at a given
thermal output. Low volumetric heating capacities necessarily lead for high thermal output to
large compressors, which are difficult to design and consequently are causing high costs. The
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practical limit is around 0.5 to 1MJ/m3 for efficient compressors [12]. For the considered case,
this corresponds to a condenser temperature of 120 to 140 ◦C and an evaporator temperature of
70 to 90 ◦C.

This characteristic of steam is well known from its clockwise Rankine cycle. The low pressure
part of the steam turbine, often expanding the steam till partial vacuum, has large dimensions
compared to the high and medium-pressure part.

60 80 100 120 140 160 180 2000

2

4

6

8

10

Condenser temperature ϑH / ◦C

Vo
lu
m
et
ric

he
at
in
g
ca
pa

ci
ty
V
H
C
/

M
J

m
3 R718

R717
R245fa
R134a
R600
R601
R1233zd(E)
R1234yf
R1234ze(E)
R1234ze(Z)

Figure 1.13: Theoretical V HC of a heat pump process with a temperature
shift of (ϑH − ϑC) = 50 K and an isentropic efficiency ηs = 0.8 for different
refrigerants with a maximum condenser temperature of (ϑcrit − 10 K)

The suitability of common refrigerants used in HTHPs has been considered for a given opera-
tion range in the basis of theirΠ, theoretical COP , and V HC. The change of the thermodynamic
properties with increasing temperature and the high ϑcrit leads to advantageous values of the
mentioned quantities for water. It’s shown that water becomes increasingly attractive, as the
condenser temperature approaches 200 ◦C. In addition, the fact that the evaporator is operating
in partial vacuum for temperatures below 100 ◦C has certain disadvantages. As a result, it is
suggested that water is suitable as a refrigerant for the use at elevated heat source temperatures
and in the second stage of a cascaded heat pump cycle.

Compressor discharge temperature

The compressor discharge temperature is significantly higher when compressing water vapour,
compared to common refrigerants. A single-stage isentropic compression process with a compres-
sion ratio of 5 starting at the dew line is used to approach the situation. R134a is used as the rep-
resentative of conventional refrigerants. The changes in state are shown in Fig. 1.14 as ϑ, s-charts
for R134a on the left and for R718 on the right. It can be observed that the temperature differ-
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ence ∆ϑs and the corresponding superheating ∆ϑsh of the working fluid R718 (∆ϑs = 172.6 K
and ∆ϑsh = 120.4 K) is much higher than for R134a (∆ϑs = 50.6 K and ∆ϑsh = 8.5 K). The
isentropic compression process ends at high temperature levels, due to the slightly decreasing
dew line and the steeply increasing isobars in the superheated area of water. With R134a, the
course of the dew line decreases much steeper. This results in lower levels of superheating during
and after the compression. Notice, the scaling of the specific entropy s is stretched for R134a
compared to R718. With the same scaling, the dew line of R134a would appear even steeper as
shown in Fig. 1.14 and the effect would be displayed even more pronounced.

For the sake of completeness, so-called overhanging refrigerants have an overhanging two-
phase region. Isentropic compression of non-superheated suction vapour ends in the two-phase
region, thus, without superheating and may cause compressor damage. As a consequence, suction
vapour superheating can be necessary [54].
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Figure 1.14: Comparison of the superheating caused through isentropic com-
pression of R134a (left) and R718 (right)

The design of the compressor and the selection of materials is critical in concern of the
higher appearing thermal load. Different cooling concepts to reduce the compressor discharge
temperature and to increase process efficiency have already been introduced in Chapters 1.2.3
and Chapter 1.3.2 and will further be discussed in Chapter 1.5.2 in terms of the considered
reciprocating compressor.

As a result, elevated condenser temperatures can be achieved through the usage of water as
the refrigerant in HTHPs. Water suits as refrigerant at higher heat source temperatures and in
the second stage of a cascaded heat pump cycle. In addition, using water as a refrigerant results
in the possibility to operate heat pumps as an open processes.
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Open cycles

The major difference to conventional cycles is that open cycles are using the process fluid as
the heat pump’s working fluid. So-called vapour recompression heat pumps are similar to con-
ventional vapour compression heat pumps. The cycle misses an evaporator, and the compressor
takes the working fluid as a vapour directly from the process. Most reported studies concern the
application of vapour recompression systems for waste water treatment, for seawater desalina-
tion, or for heat pump assisted distillation columns. In most cases, water is used as the working
fluid and oil-lubricated compressors cannot be applied due to the required vapour quality [17].

Another open cycle is the direct integration of a heat pump for process steam supply (e. g. in
the food and paper industry). Treated process feed water can directly be vaporised, compressed
and used as process steam. As a result, the condenser is eliminated and the investment for the
heat pump system is significantly reduced [1].

1.5.2 Reciprocating compressor with injection cooling

In order to reduce the compressor discharge temperature, a possibility for cooling has to be
provided. On the one hand, this is necessary to limit the thermal load for the materials, and
on the other hand, to reduce the required work for compression. As described in Chapter 1.3.1,
the optimum in terms of efficiency would be an isothermal compression. But, with the real
medium the minimum compressor discharge and suction temperature have to be higher than the
medium’s saturation temperature to prevent condensation.

Different cooling concepts were presented, as injection of vapour or liquids into the suction
pipe or directly into the cylinder and multi-stage compression with intercooling by external heat
exchangers. Even though the intermediate cooling is easier to realise, the process with injection
cooling performs energetically better. It benefits from the lower transient temperature during
the compression stroke. That has a positive effect on the required indicated work. Further, there
are no heat losses via the external cooler to the ambient. But there is an increased mass flow
rate in the condenser through the vaporised amount of injected water, hence, the thermal output
is increased as well. The reduced temperatures during compression also have a positive effect
on the piston rings’ duration of life. Those are the critical components since they are charged
with the highest occurring gas temperature and additionally rub on the cylinder wall [13]. The
negative aspect is that injected liquid water can accumulate in the cylinder space, what especially
is critical for reciprocating compressors. There’s an increased risk of hydrolock and consequently
of mechanical failure. At the end of compression all injected liquid water has to be vaporised
and the compressor discharge has to be superheated. Hence, the injected quantity and the
spray drop diameter have to be chosen appropriately, to reduce the risk of hydrolock. That’s
essential for both of the mentioned injection methods. However, the investigations on suction
injection cooling of Yang, Zhou, and Sun [41] and Koller and Friedl [43] have shown, deposition
of drops and water accumulations in the suction pipe, plenum, and suction valve aren’t avoidable
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especially because of the tight paths through the suction valve. It seems that direct injection
is more appropriate, since the liquid vapour mixture does not have to pass manifolds and the
intake valve.

The risk of hydrolock is always given, if a liquid is present in the cylinder space. Unlike gases,
liquids are almost incompressible. The common countermeasures to avoid hydrolock are: to keep
the water inlet temperature of the cooling jacket above the working fluid’s saturation temperature
at suction pressure, to avoid long and poorly insulated piping, the use of trace heating, to rinse
the system with e. g. nitrogen before and after regular operation [1], greater clearance volume,
horizontal piston movement with discharge downwards, and the usage of separators between the
stages.

The selection of materials for the piston and rider rings is from great importance. Pistons rings
are used to seal the cylinder space to the ambient and can be oil lubricated or non-lubricated.
If the working fluid cannot be brought into contact with oil for safety (increased temperatures)
or hygienic (open cycles) reasons, non-lubricated compressors are required [13]. Usually, two or
three diagonally cut rings are used. The rider rings support the weight of the piston and piston
rod [35]. Most compressor units are equipped with teflon (PTFE) or other high performance
polymer piston rings, where no lubrication is required. PTFE can be used for a maximum gas
temperature of about 230 ◦C. Polyether ether ketone (PEEK) is used up to a maximum durable
temperature of 250 ◦C. The material is advantageous through its mechanical stability, hardness,
chemical stability, and good dynamic friction behaviour. Carbon fibre materials can even be
used at higher temperatures. However, they are very brittle and do not suit for large pistons.
Furthermore, they are much more expensive than polymer rings [1].

The impact of direct water injection on different process variables and process efficiency at
elevated condenser temperatures will be investigated in the following chapter. It has to be ensured
that neither the process with interstage cooling nor the process with injection cooling exceeds
a compressor discharge temperature of 250 ◦C. An estimation of the required injection mass is
made, in order to adjust superheating during compression to a desired value. Furthermore, it’s
investigated which diameters of the injected drops are permissible to ensure complete vaporisation
until the end of the compression stroke, and thus minimise the risk of hydrolock.

Modelling and theoretical investigation of the heat pump cycle and the reciprocating
compression cycle with direct injection cooling

The heat pump cycle as shown in Fig. 1.15 is considered in detail, to confirm the outlined
statements regarding the evaluation of the different cooling concepts. Special attention is paid
to the compression process. The two-stage reciprocation compression process can optionally be
operated with interstage cooling or injection cooling. The cylinder geometry corresponds to the
parameters from Tab. 1.7. Stage 1 and 2 are designed with a cylinder diameter of 100mm and
65mm. The clearance volumes referred to the stroke volumes are 0.1933 and 0.4482. The stroke
respectively the piston displacement is 100mm for both stages. The isentropic efficiencies of
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ηs = 0.864 and ηs = 0.813 result from the suction and discharge temperatures for the medium
water, which are also indicated in Tab. 1.7. The evaporator pressure of pC = 1.75 bar with

inj,a

2a1b

inj,b

1a2b

Compressor

Intercooler

Stage 1Stage 2

InjectorInjector
12

3 4

Expansion
valve

Condenser Evaporator

Figure 1.15: Scheme of a heat pump cycle with two-stage compression and
optional interstage cooling or injection cooling

the corresponding saturated steam temperature of ϑC = 116 ◦C and the condenser pressure of
pH = 8.12 bar with the corresponding saturated steam temperature of ϑH = 171.4 ◦C are selected
as boundary conditions. That expresses a temperature shift of 55.4 K. As already discussed,
water performs well as a refrigerant in this operating range. A subcooling of 4 K is present for
the condenser outlet (state 3). In case of injection operation, fluid with the subcooled state 3
is injected directly to the cylinder space. Such a basic design requires a minimum of additional
equipment and no appreciable additional external energy. However, the mass flow through the
evaporator is reduced by the injected mass rates. An additional boundary condition of 4 K
superheating applies for the evaporator outlet (state 1), for the suction of stage 2 (state 1b),
and, in case of the injection cooling operated process, for the discharge of stage 2 (state 2b).

Tab. 1.3 summarises the idealised sub-processes of the cycle with interstage cooling and the
cycle with injection cooling. The compression process is assumed as irreversible and free from
leakage in both cases. Suction and discharge states are coupled via the isentropic efficiencies,
the injection quantities, and thermodynamic properties thereof. The sub-processes are shown in
Fig. 1.16 as a ϑ, s-chart. It can clearly be seen that the compressor discharge temperatures in
the process with injection cooling are significantly lower than in the conventional compression
process. For the conventional process the large superheatings are reduced by the intercooler
and the condenser. The outlet temperatures in the process with injection are adjusted by the
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injection quantity. Thus, the temperature in the cylinder space is already reduced during the
compression processes itself. Further, it can be seen that different intermediate pressures occur
for the different operation types. The increase of pressure can be explained by the additional
mass injected and vaporised after the suction process has already finished.

Table 1.3: Sub-processes of the idealised heat pump cycle with two-stage
compression and optional interstage cooling or injection cooling

1 - 2: Two-stage compression
Cycle with interstage cooling
1a - 2a: Irreversible compression
2a - 1b: Isobaric intercooling
1b - 2b: Irreversible compression
Cycle with injction cooling
1a - 2a: Irreversible compression with injection cooling
1b - 2b: Irreversible compression with injection cooling

2 - 3: Isobaric desuperheating, condensation, and subcooling
3 - 4: Isenthalpic expansion
4 - 1: Isobaric vaporisation and superheating

1 2 3 4 5 6 7 8

100

150

200

250

2a2=2b

1b
1=1a

2a=1b

2=2b

4=inj,a

inj,b
3

1.75 bar

4.59 bar

8.12 bar

4.74 bar

Specific entropy s / kJ
kg K

Te
m
pe

ra
tu
re
ϑ
/
◦ C

Interstage cooling
Injection cooling

Figure 1.16: ϑ, s-chart of the idealised heat pump process with two-stage
compression and optional interstage cooling or injection cooling

The heat pump process with its sub-processes has been considered so far. However, in order to
predict the resulting mass flow, the already mentioned intermediate pressure, the required injec-
tion quantity, etc. the compression process has to be considered in detail. Tab. 1.4 summarises the
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idealised sub-processes of the reciprocating compression process with injection cooling. Fig. 1.17
shows the sub-processes for both cooling concepts in the ϑ, s-chart. By now the clearance volume
of the cylinder space is from importance. The working fluid’s mass remaining in the clearance
volume at the end of the compression stroke (state ch,2) is isentropically expanded till a cer-
tain piston position. As soon as the cylinder pressure has slightly decreased below the suction
pressure (state ch,3), steam of state 1 is sucked in and mixed isobarically. Consequently, not
the entire stroke volume is available as suction volume. At the BDC state ch,1 got reached, the
direction of the piston movement changes and the compression stroke begins. 3 different model
approaches are implemented, in case of compression with injection cooling. M1 equates an injec-
tion at BDC with instantaneous vaporisation, M2 an injection at BDC with delayed vaporisation,
and M3 a later injection with instantaneous vaporisation. The injection itself is modelled as an
isenthalpic expansion. For delayed injection as in M3, state inj,a and state inj,b aren’t according
to Fig. 1.17, since the cylinder pressure has already increased. However, the specific enthalpy
in the energy balance isn’t changing, since an isenthalpic expansion is assumed. The simulation
results according to the injection cooling process shown in Fig. 1.17 were obtained under the
usage of model M1. The results from model M2 and M3 show almost the same appearance, since
most of the states are given as boundary conditions.

Table 1.4: Sub-processes of the idealised reciprocating compression cycle with
injection cooling

ch,3 - ch,1: Isobaric suction of state 1
ch,1 - ch,2: Irreversible compression with injection cooling

3 - inj: Isenthalpic expansion
M1 - Injection at BDC and instantaneous vaporisation
(1) Isobaric mixing of ch,1 and inj
(2) Compression to ch,2
M2 - Injection at BDC and vaporisation at the end of compression
(1) Compression of ch,1 and compression of inj
(2) Isobaric mixing with inj to ch,2
M3 - Injection just before discharge and instantaneous vaporisation
(1) Compress of ch,1
(2) Isobaric mixing with inj to ch,2

ch,2: Isobaric discharge
ch,3 - ch,1: Isentropic expansion

Tab. 1.5 summarises the most important results which cannot be found directly in the ϑ, s-
chart. The stated masses, works, and heat refer to a complete compression cycle respectively
one total revolution of the crankshaft. As already mentioned, the intermediate pressure for the
injection cooling processes increases slightly. The discharge mass increases due to the additionally
injected mass. However, the mass remaining in the clearance volume also increases and the
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Figure 1.17: ϑ, s-chart of the idealised two-stage reciprocating compression
cycle with optional interstage cooling or injection cooling

volume after expansion increases. Consequently the suction mass decreases as the volumetric
efficiency does, since it relates to the suction sub-process. That applies to both compressor
stages. The determined injection mass is given with approximately 50mg per revolution for
stage 1 and with approximately 32mg per revolution for stage 2. Referred to the suction mass
that corresponds to an injection ratio of about 9% and 5%. The area beneath the line connecting
state 2 and 3 in the ϑ, s-chart Fig. 1.16 corresponds to the mass flow related heat transferred
to the sink by the condenser. This area is visibly larger for the process with intercooling due
to its large superheating compared to that of the injection cooling processes. However, a higher
thermal output results in all three cases of injection cooling, since the discharge mass flows are
higher. It should be noted that the thermal output for M1 is lower than for M2 and M3. That
results from the lower discharge flow rate. The transferred specific heat is the same in all three
injection cases, since state 2 and state 3 are specified as boundary conditions of 4K superheating
and 4K subcooling. For all three injection models the required indicated compression work
is lower than for the process with interstage cooling, even though the increased flow rate. The
work required for model M1 is particularly low. Model M1 assumes that the entire injected water
mass vaporises instantaneously at BDC. Hence, during the compression stroke the temperature
level within the cylinder space is lower than for the other two models. That approaches an
isothermal compression best, which represents the optimum compression process in terms of
energy consumption. Hence, M1 performs the best with a COP of about 6.6, although the
slightly lower thermal output compared to M2 and M3. That equates a COP increase of 10%
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compared to the process with interstage cooling. In addition, mass flow rates, thermal outputs,
and the required power for a compressor rotational speed of 800/min are listed in the bottom
section of Tab. 1.5.

Table 1.5: Simulation results of the interstage cooling cycle and the injection
cooling cycle with the different modelling approaches

Variable Interst. Inj. M1 Inj. M2 Inj. M3 Unit

Intermediate pressure 4.59 4.745 4.759 4.758 bar
Suction mass 609.1 569.3 568.4 568.5 mg
Discharge mass 609.1 648.3 652.9 652.6 mg
Thermal output 1.333 1.344 1.354 1.353 kJ
Coefficient of performance 5.998 6.594 6.287 6.31 1

Stage 1
Injection mass 0 47.81 51.99 51.59 mg
Injection ratio 0 83.97 91.47 90.75 g

kg
Indicated work 136.1 124.5 133.1 132.3 J
Volumetric efficiency 78.9 73.75 73.63 73.64 10−2

Stage 2
Injection mass 0 31.13 32.53 32.49 mg
Injection ratio 0 50.44 52.43 52.4 g

kg
Indicated work 86.25 79.3 82.19 82.12 J
Volumetric efficiency 75.42 74.08 74.27 74.25 10−2

Rotational speed n = 800/min
Suction mass flow rate 29.23 27.33 27.28 27.29 kg

h
Discharge mass flow rate 29.23 31.12 31.34 31.32 kg

h
Thermal output 17.78 17.92 18.05 18.04 kW
Indicated power 2.964 2.717 2.87 2.859 kW

If the compressor would be designed as a single-stage compressor without injection cooling,
an outlet temperature of 375 ◦C, an overheating of 203.6K, and a COP of 4.95 would result. The
isentropic efficiency therefore was chosen as 0.65, since an increased pressure ratio has negative
effects on it [20]. In contrast, there’s a COP of 6.6 for the model M1. As a result, the two-stage
compression with direct injection cooling suggests a theoretically possible COP increase of 33%.
Further, the compressor discharge temperature of about 375 ◦C for the single-stage process and
of about 235 ◦C for the two-stage process can be reduced to a desired value.
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Theoretical investigations on drop vaporisation

The investigations so far indicate how the injection cooling influences the reciprocating com-
pression and heat pump process. Ideal drop vaporisation has been assumed. However, it’s still
not clear which conditions have to be fulfilled in order to vaporise the injected water during the
compression to achieve the desired cooling effect.

Finely atomised water is injected into the cylinder to cool the water vapour during the
compression stroke. The finer the atomisation, the larger is the surface of the atomised water
for heat transfer compared to its volume. Thus, the liquid vaporises faster. In other words, for a
given drop size, there’s a minimum vaporisation duration to achieve complete vaporisation. For
this purpose, the vaporisation process of a single water drop at its surface is examined as shown
in Fig. 1.18. The drop is assumed to be perfectly spherical symmetric with the diameter D and

D

Q̇ = αAD (ϑamb − ϑD)

Ḣ = ṁvap hvap

ϑamb

Drop
d
dt (mD hD)

ϑD

Figure 1.18: Mass and energy balance of a single vaporising drop

consists of saturated liquid water corresponding to the conditions on the boiling curve with the
temperature ϑD = ϑsat (p). There are no temperature or pressure gradients inside the drop,
since saturation prevails. Hence, the lumped parameter model can be applied. The increased
pressure inside the drop due to surface tension is neglected. The pressure p and consequently
the drop temperature ϑD = ϑsat (p) and the ambient steam temperature ϑamb are rising during
the compression stroke. However, a constant temperature difference between the drop and the
surrounding steam ∆ϑ = (ϑamb − ϑD) = const. is assumed to ensure heat transfer to the drop.
Further, it is assumed that the latent fraction of Q̇ used for vaporisation is much larger than the
sensible fraction for increasing the drop temperature, to guarantee saturated conditions at any
point in time.

The change in time of the drop mass mD equates the mass flow rate ṁvap of the leaving
vapour:

dmD

dt = −ṁvap (1.17)

Assuming a localised liquid incompressible drop the energy balance can be written as:

d
dt (mD hD) = αAD ∆ϑ− ṁvap hvap (1.18)

With hD as the specific enthalpy of the drop corresponding to the conditions on the boiling
curve, hvap as the specific enthalpy of the leaving vapour corresponding to the conditions on the
dew curve, α as the heat transfer coefficient, and AD = AD (t) = πD2 (t) as the time dependent
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spherical surface. The convective heat flow rate Q̇ is described by the boundary layer theory (cf.
Chapter 2.2.4) and can also be expressed by the theory of similarity [55]:

Nu = αD

λvap
(1.19)

WhereNu denotes the dimensionless Nußelt number, λvap the thermal conductivity of the bound-
ary layer, and D the characteristic length of the geometry. There’s also an empiric expression
for the Nußelt number depending on the Reynolds number Re and the Prandtl number Pr, if
the drop-vapour relative velocity is non-zero. It was obtained from experiments of vaporising
single-component drops at atmospheric pressure and moderate ambient temperatures with low
transfer rates and is valid for 2 ≤ Re ≤ 200:

Nu = 2 + 0.6Re0.5 Pr0.33 (1.20)

The expression reduces to Nu = 2 for zero convection. For forced convection with high transfer
rates, the correlation was extended by introducing the adjusted heat transfer number

B = cp,vap ∆ϑ
∆hv

(1.21)

for the assumption that the sensible heat fraction of Q̇ is vanishingly low compared to the
latent heat fraction for vaporisation. Where cp,vap denotes the isobaric specific heat capacity of
the boundary layer and ∆hv the fluid’s specific enthalpy of vaporisation. Two different Nußelt
correlations for high transfer rates are finally given as [56]:

Nu =
(
2 + 0.6Re0.5 Pr0.33) ln (1 +B)

B
(1.22)

Nu = 2 ln (1 +B)
B

+ 0.6Re0.5 Pr0.33 (1 +B)−0.7 (1.23)

However, it’s not trivial to estimate the Nußelt number for the complex flow conditions at the
drop surface due to the injection and the moving piston. In addition, the pressure in the cylinder
changes. Nu is assumed to be constant for further investigations.

The dependence of the spherical drop mass in time can be described as follows:

mD (t) = ρD (t) VD (t) = ρD (t) π

6 D3 (t) (1.24)

With ρD as the drop’s density and VD as the drop volume. Inserting Eq. 1.17, Eq. 1.19, and
Eq.1.24 to Eq. 1.18 with the specific enthalpy of vaporisation as ∆hv = (hvap − hD) leads to:

− d
dt
(
ρDD

3 ∆hv
)

= 6NuλvapD∆ϑ (1.25)
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For now, the pressure p is assumed to be constant. Thus, the temperatures and consequently
the fluid properties remain constant as well. That leads to the non-linear differential equation
of first order

D (t) dD
dt = −2Nuλvap ∆ϑ

∆hv ρD
= −C = const. (1.26)

with the initial condition D (0) = Dini. As a result, a solution can be found analytically as the
case structure:

D (t) =

±
(
D2
ini − 2C t

)0.5 if D2
ini ≥ 2C t

0 if D2
ini < 2C t

(1.27)

from the physical point of view only the positive solution is meaningful.
However, the fluid properties are changing in time, if the system’s pressure p changes. The

increase of p from suction pressure psuc to discharge pressure pdisch is assumed to be linear.
pdisch is reached at tdich and remains constant thereafter:

p (t) =

psuc + pdisch−psuc
tdich

t if 0 ≤ t ≤ tdich
pdisch if t > tdich

(1.28)

Consequently, Eq. 1.25 with the given initial condition D (0) = Dini has to be solved numerically.
The initial value problem was implemented and integrated over time using modelling language
Modelica [57] and the modelling and simulation environment Dymola [58]. These tools are
presented in detail in Chapter 2.3.3.

In the following, the results of the analytic solution for p = psuc = 1.75 bar (solid lines) and
p = pdisch = 4.6 bar (dashed lines) as well as of the numerical solution for non-constant pressure
(chain dotted lines) are illustrated as a parameter variation in Fig 1.19. The compressor’s
rotational speed was chosen, as in the previous chapter, with n = 800/min. Liquid water is
injected at BDC right after the suction process has finished. The maximum available time
for vaporisation was chosen with the duration of a half revolution of the crankshaft tmax =
1/(2n) = 37.5 ms respectively the duration of the compression stroke. If the vaporisation has
already been completed upon reaching discharge pressure would even be better, in order to
reduce the probability of water accumulation in the cylinder or discharge valve and consequently
of hydrolock. tdisch = 1/(4n) = 18.75 ms was estimated as the duration of a quarter revolution
of the crankshaft. Two different parameter variations were performed. The chart on the left
shows the results for different initial drop diameters Dini with constant ∆ϑNu. For the results
on the right, ∆ϑNu was varied with Dini = 15 µm. In general, small initial diameters and
increasing heat transfer conditions have a positive effect on the duration to complete vaporisation.
The differences in the analytical solutions are caused by the pressure dependency of the fluid
properties. In particular, the enthalpy of vaporisation decreases with increasing pressure. At
higher pressures less thermal energy has to be supplied to vaporise the same amount of liquid
water as at lower pressure. In other words, the vaporisation is completed earlier. The duration of
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Figure 1.19: Dependence of the drop vaporisation on the initial drop diameter
with ∆ϑNu = 100 K, the present temperature difference and the Nußelt
number with Dini = 15 µm

vaporisation for the numerical solutions lies just between the two analytical solutions. However,
at the beginning of the simulation the increasing pressure seems to have a negative effect on the
vaporisation rate.

As a result, it seems that drops with Dini < 15 µm vaporise sufficiently fast under advan-
tageous heat transfer conditions for a compressor rotational speed n = 800/min to provide the
desired cooling effect and reduce the risk on machine failure.

For the sake of completeness, the prior taken assumption of neglecting the surface tension
should be discussed. The vapour pressure of liquids depends on the prevailing temperature as
well as on external forces. Tensile or compressive forces caused by the surface tension can be
considered as external forces. Compressive forces arise with convex curving of the surface (drops).
Tensile forces are caused by concavely curved surfaces (capillary water). Tab. 2.1 summarises
the relationship between drop or capillary radius and the pressure or drag caused by the surface
tension. A vapour pressure increase occurs in drops. In capillary water a vapour pressure
reduction results. However, that only becomes important when the drop or capillary radius is
very small. In particular, the vapour pressure increase becomes significant at drop radiuses of
less than 0.01µm [59]. The assumption to neglect the effects of surface tension is permissible
for the examined diameter’s order of magnitude. The effect of lowering the vapour pressure in
conjunction with capillary water will be discussed at Chapter 2.2.2 in detail.
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Drop formation and additional requirements on the injection cooling

In advance, it should be outlined that injectors or atomisers generally do not produce drops
of uniform size but a drop size distribution which can be illustrated in a so-called histogram.
Different characteristic drop diameters or parameters derived thereof are often used to specify
the spray quality. For calculations concerning the heat and mass transfer the so-called Sauter
mean diameter SMD is preferably chosen [60]:

SMD =

N∑
i=1

niD
3
i

N∑
i=1

niD2
i

(1.29)

Where ni denotes the number of drops in the corresponding drop size interval Di. The actual
poly-disperse distribution is replaced by the same number of drops with the same volume surface
ratio but mono-disperse size [56].

There are different drop formation mechanisms, depending on the design and operating con-
ditions of injectors. It can roughly be distinguished between dripping, the liquid jet breakup, the
liquid sheet breakup, and the atomisation of liquids by gases. A relatively simple drop formation
process is dripping from a capillary or from a solid horizontal surface in an acceleration field. If
the outlet velocity from the capillary respectively borehole increases, the liquid leaves as a cylin-
drical shaped continuous body. Different forces affecting the jet’s surface lead to interference
and oscillations in the liquid. These interferences increase under favourable conditions, the jet
gets instable and breaks up into drops. That’s referred to as the liquid jet breakup. Different
formation regimes with decreasing spray size can be distinguished by continuously increasing the
outlet velocity. Another drop formation mechanisms is the liquid sheet breakup. Many technical
atomisation processes rely on the breakup of the fluid as conical or flat shaped sheets. First, a
fluid sheet is formed, which then breaks up to drops. In addition, liquid drops can be accelerated
and disaggregated when a gas encounters their surface with sufficient relative velocity. They are
affected by aerodynamic effects. There’s talk of atomisation of liquids by gases [60].

The breakup of the liquid and the resulting spray properties depend on a variety of influences,
such as flow effects inside the injector, the jet velocity profile and the turbulence at the injector
outlet, as well as the physical and thermodynamic properties of the liquid and the surrounding
gas. Some influences such as turbulence, inertia, surface tension, and viscosity can be charac-
terised by considering various dimensionless numbers as the Reynolds number Re, the Weber
number We, and the Ohnesorge number Oh. It was attempted to combine the breakup affecting
forces to find empiric relations about the drop size distribution or a mean drop diameter under
the usage of these dimensionless numbers. However, descriptive equations were only found in
special cases so far. Hence, experimental investigations are still required to be able to make clear
statements for a given application cases [60].

Apart from the achievable drop diameter, there are additional requirements on the injection
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system, the injector, and the resulting spray as well, in conjunction with the injection cooling for
reciprocating compressors. The spray’s angle and penetration length should be large for good
spread of the cooling drops in the cylinder space. But not too wide and not too deep to avoid
being sprayed directly on the cylinder wall or the piston crown. Otherwise, a coherent liquid
film with a minor cooling effect may be formed. Which also increases the probability of liquid
water accumulation in the cylinder space. Furthermore, high injection frequencies given by the
compressor’s rotational speed have to be possible. In the previous considered application case the
rotational speed was given as n = 800/min = 13.3/s. In order to be able to precisely specify the
injection timing and the injection quantity a short response time of the injector is required as well.
In addition, a rapid opening of the injector is important to ensure full flow in the shortest possible
amount of time. The injection process usually starts at the earliest possible point in time just after
closing the suction valve. The shorter the injection duration, the more time remains for the drop
vaporisation. In the previous application case, an injection mass per revolution of about 50 mg
was determined for stage 1 and about 30 mg for stage 2. An advantageous constructive design is
also from importance, for simple integration into a conventional reciprocating compressor.

All these additional requirements and the demand of finest sprays are known too well in
the automotive industry. Therefore it’s obvious to use a marketable product from this industry
branch.

1.6 Experimental investigations

An injection system was developed and intensively tested based on the findings of the theoretical
investigations. It should meet all the requirements outlined in Chapter 1.5.2. Particular em-
phasis was placed on achieving the smallest possible drop diameter for rapid drop vaporisation.
The determined drop diameter of about 15 µm origins from theoretical investigations. These
investigations were carried out under some simplifications. In particular, the determination of
the Nußelt number isn’t trivial for the complex flow conditions at the liquid’s drop surface due
to the injection, the moving piston, and the changing cylinder pressure. In order to be able to
make founded statements regarding the characteristic of drop vaporisation for hot gas cooling
and the risk of machine damage, experimental investigations have to be carried out. An exist-
ing reciprocating compressor test bench was adapted for this purpose. The developed injection
system was installed to the reciprocating compressor and tested while operating.

1.6.1 Injection system

The requirements on the injection system pose several technical challenges. Among other things,
high injection frequencies with high precision in timing and quantity are of importance.

41



Injector

The central component of an injection system is the injector. Under the usage of simple nozzles
it’s not possible the achieve drop diameters of about 15 µm. With an axial hollow cone nozzle
drops can be produced with diameters in the range of 50µm [1]. High pressure injectors of the
fuel injection field are offered which fulfil the given requirements. Most of the injectors used in the
automotive industry are equipped with solenoid technology [45]. However, these are much more
difficult to control than the selected piezoelectrically activated high pressure injector HDEV4 [61]
manufactured by Robert Bosch AG3. The most important technical features are summarised in
Tab. 1.6.

Table 1.6: Technical features of the Bosch HDEV4 piezo injector for the
medium petrol [61, 62]

Parameter Value Unit

Spray angle 85 ± 5 ◦

Drop size SMD 10 to 15 µm
Penetration <30 mm
System pressure 200 bar
Needle lift ≤35 µm
Duration till fully lifted 180 µs
Interval duration ≥50 µs
Injection duration 70 to 5000 µs
Injection quantity 0.5 to 150 mg

The injector is actuated according to the piezoelectric principle. By supplying a voltage or
electric charge to the multi-layer piezoelectric elements respectively piezo stack, the extent of
the piezoelectric crystals change and drive the injector needle [45, 62]. The injector operates
at a pressure of 200 bar, generates drops of a diameter <15 µm with a spray penetration length
of <30mm, and has a wide range in terms of injection quantity. However, the manufacturer’s
information in Tab. 1.6 refers to the use of the medium petrol.

Liquid water should serve as the medium in this application which shows other fluid proper-
ties compared to petrol. As already mentioned, there are empirical relations to estimate the drop
size distribution or a mean drop diameter for a given atomiser, but only for special cases. There
are many unpredictable influences affecting the atomisation process. Hence, experimental inves-
tigations are required to be able to make clear statements for the given application case, before
the injector can be used at the reciprocating compressor test bench. In addition, the absence of
lubricating behaviour of water could cause problems. The upcoming tests will also determine, if
the injector’s duration of life decreases dramatically due to the change in the treated media.

3https://www.bosch.com/products-and-services/mobility/
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High pressure pump

The rest of the injection system can be designed, since the injector has been selected as the
system’s central component. The injector requires an operating pressure of 200 bar. This is far
above the condenser pressure. The minimum system as shown in Fig. 1.15 cannot be implemented
under the circumstances. An additional high pressure pump is required. A pneumatically oper-
ated hydraulic pump was chosen, with a double-acting piston, a maximum operating pressure of
215 bar, and a bladder accumulator to provide a stable operation pressure.

It should be mentioned that the additional energy to power the high pressure pump has a
negative impact on the heat pump’s COP . However, the main focus of the investigation is the
evaluation of the injection system and its cooling effect.

Control system and amplifier

The control system consists of a real-time aware microcontroller with a clock rate of 16MHz, a
locator providing the TDC position, and a specially developed signal amplifier. The amplifier is
equipped with 4 channels, hence, a maximum of 4 injectors can be used.

The typical signal sequence of the locator mounted on the compressor’s flywheel is shown in
Fig. 1.20. Based on this signal, the microcontroller calculates the start and end time of injection
for each compressor stage. It generates the control signal as a simple rectangular function. This
signal is boosted by the amplifier circuit to actuate the injector. The resulting control voltage
deviates slightly from the perfect rectangular function, due to the capacitive resistance of the
piezoelectric elements and the technically limited amperage.

TDC TDCBDC Crankshaft angle

Locator
signal

Control
signal

Control
voltage

Needle
lift

tdel tinj

Figure 1.20: Evolution of the locating signal, the control signal, the control
voltage, and the needle lift over the crankshaft angle

The delay of the injection start time to the BDC tdel and the injection duration tinj can be
specified by the user via a serial interface for each compressor stage. The injection parameter
set and the compressor rotational speed are logged to a text file during the operation.
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The control program has to operate efficiently, in order to be able to precisely specify the
injection timing. It works as a loop, hence the same code is repeated over and over. The loop
duration tloop is an important quantity to assess the code efficiency. It specifies the smallest
possible resolution of the time scale. It was attempt to keep the loop duration as short as
possible when the piston is moving from the BDC to the TDC. Thus, the injection start time
and end time can be specified very precisely. The loop duration in the mentioned section was
reduced from initially 120µs to 12 µs by optimising the control program code. In other words, it
can be injected in 12µs packages instead of 120 µs packages. The effects on the injection mass
trend are shown in Fig. 1.23 and will be discussed in the following chapter. The increase in
code efficiency was achieved by shifting various calculation procedures as well as the read-in and
read-out via the serial interface to a defined point in time respectively piston position, namely
immediately after reaching the TDC. There are no specific requirements regarding efficiency after
this piston position.

Determination of the injection mass

The injection system in the first experimental set-up was essentially built of a reservoir filled
with distilled water, the high pressure pump, the injector with its fixture, the control system,
and amplifier.

Flask

Injector

Sealing

Reservoir

Control system,
amplifier, and
signal generator

High pres-
sure pump

Figure 1.21: Experimental set-up for the injection mass determination

As shown in Fig. 1.21, water was injected into the flask. A sealing connected the injector
and the flask to trap all the water. The flask was weighted before and after a certain number of
injections of a given injection duration tinj . As a result, the mass per injection minj could be
determined. The used scales had a maximum relative measurement error of 2%. Since there was
no locator in this set-up, the controller’s input signal had to be provided by a function generator.
Hence the code could be kept as unchanged as possible. Just the number of injections had to
be counted in order to stop when reaching the chosen number of injections. However, the loop
duration wasn’t changed noticeably.
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The experiment was carried out at an ambient temperature of about 19 ◦C and an injection
frequency of 15Hz for different injection pressures and injection durations. The results are
graphically summarised in Fig. 1.22 for the permissible range of injection duration according to
Tab. 1.6.
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Figure 1.22: The mass per injection depending on the injection duration for
different injection pressures

As expected, the injection mass increases with increasing injection pressure for a given injec-
tion duration. In the theoretical investigations from Chapter 1.5.2 an injection mass of 50mg
per injection was demanded. In case of an injection pressure of 205 bar that corresponds to an
injection duration of 1.3ms. The crankshaft angle changes approximately 6.2◦ for a rotational
speed of 800/min. The time and crankshaft angel available for vaporisation are reduced by the
stated values.

Fig. 1.23 shows the injection mass trend of three test sections with water and the characteristic
trend for the original medium petrol [62]. Excepting the green curve, the trends for water show
no significant difference compared to the trend for petrol.

The chart on the right side illustrates the opening effect respectively the influence of the
needle lift. The curves increase progressively and from a certain point in time they change
linearly. Full needle lift got reached at the discontinuity. According to Breitbach et al. [62], the
injector has fully opened after 180 µs (blue curve). In the executed tests the complete needle lift
was already reached after 50 µs. That leads back to the specially developed signal amplifier.

The green curve is shown to illustrate the influence of the loop duration. It was determined
under the usage of the non-optimised control program with a loop duration of tloop = 120 µs.
The loop duration expresses the smallest possible resolution of the time scale and corresponds
to ∆minj = 4.7 mg packages which can be injected. The red curve was recorded after the
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Figure 1.23: The effect of the injector needle lift and the control programs
loop duration on the injection mass. Data series of petrol are according to [62].

code optimisation for a loop duration of tloop = 12 µs and a corresponding mass resolution of
∆minj = 0.47 mg. With the optimised control program ∆minj = 0.47 mg packages can be inject.

During the tests water was expanded from 205 bar operation pressure to ambient pressure.
The counter pressure in the reciprocating compresser corresponds to the suction pressure of
the cylinder stage when injecting at BDC. The suction pressure of the second stage equates
approximately 4.2 bar (cf. Tab. 1.7). However, the pressure differences are almost the same.
Hence, it can be assumed that the counter pressure does not have a significant impact on the
injected mass.

In conclusion, the set up injection system has passed the first functional tests and fulfils the
requirements with regard to the water injection mass, injection mass flow rate, and accuracy.

Determination of the SMD and drop size distribution

The actual achievable drop diameter and the drop distribution have to be determined exper-
imentally for the medium water, since many external and unpredictable influences affect the
atomisation system.

The used measurement system bases on the laser diffraction technique to determine the size
of the spray’s drops. A laser beam penetrates the spray while the intensity of the scattered
light is detected. The measured data are analysed to determine the size of the drops which
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have caused the diffraction pattern. The drops are assumed to be ideally spherical shaped and
can be detected of a size ranging from 0.1 to 3000 µm [60]. The most important results are the
distribution of the spray volume over the drop diameter and the Sauter mean diameter SMD.

Fig. 1.24 shows the scheme of the experimental set-up to examining the generated spray.
The injection system has not changed compared to the previous attempt system. The flask for
collecting the spray water was replaced by the optical measuring device. 10 spray events with
a certain injection duration, frequency, and pressure were detected, averaged and evaluated for
each experiment. The experiments were carried out at an ambient temperature of about 19 ◦C.

Injector

Control system,
amplifier, and
signal generator

Reservoir

High pres-
sure pump

Laser beam
Transmitter Receiver

Figure 1.24: Experimental set-up to evaluate the generated water spray

The results of the first parameter variation are shown in Fig. 1.25. The injection pressure and
the injection duration were varied at a constant injection frequency of 15Hz and a measuring
distance of the laser beam from the injector needle of 40mm. The series of experiments for
205 bar represents the reference process and therefore shows finer resolution.

The SMD varies slightly with changing injection duration, but remains to a large extent
below 20 µm for a pressure of 205 bar. As the injection pressure decreases, the recorded curve
shows a similar shape but shifted to higher SMD values. A SMD < 15 µm cannot be generated
over the entire injection duration spectrum for 205 bar and the medium water. According to the
manufacturer the SMD varies between 10 and 15µm when using the original medium petrol
(cf. Tab. 1.6). Fig. 1.26 illustrates the spray volume distribution. The cumulative spray volume
CV is plotted over the drop diameter D for an injection duration of 0.5ms. According to the
previous statements about the pressure dependence, the 205 bar experiment holds the largest
volume fraction at small diameters.

Another parameter variation was carried out to investigate the characteristic for different
injection frequencies. The injection pressure was kept constant at 205 bar bar and the injector
distance from the laser beam was 40mm. In Fig. 1.27 and Fig. 1.28 the reference case and the
curves for increased and lowered injection frequencies are shown. The spray quality does not
dependent on the injection frequency.

Further, the distance of the laser beam from the injector was varied. The tests were carried
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Figure 1.25: The dependency of the SMD on the injection duration tinj and
pressures pinj at constant injection frequency finj = 15 Hz and a measuring
distance of the laser beam from the injector of 40 mm
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Figure 1.26: The cumulative volume over the drop diameter D for different
injection pressures pinj at constant injection frequency finj = 15 Hz, injection
duration tinj = 0.5 ms, and a measuring distance of the laser beam from the
injector of 40 mm

out at 205 bar and an injection frequency of 15Hz for different injection durations. The curves
for the distances 60 and 80mm show similar appearance to the reference case. When measuring
with the laser closer to the injector (20mm) the spray seems to be from poor quality. The spray
is not fully developed at this distance. Parts of the spray are shaped as ligaments. The optical
measuring method uses the laser diffraction technique and requires ideal spherical drops. Hence,
the requirements for a correct measurement are therefore not given. In addition, there’s also the
mentioned drop formation mechanism namely the atomisation of liquids by gases till a certain
distance from the nozzle is reached.
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Figure 1.27: The dependency of the SMD on the injection duration tinj and
frequencies finj at constant injection pressure pinj = 205 bar and a measuring
distance of the laser beam from the injector of 40 mm

100 101 102 1030

0.2

0.4

0.6

0.8

1

Drop diameter D/ µm

C
um

ul
at
iv
e
vo
lu
m
e
C
V
/

1 5 Hz
10 Hz
15 Hz
20 Hz
25 Hz

Figure 1.28: The cumulative volume over the drop diameter D for different
injection frequencies finj at constant injection pressure pinj = 205 bar, injec-
tion duration tinj = 0.5 ms, and a measuring distance of the laser beam from
the injector of 40 mm

According to Tab. 1.6 the penetration length of the petrol spray is < 30 mm. But measure-
ments were carried out at distances of 40, 60, and 80mm. It should be mentioned that injecting
to the ambient as in the tests, does not represent the regime in the cylinder space. There’s higher
pressure in the cylinder which increases after the injection. Further, the fluid is discharged from
the cylinder by the piston movement with each revolution. During the suction process fresh gas
enters the cylinder. The regime in the cylinder is "reset" with each revolution. However, the
periodic spray impulses to the ambient are forming a flow profile which appears with greater
penetration length in the tests. Eddies with reversal direction were recognised at the boundary
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Figure 1.29: The dependency of the SMD on the injection duration tinj
and spray length at constant injection pressure pinj = 205 bar and injection
frequency finj = 15 Hz
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Figure 1.30: The cumulative volume over the drop diameter D for different
spray lengths at constant injection pressure pinj = 205 bar, injection fre-
quency finj = 15 Hz, and injection duration tinj = 0.5 ms

areas of the spray cone. An observation of the real regime is required in order to be able to make
clear statements about the influence of the medium water on the penetration length. However,
that would have caused too much effort for the tests in advance. It cannot be excluded that
parts of the spray collide with the cylinder wall or the piston crown.

It should also be noted that the injection process is performed at higher temperature levels
when considering the compressor’s cylinder. Due to the low injection mass flow rate the in-
jected liquid prevails at the temperature of the injector’s mounting position, namely the cylinder
head. Usually, this temperature exceeds the saturation temperature at suction pressure. The
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injection results in an expansion to the two-phase region (cf. Fig. 1.16). That is referred to as
flash vaporisation. At some fuel injecting nozzles the size and inertia of the drops are reduced
by flashing [56]. That would therefore have positive effects on the achievable SMD and the
penetration length.

1.6.2 Test bench reciprocating compressor

The experimental set-up including a two-stage reciprocating compressor can be operated conven-
tionally using an intercooler or with direct water injection into the cylinder for hot gas cooling.
As outlined in Chapter 1.5.1, water suits as refrigerant at higher heat source temperatures and
in the second stage of a cascaded heat pump cycle. The function of a reciprocating compressor
for water as the working fluid is evaluated for temperatures up to 120 ◦C source side and up
to 170 ◦C sink side according to Tab. 1.7 and Fig. 1.16. That requires a suction pressure of
about 1.75 bar and a maximum discharge pressure of about 8.2 bar as the operation boundary
conditions of the vapour compressor.

Experimental set-up

An existing reciprocating compressor test bench was expanded at the production site of the
manufacturer LMF. The developed injection system was installed to the reciprocating compressor
as schematically shown in Fig. 1.31. Additional aggregates are illustrated as well, e. g. units to
provide the working fluid and to preheat and rinse the system.

The steam station for providing the working fluid is essentially built of the water treatment,
the steam generator, and the expansion valve E1. Feed water is pressed through the water
treatment with a pressure of about 5 bar and brought to a water hardness < 1 ◦dH. Subsequently,
the liquid water is vaporised by the electric steam generator to wet steam with 95% vapour
quality and passed to a buffer tank. After the expansion valve E1 superheated steam is present at
compressor suction pressure. The electrical steam generator with a thermal output of 45 kW offers
a maximum steam mass flow rate of 60 kg/h. The piping between E1 and the compressor suction
of stage 1 is partly equipped with trace heating to be able to adjust the suction temperature and
to compensate heat losses to the environment.

The two compressor stages are arranged in horizontal opposed construction and the manu-
facturer’s design parameters are summarised in Tab. 1.7. The water vapour is stage by stage
brought from the suction pressure of about 1.75 bar to the final pressure 8.12 bar. The mechan-
ical drive (crankshaft, cross head, etc.) is oil-lubricated. The cylinder walls respectively sliding
surfaces are from non-lubricated design, because of the low solubility of oil in the working fluid
water and the possible decomposition of oil at elevated temperatures. The PEEK piston and
rider rings are critical components concerning the operation temperature. It’s limited to 250 ◦C.
As shown in Tab. 1.7, the design temperatures of the conventional process are lower than this
temperature limit.
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Figure 1.31: Schematic view of the reciprocating compressor test bench in-
cluding injection system and additional units

Each compressor stage is designed with the suction port at the top and the with discharge
downwards. This arrangement reduces the risk of a hydrolock. The piping between the compres-
sor stages are equipped with a trace heating as well. There’s an alternative fluid route through
the intercooler if cooling is required.

The compression process can be operated conventionally with intercooling or with injection
cooling. The injection system was already introduced in Chapter 1.6.1. A certain fraction of the
treated water mass is sucked by the pneumatically driven high pressure pump and pressurised to
205 bar. The injection water flows through the illustrated pipes to the compressor stages and is
preheated by a trace heating before it reaches the injectors. At both cylinder heads an injector
is mounted. It directly axial concentrical injects into the cylinder space. The piston position and
the rotational speed are determined by an inductive proximity sensor (locator) which is mounted
on the flywheel of the mechanical drive. This sensor provides the information for the injection
control and amplifier when the piston runs through TDC. Thus, the crank angle relative to the
TDC can be determined where the injection has to be performed with a given injection duration.
The electric motor’s rotational speed can be adjusted by a frequency converter.

Different operation modes are possible. The vapour provided by the steam station is guided
to the compressor stage 1 via the partly heated suction pipe (V1 opened, V2 closed). After the
compression stroke, the working fluid passes through the heated bypass. Then it’s expanded
to ambient pressure by the throttle E3, condensed in the aftercooler, and finally goes down the
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Table 1.7: Design parameter of the two-stage reciprocating compressor ac-
cording to the manufacturer LMF

Parameter Value Unit

Rotational speed 800 1
min

Mass flow rate 15.7 kg
h

Stage 1 Stage 2

Diameter 0.1 0.065 m
Stroke 0.1 0.1 m
Clearance 0.1933 0.4482 1
Suction pressure 1.746 4.185 bar
Discharge pressure 4.311 8.12 bar
Compression ratio 2.47 1.94 1
Suction temperature 120 145 ◦C
Discharge temperature 227.1 228.7 ◦C

drain (V4 closed, V5 opened). That is an open single-stage process. Notice, the suction and
discharge valves of stage 2 have to be removed to operate idle for the single-stage mode.

During the two-stage mode, the working fluid passes through the steam station and stage 1
as well. Afterwards it flows to stage 2 (V4 opened, V5 closed). The trace heating is again used
to set the inlet temperature of stage 2. The suction and discharge valve have to be inserted. The
steam is further compressed in stage 2 and expanded to ambient pressure by the throttle E4,
condensed in the aftercooler, and finally goes down the drain.

All system components have to be brought to the required operating temperature before water
vapour can be sent through the system. Hence, condensation effects are avoided. Otherwise,
there is a risk of water accumulation and hydrolock in the cylinder spaces. For this purpose,
ambient air is precompressed by an air compressor and guided to the partly heated suction
pipe (V1 closed, V2 opened). The trace heating further heats the air and compensates thermal
losses to the environment. The precompressed air is further compressed by the stages before it’s
expanded to ambient pressure and discharged through the drain.

This operation mode is also used to rinse the system with air after regular tests with steam.
Condensation and accumulation of water can occur and cause problems when restarting the
system without rinsing after the latest test series. In addition, the ferritic steel used would be
prone to corrosion. The use of expensive austenitic stainless steel was omitted in the design of
the compressor and most parts of the piping.
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Sensing elements and quality of measurement data

The Temperature was measured at 14 positions, the pressure relative to the ambient 8 times,
once the absolute ambient pressure, and once the mass flow rate. All these quantities were logged
in intervals of 30 s. Tab. 1.8 summarises the specification, measuring range, and accuracy of the
installed sensors.

Table 1.8: Specification and accuracy of the installed sensors

Quantity Range Unit Accuracy Sensor type

Temperature -50 to 400 ◦C ± (0.3 + 0.005 ϑ/◦C) K Pt100 Class B
Temperature -40 to 1000 ◦C ±max (1.5, 0.004 ϑ/◦C) K Thermocouple Type K1

Abs. pressure 0 to 2.5 bar ±0.0137 bar Transmitter
Rel. pressure -1 to 1.5 bar ±0.0137 bar Transmitter
Rel. pressure 0 to 10 bar ±0.045 bar Transmitter

Mass flow rate 12 to 28 kg
h ±0.017 ṁ Vortex

The relative pressure and the temperature were measured at each stage just before the suction,
just after the discharge, in the suction plenum, and in the discharge plenum. Class B Pt100
sensors as well as relative pressure transmitters with a measuring range of 10 bar were used
(excepting the stage 1 suction plenum transmitter with a measuring range from −1 to 1.5 bar).
Another Pt100 sensor was attached to the merge after the intercooler and bypass as well as after
the merge of the aftercoolers (cf. Fig. 1.31). Furthermore, the temperature of the cylinder heads
close to the cylinder chamber was measured by Pt100 sensors. Thermocouples were provided for
measuring the temperature of the preheated injection water after the trace heating respectively
before the injector inlet at each stage. A measuring section was installed to the non-heated part
of the suction pipe of stage 1 to determine the suction mass flow rate.

The Pt100 resistance thermometers were gauged with a calibration furnace. For this purpose,
the corresponding amperages were determined by repeated application of different temperature
loads. Hence, a regression or calibration line was determined. Just marginal deviations from the
theoretical curve were detected for all the considered sensors.

Three different transmitters were installed to measure the mentioned pressures. Their mea-
suring ranges and accuracies are summarised in Tab. 1.8. The measurement error of the resulting
absolute pressure is composed additively according to the error propagation. It’s the sum of the
error from the absolute pressure sensor for the ambient pressure and the error from the respective
relative pressure transmitter.

A vortex flowmeter with a maximum relative measuring error of ±1.7% was used to determine
the suction mass flow rate. Due to the measuring principle, a minimum flow rate of the medium
is required which corresponds to a minimum Reynolds number of 20 000 for gaseous fluids. The
relative error increases significantly and cannot be quantified for lower Reynolds numbers. The
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maximum velocity is limited with 46m/s. That results in a permissible measuring range of
11 kg/h < ṁ < 29 kg/h for a given fluid temperature of 130 ◦C and an absolute pressure of
1.8 bar.

There also was the possibility to determine the discharge mass flow rate if steady-state oper-
ation was the case. By opening V6 and closing V7 condensate can be collected in the reservoir
for a certain period of time. By subsequent weighing the mass flow rate can be determined.

As already mentioned, the compressor rotational speed and the injection parameter set have
been recorded by the injection control log.

Indicator bores were placed to the cylinders. The transient pressure evolution in each cylinder
space was recorded over the crankshaft angle respectively piston position. According to the
calibration report, the used sensors do not exceed a measurement error of 0.07 bar between 0 and
9.4 bar. The signal from these pressure sensors and of the locator were recorded with a sampling
rate of 10 kHz. Hence, just a short sequence of a few seconds could be recorded as otherwise
huge mounds of data would be generated.

The ambient temperature was manually documented during the tests at periodic intervals.
For the sake of completeness, various other sensors were used for machine monitoring and trace

heating control. Sensors including analogue or digital displays were also installed for observation
but not recorded.

Simulation

Amodel was implemented in Modelica [57] to determine the theoretically expected discharge tem-
perature under the usage of measurement data from experimental tests as boundary conditions.
The compression process combined with the theoretical descriptions of the injection cooling are
formulated as a mathematical system for steady-state operation. The indicated power Pind can
be written as:

Pind = ṁdisch (hdisch,s − hsuc)
1
ηs

(1.30)

with hdisch,s = h (pdisch, ssuc) as the discharge specific enthalpy after isentropic compression. The
heat losses to the environment are rather high compared to the indicated power. Subsequent
tests have shown that they cannot be neglected. The heat losses are formulated as dependent
on the suction and discharge temperature:

Q̇loss = kA

(
ϑsuc + ϑdisch

2 − ϑamb
)

(1.31)

kA denotes the thermal conductance of the compressor stage in regard to the heat losses to the
environment. The mass and energy balances can be written as:

0 = ṁsuc − ṁdisch + ṁinj (1.32)

0 = ṁsuc hsuc − ṁdisch hdisch + ṁinj hinj + Pind − Q̇loss (1.33)
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under the assumption of neglectable low leakage. The tests V15, V24, and V26 of conventional
operation without injection cooling are presented in the later part of the results. Those were
used to validate the model. The thermal conductance kA of stage 1 was found as 2.83W/K.
The isentropic efficiency ηs can be determined from the indicator card and is summarised in
Tab. 1.10 for the different tests. An ηs of 0.76 was chosen for the simulation. If these parameters
are known, the theoretically expected discharge state for the process with injection cooling can
be determined. The results are also summarised in Tab. 1.10.

Results

Tab. 1.9 shows an overview of the target parameters of selected stationary operating conditions
which were approached on the test bench in single-stage operation. The single-stage compression
from 1.8 to 4.2 bar was applied under variation of the compressor rotational speed, the injection
duration, the crankshaft position when injecting, and the injection duration.

Table 1.9: Target parameters of selected stationary operation conditions

Test no. n psuc ϑsuc pdisch tinj Pos.
1

min bar ◦C bar µs

V15 800 1.8 132 4.2 0 -
V18 800 1.8 132 4.2 100 BDC
V19 800 1.8 132 4.2 200 BDC
V22 800 1.8 132 4.2 200 BDC+90◦

V24 600 1.8 132 4.2 0 -
V25 600 1.8 132 4.2 200 BDC
V26 500 1.8 132 4.2 0 -
V27 500 1.8 132 4.2 200 BDC
V29 800 1.8 132 4.2 400 BDC

Fig. 1.32 summarises the results of different tests with equal compressor rotational speed n of
approximately 800/min in the ϑ, s-chart. The changes in state of the individual experiments are
shown in different colours. V15 origins from the conventional process without injection cooling
and represents the reference case. The working fluid’s state 1 was measured in the suction pipe
200mm upstream to the suction plenum just before it enters the cylinder block. An isobaric
heating of the working fluid arises on it’s way to the plenum and suction valve (state 2). The
cylinder block material of higher temperature lifts the fluid temperature by waste heat from
the compression process. The compression process from state 2 to state 3 follows. State 3 was
recorded in the plenum of the discharge. With isentropic compression the change in state would
follow vertically upwards in the ϑ, s-chart and with non-isotropic adiabatic compression including
entropy production to the top right. The process appears with entropy decrease for the given
compressor. Hence, the waste heat flow to the environment is relatively large compared to the
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Figure 1.32: Experimental results of single-stage tests with a compressor
rotational speed n = 800/min

power indicated to the fluid. V18 illustrates the first usable test with injection cooling. It was
performed with injection of 100 µs at BDC. A significant decrease in temperature of about 11K
was observed compared to the reference test V15. The triangle of the same colour indicates
the theoretic thermodynamic state in which the fluid was expected according to the simulation
under ideal vaporisation. The measured and simulated results differ about 1.9K. The injection
quantity was increased in the next step. For V22 the injection timing was changed too. It was
injected a quarter crankshaft revolution after BDC, hence, to higher cylinder pressure and with
less time to vaporise the liquid drops. Contrary to expectations, the discharge temperature did
not drop more sharply with increasing the injection quantity. A cooling effect ranging from
10 to 15K can be observed for all the tests. Also V22 with less time available for vaporisation
offers a similar result. The results from the simulation deviate from the actually measured values
especially for V29 with 400 µs injection duration. As a result, total vaporisation of the injected
fluid cannot be assumed for the prevailing circumstances.

As a consequence, the compressor rotational speed was lowered while maintaining the com-
pression ratio. Thus, more time is available for drop vaporisation. An increasing cooling effect
was expected. Fig. 1.33 summarises test results at varied rotational speed. For a certain rota-
tional speed, the test without injection cooling is indicated by a solid line and the process with
injection cooling by a dashed line. V15 and V19 operating at 800/min are known from Fig. 1.32.
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Figure 1.33: Experimental results of single-stage tests for differing compressor
rotational speed

Lowering the rotational speed generally leads to lower discharge temperatures. At 600/min a
discharge temperature decrease of 6K and at 500/min a reduction of 7K can be observed due to
injection cooling. Therefore, it cannot be assumed that a rotational speed reduction is accom-
panied by the vaporisation of a higher amounts of water. The speed reduction was limited by
500/min due to the frequency converter settings of the main motor.

Table 1.10: Summary of measurement data and simulation results

Test no. n ṁvort ṁscales ϑamb ϑsuc ηs ϑdisch,mea ϑdisch,sim
1

min
kg
h

kg
h

◦C ◦C 1 ◦C ◦C

V15 797 24.56 24.56 26 132.53 0.77 215.17 216
V18 793.65 24.45 23.65 27 130.65 0.76 204.18 202.1
V19 794.7 23.38 23.38 28 130.42 0.74 202.2 194.5
V22 793.65 23.84 23.79 27 131.93 0.77 203.85 198.4
V24 594.65 18.24 17.20 27 132.35 0.77 207.56 207.2
V25 594.65 17.97 16.57 28.5 131.92 0.76 201.56 189.7
V26 500.00 14.372 13.818 25.5 131.86 0.76 200.07 198.2
V27 500.00 13.419 13.375 27 131.59 0.74 193.07 180.4
V29 791.55 21.22 21.72 29 131.32 0.68 201.04 174.8
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Tab. 1.10 lists further measurement data and simulation results. Considering the compression
process as a polytropic change in state for the ideal gas, the polytropic index k can be determined
by transposing Eq. 1.15 and using the measurement data as boundary conditions. For the given
tests of conventional operation V15, V24, and V26 with the rotational speeds 800, 600, and
500/min the corresponding polytropic indices of 1.285, 1.255, and 1.23 can be found. The
isentropic exponent is κ = 1.33 [16] for water as an angled triatomic molecule. According to the
statements from Chapter 1.3.1, the cooling of the fluid is more intense if k is smaller than κ. In
other words, it’s a slow-running machine. The slower the machine runs the smaller k gets. Q̇loss
cannot be neglected in the simulative calculations.

In addition, a p, V -chart respectively indicator card was recorded for each test. The evolution
of the pressure in the cylinder space is drawn over the piston stroke or crankshaft angle. On the
left side of Fig 1.34, the indicator card of the conventional process is shown for n = 500/min
(V26). The graph on the right side origins from a test with injection at BDC (V27). The charts
were recorded with a sampling rate of 10 kHz.

Starting at the discharge pressure or dimensionless pressure of pdim = 1 (TDC), the piston
moves towards BDC and expands the clearance mass. The suction valve begins to open when
the cylinder pressure drops slightly below suction pressure or pdim = 0. A corrugated pressure
curve can be observed during the suction process which reflects the typical chattering of the
suction valve. If BDC got reached, the piston changes its moving direction, the suction valve
closes, and the compression process begins. The discharge valve begins to open when reaching
the discharge pressure. During the discharge the concerned valve is chattering too. The right
chart shows higher pressure when discharging. That indicates an increased discharge resistance,
e. g. due to the presence of liquids. Further, the suction pressure was reached at a larger cylinder
volume. The effect can be explained by the expansion of an increased clearance mass due to the
injected mass.

Two important quantities can be determined from the indicator card. The required indicated
power Pind results from the pressure acting on the piston crown and corresponds to the area
spanned in the p, V -chart. It can be determined by solving the closed line integral:

Pind = n

∮
V dp = −n

∮
p dV (1.34)

The isentropic efficiency follows as:

ηs = Pind,s
Pind

= ṁdisch (hdisch,s − hsuc)
Pind

(1.35)

with hdisch,s = h (pdisch, s (psuc, hsuc)) as the discharge specific enthalpy in case of isentropic
compression. The determined isentropic efficiencies range from 0.74 to 0.77 with exception of
V29. An ηs of 0.76 was used for the validation and simulation process. The maximum difference
in the efficiencies is 3%. According to Eq. 1.35 the isentropic efficiency is directly proportional
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Figure 1.34: The indicator card of the conventional compression process on
the left and the process with injection at BDC on the right for 500/min
rotational speed

to the mass flow rate. Considering that the mass measurement is associated with ±1.7% relative
error the deviation of 3% can result just from the measurement error. V29 is considered as
untrustworthy due to the large differences in mass flow and efficiency compared to other tests at
the same rotational speed.

Two-stage operation

Based on the findings from the single-stage test series the planned two-stage tests were completely
waived, since no essential increase in knowledge was expected.

Discussion

There could be several reasons why the cooling effect found in the perfect vaporisation model
did not arise to the expected extent. The drops that were generated are too big and do not
vaporise in time. In other words the time available is too short. The theoretical investigations
on drop vaporisation origin from an energy balance at the drop surface. These investigations were
carried out under some simplifications. In particular, the determination of the Nußelt number
isn’t trivial for the complex flow conditions at the liquid’s drop surface due to the injection, the
moving piston, and the changing cylinder pressure. In addition, the manufacturer of the used
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HDEV4 high pressure injector specifies an SMD between 10 and 15 µm for the medium petrol.
The investigations at the injector test bench with the medium water revealed a SMD of <20µm
at a comparable injection pressure.

Another reason could be that the penetration length of the spray with water is different
compared to that specified by the manufacturer for petrol of 30mm. Considering a drop of
a larger diameter and a higher density medium is generated, it takes longer to decrease the
momentum and the penetration length increases. That could result in being sprayed directly on
the cylinder walls or on the piston crown. The drops are forming a coherent liquid film with
a minor cooling effect. The cooling effect of the magnitude of 10K more or less independent
of the injection quantity indicates the film formation on the cylinder wall. In the best case it’s
transported to the discharge by the piston rings or past the piston rings and does not lead to
hydrolock.

It’s not possible to determine the actually vaporised amount of water, since a mixed tem-
perature was measured in the discharge plenum. There are superheated steam and liquid drops
close to the saturation temperature at discharge pressure.

The used compressor is rather insensitive to liquid drops in the cylinder space or a liquid film
on the cylinder walls, since obviously not the entire injected amount of water is vaporised. This
water has to leave the cylinder space as liquid. In some cases, the compressor’s acoustics had
changed for a few seconds during injection and a slight knocking was heard. This could indicate
slight water accumulation in the cylinder.

Nevertheless, the compression of water vapour from 1.8 to 4.2 bar corresponds to a temper-
ature shift from 116.9 ◦C evaporator temperature to 145.4 ◦C condenser temperature for single-
stage compression. Thus, the safe operation of a reciprocating compressor with water as the
working fluid for increased evaporator and condenser temperatures has been demonstrated.

1.7 Summary and outlook

The aim of this chapter was to investigate and advance industrial HTHPs in order to increase
the supply temperature and to expand the field of application. Since the compressor and the
working fluid play the central roles in this concern, the focus was placed on these two components
as parts of HTHPs.

Industrial HTHPs are applied to provide industrial process heat. Waste heat of low tempera-
ture can be brought to a higher temperature level and is returned to a given process under supply
of external energy. The current industrial benchmark is represented with a supply temperature
up to 150 ◦C under the usage of a reciprocating compressor and the synthetic refrigerant HFO-
1336mzz(Z). The highest achieved supply temperature in the research field is 155 ◦C, under the
usage of HFO-1336mzz(Z) as well.

First some important fundamentals according to HTHPs and the considered reciprocating
compressor type were presented. Special attention was paid on outlining different thermal limi-
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tations, the cooling possibilities, as well as increasing the process efficiency.
The majority of heat pump compressors is oil-lubricated. The oil chemically changes and

contaminates the refrigerant at temperatures ranging from 160 to 200 ◦C. Some refrigerants
decompose at elevated temperatures. Increased temperature and pressure will also influence
the compressor material’s duration of life. In case of reciprocating compressors the piston rings
are charged with the highest occurring gas temperature. The thermal limit in terms of process
performance is determined by the refrigerant’s critical temperature. The enthalpy of vaporisa-
tion decreases with increasing condenser temperature and pressure and negatively influences the
COP .

There are different possibilities to increase the heat pump process’ efficiency. In various
cases that is realised by a cooling system and accompanied by a reduction of the compressor
discharge temperature. Multi-stage operation also makes sense especially if elevated temperature
lifts require high pressure ratios. On the one hand, a two-stage heat pump also known as two
cascaded heat pump cycle can be used. Or on the other hand, multi-stage compression with
external intercoolers or injection cooling with working fluid in gaseous or liquid state can be
performed.

The possibilities of injection cooling are proven for rotary compressors. With reciprocating
compressors there’s just little experience in research. Alternative fields with experience in injec-
tion cooling application were briefly outlined, such as the automotive industry, gas turbines, and
steam power plants.

General theoretical investigations on the use of water as a working fluid, and in particular, as
an application under the usage of a reciprocating compressor with direct injection cooling were
following.

Water (R718) as a natural refrigerant does not have to be produced synthetically. It’s com-
pletely neutral in regard to harmful effects on humans, animals, and the environment. The GWP
equals zero and so does the ODP. It’s non-toxic, non-combustible, and non-explosive. Further-
more, it shows a high critical temperature, high enthalpy of vaporisation, and good chemical and
thermal stability. That compares with some disadvantageous properties. Due to the low volu-
metric heating capacity V HC, high volume flow rates and thus large compressors are required
for higher thermal outputs. Furthermore, conventional lubricants are not soluble in water and
corrosion of machine components by dissolved gases is possible. In addition, the vapour pressure
of water is lower than the atmospheric pressure for a temperature below 100 ◦C. Operation in
partial vacuum would be required. This partial vacuum implies challenges for the compressor
design, especially for sealing the affected zones from the environment. Incoming air regards the
heat exchanger performance and places an additional load to the compressor. Hence, a significant
amount of non-condensable gas in the system results in a loss of cycle performance.

It was found that elevated condenser temperatures can be achieved through the usage of
water as the refrigerant. Water suits at higher heat source temperatures and in the second stage
of a cascaded heat pump cycle. In addition, using water as a refrigerant results in the possibility

62



to operate heat pumps as an open processes. The theoretical investigations have shown that a
theoretical COP of about 6.6 can be achieved under the appliance of direct injection cooling and
water as the working fluid. That expresses an increase of 10% compared to the process with
interstage cooling and an increase of 33% compared to the single stage operation. Furthermore,
the compressor discharge temperature can be reduced significantly to a desired value.

The investigations on drop vaporisation have indicated that drops with a diameter < 15 µm
vaporise sufficiently fast under advantageous heat transfer conditions for the introduced appli-
cation case. The determined drop diameter originated from theoretical investigations and were
carried out under several simplifications.

However, experimental investigations were carried out to evaluate the hot gas cooling with
liquid water injection. In the first experimental step, an injection system was developed and
successfully tested. The injection system has passed the first functional tests and has fulfilled
the requirements with regard to the injection mass, injection mass flow rate, and accuracy. A
SMD of < 20 µm at 205 bar injection pressure was achieved for the medium water.

As the next experimental step, an existing reciprocating compressor test bench was adapted
and operated with the injection system. A cooling effect due the liquid injection ranging from 6
to 15K was observed for all the tests compared to the conventional processes. There could be
several reasons why the cooling effect did not arise to the expected extent. The generated drops
were too big and did not vaporise in time. Another reason could be that the penetration length
of the water spray was different to the specified for petrol by the manufacturer. Possibly the
drops were sprayed directly on the cylinder walls or on the piston crown. The cooling effect of
the magnitude of 10K more or less independent from the injection quantity indicates the film
formation on the cylinder wall. Further, the used compressor was rather insensitive to liquid
drops in the cylinder space or a liquid film on the cylinder walls, since obviously not the entire
injected amount of water was vaporised.

Further investigation concerning this topic would certainly make sense, since water as a
refrigerant offers remarkably properties. In addition, the theoretical investigations for elevated
temperature levels promise excellent efficiency.

The next step would be the investigation of the original regime in combination with the
injection cooling in the cylinder space. For this purpose, a possibility of optical accessibility has
to be created. Then, the spray in the cylinder can be examined during the compression process
by a high speed camera and the already used laser diffraction device. Statements about water
accumulation and the actual penetration depth are possible. Furthermore, there’s the possibility
of large scale simulative investigations with more complex modelling.

Alternative atomisers originating from the automotive industry can be considered. There’s a
chance for the appearance of even more suitable products on the market in the next few years.
Not least due to the very intensive and successful development of the injector technology in the
past years.
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As a further step, the compression process can be considered as decoupled from the heat pump
process. The manufacturer LMF of the compressor used at the test bench suggest opportunities
in conjunction with the compression of air, methane, and butane, among other things. The
injection of water for cooling with subsequent condensation and separation from the working
fluid offers a way to increase efficiency.
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Chapter 2

Theoretical study of industrial
drying processes

As already outlined in the general Introduction, there’s a huge necessity and potential for im-
proving efficiency and reducing energy consumption concerning industrial drying processes. The
aim of this chapter is to investigate the drying behaviour of clay bricks in chamber dryers as a
specific application case.

First it’s stated why drying is such an essential and energy consuming process in the produc-
tion chain of clay bricks, followed by some important fundamentals. The commonly used dryer
types in the brick and tile industry and the facilities for the drying energy supply are presented.
Bricks are usually manufactured of clay. The most important properties of clay in conjunction
with drying are discussed. In order to be able to investigate the drying behaviour, the transport
processes within the drying product and at the drying product’s surface have to be describable.
Practical and permissible modelling assumptions of the thermodynamic processes, the mathe-
matical derivation and formulation are presented. Subsequently, a model for chamber dryers and
the drying kinetics of the drying material are introduced. The models were implemented to a
suitable simulation environment and validated with measurement data. The chapter concludes
with a summary and outlook.

2.1 Introduction

The production of clay bricks can roughly be divided into the following sections: raw material
processing, shaping, drying, firing, stacking, and packaging.

For the production of ceramic bricks, mainly clays and clay materials are used as raw material.
The clay is usually mined from the company’s own quarries. Specific substances are often added
to achieve special properties. For the production of highly heat insulating bricks, organic or
inorganic pore-forming agents are added to the processed material to increase the pore volume.
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All species are crushed, mixed, and homogenised in dry or wet state. Mixing water is required to
provide the material’s plasticity for shaping, hence it’s intended to enable the free movement of
the solid particles along each other. To produce green bodies of low texture, the water content
must be as high as possible, but due to the required energy amount for the moisture removal,
it should be kept as low as possible. The content of mixing water ranges between 15 and 35%
(mass of water referred to the mass of the dry product).

A continuous bar is shaped via extruding the mixed material and periodically cut at the green
bodies height. For the most brick products the shaping process has finished with the cutting.
The production of roof tiles requires subsequent steps.

The water content required for shaping has to be removed in course of the drying process,
before the bricks are fired. Sending a wet green body to the kiln, would already destroy the
product at the beginning of the firing process. The temperature of the bricks’ inner sections
remains below the boiling temperature as long as there’s still a significant amount of liquid
water in the product. The surface would be exposed to the kiln temperature. That would result
in high thermal stress and subsequent cracking. Furthermore, the freshly shaped green bodies
are less resistant to mechanical stress. During the drying process, the product’s volume decreases
slightly, which is due to an effect called shrinkage, and the mechanical resistance increases.

After the drying process, the moisture content prevails below the allowed kiln-entrance mois-
ture content. The bricks are usually carried through a tunnel kiln, in which the firing process
is performed in oxidising atmosphere at a temperature ranging between 900 and 1200 ◦C. The
door-to-door time has to be chosen with regard to the required dwell time for the chemical
processes.

Then, the material is cooled to the exit temperature. The bricks are stacked and packed
before they are distributed [11].

Nowadays the drying air is heated directly by gas burners or indirectly by heat exchang-
ers, in contrast to the formerly customary outdoor drying. Fossil-fired, convective exhaust air
dryers are mainly used and the drying duration is less. These systems dissipate the exhaust air
including the water vapour to the environment. It cannot longer be used energetically [4]. The
duration of the drying process ranges between a few hours and several days, depending on the
material’s composition, preparation, geometric dimensions, and the drying method [63].

The drying process is the most energy-intensive section of the production chain [4], since a
phase change of water is needed. Hence, the minimum theoretically required thermal energy
equates the energy to evaporate the attached water. For convective drying, the enthalpy of
vaporisation ∆hv ≈ 2500 kJ/kg = 0.6944 kWh/kg [64] acts as a thermodynamic barrier.

In real operated dryers, additional energy is required to overcome heat and mass transfer
resistances, product-specific moisture bonding effects, conductive losses, leakages, and for pow-
ering additional components. The electrical energy requirement arises in particular through the
ventilation of the drying air. It has an impact on the uniformity and magnitude of the heat
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and mass transfer [11]. The total supplied energy is commonly denoted as the specific energy
consumption SEC (cf. Chapter 2.2.1). The energy needed for drying clay bricks using fossil-fired
dryers is ranging from 1 to 2 kWh/kg [3]. Defining the dryer’s efficiency as η = ∆hv/SEC leads to
a corresponding efficiency η ranging from 0.35 to 0.7. Hence, there’s huge necessity and potential
for improving efficiency and reducing energy consumption.

2.2 Fundamentals

2.2.1 Variety of dryers and usage in the brick and tile industry

Drying is an important step of the production chain in several industry branches. Due to the
diverse use and the very long history of drying, the range of dryers and drying technologies is
very wide. Therefore, a simple classification of dryers into a few generic types isn’t possible.
But they all have one thing in common. As an intermediate or the final production step as well,
moisture should be removed from the drying material in compliance with the required quality
criteria. However, a selection of the most common classification possibilities should be presented
first [65, 66]:

• Temperature and pressure level in the dryer: ambient conditions, above or beneath ambient
temperature, vacuum or excess pressure

• The method of heating the material to be dried: convective, conductive, or radiative

• Operation mode: continuous or discontinuous (batch)

• The method of moving the wet material through the dryer: trucks, hot cylinders, conveyor
belt, fluid bed, spray

• Heating medium: fossil fuel, electricity, heat recovery

• Shape of the dryer: tunnel, chamber, drum

• Mechanical aid, to improve drying

• The method of circulating the drying medium

• The nature of the wet material and the manner of its introduction into the dryer

• Required duration for drying

The variety of dryers used in the brick and tile industry for modelled ceramics is limited. The
majority of drying plants that are used are, tunnel, chamber, and impingement dryers of the
following conceptions or modifications thereof. All of them are convective dryers. Thermal
energy is supplied by heated air or other gases, flowing over the surface of a solid. The heat for
evaporation is transferred by convection to the exposed surface of the material and the evaporated
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moisture is carried away by the drying medium [67]. Other types don’t play a significant role in
the brick and tile industry.

Chamber dryer

Heater

Baffle plates

ACU with fan

Recirculation

Feed Exhaust

Drying product
on shelf

Figure 2.1: A typical configuration of a chamber dryer, enhanced by an air
circulation unit

A typical configuration of a discontinuous or batch dryer is shown in Fig. 2.1. The wet
material is placed on shelves, which are set in the dryer room. The feed air flow supplied to
the dryer prevails generally between 90 ◦C and 150 ◦C. The feed flow mixes with recirculating
air from the chamber. Modern chamber dryers are often equipped with rotating air circulation
units (ACUs). They are designed to improve the mixing of fresh hot air and recirculating air and
ensure uniform temperature distribution and air flow through the dryer chamber. These dryers
are available for drying of various types of ceramics, as drying conditions, duration, temperature,
air mass flow rate can easily be changed and controlled [67]. Usually several chamber dryers are
operating at the same time, where each chamber works in batches. If the chambers are properly
connected, the all-over process can be seen as approximately continuous. However, the use of
chamber dryers is always advantageous, if the drying product is very sensitive regarding to the
drying parameters and if the treated product is changed frequently [63].

In addition to fans and ACUs more primitive installations can also improve the result and
efficiency of drying. Baffle plates for deflecting, branching, or merging of air streams, act more or
less as channels providing parallel, uniform flow [68]. Another measure concerns the arrangement
or loading of the dryer. If the clearance among the bricks isn’t sufficient, it results in non-uniform
drying and drifting the air flow between trucks and the wall of the chamber. The bricks on the
trucks should be arranged in an appropriate way [67].
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For example, Beckmann et al. [69] performed an improvement of the drying process of roof
tiles in an industrial chamber dryer by applying these steps. As a result, they achieved a more
uniform drying and a significant reduction of the drying duration.

Other apparatus for treating the drying medium can also be installed if necessary, such as
chillers for vapour condensation or cyclone separators for removing particles.

Tunnel dryer

In contrast to chamber dryers, a typical continuous type of ceramic drying is the tunnel dryer
which simplest configuration, operated as counter-current, is shown in Fig. 2.2. The wet material
put on trucks is moved through the tunnel, starting the drying process in a humid atmosphere
at rather low temperature and ending it as dry material under dry and hot air conditions. In
doing so, the drying medium of about 70 ◦C up to 200 ◦C is provided by a heater to the tunnel’s
part with dry climate [63]. Depending on the dryer’s design, the feed air can also be supplied as
co-current or cross-current to the trucks’ moving direction [66].

Fresh air

Wet
material

Dry
material

Exhaust

Recirculation

Heater
Fan

Trucks

Figure 2.2: Configuration of a typical tunnel dryer operating in counter-
current mode, adapted from [67]

Modern continuous dryers are often provided with up to ten tracks. Moving fans between
these tracks ensure high flow velocity and proper mixing of the drying air causing an efficient
and homogeneous drying process. Another rise of flow velocity and limited climate control is
possible by recirculation and removing partial air streams at certain locations along the path
through the tunnel and adding them again at other positions.

Continuous dryer concepts are used for mass-production and require a large amount of in-
stallation space. Since the dryer’s length in conjunction to the trucks’ feed rate expresses the
drying duration, such applications are inflexible in operation. Delays or interruptions are caus-
ing further deregulations. A drying product that is insensitive with regard to susceptibility to
cracking and a reasonable constant production rate are required [63].
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Impingement dryer

Impingement dryers for hollow bricks and thin-walled products are used increasingly. The drying
material is conveyed on bands through a tunnel. Thus, the process is also operated continuously.
The green bodies are transported past slot nozzles, from which they are blown at with high
velocity. Heat and mass transfer are increased. In case of large-sized hollow products, that
also leads to an improved and even through-flow of the body. Consequently, the drying process
performs remarkable fast [63, 66]. It’s possible to control the climate and flow rate of air at
each optimum state in some zones, separated in the dryer [67]. A maximum in flexibility can be
reached through this drying concept, even when changing the product [63].

Supply of thermal energy

One of the drying medium’s main tasks in convective drying is the mass and energy transport.
In most applications thermal energy provided by different energy sources is transported to the
drying product by the drying medium as an intermediate energy carrier.

The drying thermal energy often origins from other processes accruing there as waste heat.
Brickworks usually operate drying plants in connection to the kiln to increase efficiency. The air
heated in the tunnel kiln’s cooling zone is supplied partly or entirely to the dryers. In addition,
the enthalpy of the kiln’s exhaust gases also can be displaced to the dryers, using heat exchangers
for heating up air streams. Also air that is used to cool the tunnel roof can be supplied to the
dryers. Many brickworks are capable to cover the total demand of thermal energy for drying
in this way alone. However, a major disadvantage of this kind of energy supply is the high
inflexibility since it’s governed by the kiln’s production rate. The energy supply for drying can
be made more flexible by partly decoupling the kiln process. The additional required thermal
energy is then usually supplied by gas burners or heat exchangers fed by steam or hot water.
These apparatus are simple to control [63].

For small quantities infrared and microwave heating systems are used. Materials are heated
directly by infrared irradiation of lamps, rods, or plates. When wet materials are heated in the
first drying period by infrared radiation, the surface temperature increases to a temperature
higher than the wet-bulb temperature (cf. Chapter 2.2.3) and the drying rate rises. The drying
operation must be performed carefully as a rapid drying rate may result in a product’s lack
of quality. However, the power control of infrared sources is relatively simple to handle. Such
applications are often combined as infrared convective heating systems [67].

Microwave systems for industrial heating are operated at frequencies covering two bands which
are effective for heating of water. Microwaves are generated in a magnetron, which is introduced
into an applicator where the wet materials are heated via transmission through a wave guide.
Wet materials are heated internally because microwave energy can penetrate the inside of the
body. Only wet materials are heated selectively and rapid heating is possible. The operation and
control processes are easy, and drying is possible in any atmosphere including a vacuum. In the
drying of thick ceramics by microwave heating, the material internal temperature may rise to a
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temperature higher than the surface temperature. This results in explosive expansion due to the
internal vapour pressure. Therefore, the microwave power should be controlled appropriately to
prevent overheating the inside of the body [67].

The disadvantage of electric heating systems is that they are costly to operate. In both cases
and in contrast to the energy supply by heat pumps, the whole thermal energy for heating has
to be provided electrically. In addition, there is a high economic outlay for the installation, in
case of microwave heating systems [70].

Heat pumps are another option to provide thermal energy for drying electrically. Any convec-
tive dryer can be fitted with a heat pump. Furthermore chamber dryers are the most commonly
reported dryers used in conjunction with heat pumps. Heat pump dryers are known to be energy
efficient, due to the principal advantages of the ability to recover energy from the exhaust gas.
Many researchers have demonstrated, as in [71] and [72], the importance of producing a range
of precise drying conditions to dry a wide range of products and improve their quality [67]. Real
systems are implemented in the wood, food, and pharmaceutical industry so far [19, 73, 74].

As mentioned in the Preface of this work, one of the DryPump project’s main goals was, to
investigate and reasonably expand the application range of heat pump systems in the drying
industry, including the brick and tile industry. As part of the project, a test bench in form of a
drying container was set up and equipped with a compression heat pump. Drying tests on clay
bricks were carried out. Therefore, the possibility of energy supply by heat pumps with respect
to drying processes should be outlined concisely in the current chapter. The drying container
itself will be described in course of the modelling process at the following Chapter 2.3.1.

The basic component of the compressor heat pump system comprises an expansion valve, two
heat exchangers as evaporator and condenser, and a compressor [67]. The schematic diagram of
the implementation of a basic heat pump system to a certain drying process is shown in Fig. 2.3.
The hot drying air passes through the dryer and receives moisture from the bricks. The wet air

Condensate
Fan

Wet air
from dryer

Evaporator,
dehumidifier

Compressor

Expansion valve

Condenser,
heater

Hot air
to dryer

Refrigerant
circuit

Figure 2.3: Thermal energy supply of a compression heat pump drying sys-
tem, adapted from [67]
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driven by a fan is transported to the evaporator where the dehumidification process takes place.
The air is first cooled sensibly to its dew point. Further cooling results in condensation of water
from the air. After that, the cooled and dehumidified air is sensible heated again at the heat
pump’s condenser to the desired temperature. The latent enthalpy of vaporisation of the vapour
in the air is transferred by the evaporator for vaporising the refrigerant. The gaseous refrigerant
is then taken to the higher pressure level by the compressor, the temperature also rises. After
that, the refrigerant is driven through the condenser, where its enthalpy of vaporisation is used
to heat the air flow. The condensed refrigerant is brought to the lower pressure level by the
expansion valve before it enters the evaporator again [67]. The heat pump process regarding to
the refrigerant circuit was described in detail at Chapter 1.2.1.

In addition to the heat pump process’ coefficient of performance COP , the specific energy
consumption SEC, defined as

SEC =
∫
Pel dt∫
ṁvap dt (2.1)

is commonly used to quantify and compare energy efficiencies of different dryer types. Where Pel
corresponds to the consumed electrical energy and ṁvap to the evaporated water. Alternatively,
another parameter the specific moisture extraction rate SMER as the reciprocal of SEC, can
also be used as a performance indicator of dryers [67].

2.2.2 Clay and clay minerals

Clay is the main and most important component of the raw material used for the production
of clay bricks. It’s a composition of clay minerals, other minerals, and organic matter and is
giving the plastic and shapeable attributes to the raw material. As a weathered product of rocks
with high feldspar content like granite its chemical formation, mineralogical structure, and grain
size composition are high dependent on the mining location. Drying behaviour, plasticity, and
the required amount of tempering water are mainly influenced by the grain size distribution.
In general, greater fractions of grains smaller than 2 µm lead to higher plasticity of the raw
material [75].

Structure and plasticity of clay minerals

Clay minerals are part of the layer silicate minerals group. The basic modules are [SiO4]-
tetrahedrons and [Me(O,OH)6]-octahedrons, where Me represents a metal like Al or Mg in
common cases. The tetrahedral layer is formed by hexagonal rings, where the tetrahedrons’
free tops are facing the same direction. The octahedral layer is connected to the tetrahedral
layer by sharing the tetrahedrons’ top oxygen ions. The remaining oxygen ions of the octahedral
layers are ligated to protons, forming hydroxide ions OH-. Several of these double layers are
connected by dipole-dipole interaction, hydrogen bond, and van der Waals interaction. This
group of silicate minerals is called double layer minerals (stratification T-O...T-O) with kaolin
clay as the main representative. Fig. 2.4 shows the structure of a double layer clay mineral.
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Figure 2.4: Structure of a double layer clay mineral, adapted from [76]

If there is another tetrahedral layer connected to the octahedral layer (stratification T-O-
T...T-O-T), the formation is part of the three layer minerals (Montmorillonite and Illite). Fig. 2.5
shows the structure of such a three layer mineral.
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Figure 2.5: Structure of a three layer clay mineral, adapted from [76]

In most cases the Me cation occurs as Al3+ or Mg2+. But the high diversity of clay minerals
is based on the exchange of several cations. The Al3+ or Mg2+ cations of the octahedral layer
and also the Si of the tetrahedrons can be replaced by other appropriate elements. Negative
excess charge can occur and can be balanced by additional cations between the layers. H2O
molecules as interlayer water and hydroxides as intermediate layers are also possible. This fact
causes another rise of clay mineral variety [76, 77].

Layer silicate minerals offer a large specific surface where negative electrical charges can occur.
Therefore Salmang and Scholze [77] explain several causes in detail. In wet suspensions or so-
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called ceramic creams these charged particles are surrounded by ions and polar molecules like
water molecules. On a solid particle’s surface hydrated cations are bonded firmly by adsorption,
consequently the concentration of cations is increased [77]. Due to the electrostatic effect between
the dipole structure of water and the mineral’s surface an adhesive cover of water follows till a
certain distance. Close-by layers are stiff tightened while water molecules and hydrated cations
are getting moveable with increasing distance to the negatively charged solid particle. Such a
set-up of fixed and of moveable layers is called diffuse double layer. Fig. 2.6 illustrates the model
of the diffuse double layer at the surface of a circular clay particle. Actually clay minerals are
shaped flat [78].

Polar water molecules

Suspension
Negative
charged
particle

Figure 2.6: Diffuse electrical double layer, adapted from [77]

The diffuse attached cover water alleviates the particles’ movement along each other in large
measure. Hence it’s essentially responsible for the plastic characteristic of clay. Another conse-
quence is the clay’s shrink and swell capacity if its water content changes [79].

Bonding between water and solid material

Depending on the nature of bonding, it can be distinguished between adhering, swelling, and
capillary related interstitial liquids. Chemical bonding would be another type, but in this case
the removing of chemical bonded moisture isn’t part of the drying process.

Adhering liquid is covering the outer surface of the lump-sized material as a continuous water
film. That equates a free water surface, where the vapour pressure depending on temperature
equals the saturation vapour pressure.

Swelling water is part of the solid phase, like the above mentioned interlayer water, while
adhering moisture and water in capillary tubes are coating the grains’ surfaces. It’s responsible
for volume changes of the solid bodies in porous media [70]. Because of the higher bonding quality,
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this kind of water remains in the compound during the drying process until the temperature is
rising. Depending on the clay’s composition the amount of swelling water and also the shrink
and swell capacity vary. Hence, high fractions of swell-able clay minerals are disadvantageous
for the drying behaviour [79].

Capillary related interstitial liquid is described as water in the caverns and channels of porous
media. The vapour pressure of water in macropore media with a pore radius greater than
1 µm remains at the temperature dependent saturation value, like for adhering water. In fine-
pored media with a pore radius lower than 0.1µm vapour pressure is significant lower (capillary
condensation) [63, 70]. For the drying process that leads to the following consequences. The
vapour pressure for drying products with high moisture content is equal to the saturated vapour
pressure. While drying, the water is driven to the body’s surface due to capillary forces. First
the larger capillaries get cleared, the moisture content decreases but the fine pores are still filled.
Hence, the vapour pressure for small moisture contents is lower compared to high moisture
contents. The connection between vapour pressure and moisture content is caused through forces
to the liquid phase impressed through bonds to the solid phase. With other words, a liquid’s
vapour pressure is also influenced by external forces and not only by its own temperature [59].
Materials are called hygroscopic if they are able to bind water with a simultaneous significant
lowering of vapour pressure [67].

The two main phenomena of interaction between liquid and solid phases are surface tension
and adsorption. Drag and pressure forces through surface tension can also be seen as external
forces. These forces are the main reason for the above described capillary effects and also for
causing moisture transport through porous media. But this will be discussed in detail in Chap-
ter 2.2.4. Another reason for the appearance of external forces is the van der Waals interaction
between molecules of the liquid and solid phase, which are also most significant at low moisture
contents. This type of bond is called adsorption [59].

Nevertheless, for the sake of completeness it’s mentioned that vapour pressure drop can also
appear in chemical solutions and through chemical absorption.

All the specified types of bond between liquid and solid material with responsibility for
lowering the vapour pressure are summarised as sorption. In most cases, it’s not possible to
distinguish strictly between these types of bonding [59].

If a wet solid is exposed to a continuous and constant supply of fresh air, it continues to lose
moisture until the vapour pressure of the moisture in the solid is equal to the partial pressure of
the vapour in the air. The solid and the surrounding air are in equilibrium. This moisture content
of the solid is called the equilibrium moisture content under the prevailing conditions [67].

The trends of equilibrium moisture content over relative humidity at a certain temperature are
called equilibrium moisture isotherm. Those are determined in experiments, where two different
curves can be found. If equilibrium was reached while drying, the corresponding moisture content
is higher than the moisture constant that can be found while humidification, under the same
surrounding air conditions (hysteresis) [59].
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Fig. 2.7 shows the equilibrium moisture isotherms for different clays and temperatures. Two
typically distinct areas can be identified. For low values of relative humidity pure adsorption
takes action. At high relative humidity capillary condensation is responsible [70].
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Figure 2.7: Equilibrium moisture isotherms for different clays: Clay A with
low to clay C with high swell-ability, adapted from [80]

Each type of bond is reducing the molecule’s degree of mobility and can be seen as energy
loss of the bonded liquid phase. The energy loss appears as released thermal energy. In general
it’s called bond enthalpy and more specific for adsorptive and capillary bond it’s called heat of
wetting.

While drying, liquid water is evaporated and exits the drying product. Therefore the enthalpy
of vaporisation and additionally the bonding enthalpy have to be provided. But that is just the
case for very low water contents, where the drying product shows hygroscopic behaviour. At
higher moisture contents the bonding enthalpy is insignificantly small.

In the energy balance of dryers the bonding enthalpy usually can be neglected. But if the
drying process starts at the hygroscopic part with low moisture content, and it has to be dried
till very low moisture content, the bonding energy also has to be part of the energy balance [59,
63].
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Shrink swell behaviour

While drying or wetting of different compounds, the solid particles are moving relatively under
the effect of inner forces to each other. Such behaviour is called shrinking or swelling.

Shrinking is the tightening of an almost dimensionally stable body. The body’s volume
consists of solid, liquid, and gaseous volume. In general the solid matter isn’t changing its
volume while drying. Thus, it can be assumed that the body’s change of volume is equal to the
change of liquid volume less the generated hollow volume. Matter is shrinking in an ideal way,
if its volume is decreasing in the same amount as the liquid volume does. Such behaviour can
be observed while drying of peat, pasta, and ceramic bodies of high water content, if they can
shrink unhindered.

Fig. 2.8 shows three types of different shrinking curves. Clay and kaolin are shrinking at high
water contents. Others, like wood and coal aren’t shrinking at high water contents but start to
shrink after falling below a certain water content limit. Peat and pasta are changing their length
and volume constantly over the whole water content range. For goods with explicitly orientated
inner connections the shrinkages deviate towards individual spatial directions. This anisotropic
behaviour is known from goods with fibrous structure, wood, paper, gels, and pastes.

Aside from the moisture removal the amount of shrinkage is also depending on the circum-
stances while drying. Unhindered shrinking is given when neither drag or pressure forces are
influencing the drying body. This is only the case if the product dries very slowly, since there is
no nameable moisture gradient arising through the body’s volume. Also external forces have to
be absent. If moisture is removed from the layers close to the surface, these regions are forced to
shrink. The inner layers initially hold the starting moisture content, hence, their volume remains
the same. Mechanical stresses between the layers are the consequences. Also outer forces can be
the reason for hindered shrinkage. If a plastic body is shrinking on a rough or adhesive surface
the amount of shrinkage is less due to frictional and adhesive forces [63].

As already mentioned ideal shrinkage is the case, if the drying product’s volume decreases in
the same amount as the liquid volume does. The following equations are corresponding to the
curves in Fig. 2.8 and represent such behaviour for a body’s length L, surface A, and volume V .

L = Ldry (1 + γ y) (2.2)

A = Adry (1 + γ y)2 (2.3)

V = Vdry (1 + γ y)3 (2.4)

χ = Lini − L
Lini

(2.5)

Where γ denotes the linear shrinkage coefficient, y the water content as the containing mass of
water referred to the mass of the completely dry product, χ the linear relative shrinkage, and e. g.
Lini the initial length. The linear shrinkage coefficient for clays ranges from 0.48 to 0.7 [81, 82].
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Figure 2.8: Typical shrinking curves for 1 clay and kaolin, 2 wood and coal,
3 peat and pasta, adapted from [63]

These coefficients appear to be independent of external drying conditions if these are mild [65].
Common values for the linear relative shrinkage χ of clays range from 0.03 to 0.11 [75].

Fig. 2.9 illustrates the shrinking pattern of clay. It’s representing a certain depth of a brick’s
wall or the whole brick under mild drying conditions with negligible moisture gradients. Through-
out the raw material processing, clay is provided with relatively high water content to ensure
proper plasticity for shaping. The extruded green body contains as much moisture, so that the
clay particles are totally surrounded by water. At the beginning of convective drying water starts
to evaporate at the brick’s surface. The volume of contraction equates the outgoing shrinkage
water. Clay particles are moving closer together. Hence the shrinking process also starts at the
brick’s surface. Due to capillary effects water flows from inner sections to the brick’s surface.
The surface stays fully covered by water. With further water release the particles are moving
closer and closer, the shrinking process shifts to inner cross sections. If the clay’s particles have
moved as close, so that they are touching each other, the evaporating water volume cannot be
compensated by shrinkage. This so-called shrinking end is indicated by the vertical dashed line
in Fig. 2.9. With ongoing drying, gaseous pores will be developed. The evaporating water has
to be replaced by vapour or entering drying air. The point in time when the first gaseous pores
are formed can be observed at the brick’s surface. Light reflections turn from dark to bright.
After that, water is still carried to the brick’s surface due to capillary effects. The capillaries of
bigger size are filled first by air. Smaller ones are still flooded. So that just as before, the brick’s
surface can be seen as free water surface, even if it’s not fully connected [75].

Tests of drying thin-walled cylinders of clay have shown that if the moisture content variations
through the material are negligible, shrinkage ends abruptly. Otherwise, when moisture gradients

78



max0%
0%

Moisture content

100%

Vo
lu
m
e

Shrinking end

Shrinkage water

Solid clay

Pore Water

Figure 2.9: Shrinking pattern of clay, adapted from [67]

are present, the shrinking end is more sluggish [65]. Thus the shrinkage behaviour highly depends
on the drying product’s geometry and also on the drying conditions. Moisture gradients or
shrinkage gradients which are responsible for inner mechanical stress, often cause surface cracks.
On the other hand shrinkage and also the compound’s stability will increase with continuing
drying or decreasing water content. Especially for very low water contents when there is just
adsorptive water bonding present [70].

Surface cracks are unrecoverable damages and have to be avoided through the whole produc-
tion chain. Keey [65], Lykov and Pezold [81] are dealing with this major issue by focusing on the
drying process. Musielak and Śliwa [83] are introducing two numeric models to predict surface
cracks.

2.2.3 The drying process

Bricks are usually dried convective with hot air. The air cools down during the drying and
picks up the evaporated water from the surface. Coupled heat and mass transfer occurs across
the boundary layer. The drying product’s moisture content decreases. Depending on the dried
material, three periods of drying may be distinguished, as the drying rate’s typical curve shows
in Fig. 2.10. The drying process starts with a constant drying rate. This is the first drying
period (DP). In the second DP the drying rate decreases. In case of capillary-porous materials
it is followed by a stage due to hygroscopic effects as third DP.
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Figure 2.10: Drying rate of a capillary-porous material with hygroscopic be-
haviour, adapted from [75]

First drying period

While liquid water is present at the exchange surface, the drying rate only depends on the sur-
rounding air conditions, such as temperature, relative humidity, velocity, and flow configuration.
If these parameters are kept constant the drying product attains a certain constant temperature,
after a short transient starting section. The drying rate also remains constant. This stage is
commonly referred to in literature as the constant drying rate stage or first drying period [84].

The heat flow supplied by the drying medium is entirely used for transforming the liquid
water into vapour. The position where evaporation takes place, the so-called drying interface,
is located at the surface [75, 84]. No energy transfer occurs within the product during this
period, as it acts like an adiabatic wall. The product’s temperature remains constant. This
steady-state adiabatic temperature is called cooling limit or wet-bulb temperature and depends
on the surrounding air conditions [55]. According to Krischer and Kast [59], the drying product’s
temperature varies from the wet-bulb temperature. However, the difference can be neglected. In
addition, it can be assumed that bonding between water and clay particles can also be neglected
for this drying period. The transferred thermal energy is entirely used to evaporate the liquid
water [75].

Evaporation takes place at the brick’s surface and leads to shrinkage. First the removed
water is compensated by tightening the clay particles, while moisture from inner sections is also
transported to the surface due to capillary effects. If the particles have moved as close together,
so that they are touching each other, shrinkage has ended. As the drying process progresses,
evaporating water is simply replaced by surrounding air, starting in capillaries of bigger size
on the product’s surface. As mentioned in previous statements, the brick’s surface can still be
seen as free water surface, surrounded by saturated air. The vapour pressure depending on
temperature equals the saturation vapour pressure. This is an important issue to be able to
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describe the heat and mass transfer, since the driving forces are linked together.
With continued drying, the exposed surface is still supplied with liquid water from the inside

of the product by capillary effects. The liquid migrates from regions with high moisture content
towards regions with low moisture content. The constant drying rate period lasts as long as
the surface is supplied with liquid water. Its duration t = tcrit depends highly on the drying
conditions and on the medium properties [84]. The phenomenon of capillary transport is an
important topic in context of drying porous media and will be treated in a specific Chapter 2.2.4.

Fig. 2.11 shows the characteristic time dependent moisture distributions of a capillary-
porous, non-hygroscopic sufficiently large plate, dried from both sides. Only the distribution
of the moisture content changes during the first drying period, starting with even distribution
y (z, t = 0) = yini. Moisture gradients can be seen as the driving force of transport. Compared
to inner layers, the water content at the product’s surface decreases more intense. The moisture
gradient at the surface is growing with progressed drying. When t = tcirt got reached, the surface
dried up [59].

z0

y

s/2

y (z, t = tcrit)

y (z, t = const.)

y (z, t = 0) = yini

y (z, t→∞) = 0

Symmetry
Surface

Figure 2.11: Moisture distribution at different times of a capillary-porous,
non-hygroscopic material, dried from both sides, adapted from [59]

Second drying period

If the capillary forces aren’t sufficient to carry enough moisture to the surface, the second drying
period or decreasing rate stage begins. The drying rate falls steadily (cf. Fig. 2.10). The drying
interface migrates towards inner sections, hence, evaporation takes place beneath the surface
and the vapour diffuses through the air-filled pores. As a result, a diffusion resistance in the dry
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layer prevails in addition to the mass transfer resistance at the surface. The drying behaviour is
also influenced by the diffusion conditions of the dry layer. With continued drying, the drying
interface migrates further to inner sections. At the same time moisture from the wet core is still
carried against the interface’s moving direction due to the capillary effect.

Thermal energy is transferred by convection to the drying product and transported through
the dry layer by conduction. The drying rate is reduced and the heat flow supplied to the medium
is temporarily greater than required for evaporation. The excess energy is used to heat up the
product, the surface at first, followed by the inner part.

The dried pores in vicinity of the wet core are filled with saturated air. The drying inter-
face is located where the prevailing saturation vapour pressure corresponds to the current layer
temperature. The temperature and the water vapour pressure are clearly linked at the drying
interface, hence, the mass transfer during the second drying period can also be described.

The drying interface is moving toward the product’s core until it reaches the product’s centre
or if in case of one-side drying the opposite side. Then the drying process has finished.

Bonding energies are playing only a minor role during the second drying period, since the
bonded water is extracted only within the third drying period. As already mentioned in Chap-
ter 2.2.2, bonding energies can be neglected if the drying process was started at high moisture
content. Additionally, the drying process often has finished before hygroscopic effects rise up. In
the brick and tile industry the process is often stopped at water contents y ranging from 0.5% to
3.0 %. Thus, the hygroscopic properties of the raw materials don’t have to be taken into account
in the mathematical formulations [75].

In context to this work, it’s assumed that the drying process only consists of the first and
second drying period. The only hygroscopic effect taken into account is that drying can be carried
out until the equilibrium moisture content, corresponding to the surrounding air conditions, is
reached.

The described modelling approach is often referred to as the wet core model. It is assumed
that dry and wet zones within the product are stacked in series. Not many works have focused
on the second drying period. For the sake of completeness, it should be mentioned that an
alternative approach also exists in the literature. Schlünder [85] elucidated the first drying
period by the so-called wet surface model and also applied it for the second drying period. He
claims that the product’s surface remains partly wet during the second drying period, due to
the capillary transport through particular thin pores. The dry and wet zones are arranged in
parallel.

The h1+X ,X-chart

The h1+X ,X-chart is a convenient tool to demonstrate the changes in state of wet air. As shown
in Fig. 2.12, the specific enthalpy referred to the mass of dry air h1+X is drawn versus the
humidity X in an oblique-angle system of coordinates. The isotherms ϑ = const. and lines of
constant relative humidity ϕ = const. are also shown. Two main regions can be distinct. The
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unsaturated and the oversaturated region separated by the saturation line ϕ = 1. Baehr and
Kabelac [16] are describing in detail how the thermodynamic properties are linked and how the
chart is constructed.
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Figure 2.12: Changes in state of wet air on its way through a chamber dryer
during the first drying period, shown in the h1+X ,X-chart

The red path plotted in Fig. 2.12 indicates the changes in state of a typical drying process
during the first drying period in a chamber dryer. Ambient air (ϑ = 20 ◦C, ϕ = 0.4) is heated up
to a feed temperature of ϑ = 150 ◦C. The humidity X remains constant, the relative humidity
ϕ drops. Then it enters the chamber. There neither are thermal losses nor leakages through the
dryer walls. Accordingly, a chamber climate is developed which lies on the same isenthalpic line
as the feed air flow climate does. The distance from the saturation line mainly depends on the
drying rate and the feed mass flow rate. For the shown case a temperature of ϑ ≈ 40 ◦C and
a relative humidity of ϕ ≈ 0.55 are attained. As described in the previous chapter, the drying
product’s temperature attains the wet-bulb (WB) temperature ϑ ≈ 40 ◦C, indicated by the circle
on the saturation line with ϕ = 1.
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Furthermore, it can be noted that the chamber climate is displayed by a single circle. The air
volume in chamber dryers is mixed ideally and fulfils the basic requirements of the ideal stirred
tank reactor [11]. Apparatus such as ACUs shown in Fig. 2.1 are responsible for uniform mixing.
When modelling a chamber dryer, the following assumptions are often taken:

• The feed air flow entering the chamber is mixed immediately and uniformly.

• Hence, the same drying climate prevails at all locations within the dryer volume.

• The exhaust air conditions are equal to the state of the dryer atmosphere.

• All surfaces of the drying product are exposed to the same heat and mass transfer condi-
tions.

2.2.4 Heat and mass transfer during drying processes

The heat and mass transfer processes, within the drying product and at the drying product’s sur-
face during the first and second drying period, are summarised in the current chapter. Practical
and permissible modelling assumptions of the thermodynamic processes and the mathematical
derivation and formulation are presented.

A general aspect should be mentioned first. Most drying products in the brick and tile in-
dustry are approximately plate-shaped or composed of single plates, such as hollow bricks [75].
Their extension in direction of the wall thickness is small compared to its dimension in the other
directions. In conjunction with the previously introduced modelling of the chamber dryer as an
ideal stirred tank reactor, the consideration of the drying product as a one-dimensional sym-
metrical plate is permitted. These are two important and useful simplifications. Consequently,
the effort in the model equations’ numerical treatment and the computational complexity while
solving transient problems can be kept manageably.

Heat and mass transfer at the drying product’s surface

As the labelling of convective dryers reveals, heat and mass transfer at the brick’s surface are
forced by convection. In a flowing fluid, energy and mass are also transported by the macroscopic
movement of the fluid, not only through conduction and diffusion. Hence, convective transfer
combines mass transport through diffusion, heat transport through conduction and transport of
enthalpy through the flowing fluid itself.

The energy transport can be described by the boundary layer theory for one-dimensional
problems. An imaginary fixed layer at the brick’s surface is passed by a heat flow through
conduction due to a temperature gradient and also through energy as enthalpy due to the fluid
movement. Fig. 2.13 illustrates this so-called thermal boundary layer with the thickness δth and
the summarised heat flow rate Q̇. This heat flow rate is depending in a complex way on the
boundary layer’s temperature and flow field. The determination would encounter high difficulties.
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Therefore, the equation
Q̇ = −αA (ϑδ − ϑsurf ) (2.6)

defines the heat transfer coefficient α, as an empiric parameter. Where A denotes the involved
surface, ϑδ the fluid’s temperature at the boundary layer’s (imaginary) surface z = δth, and
ϑsurf the fluid’s temperature at the solid wall’s surface z = 0.

When fluid particles make contact with a solid surface, they assume zero velocity. Hence, the
energy balance at the wall or at the drying product’s surface can be written as Fourier’s law of
thermal conduction:

Q̇ = −λA ∂ϑ

∂z

∣∣∣∣
z=0

(2.7)

Where λ = λ (ϑsurf ) denotes the fluid’s thermal conductivity at the solid surface’s temperature.
If α is known, an approximation for δth can be made by linearising the temperature gradient [55,
86]:

∂ϑ

∂z

∣∣∣∣
z=0
≈ ϑδ − ϑsurf

δth
(2.8)

δth ≈
λ

α
(2.9)

An alternative approach for the heat transfer problem can be made by using the theory of
similarity. The number of affecting variables will be reduced through dimensionless correlations.
The Nußelt number Nu is defined as

Nu = αL

λ
(2.10)

and represents the forced heat transfer. Where L is the geometry’s characteristic length corre-
sponding to the considered heat transfer problem. Empiric Nußelt correlations for different heat
transfer problems are often described as a function of the Reynolds number Re and the Prandtl
number Pr:

Nu = cRen Prm (2.11)

Where the coefficient c characterises the body’s geometry and the exponents n and m the fluid
flow’s type [55].

The forced mass transfer can also be introduced by the boundary layer theory for one-
dimensional problems. In analogy to the heat transfer, the convective mass transfer coefficient
βconv is defined by the following equation:

ṅvap,surf = Aβconv ∆cvap (2.12)

ṅvap,surf denotes the molar flow rate entering the concentration boundary layer with the thickness
δc and ∆cvap the difference in vapour concentration between the boundary layer’s surfaces. It
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also can be written by definition, as a combination of diffusive and convective flows:

ṅvap,surf = Ajvap,surf︸ ︷︷ ︸
Diffusion

+xvap,surf ṅsurf︸ ︷︷ ︸
Convection

(2.13)

Where jvap,surf is the diffusive molar flux of vapour, xvap,surf the mole fraction of vapour, and
ṅsurf the convective molar flow rate of dry air and vapour at the drying product’s surface. The
diffusive part, approached by Fick’s first law of diffusion, is proportional to the concentration
gradient at the solid surface, for vanishing small convection ṅsurf → 0. It’s also proportional to
the concentration difference ∆cvap, hence, the mass transfer coefficient β can be defined in an
appropriate way as:

jvap,surf = −
(
cD

∂xvap

∂z

)
surf

= β∆cvap (2.14)

β =
−
(
cD ∂xvap

∂z

)
surf

∆cvap
(2.15)

Where D denotes the diffusion coefficient of vapour in air. Eq. 2.13 can now be written as:

ṅvap,surf = Aβ∆cvap + xvap,surf ṅsurf (2.16)

According to the film theory, concentration and velocity distribution are just changing in z-
direction, but not in time or the remaining directions. A stationary flow in z-direction can be
assumed:

∂ṅvap

∂z
= 0 (2.17)
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That leads to the following consequences for the molar flow rate in Eq. 2.16 with β = β (ṅ):

ṅvap = −Aβ (cvap,δ − cvap,surf ) + xvap ṅ (2.18)

The concentration distribution cvap (z) and also the molar flow rate ṅvap are depending on the
convective flow ṅ. Baehr and Stephan [55] show that for the mass transfer without convection
ṅ→ 0, β is proportional to the diffusion coefficient D.

β = D

δc
(2.19)

For ṅ 6= 0 the molar flow rate ṅvap can be found as

ṅvap = −A ṅ

exp
(
ṅ
c β

)
− 1

(xvap,δ − xvap,surf ) + xvap,surf ṅ (2.20)

by applying Eq. 2.17 on Eq. 2.18, with β = β (ṅ→ 0).
The drying process is attended by a special case of mass transfer, the so-called one-side mass

transfer. By inserting ṅair = 0 or ṅ = ṅvap to Eq. 2.20

ṅvap = Acβ ln 1− xvap,δ
1− xvap,surf

(2.21)

follows for the one-dimensional one-side convective mass transfer [55].
For drying processes, the vapour mass flow rate ṁvap, also called drying rate, is from higher

interest than the molar flow rate ṅvap. With ṅvap = ṁvap/Mvap, c = n/V = p/(<T ), xvap = nvap/n =
pvap/p, and Rvap = </Mvap the mass flow rate ṁvap follows as:

ṁvap = p

Rvap T
Aβ ln p− pvap,δ

p− pvap,surf
(2.22)

Where < = 8.314 J/(mol K) denotes the molar gas constant, T the layer’s mean thermodynamic
temperature, Rvap = 461.4 J/(kg K) the specific gas constant, Mvap = 18.02 kg/kmol the molar
mass, and pvap the partial pressure of vapour. For the first drying period, the vapour partial
pressure at the drying product’s surface pvap,surf equals the saturation vapour pressure, as
mentioned in Chapter 2.2.3.

In analogy to the heat transfer, the dimensionless approach of the convective mass transfer
can be expressed by the average Sherwood number Sh:

Sh = β L

D
= cRen Scm (2.23)

Dividing Eq. 2.23 by Eq. 2.11 leads to the so-called Lewis correlation. The mass transfer coeffi-
cient β can be explained by the heat transfer coefficient α. In context of drying processes they
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are connected through this correlation.

Sh

Nu
= β λ

Dα
=
(
Sc

Pr

)m
=
( a
D

)m
= Lem (2.24)

a = λ

cp ρ
(2.25)

Pr = ν

a
(2.26)

Sc = ν

D
(2.27)

α

β
= ρ cp

( a
D

)1−m
(2.28)

Where Sc denotes the Schmidt number, a the thermal diffusivity, cp the isobaric specific heat
capacity, ρ the density, and ν the kinematic viscosity of the drying air. As mentioned earlier, the
exponent m depends on the fluid flow’s type, for laminar flow m = 0.33 and for turbulent flow
m = 0.42. Eq. 2.28 is by definition just valid for vanishing convective flows ṅ → 0. For finite
values a correction as introduced by Eq. 2.20 has to be made [55].

The diffusion coefficient’s D temperature dependence at p = 1 bar for vapour in air can be
determined by the following equation [59]:

D = 22.6× 10−6 m2

s

(
T

273 K

)1.81
(2.29)

Heat transport through dry layers

The energy transport through the product’s dry layer can be described by Fourier’s law for
one-dimensional conduction:

Q̇ = −λA ∂ϑ

∂z
(2.30)

Where Q̇ denotes the heat flow rate, A the involved surface, λ the heat conduction coefficient of
the dry product, and ∂ϑ/∂z the temperature gradient as the driving force of heat conduction.

The drying interface, located at the inner bound of the dry layer, is behaving like a heat
sink. The predominant proportion of the incoming heat flow is used for evaporation. The
drying interface is moving very slowly towards the brick’s wall centre, its temperature also rises
slowly. Hence, the actual unsteady process can be modelled as a quasi-stationary heat conduction
problem [75].

For sufficiently slow processes the following assumption can be made:

∂Q̇

∂z
= 0 (2.31)

Executing this assumption on Eq. 2.30 leads to a second order differential equation with the
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boundary conditions corresponding to Fig. 2.14. The equation for one-dimensional stationary
heat conduction can be found as a solution:

∂ϑ

∂z
= ϑsurf − ϑC

sdry
(2.32)

Q̇ = − λ

sdry
A (ϑsurf − ϑC) (2.33)

ϑC

ϑsurf

pvap,C

pvap,surf

Q̇

ṁvap, wvap

ϑ, p

zsdry

Wet
layer

Surface

Drying
interface

Dry
layer Drying

air

Figure 2.14: Heat and mass transport through the dry layer

Since the drying interface’s temperature is rising very slowly during the second drying period,
it can be assumed that the same applies for the wet core. In addition, the thermal conductivity
of this region will be relatively high. As a result, the temperature of the wet region can be seen
as even distributed. It equals the drying interface’s temperature [75].

Vapour diffusion through dry layers

Mass is transported just in z-direction, hence a similar one-dimensional approach to Eq. 2.13,
can be used for determining the diffusion problem. The molar flow rate of vapour ṅvap can be
written as

ṅvap = Acvap wvap = A (jvap + cvap (xvap wvap + xair wair)) (2.34)

where wvap and wair denote the velocities of the involved species, vapour and air, in z-direction.
The diffusion problem linked to drying processes can again be seen as one-side diffusion with
wair → 0. The molar flow rate of vapour is a multiple times higher compared the molar flow

89



rate of air. Using Fick’s first law of diffusion leads to:

jvap = −D ∂cvap

∂z
= −cD ∂xvap

∂z
(2.35)

ṅvap = −AcD 1
1− xvap

∂xvap

∂z
(2.36)

Just for comparison, Eq. 2.36 written without the term 1/(1−xvap) describes equimolar diffusion.
This term is called the Stefan correction. It’s vanishing for small molar fractions of vapour xvap.

The processes at the drying interface are changing very slowly, as argued in the previous
chapter. The same applies for the drying rate. Hence, the same assumption of a quasi-stationary
problem can be taken:

∂ṅvap

∂z
= 0 (2.37)

Executing this assumption on Eq. 2.36 leads to a second order differential equation with the
boundary conditions corresponding to Fig. 2.13 with the solution [55]:

ṅvap = −AD
sdry

p

<T
ln p− pvap,surf

p− pvap,C
(2.38)

Again, the mass flow rate is more appropriate considering drying processes. With ṅvap =
ṁvap/Mvap, and Rvap = </Mvap the mass flow rate ṁvap follows as:

ṁvap = −AD
sdry

p

Rvap T
ln p− pvap,surf

p− pvap,C
(2.39)

For the second drying period, the vapour partial pressure at the drying interface pvap,C equals
the saturation vapour pressure, as mentioned in Chapter 2.2.3.

Eq. 2.29 describes the diffusion coefficient’s temperature dependence for free diffusion of
vapour in air. In porous media, this transport coefficient isn’t only depending on temperature
and pressure. The geometry, the porous structure and also the pore size distribution have an
impact. For sufficiently large pores common molecular diffusion occurs. Just the reduced cross
section caused by the solid particles and the increased intertwined diffusion path have to be taken
into account. For non-free or hindered molecular diffusion the diffusion coefficient D in Eq. 2.39
has to be replaced by the lower effective diffusion coefficient Deff defined by:

µ = D

Deff
(2.40)

µ = τp
εp

(2.41)

Where µ denotes the dimensionless diffusion resistance with Eq. 2.41 as a first approximation, εp
the porosity, and τp the tortuosity1 [88]. Common values for µ of bricks range from 8 to 25 [11,

1Traditionally the length of the actual path line between two ports that the fluid particle travels divided by
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89]. Finally the diffusion mass flow rate ṁvap of vapour in porous media is:

ṁvap = − AD

µsdry

p

Rvap T
ln p− pvap,surf

p− pvap,C
(2.42)

But if the pore size is about the mean free path of the involved molecules, the gas molecules collide
with the pore walls more frequent than with each other. Knudsen diffusion takes place [88]. The
investigations of Telljohann [75] on pore size distributions for different clays have shown that the
Knudsen diffusion plays only a minor role compared to the molecular diffusion. Typical pore size
distributions are ranging from 3nm to 200 µm [75].

Capillarity and moisture transport through wet porous media

Moisture is transported through the capillary pore structure. The movement is caused by the
capillary effect, which should be described first. A vertical cylindrical-shaped capillary with the
radius rc is connected to a free water surface pressurised by the ambient pressure pamb. Then
the hydrostatic head rises by the so-called capillary head hc. That requires depression in the
raised concave surface (meniscus), the so-called capillary drag pc. Gauge pressures are arising,
if a liquids surface is curved convex to the outside (water drops).

pc = hc ρ g = 2σ cosΘ
rc

(2.43)

Where σ denotes the surface tension of water in air, Θ the contact angle at the concave interface,
g the gravitational acceleration, and ρ the density of water.

Fig. 2.15 shows the pressure distribution of a model body made of capillaries of different sizes.
According to Eq. 2.43, the capillary drag pc increases with decreasing radius of the capillaries rc.
Tab. 2.1 is giving actual values of the capillary drag or pressure. As a result, if different-sized
capillaries are connected to each other and evaporation takes place at the body’s surface, thick
capillaries are exhausted by thin ones at the beginning of the drying process [59].

Table 2.1: Drag and pressure of capillary tubes and drops [59]

Radius Drag or pressure
m bar

10−6 1.5
10−7 15
10−8 150
10−9 1500
10−10 15 000

the length of a straight line between these ports. This path is taken by a diffusion motion and is independent of
the net velocity [87].
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Figure 2.15: Pressure distribution of a model body composed of different-sized
unresistant connected capillaries, adapted from [59]

The processes due to the capillary effects while drying can be described by a simple model
of two unresistant connected capillaries, as shown in Fig. 2.16. Shrinkage is neglected and
evaporation just takes place at the concave interface of the thin capillary. This assumption can
be made, because the number of thin capillaries in drying products is markedly higher than the
number of thick capillaries. In the first drying period, the beginning of drying, both capillaries
have a flat water surface (Fig. 2.16.a). Evaporation takes place at the surface of capillary 1, the
drying rate ṁvap can be described by Eq. 2.22. The evaporated water will be replaced by water
from capillary 2, its concave interface is moving inwards and the capillary gets filled by air from
the outside. The driving pressure difference ∆pc can be calculated by:

∆pc = 2σ
(

1
rc,1
− 1
rc,2

)
(2.44)

For spherical meniscuses cosΘ = 1. On the other hand, a friction pressure loss ∆pf in capillary 1
due to the laminar flow arises. It can be described by the Hagen–Poiseuille law:

∆pf = 8 η ṁvap

ρπ r4
c,1

s2 (2.45)

Where η denotes the dynamic viscosity of water and ṁvap the moisture mass flow rate through
capillary 1 or the evaporating mass flow rate. The pressure loss ∆pf is rising, with expanding the
length of the fluid flow’s path s2 through capillary 1, while continuing the evaporation process. If
a certain critical length s2 = s2,crit is reached, ∆pc equals ∆pf and capillary 1 looses the ability
to exhaust capillary 2 (Fig. 2.16.b). The end of the first drying period is reached.

ṁvap s2,crit = σ

4 η

(
1
rc,1
− 1
rc,2

)
r4
c,1 π ρ = σρ

η
Cc (2.46)
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Cc is depending on the capillary system’s structure. As mentioned in Chapter 2.2.3, the drying
rate ṁvap remains constant for constant drying conditions. The drying product’s temperature is
about the wet-bulb temperature. Hence, the moisture’s surface tension σ, density ρ, and dynamic
viscosity η also remain constant during the first drying period. Then the critical length s2,crit and
subsequently the critical moisture content ycrit = mw,crit/mdry, where the first drying period ends,
can be determined out of Eq. 2.46. This principle can be adapted for any capillary distribution,
but only for constant drying conditions [59]. Metzger and Tsotsas [90] have shown, by advancing
the model of two capillaries, how the pore size distribution influences the drying behaviour.
In general, porous media with broad or binary pore size distribution, having micropores and
macropores, will dry more easily with an extended first drying period, compared to porous
media with a narrow pore size distribution.

ṁvap

s

r c
,1

r c
,2

Capillary 2
Capillary 1

s2

s1

s2

s1

s

ṁvap

s2 = s2,crit

ṁvap

a)

b)

c)

d)

e)

f)

Figure 2.16: Moisture movement while drying in two connected capillaries of
different sizes (a - f), adapted from [59]

When the first drying period has finished, ∆pc isn’t longer greater than ∆pf . The meniscus
of capillary 1 also has to move inwards (Fig. 2.16.c), the second drying period starts. The
drying rate ṁvap can be described by linking Eq. 2.22 for the mass transfer at the product’s
surface and Eq. 2.42 for the diffusion through the dried length s1 of capillary 1 (Fig. 2.16.d).
The additional vapour diffusion resistance with increasing diffusion length causes the drop of the
drying rate ṁvap during the second drying period. Under the assumption of a non-hygroscopic
material, capillary 2 will dry up first (Fig. 2.16.e) and with ongoing evaporation capillary 1
follows (Fig. 2.16.f) [59].

Capillary moisture movement is caused by pressure gradients ∂p/∂z, like all the other types
of fluid flows. It occurs as long as the pressure distribution differs from the equilibrium pressure
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distribution. Such an equalisation process is often described by the following approach:

ṁw = −kp ρw A
∂p

∂z
(2.47)

Where ṁ means the moisture mass flow rate, kp the transport coefficient related to pressure, and
ρ the density of water. But in general neither the geometry of the pore system nor the forcing
pressure gradients in the liquid can be measured directly. A straight usage of Eq. 2.47 isn’t
possible. But the moisture movement also can be related to the, easier to measure, volumetric
moisture gradient ∂ψ/∂z, with ψ = Vw/V . Thus, the moisture diffusion coefficient κ is introduced
by the following approach:

ṁw = −κ ρw A
∂ψ

∂z
(2.48)

The moisture diffusion coefficient κ isn’t a constant parameter. It has to be determined exper-
imentally and depends on the moisture’s temperature ϑ and the volumetric moisture content
ψ [59].

In contrast to the previous transport phenomena, a quasi-stationary process cannot be as-
sumed in case of moisture transport through the porous medium ( ∂ṁ/∂z 6= 0). It has to be solved
numerically as an initial value boundary value problem and will be demonstrated in detail at
Chapter 2.3.2.

Investigations on the temperature dependence for a given moisture content ψ have shown,
that κ is proportional to the quotient of the moisture’s surface tension σ (ϑ) and it’s dynamic
viscosity η (ϑ) [70]:

κ ∝ σ (ϑ)
η (ϑ) (2.49)

Telljohann [75] shows that there is a sufficiently linear relation between σ/η and ϑ, for the tem-
perature range from interest regarding to drying processes. With a given κ at a certain reference
temperature ϑref , the temperature dependence can be written as:

κ (ϑ)
κ (ϑref ) = 1 + 0.0225 ϑ− ϑref◦C (2.50)

Furthermore, the moisture diffusion coefficient κ depends highly on the drying product’s water
content. In accordance to the remarks in Chapter 2.2.2: From the beginning of the drying process
till the end of shrinkage, the pore volume is equal to and flooded by the water volume Vw. That
is simultaneously the available amount of Volume for the capillary transport of moisture to the
drying product’s surface [91].

Here, the cross section of capillaries Ac which is allowing a fluid flow, related to the total
cross section A equals the current water volume fraction ψ [92] (cf. the approximation of the
diffusion resistance µ by Eq. 2.41):

ψ = Ac
A

= Vw
V

(2.51)
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The mass flow rate ṁ of water flowing through the capillary cross section Ac with the mean
velocity w is:

ṁw = wAc ρw (2.52)

By adjusting Eq. 2.45, Eq. 2.48, and Eq. 2.51 it can be shown that κ follows a squared relation
with ψ, if the current water content ψ is greater than the limiting moisture content at the end
of shrinkage ψSE .

κ ∝ ψ2 if ψ ≥ ψSE (2.53)

If a reference moisture diffusion coefficient κref at a certain reference moisture content ψref ≥
ψSE is known, the following formulation can be made

κ = κref

(
ψ

ψref

)2
if ψ ≥ ψSE (2.54)

to describe the dependence of the moisture diffusion coefficient κ on the volumetric moisture
content ψ ≥ ψSE . Usually κref is determined at mass concentration of yref = 0.25 and a
temperature ϑ = 25 ◦C. Ordinary values range from κref = 8× 10−9 m2/s for clays with bad
drying behaviour, to κref = 100× 10−9 m2/s for clays with good drying behaviour [75]. Low
values of κ cause high moisture gradients and subsequently high susceptibility to cracking.

For lower moisture fractions ψ < ψSE the volume loss is compensated by the penetration
of air into the green brick, as described before. Thin capillaries exhaust thicker ones. With
decreasing ψ the capillaries which still remain flooded are getting thinner and thinner. The flow
resistance increases strongly, thus the moisture diffusion coefficient has to drop drastically. This
behaviour can be described by the following approach [91], where kψ expresses the slop of the
curve:

κ = κref

(
ψSE
ψref

)2
× 10kψ(ψ−ψSE) if ψ < ψSE (2.55)

Fig. 2.17 compares the predicted result out of Eq. 2.54 and Eq. 2.55, to experimental data for
typical clays. Two distinct ranges, separated at the limiting water content ψSE , can be identified.

There are several experimental methods to determine reference values κref . Krischer and
Kast [59] present two important destructive methods. A stationary one of long duration where
the steady-state condition has to be fulfilled. The big advantage is its high precision. A transient
method is also introduced. It reduces testing time significantly but increases inaccuracy. This
technique will be discussed in detail as part of the validation calculation in Chapter 2.3.4. Zanden
and Wit [93] are introducing a non-destructive method by measuring the mass of a drying brick
at both outer ends. The method failed for low water concentrations. Heijden et al. [94] are using
nuclear magnetic resonance (NMR) as another non-destructive method to measure moisture
profiles during non-isothermal drying of fired-clay bricks.
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Figure 2.17: Comparison of calculated moisture diffusion coefficient (solid
line) with experimental results of Krischer and Kast [59] and Telljohann,
Junge, and Specht [91] of different clays at 25 ◦C, adapted from [91]

2.2.5 Complementary statements and literature

Yataganbaba and Kurtbaş [95] have analysed the Scopus2 database to find the various trends in
scientific studies in the field of drying brick and tile, for the years from 1980 to 2015. A significant
growth in scientific production could be observed, particularly in the period from 2000 to 2015.
The countries that became evident as most productive on a scientific bases are Germany, the
United States, and China.

However, there are lots of scientific papers and comprehensive works to find. Alternative
model approaches to describe the drying kinetics should be supplemented. Followed by papers in
which the drying kinetic and the dryer itself are combined to form an overall model of different
complexity.

Krischer and Kast [59] propose an empirical lumped model often called thin layer model. The
wall’s cross section is also separated by the drying interface in a dry and wet layer. Its position is
provided as a function of the current moisture content and the critical moisture content when the
second drying period begins has to be known. The empirical parameters depend on the drying
conditions and have to be determined experimentally. Hence, the model is rather unsuitable for
transient processes with changing drying conditions.

Vasić, Grbavčić, and Radojević [96, 97] introduce an effective diffusivity that represents
an overall mass transport property of moisture, which includes all possible moisture transport
mechanisms that are simultaneously controlling the moisture migration process in a material

2Scopus is the world’s largest abstract and citation database of peer-reviewed research literature. With over
22 000 titles from more than 5000 international publishers. https://www.scopus.com/
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during the whole drying process. Two approaches have been presented: the analytical solution
of Crank [98] for one-dimensional diffusion in a plate sheet and the approach of Efremov [99]
for describing the drying kinetics of porous material, based on the analytic solution of Fick’s
second low for one-dimensional diffusion. The effective diffusivity again depends on the drying
air conditions such as velocity, temperature, and humidity.

Boukadida, Nasrallah, and Perre [100], Pakala and Plumb [101] are investigating the heat
and mass transfer of porous media using a two-dimensional approach of the wet core model with
moving drying interface.

Shokouhmand et al. [102] present the performance optimisation of a chamber dryer using a
two-dimensional brick as porous media. The physical and turbulence model for the air flow was
solved by a three-dimensional, stationary, and segregated solver.

There are also publications concerning the subject of tunnel dryers. Silva Almeida et al. [103]
are simulating stationary drying processes of bricks in a cross-flow tunnel dryer using a three-
dimensional tunnel model. Mabrouk, Khiari, and Sassi [104] are presenting transient simulations
on drying granular products in a fixed bed tunnel dryer using a two-dimensional tunnel model.
In both cases a thin layer model for the drying product was implemented.

The complexity of the single models has to be chosen appropriately. There is always a trade-
off between accuracy, computational effort, and numerical stability. In case of the mentioned
tunnel dryers, the tunnel volume was modelled by multi-dimensional approaches due to the large
temperature and humidity gradients. For the drying product a simpler model approach was
chosen.

The most important simplifications concerning this work are the one-dimensional symmetrical
plate-shaped drying product and the ideal stirred tank reactor for the drying chamber.

2.3 Modelling, implementation, and validation of drying
processes

One of the main tasks in this work is the modelling, implementation, and validation of a chamber
dryer in its general structure and the drying kinetics of the contained drying product as well. All
the substantial properties and processes have to be reproduced with sufficient accuracy under
appropriate application of the previously discussed simplifications and modelling assumptions.

This chapter starts with the modelling of the drying chamber as the central part of the
laboratory container, followed by supplementary aspects concerning the drying kinetics. After
implementation in an proper simulation environment, the validation process is presented using
measurement data from drying tests performed on the laboratory container.

The developed models are forming the basis for the simulation of drying processes. In future,
the models will be used as sub-models for the optimisation of overall processes and for finding
proper controlling strategies. Hence, it’s important to focus on keeping the equation system’s
complexity low.
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2.3.1 Modelling of the drying chamber

Laboratory container

First the laboratory container, set up as a test bench in course of the DryPump project, should
briefly be introduced. Its drying chamber imitates the drying behaviour of a large-scale chamber
dryer which has been modelled and implemented in its general structure. The measured data
from the test series at the laboratory container are later used to validate the established models.

Condensate
Dehumidifier

Cold medium
circuit

Compressor

Evaporator

External cooler

Heat pump

Condenser

ACU

Bricks on shelf

Refrigerant
circuit

Hot medium
circuit

Air circuit

Drying
Chamber

1

2
34

1

1 Heater
2 Hydraulic distributer
3 Fluid collector
4 Expansion valve

Figure 2.18: Schematic view of the experimental set-up of the closed-loop
chamber dryer using a compression heat pump for providing the drying energy,
adapted from [7]

Experiments were performed on a small-scale laboratory container set up by the project
partners AIT, Wienerberger AG, and AMT on the production site of Wienerberger AG in Haiding
(Austria). The container was equipped with an air circulation system including a dehumidifier
and a heater, a drying chamber, and a compression heat pump as illustrated in Fig. 2.18. 24
wet bricks are arranged on a shelf. The hot supply air, circulated by the ACU, is further heated
through a second heater inside the drying chamber and flows through the stack of bricks. To
ensure fast and uniform drying, the shelf is placed on rails and moves periodically, thus reversing
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the direction of the air flow through the bricks. The humid exhaust air from the drying chamber
passes the dehumidifier, where the temperature of the air stream is lowered and the condensate
is removed. Subsequently the dry air is heated before re-entering the drying chamber. The mass
flow rate is adjusted by the fan of the air circuit. The thermal energy supplied to the drying
process is provided by the heat pump. The heat pump, designed for a heating capacity of 50 kW
consists of a speed-controlled reciprocating compressor, two plate heat exchangers (evaporator
and condenser), and an expansion valve. Due to the used refrigerant R134a it can deliver a
maximum temperature of 90 ◦C at the condenser. The typical operating temperature ranges
from 50 to 60 ◦C. The heat pump cycle is connected to the drying process by two intermediate
circuits filled with a water-glycol mixture [7]. The resulting advantage is a robust and flexible
operation of the heat pump, in which the mass flow rates at its source and sink can be adapted
to the required optimal operating conditions [4]. The hot medium circuit distributes the thermal
energy from the heat pump condenser to the heaters, inside and outside of the drying chamber.
Thus, the input of thermal energy is maximised at moderate temperature levels compared to
a single heat exchanger. As a result, the temperature of the intermediate circuit required for
heating the drying air can be lowered, decreasing the necessary temperature lift of the heat
pump. Hence the system efficiency increases. Additionally, the hot medium circuit includes an
external air cooler. The air cooler removes excess heat, controlling the temperature of the circuit
and consequently that of the drying process [7]. As the heat pump carries mechanical energy
into the system, an excess of energy would be existent. Less energy is removed from the drying
chamber at the dehumidifier than is supplied at the heaters. If this excess energy would not be
removed, or if it’s not compensated by heat losses, the energy in the drying chamber would rise
and result in disadvantageous operating conditions [3]. The cold medium circuit connects the
evaporator of the heat pump to the dehumidifier of the air circuit.

The described experimental set-up was equipped with proper measuring and controlling in-
struments. As a result, some process parameters can be varied and all necessary physical quanti-
ties can be metrologically captured and logged. Hence, the sensitivity and efficiency of the drying
process related to different process parameters can be investigated and the set of measured data
can be used to validate the necessary components for simulating the process.

The processes concerning the drying medium along its way through the air circuit can be
illustrated conveniently in the h1+X ,X-chart. Fig. 2.19 shows two plots of idealised drying
processes during the first drying period. The red path indicates the typical changes in state of
the drying air at a natural gas heated chamber dryer and was already discussed in Chapter 2.2.3.
The heat pump powered cycle is marked by the blue line starting at state 1. The heated drying
medium is driven by a fan to the inlet of the chamber. Uniform adiabatic mixing of the feed
flow with the humid air in the chamber would lead to state 2a. But the specific enthalpy of
the established climate is higher, due to the internal heater. The shift of the specific enthalpy
from state 2a to state 2 corresponds to the energy input of the internal heater. After leaving the
chamber, the drying medium reaches the dehumidifier (source of the heat pump) where thermal
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Figure 2.19: Changes in state during the first drying period of a natural gas
heated ideal chamber dryer (red) and the heat pump powered ideal laboratory
container (blue), shown in the h1+X ,X-chart

energy is removed. First the temperature drops, the humidity X remains constant, and the
relative humidity ϕ rises, until the air is saturated (ϕ = 1) at state 3a. With ongoing drain
of thermal energy the temperature is further lowered along the saturation line under removing
condensate. After that, the dry air with state 3 passes the heater (sink of the heat pump). The
specific enthalpy is shifted with X = const. to state 1 again.

Mass and energy balance of the drying chamber

In future, the chamber model will be used as a sub-model for optimisation of overall processes and
for finding proper controlling strategies. It’s important to focus on keeping the equation system’s
complexity low. The chamber’s advantageously hydraulic design provides uniform conditions. As
already mentioned in Chapter 2.2.3, the assumption of the ideal stirred tank reactor can be taken.
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Heat and mass transfer are assumed to be averaged over time and position. Fig. 2.20 displays
the schematic view and control volume of a drying chamber including the shelf and stack of brick
with separate control volumes.

ṁin, ϑin, ξin ṁout, ϑout, ξout

ṁleak,outṁleak,in

Q̇HE

kAwall

Q̇loss

VCV

ϑamb, ξamb

mch, ϑch, ξch

ϑsh, Csh

Q̇sh

Q̇brick
ṁvap, hvap

Figure 2.20: Mass and energy balance of the drying chamber

The mass balance of the drying medium can be written as:

dmch

dt = ṁin − ṁout + ṁvap (2.56)

With ṁin as the feed mass flow rate, ṁout as the leaving mass flow rate, ṁvap as the drying rate,
and mch = VCV ρch as the mass of wet air inside the approximately constant control volume
CV (VCV ≈ const. and ρch = ρ (ϑch, ξch)). The model validation in Chapter 2.3.4 has shown
that a non-negligible leakage mass flow ṁleak prevails. It is assumed that the incoming and the
outgoing leakage are equal:

ṁleak,in = ṁleak,out = ṁleak (2.57)

Considering the air circuit as a closed loop (excepting the condensate separation at the dehu-
midifier) the assumption is reasonable in order to fulfil mass conservation.

The mass balance of the species water in wet air is given as

d (mch ξch)
dt = ṁin ξin − ṁout ξout + ṁleak (ξamb − ξch) + ṁvap (2.58)

with ξ as the mass fraction of the species water in the wet air and the assumption of the ideal
stirred tank reactor:

ξout = ξch (2.59)
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Conservation of energy leads to:

d (mch uch)
dt = ṁin hin − ṁout hout + ṁleak (hamb − hch)

+ ṁvap hvap − Q̇brick + Q̇HE − Q̇loss − Q̇sh
(2.60)

Again with the assumption of the ideal stirred tank reactor

ϑout = ϑch, (2.61)

uch = u (ϑch, ξch) as the specific internal energy and hch = h (ϑch, ξch) as the specific enthalpy
of the wet air inside the chamber. hin = h (ϑin, ξin) denotes the specific enthalpy of the feed
mass flow, hout = hch = h (ϑch, ξch) of the leaving mass flow, and hamb = h (ϑamb, ξamb) of the
ambient air. Q̇brick expresses the heat flow rate to the stack of bricks, Q̇HE the energy input due
to the internal heater, and Q̇sh the heat exchange to the shelf. The energy loss due to conduction
through the chamber walls Q̇loss, driven by the temperature difference between the chamber and
the ambient air, is given as:

Q̇loss = kAwall (ϑch − ϑamb) (2.62)

Where kAwall denotes the thermal conductance through the chamber walls. The energy input
of the ACU inside the chamber Pfan is negligibly small compared to the other energy flows.

Energy balance of the shelf

As indicated in Fig. 2.20 by Q̇sh, an energy transport between the shelf and the drying air arises.
First, it should be outlined how this convective energy input influences the temperature distri-
bution of the shelf. The dimensionless Biot number Bi plays a fundamental role in conduction
problems that involve surface convection effects. It can be interpreted as the ratio between the
energy input by convection and the transport due to conduction inside the body.

The shelf is shaped of steel plates with a maximum wall thickness of ssh = 4 mm and a thermal
conductivity of λsh = 45 W/(m K). The heat transfer coefficient due to convection is given with
αsh = 17 W/(m2 K). Then, the Biot number for the described problem can be determined as:

Bi =
αsh

ssh
2

λsh
= 7.56× 10−4 (2.63)

If the condition Bi < 0.1 is fulfilled, heat conduction inside the body is much faster than
convection at the surface, and temperature gradients inside are negligible. The lumped capacity
method can be used [86], to formulate the energy balance of the shelf:

Csh
dϑsh

dt = Q̇sh = αshAsh (ϑch − ϑsh) (2.64)

Csh = csh ρsh Vsh denotes the heat capacity of the shelf’s massive parts, which aren’t in direct
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contact to the drying product. And Ash represents the shelf’s total surface involved in the heat
transfer.

To evaluate the shelf’s thermal respond while heating the chamber, the differential Eq. 2.64
can be solved, considering a linear temperature rise of the drying air as the transient boundary
condition given as:

ϑch = ϑch,ini + kϑ t (2.65)

As a solution

ϑch − ϑsh =
(
ϑch,ini − ϑsh,ini − kϑ

Csh
αshAsh

)
exp

(
−αshAsh

Csh
t

)
+ kϑ

Csh
αshAsh

(2.66)

can be found. The shelf is shaped of steel plates with the total volume Vsh = (Ash ssh)/2, a
specific heat capacity csh = 490 J/(kg K), and a density ρsh = 7800 kg/m3. According to the
measurements on the laboratory container, presented in Chapter 2.3.4, the maximum change of
the chamber’s temperature is about kϑ ≈ 10 K/h. For t � 1 the exponential term of Eq. 2.66,
representing the solution’s homogeneous part, is losing on weight and a constant temperature
difference will arise:

ϑch − ϑsh = 1.2 K (2.67)

For moderate heating rates with sufficient slow temperature changes, the following assumption
can be made:

ϑsh ≈ ϑch (2.68)

α = 17 W/(m2 K) is a common value concerning the convective heat transfer conditions in
conjunction to drying processes. For rising values of α the temperature difference determined in
Eq. 2.67 would decrease. Bi out of Eq. 2.63 would increase slightly but still remain far below
Bi = 0.1.

To investigate the energy transport between typical hollow bricks and perforated plates
on which they are arranged on, the problem shown in Fig. 2.21 was solved for the first drying
period under common drying conditions (p = 1 bar, ϑch = 50 ◦C, and ϕch = 0.45).

During the first drying period, evaporation takes place at the product’s surface. Hence,
implementing the moisture transport through the brick’s wet wall isn’t from interest. The nodes
drying rates and temperatures are independent in time and shrinkage is neglected. The discrete
nodes are arranged as shown in Fig. 2.21 with the symmetry boundary conditions indicated by
chain dotted lines. Mass and energy transfer due to convection with α = const. and β = const.
are possible at the uncovered surfaces. The partial covered surface is hindered concerning the
mass transport, but energy transfer by conduction between the brick and the perforated plate is
possible. Applying these assumptions and boundaries on Eq. 2.6, Eq. 2.22, and Eq. 2.30 leads
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Figure 2.21: The effect caused by partial coverage of a brick’s drying sur-
face on its temperature distribution and on the covering perforated plate:
schematic view, discretisation, and boundary conditions

to the set of governing transport equations

Q̇conv,i,j = αAj (ϑch − ϑi) (2.69)

ṁvap,i,j = Aj β
2 p

Rvap (Tch + Ti)
ln p− pvap (ϑch, ϕch)

p− pvap,sat (ϑi)
(2.70)

Q̇cond,i,j = −λiAj
∂ϑi

∂xj
(2.71)

with j = 1 . . . 3 as index of the spatial directions, i = 1 . . . 28 as index for the discrete nodes
under the sign convention according to Fig. 2.20.

The results of the introduced problem are summarised in Fig. 2.22. The left chart shows the
temperature distribution over the whole brick’s width, the perforated plate and the surrounding
drying air including the boundary layer. The right chart shows the distribution of the part
influenced by the coverage more detailed.

The blue line indicates the wet-bulb temperature ϑWB corresponding to the drying climate
and the green line equals the equilibrium temperature ϑeq which arises, if adiabatic drying is
the case. Mass and energy transport at the surface are in equilibrium, no thermal energy is
transported beyond the drying interface. ϑWB and ϑeq are almost equal, as claimed in Chap-
ter 2.2.3. The disturbance in the temperature field appears due to the fact that the area involved
in evaporation is reduced compared to the area involved to the energy input. As a result, the
temperature of the regions close to the perforated plate rises, caused by excess of energy. After
a depth of ∆x2 ≈ 35 mm there is no recognisable influence ϑ ≈ ϑeq. The maximum temperature
difference appears at the contact area with ∆ϑ ≈ 0.8 K.
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Figure 2.22: The effect caused by partial coverage of a brick’s drying surface
on its temperature distribution and on the covering perforated plate: results

The energy inputs caused through conduction and convection are difficult to distinguish. Due
to the marginal effect of the coverage, it’s assumed that there is no disturbance ϑplate = ϑbrick

and the whole surface is available for the energy transfer by convection.
In case of a common hollow brick like the Wienerberger Porotherm 25-38, which was used for

the tests at the laboratory container presented in Chapter 2.3.4, the ratio between the discussed
surfaces is about:

Aplate
Abrick

100 % = 1.18 % (2.72)

The covered surface Aplate is small compared to the brick’s total surface Abrick. It’s further
assumed, that the brick’s whole surface is involved in the mass transfer too.

The plate’s thermal mass could be included in the brick’s energy balance, since the plate’s
and brick’s temperature are almost equal. The presented results are taken from considerations of
the first drying period, where conditions remain constant. No statement concerning the change
of the sensible energy content was made until now. With

Cplate
Cdry,brick

100 % = 1.56 % (2.73)

it can be shown, that the perforated plate’s heat capacity Cplate is very small compared to the
complete dry brick’s heat capacity Cdry,brick. Hence, Cplate will not be included in the energy
balance. If the brick is still wet, Cbrick is even higher compared to the presented case.
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The first main conclusion of this chapter is, that the temperature of the shelf’s massive
parts can be set equal to the drying air’s temperature ϑsh = ϑch. And the second state-
ment is that the perforated plate’s temperature can be set equal to the brick’s temperature
ϑplate = ϑbrick. The plates are supported by the shelf’s massive components, hence they are
linked conductive and differ in temperature. The available area for heat conduction is very
small due to the geometric conditions. Energy transport between plates and the shelf’s frame
will be neglected.

Energy transport through thermal radiation

The aim of this chapter is to investigate the energy transport due to radiation between the
chamber walls and the drying product. The example of the laboratory container’s chamber
loaded with 24 Wienerberger Porotherm 25-38 is used. According to Fig. 2.20, the stack of
bricks can be seen as a perfect cuboid with an outer surface Abrick,rad = 4.16 m2 and a surface
temperature Tbrick, which is entirely surrounded by the chamber walls with Awall,rad = 28.12 m2

and a surface temperature Twall. The brick’s temperature is taken from the results of the
chapter before with Tbrick = (37 + 273.15) K. To estimate the chamber wall’s temperature, the
Biot number Bi can be used. Considering a thermally well insulated wall with λwall � 1 leads
to:

Bi = αwall Lchar
λwall

� 1 (2.74)

The energy flow caused by convection is dominant compared to the conductive energy flow
through the wall. Hence, the temperature difference across the wall is much larger than that
between the surface and the air [86]. It’s assumed that Twall ≈ Tch = (50 + 273.15) K. The
transfer between the shelf and the walls due to radiation is vanishingly small (Tsh ≈ Tch).

The energy transfer due to radiation of a grey body enclosed by another [55]:

Q̇rad =
σ Abrick,rad

(
T 4
wall − T 4

brick

)
1

εbrick
+ Abrick,rad

Awall,rad

(
1

εwall
− 1
) = 350.2 W (2.75)

Where σ = 5.67× 10−8 W/(m2 K4) denotes the Stefan–Boltzmann constant, εbrick = 0.93 the
brick’s emission coefficients, and εwall = 0.8 the wall’s emission coefficients [55].

The energy transport due to convection of nbrick = 24 bricks, with αconv = 17 W/(m2 K) and
Abrick,conv = 3.26 m2 per brick, can be determined by:

Q̇conv = αconv Abrick,conv nbrick (Tch − Tbrick) = 17.3 kW (2.76)

The ratio between these energy flows is:

Q̇rad

Q̇conv
100 % = 2 % (2.77)
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The energy flow due to radiation is rather small compared to the convective flow. That is the
case for the laboratory container’s chamber. At real dryers of greater overall dimension the ratio
is even smaller.

The determined values from the validation correspond anyway to an effective heat trans-
fer αeff averaged for the whole stack of bricks. The energy flows cannot be distinguished by
measurement.

Q̇tot = Q̇rad + Q̇conv = αeff Abrick,conv (Tch − Tbrick) (2.78)

2.3.2 Modelling of the drying kinetics

Most of the model equations have already been presented in Chapter 2.2.4. Some of the assump-
tions will be reviewed and specified for the given drying product. Furthermore, the balances of
the drying product and the numerical treatment of the moisture diffusion through the wet region
will be presented.

Proportion of energy flows

The Biot number Bi is a suitable dimensionless quantity, to assess the dominant heat flows and
to estimate the temperature distribution. The drying product is a Wienerberger Porotherm 25-
38 with a mean wall thickness of sbrick = 8 mm. Good heat transfer conditions with α =
30 W/(m2 K) are considered, which activate higher temperature gradients in the product’s wall.

During the first drying period, evaporation takes place at the surface. It behaves like an
adiabatic wall, the energy flow to the inside is zero. But, when starting a drying process the
product has to be heated until the equilibrium temperature is reached. For estimating the
temperature gradient, it is assumed that the whole energy input is converted to sensible energy.
With the thermal conductivity for the wet material λwet = 1.6 W/(m K) [105], the Biot number
follows as:

Bi =
α sbrick

2
λwet

= 0.075 (2.79)

Even in case of elevated energy input, the condition Bi < 0.1 is fulfilled, heat conduction inside
the body is much faster than convection at the surface. The temperature gradients inside are
negligible and the lumped capacity method can be used [86] to describe the processes in the wet
region. For the second drying period, the situation becomes even clearer. The energy transport
to the wet core is reduced due to the resistance of the dry layer, the heat conduction through
the wet core behaves unchanged.

The heat conductivity of the dry material ranges from λdry = 0.8 to 1.2 W/(m K) [75]. If
the drying interface reaches the centre of brick’s wall the Biot number becomes with λdry =
1 W/(m K) to:

Bi =
α sbrick

2
λdry

= 0.12 (2.80)

It’s close to the limiting value, but the lumped capacity model should not be used in this case.
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The temperature difference across the wall should be taken into account.
In analogy to the thermal transport, the Biot number for mass transport can also be intro-

duced. The convective transport at the surface is compared to the diffusive transport through
the product.

Bi =
β sbrick

2
Deff

=
µβ sbrick

2
D

= 80 (2.81)

With a diffusion coefficient D = 2.95× 10−5 m2/s of vapour in air at ϑ = 43 ◦C (Eq. 2.29), a
diffusion resistance µ = 20, and a typical mass transfer coefficient β = 0.029 m/s for turbulent
flow (Eq. 2.28), the mass transport at the surface is dominant for Bi � 1. As a result, the
lumped model isn’t valid, a distributed parameter model should be used [86].

All model assumptions of Chapter 2.2.4 have been supported for the given case, so far. Now
it should be verified, if the assumption of quasi-stationary heat conduction through the wall’s
dry section is valid.

The Stefan number St compares sensible and latent heat in conjunction with solidification
processes. Quasi-stationary conduction can be considered, if St < 1/7 is the case [55]. The
modified Stefan number for evaporation processes arises as:

St = cdry ∆ϑ
∆hv ∆y (2.82)

With the enthalpy of vaporisation ∆hv ≈ 2500 kJ/kg [64], the dry product’s specific heat capacity
cdry = 850 J/(kg K) [106], and a change of the moisture content ∆y = 0.2 if the second drying
period starts early, hence, is of long duration:

∆ϑmax = ∆hv ∆y
cdry

Stmax = 84 K (2.83)

The maximum change in temperature within the second drying period is about 84K. Differ-
entiation of Eq. 2.83 with respect to time t, delivers the following condition that has to be
fulfilled:

dϑ
dt < −420.17 K dy

dt (2.84)

The maximum change in temperature, to assume quasi-stationary heat conduction, depends on
the drying rate at a certain point in time.

Mass and energy balance of the drying product

Most drying products in the brick and tile industry are approximately plate-shaped or composed
of single plates, such as the considered hollow brick. The drying product is regarded as a one-
dimensional symmetrical plate shown in Fig. 2.23.

The energy balance can be written as:

dUbrick
dt = Q̇brick − ṁvap hvap (2.85)
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Figure 2.23: Mass and energy balance of the drying product and the distri-
bution of the driving quantities

Where Ubrick denotes the internal energy of the brick, Q̇brick the heat flow rate between the brick
and surrounding air, ṁvap the vapour mass flow rate, and hvap the vapour’s specific enthalpy.

Ubrick is composed of the internal energies of both dry layers and the internal energy of the
wet core:

Ubrick = 2 sdry
s

mdry (cdry + cw yeq)
TC − Tref + Tsurf − Tref

2
+ s− 2 sdry

s
mdry (cdry + cw yC) (TC − Tref )

(2.86)

With TC as the wet core’s temperature, Tsurf as the surface’s temperature, Tref = Ttr as the
reference temperature chosen as the triple point temperature, and yC as the wet core’s water
content:

yC = 1
s/2− sdry

s/2∫
sdry

y dz (2.87)

Assuming quasi-stationary heat conduction, Eq. 2.6 and Eq. 2.33 can be combined to

Q̇brick = Asurf
1
α + sdry

λdry

(ϑch − ϑC) (2.88)

under the sign convention according to Fig. 2.20. Asurf includes the entire surface, also the
surface of the opposite side.

109



Combining Eq. 2.22 and Eq. 2.42, under the sign convention according to Fig. 2.20, leads to:

ṁvap = Asurf
1
β + µ sdry

D

p

Rvap Tsurf
ln p− pvap (ϑch, ϕch)

p− pvap,sat (ϑC) (2.89)

These are the transport equations according to the second drying period. During the first drying
period the drying surface stays at the body’s surface with sdry = 0 and ϑC = ϑsurf . The
resistances due to the dry layer are vanishing.

Condensation, sorption, and shrinkage

Condensation or rather rising moisture content can also be investigated. This behaviour is
observed mostly during the first drying period. Disadvantageous dryer operating or low brick
temperatures in conjunction with high relative humidity inside the chamber especially at the
beginning of drying are possible reasons. The following case structure has to be used for hvap:

hvap =

hvap (ϑsurf ) if pvap,sat (ϑsurf ) ≥ pvap (ϑch, ϕch)

hvap (ϑch) if pvap,sat (ϑsurf ) < pvap (ϑch, ϕch)
(2.90)

By definition ṁvap > 0 (cf. Eq. 2.89 and Fig. 2.23) for drying and ṁvap < 0 for condensation.

All the discussed types of bond between water and solid material are summarised under
the term sorption. The only hygroscopic effect taken into account is that drying can be carried
out until the equilibrium moisture content, corresponding to the surrounding air conditions,
is reached yfinal (z) = yeq (ϑch, ϕch). This dependency can be provided by the equilibrium
moisture isotherm. If y = yeq is reached at z = s/2 the drying process has finished and ṁvap = 0
(cf. Fig. 2.23). Bonding energies are neglected, since they play a minor role in industrial drying
processes.

As shown in Chapter 2.2.2 shrinkage can be considered as ideal and linear. The drying
product’s volume decreases in the same amount as its liquid volume does. As a result, the
volumetric water content ψ from Eq. 2.51 and the linear relative shrinkage χ from Eq. 2.5
are geometrically coupled. Shrinkage starts at a linear relative shrinkage χini = 0 and ends
abruptly at χ = χSE . χSE denotes the linear relative shrinkage at shrinking end and has to
be provided as an empiric parameter. The geometric dependency can be formulated for the
changes of length, area, and volume:

L = Lini (1− χ) (2.91)

A = Aini (1− χ)2 (2.92)

V = Vini (1− χ)3 (2.93)
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With y = mw/mdry, ψ = Vw/V , and ρw = mw/Vw it can be shown that:

ψ ρw V = ymdry (2.94)

Following case structure can be found for the dependency between shrinkage χ and the volumetric
water content ψ with ψSE as the volumetric water content at shrinking end, by applying ∆V =
∆Vw = ∆mw/ρw while and ∆V = 0 after shrinkage:

χ =

1−
(

1−ψini
1−ψ

) 1
3 if ψ > ψSE

χSE if ψ ≤ ψSE
(2.95)

ψSE = 1− 1− ψini
(1− χSE)3 (2.96)

The water content related to the mass of dry product y with ySE as the water content at shrinking
end is a more appropriate quantity concerning drying processes:

χ =

1−
(

1− mdry
Vini ρw

(yini − y)
) 1

3 if y > ySE

χSE if y ≤ ySE
(2.97)

ySE = yini −
(

1− (1− χSE)3
) Vini ρw

mdry
(2.98)

Moisture transport in the wet part of the wall

The finite volume (FV) method will be used to derive the moisture transport by diffusion and
should be introduced first. The FV method uses the integral form of the conservation equation.
The considered region is subdivided into a finite number of non-overlapping control volumes
(CVs), and the conservation equation is applied to each of these CVs. The centre of mass equates
the so-called node, in which the variables are determined. Interpolation is used to express the
variable value on the CV boundary, by taking the mean of the neighbouring nodes’ values (CV
centres). Surface and volume integrals are approximated using appropriate numerical quadrature
equations. For each CV, an algebraic or differential equation is obtained, in which the node’s
variable and the neighbour nodes’ variables appear. The FV method can be used in conjunction
with any lattice type, hence it’s suitable for complex geometries. The surfaces of the volume are
given by the mesh, thus, they don’t have to be referred to a coordinate system. The method
is conservative by definition, as long as the surface integrals, representing the convective and
diffusive flows, are determined consistently for both volumes sharing a surface. The disadvantage
of the FV method compared to others is, that higher-order methods are more difficult to develop.
That is due to the fact that the FV method requires three approximation levels: interpolation,
differentiation, and integration [107].

111



The general differential equation of transport with φ as the dependent variable can be written
as:

d
dt (ε φ) + ∇ · (εuφ+ J) = S (2.99)

If ε is the density, then εφ denotes the amount of the corresponding extensive property contained
in a unit volume. Using Fick’s first law of diffusion to express the diffusive flux

J = −Γ ∇φ (2.100)

leads to
d
dt (ε φ)︸ ︷︷ ︸

Rate of change

+ ∇ · (εuφ)︸ ︷︷ ︸
Convetion

+ ∇ · (−Γ ∇φ)︸ ︷︷ ︸
Diffusion

= S︸︷︷︸
Source

(2.101)

with Γ as the general diffusion coefficient and u as the velocity vector. A differential equation
as a compilation of such terms is implying a balance of conservation, each term representing an
influence on a unit-volume basis [108].

Eq. 2.48 would suggest the volumetric moisture content ψ as the dependent variable. Since
ψ isn’t a conservative quantity and the mass of moisture related to the mass of dry product y
is a more appropriate quantity concerning drying processes, φ = y and ε = mdry/V are chosen.
Conservation of φ = y or ε φ = mw/V regarding the one-dimensional case leads to:

d
dt

(mdry

V
y
)

+ ∂

∂z

(mdry

V
w y
)

+ ∂

∂z

(
−Γy

∂y

∂z

)
= Sy (2.102)

Applying ∂/∂z on Eq. 2.94 with the assumption of ideal shrinkage

∂V

∂z
=

 ∂Vw
∂z

if y > ySE

0 if y ≤ ySE
(2.103)

delivers the following distinction of cases:

∂ψ

∂z
=


mdry
ρw V

(1− ψ) ∂y
∂z

if y > ySE
mdry
ρw V

∂y
∂z

if y ≤ ySE
(2.104)

Differentiation with respect to the time t, again with the assumption of ideal shrinkage

dV
dt =

dVw
dt if y > ySE

0 if y ≤ ySE
(2.105)

leads to:
d
dt

( y
V

)
=


1−ψ
V

dy
dt if y > ySE

1
V

dy
dt if y ≤ ySE

(2.106)
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The diffusive mass flow is described by Eq. 2.48. Concerning this equation for the infinitesi-
mal small volume (dV = dAdz) under the usage of Eq. 2.104 and subsequent identification of
coefficients with Eq. 2.102 shows the relation for the diffusion coefficient:

Γy =

κ (1− ψ) mdryV if y > ySE

κ
mdry
V if y ≤ ySE

(2.107)

Inserting to Eq. 2.102 with mdry = const., Vini = const., w = 0, Sy = 0, and Eq. 2.93 leads to
the transport equation:

1− ψ
(1− χ)3

dy
dt = ∂

∂z

(
κ

1− ψ
(1− χ)3

∂y

∂z

)
(2.108)

for y > ySE and
dy
dt = ∂

∂z

(
κ
∂y

∂z

)
(2.109)

for y ≤ ySE .
The obtained differential Eq. 2.108 and Eq. 2.109 are describing the transport processes

through the wet region shown in Fig. 2.23 during and after shrinkage. Evaporation takes place
at the drying interface z = sdry. Considering symmetry at the cross section centre, the drying
rate ṁvap/2 expresses the boundary condition at the drying interface z = sdry:

ṁw (z = sdry, t) = −ṁvap

2 (2.110)

The drying interface is moving towards the cross section centre. A region is considered as dried
up as soon as the equilibrium moisture content y = yeq is achieved.

The second boundary condition is the symmetry condition at the cross section centre:

∂y

∂z

∣∣∣∣
z= s

2 ,t

= 0 (2.111)

The initial condition is assumed to be even distributed:

y (t = 0, z) = yini (2.112)

This initial value boundary value problem consists of the case structure Eq. 2.108 and
Eq. 2.109 and the conditions Eq. 2.110, Eq. 2.111, and Eq. 2.112. It can be solved by ap-
plying the FV method. The considered region is discretised to n FVs with 1 ≤ i ≤ n to index the
general FV. The so-called nodes in which the variables are determined, are located in the FVs
centre. Only half of the brick wall’s cross section is regarded, since the region of consideration is
assumed to be symmetrical.

The moisture transport through the wet region is described by the case structure Eq. 2.108
and Eq. 2.109. The additional terms in Eq. 2.108 are accounting the difference in size of the
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Figure 2.24: The general finite volume of the discretised region

neighbouring volumes, due to present moisture gradients. Lookahead: implementation and tests
of the kinetics model have shown, that the shrinkage afflicted part’s solution can be found
until shrinkage ends. But, when χ = χSE is reached at the surface, the equation system would
change and numerical problems are arising. The solution for the shrinkage afflicted period differs
marginal to the solution found, if neighbouring volumes are considered as equal-sized. Since the
moisture diffusion coefficient κ during the shrinkage afflicted period is comparably large (all
capillaries are flooded cf. Fig. 2.17), there are just small moisture gradients, hence, there is
also just a small difference in the neighbouring volume’s size. The differential Eq. 2.108 will be
neglected and the FV method will be continued for the differential Eq. 2.109.

Integration of the differential Eq. 2.109 over the volume i with the neighbouring volumes i−1
and i+ 1 and the boundaries indicated by z− and z+

z+∫
z−

(
dy
dt

)
dz =

z+∫
z−

(
∂

∂z

(
κ
∂y

∂z

))
dz (2.113)

leads to:
dy
dt

∣∣∣∣
i

∆zi =
(
κ
∂y

∂z

)
z+

−
(
κ
∂y

∂z

)
z−

(2.114)

The terms on the equation’s right-hand side are expressing the diffusive flows over the volume’s
surfaces.

For the first drying period, moisture diffusion takes place in 1 ≤ i ≤ n with idry = 0. During
the second drying period moisture diffusion happens to the volumes (idry + 1) ≤ i ≤ n. The
volumes 1 ≤ i ≤ idry have dried up with the drying interface at i = idry.

For the general volume (idry + 2) ≤ i ≤ (n− 1) as shown in Fig. 2.24, the moisture gradients
at the volume’s boundaries can be expressed by finite differences. κ is high dependent on the
moisture content, the mean moisture content of the neighbouring nodes is used for determination:(

κ
∂y

∂z

)
z−

= κi + κi−1
2

2 (yi − yi−1)
∆zi + ∆zi−1

(2.115)
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(
κ
∂y

∂z

)
z+

= κi+1 + κi
2

2 (yi+1 − yi)
∆zi+1 + ∆zi

(2.116)

For i = (idry + 1), evaporation takes place in this volume. The situation is shown in Fig. 2.25.
Combining the equation of the diffusive mass flow rate Eq. 2.48 and Eq. 2.104 with the boundary
condition Eq. 2.110 leads to the following expression:(

κ
∂y

∂z

)
z−

= ṁvap

2mdryidry+1

∆zidry+1 (2.117)

That’s a boundary condition of the third type. ṁvap is known through Eq. 2.89. The term
representing the boundary to the wet core (between (idry + 1) and (idry + 2)) can be expressed
similarly to the general case:(

κ
∂y

∂z

)
z+

=
κidry+2 + κidry+1

2
2
(
yidry+2 − yidry+1

)
∆zidry+2 + ∆zidry+1

(2.118)
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Figure 2.25: The finite volume containing the drying interface: boundary
condition

The situation at the cross sections centre is shown in Fig. 2.26. For i = n the term representing
the left boundary z− can again be written as in the general case:(

κ
∂y

∂z

)
z−

= κn + κn−1
2

2 (yn − yn−1)
∆zn + ∆zn−1

(2.119)

The boundary at the wall’s centre has to fulfil the condition of symmetry, Neumann, or the
second type boundary condition: (

κ
∂y

∂z

)
z+

= 0 (2.120)
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Figure 2.26: The finite volume at the centre of the product’s wall: boundary
condition

Differences in geometry just appear at the beginning of drying, caused through shrinkage. As
already mentioned, for small water content differences between the neighbouring finite volumes,
the assumptions ∆zi−1 = ∆zi = ∆zi+1 can be taken.

By inserting the terms representing the left and right boundary in Eq. 2.114 and subsequent
re-sorting, the following set of differential equations for the three different cases is given. For
i = (idry + 1):

dy
dt

∣∣∣∣
idry+1

=
κidry+2 + κidry+1

2 ∆z2
idry+1

yidry+2 −
κidry+2 + κidry+1

2 ∆z2
idry+1

yidry+1 −
ṁvap

2mdry,idry+1
(2.121)

For (idry + 2) ≤ i ≤ (n− 1):

dy
dt

∣∣∣∣
i

= κi+1 + κi
2 ∆z2

i

yi+1 −
κi+1 + 2κi + κi−1

2 ∆z2
i

yi + κi + κi−1
2 ∆z2

i

yi−1 (2.122)

For i = n:
dy
dt

∣∣∣∣
n

= −κn + κn−1
2 ∆z2

n

yn + κn + κn−1
2 ∆z2

n

yn−1 (2.123)

With the moisture diffusion coefficient κ from Eq. 2.50, Eq. 2.54, and Eq. 2.55.
The time integration step would follow at this point. Therefore Patankar [108] explains the

implicit, explicit, and Crank-Nicolson method. He also points out the advantages and disad-
vantages in terms of stability, accuracy, and complexity. In this work, the model equations are
implemented by using the suitable object-oriented modelling language Modelica and the mod-
elling and simulation environment Dymola. It’s the solver’s tasks to sort and integrate the
system of equations. Only the initial conditions of the differential equations’ variables have to
be provided.
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2.3.3 Implementation using Modelica

The presented equation system can conveniently be attributed to two main objects, the drying
chamber and the drying kinetics. Those should be implemented in a suitable simulation envi-
ronment. The mathematical formulation is given as a discrete, differential, algebraic equation
system. Discrete denotes that several equations can change in course of the simulation due to
the occurrence of events. Shrinkage, the first and the second drying period require different
sets of the model equations. The used solver has to be able to sort and to integrate such a
system. During the simulation, it’s necessary to determine the point in time at which the event
happens and the system of equations changes. The object-oriented modelling language Modelica
and the modelling and simulation environment Dymola are capable instruments to meet these
requirements.

Modelica and Dymola

Modelica is a freely available, object-oriented language for modelling of large, complex, het-
erogeneous, hybrid, and multi-domain systems. It has been developed since 1996. Models are
described mathematically by differential, algebraic, and discrete equations. From the user’s point
of view, models are described by schematics diagrams built by several components, also called
blocks. A component has connectors, often called ports, which describe the possibilities of in-
teraction. By drawing connection lines between connectors a physical system or block diagram
model is constructed. Internally a block is defined by an equation based description of the model
in Modelica syntax. The Modelica language is a textual description to define all parts of a model
and to structure model components in libraries, called packages. An appropriate Modelica simu-
lation environment, such as Dymola, is needed to graphically edit and browse a Modelica model
and to perform model simulations [57].

Dymola is a commercial modelling and simulation environment based on the open Modelica
modelling language. Dymola (Dynamic Modeling Laboratory) is suitable for modelling in various
fields of physics. Model libraries are available in many engineering domains. Some advantageous
highlights of Dymola are: handling of large and complex models, faster modelling by graphical
model composition, open for user defined model components, open interface to other programs,
3D Animation, and real-time simulation [58].

Drying chamber

The drying chamber is implemented as a class of the type model to a user-defined library.
A system of equations is embedded, visualised by a block. The most important equations are
originated from the balances concerning the drying medium, in Chapter 2.3.1. Since it’s assumed
that the drying medium’s and the shelf’s temperature are the same, the shelf’s thermal mass is
also included in this block. Three different user-defined classes of the type connector are used
to connect the model to other blocks, to provide the exchange of information. The HeatPort
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that represents a heat flow characterised by Q̇ and T , a SteamPort as mass flow characterised
by ṁ, T , and p, and a MoistAirPort also as mass flow characterised by ṁ, T , p, and ξ. The
information transferred via these connectors is of the type flow which follow Kirchhoff’s first law
and of the type effort or potential which appear, in case of conjoint connectors, with the same
value. The connectors have properly been chosen with respect to the heat and enthalpy flows
indicated in Fig. 2.20. As a result, the chamber can be connected to blocks which represent the
ambient air, the stack of bricks or other models of interaction. The mask of the block is another
important interface for the user. Parameters which characterise the object and the initial values
for the differential equations can be set here. The most important parameters which have to be
provided when instantiating a drying chamber are summarised in Tab. 2.4. These parameters
remain constant by definition, during the simulation. It’s also possible to specify initial values
of iteration variables, helping the solver to find a solution for the first time step at the beginning
of the simulation.

When creating an overall model, several chambers can be arranged and easily be linked as
blocks in the graphical scheme. For example the energy supply can also be integrated if suitable
models exist. Optimisation tasks in plant management are possible.

Drying kinetics

The drying kinetics is also defined as a class of the type model. The entire formalism hides
behind a single block representing a brick or a stack of bricks. A set of parameters such as
geometry, clay properties, and initial states have to be provided by the user to characterise the
drying process. These parameters are summarised in Tab. 2.3. Communication and information
exchange happens via four different connectors: the drying medium’s conditions, the heat flow for
energy input, the mass flow representing the drying rate, and the heat transfer coefficient using
an additional connector class. The heat transfer coefficient can be specified as constant by the
user, or originates from a calculation procedure depending, for example, on a process parameter.
Arrays of variables and loops are useful tools to deal with the one-dimensional discretisation
of the wall thickness. Modelica is fairly suitable for solving small fields. For the consideration
of larger multi-dimensional fields, alternative simulation environments have to be used. One
of the main reasons why using the Modelica language was the advantage that multi-domain
simulations are rather easy to realise. Components of different user-defined, commercial, and
standard libraries can be merged to a single model and the simulation can be performed using
one and the same solver.

Optimisation of the models

A statistic concerning the system of equations is provided, when translating a model in Dymola.
A variety of parameters is issued to assess the original and the translated model. For example, the
number of standard variables, the number of differentiated variables, the number of parameters,
number and sizes of linear systems, number and sizes of non-linear systems including the used

118



iteration variables, and many more are shown. The number and sizes of the non-linear systems
are helpful optimisation indicators, concerning the system’s runtime and complexity.

By evaluating this statistic it was found that, the supposedly simpler chamber model per-
formed worse compared to the brick model. The main reasons were the prior used fluid property
functions provided by the Modelica standard library [109]. The performance has been increased
by linearising some of the fluid property functions, like the specific enthalpy and the specific
internal energy of liquid water, vapour and dry air. The composition of these species leads to
the specific quantities of wet air. As a result, a runtime reduction by the factor of 10 has been
achieved under imperceptible change of the solution.

Stand-alone executable

Dymola is a commercial and very powerful environment for model development and simulation.
Since the software is not available to the project partner Wienerberger AG, a license independent
tool was created.

In the first step, a standard case model was built which main components are a drying
chamber block and a brick block. The process boundary conditions such as feed flow or ambient
conditions are provided by objects of the class CombiTimeTable. The CombiTimeTable is a
table look-up with respect to time and linear or periodic extrapolation methods obtaining the
processed data from a text file.

Based on the prepared standard model, the executable file was generated by the project
partner AIT . From now on, no licence is needed, it can be used independently of the Dymola
simulation environment. All process parameters can still be specified by the user. Just the
number of nodes for the discretisation of the brick’s wall thickness had to be chosen as fixed
value in advance. Thus, the equation system’s complexity depends on the number of nodes.
Once the executable file has been compiled, it’s no longer possible to interfere with the basic
structure of the model. The user interface to provide the model parameters and process boundary
conditions is given by the text files. After executing a simulation, the results are written to an
output text file.

As final step, a suitable tool for convenient pre and post processing was developed by the
project partner Wienerberger AG. In the future it can be used for designing new plants and for
process optimisations on existing plants.

2.3.4 Validation and results

The experimental set-up as described in Chapter 2.3.1 was used to generate measurement data for
the validation of the implemented models. The experiments were performed on the production
site of Wienerberger AG in Haiding, using the small-scale laboratory drying container, which was
equipped with a drying chamber, an air circulation system, and a compression heat pump [7].

About 35 drying tests were performed by the project partner Wienerberger AG and AIT.
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The drying duration of each test was about 10 h. The chamber was loaded with 24 pieces of
Wienerberger Porotherm 25-38 per drying test, hence, about 30 t of green bricks were dried
in total. The moisture content of the freshly shaped green bricks was about y = 0.28 at the
beginning of the drying process and was lowered to the allowed kiln-entrance moisture content
of y = 0.01 to 0.04. Process parameters, namely the circulated drying air flow and the chamber
temperature, were varied. The measured data from test V7 were selected to present the results
of the validation.

The validation process is carried out in two main steps. First, the drying kinetics model
is validated to determine the parameters related to the raw material and to investigate the
heat transfer at the brick’s surface. The simulation is decoupled from the effects of the drying
chamber, since the measured climate is used as a boundary condition of the drying product. In
the second step, the effects of the chamber are examined more closely and a descriptive set of
parameters was found. The measured data were partly used as input variables for the simulation
and for comparison to results from the simulation.

But before starting the validation process, the used measurement data should be assessed on
their maximum possible errors of measurement.

Quality of measurement data used for the model validation

Different quantities were measured and logged on the experimental set-up, shown in Fig. 2.18.
Some of the relevant variables are summarised in Tab. 2.2 with the error of measurement, includ-
ing the error of the measurement section and the error of the measurement sensor, as declared
by the manufacturer.

Table 2.2: Error of measurement, including the error of the measurement
section and the error of the measurement sensor

Measured variable Symbol Value Unit

Temperature of brick ϑbrick ±1.7 K
Relative humidity of feed ϕin ±5.3 %rH
Feed temperature ϑin ±1.2 K
Relative humidity in chamber ϕch ±1.5 %rH
Temperature in chamber ϑch ±0.8 K
Mass of brick mbrick ±0.03 kg
Shrinkage χ ±0.65 %

The brick’s temperature, the brick’s mass, the relative humidity, and temperature in the
chamber were measured at different locations. The values used for the validation are the means
of the relevant measured variables.

The feed mass flow rate ṁin wasn’t measured directly. It’s determined from the energy
balance of the outer heater. The outcome determined on the basis of velocity measurement with
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a hot-wire anemometer seemed less trustworthy. Q̇HE was determined from the internal heater’s
energy balance (cf. Fig. 2.18).

Drying kinetics

As the first step, the model for the drying kinetics has been validated. Tab. 2.3 contains the
established parameter set for the Wienerberger Porotherm 25-38 shaped of the clay from Haiding.

Table 2.3: Summary of the model parameter, initial values, and input vari-
ables, used for the model validation of the drying kinetics

Parameter concerning the product’s body Symbol Value Unit

Initial volume Vini 1.3241× 10−2 m3

Initial wall thickness sini 8× 10−3 m
Initial surface Aini 3.2616 m2

Mass of dry product mdry 22.11 kg
Initial mass mini kg
Initial temperature ϑini

◦C
Number of nodes for discretisation n 30 1

Parameter concerning the product’s material Symbol Value Unit

Linear relative shrinkage at shrinking end χSE 3.97× 10−2 m
m

Reference temperature ϑref 25 ◦C
Reference moisture diffusion coefficient κref 54× 10−9 m2

s
Reference volumetric moisture content ψref 0.449 m3

m3

Exponent in Eq. 2.55 kpsi 9 1
Diffusion resistance µ 25 1
Thermal conductivity of dry product λdry 1 W

mK
Specific heat capacity of dry product cdry 850 J

kgK
Specific heat capacity of water cw 4182 J

kgK
Density of water ρw 980 kg

m3

Specific surface of clay Aspec 10.8 m2

g
Guess of drying air’s final temperature ϑch,final

◦C
Guess of drying air’s final relative humidity ϕch,final 1

Input variable Symbol Value Unit

Mass fraction of water in drying air ξch
kg
kg

Temperature of drying air ϑch
◦C

Pressure of drying air pch Pa
Heat transfer coefficient α W

m2 K
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The individual parameters originate from different sources. Some parameters were determined
from CAD files and some were measured or weighed directly from the green or dried brick (Vini,
sini, Aini, and mdry). The values of the diffusion resistance µ and the parameter kψ are the
results of parameter variations in the course of the validation process. It’s difficult to detect them
under the usage of measuring techniques. The heat transfer coefficient α at a given constant
ACU rotational speed was also determined by parameter variation. Further, a correlation for
α could be found and will be discussed later in detail. The initial conditions and simulation
inputs like ξch, ϑch, ϑini, χSE , ϑfinal, and ϕfinal are mainly based on the logged data at the
beginning and during the drying tests. Some material properties like λdry, cdry, cw, and ρw

are chosen as common empirical values or from fluid property tables. Others, especially which
characterise the raw material’s drying properties like the specific surface Aspec, the equilibrium
moisture isotherm, and the moisture diffusion coefficient κref , were determined using special
testing frames. The clay from Haiding was analysed more closely by the project partner IZF in
Essen. The used measurement techniques and the obtained results will briefly be introduced.

The standardised moisture diffusion coefficient κref at the reference temperature ϑref = 25 ◦C
and the reference moisture content yref = 0.25 was determined by a transient method.

Therefore, a cylindrical shaped sample with a diameter of 33mm is packed as diffusion re-
sistant and thermally insulated. Just the abutting surface is in contact to the drying air flow
(ϑ = 50 ◦C, ϕ = 0.55, and u = 2 m/s). The sample’s mass and temperature are measured during
the test. After a test duration of 1 h, so that the drying process is still situated in the shrinkage
afflicted period, the sample is cut in slices. The mass and volume of each slice are measured.
After that, the slices are dried at 105 ◦C and weighted again. According to Eq. 2.48 the moisture
diffusion coefficient can be determined under the usage of the measured quantities.

The described method is highly error-prone. The cutting of the sample with the resulting cut
losses and the incomplete homogeneity of the treated clay material have to be mentioned. The
maximum error of measurement is estimated as approximately ±10 % [75].

For the analysed raw material, a standardised moisture diffusion coefficient was found as
κref = 54× 10−9 m2/s. Common values range from κref = 8× 10−9 m2/s for clays with bad
drying behaviour to κref = 100× 10−9 m2/s for clays with good drying behaviour [75].

To investigate the raw materials behaviour concerning the residual water content yeq after
drying, the equilibrium moisture isotherm at ϑ = 25 ◦C and ϑ = 40 ◦C shown in Fig. 2.27 have
been developed. The sample of wet clay was exposed to a climate with constant temperature
ϑ = const. and falling humidity, starting at almost saturated conditions. After reaching ϕ = 0,
the humidification process follows. Measuring the trend of the sample’s mass over the prevailing
relative humidity provides the isotherms as shown in Fig. 2.27. The equilibrium moisture content
reached while drying, is higher than the equilibrium moisture content found while humidification,
under the same surrounding air conditions (cf. Chapter 2.2.2).

The black plotted trend in Fig. 2.27 is implemented to the drying kinetics model, to provide
the final moisture content depending on the chamber air’s relative humidity. It’s the mean of
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Figure 2.27: The equilibrium moisture isotherms of the Wienerberger
Porotherm’s raw material processed in Haiding

the isotherms part during the drying phase. Since there is no measurably dependency on the
present temperature, its implementation is omitted.

The mercury porosimetry is an experimental method to determine various quantities of a
porous material, such as the pore size distribution, the total pore volume, and the internal
surface area which expresses the specific surface Aspec. Mercury is pressed into the pores of the
completely dry material. The smaller the pores the more pressure is needed. The specific surface
was found as Aspec = 10.8 m2/g, which equates a common value.

The implemented models as described in Chapter 2.3.3 are the central part of the validation
process. The model’s boundary conditions like the measured chamber temperature ϑch and
chamber relative humidity ϕch are provided by objects of the Modelica class CombiTimeTable.
A CombiTimeTable is a table look-up with respect to time and linear extrapolation methods
obtaining the drying test’s measurement data from a text file. The heat transfer coefficient α is
provided as a constant value for each drying test, as a result of a parameter variation.

The results of the drying test V7 and the corresponding simulation results are presented in
course of the validation process. The ACU’s rotational speed was kept as constant at maximum
speed during the whole drying test.

Fig. 2.28 shows the drying chamber’s measured climate during the drying test in the h1+X ,X-
chart. At the beginning the chamber’s air is saturated at ambient temperature. This behaviour
was observed in most of the drying tests. The chamber temperature increases during the entire
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Figure 2.28: Measured chamber climate during the drying test, shown in the
h1+X ,X-chart

test period. The humidity X in the chamber rises after the system’s short initial phase. But, the
relative humidity ϕch decreases, as it also depends on the rising temperature. After a duration of
t ≈ 3.1 h, there is a kink in the trend and the humidity X falls until the end of the experiment. A
clear distinction between the first and second drying period isn’t possible regarding to the logged
chamber climate data. The climate is mainly influenced by the conditions of the incoming drying
air, thus by the control behaviour of the system. In the first validation step, the chamber climate
only serves as input for the simulation. A more detailed interpretation will be performed in step
two.

Fig. 2.29 shows the time evolution of the corresponding relative humidity ϕch. The rela-
tive humidity starts at saturation with ϕ = 1 and decreases during the whole testing time, in
particular during the initial phase.

The time evolution of the measured chamber temperature ϑch,mea and the brick’s temperature
ϑbrick,mea are shown in Fig. 2.30. The trend of the brick’s temperature ϑbrick,mea is the averaged
trend of 8 sensors. The appreciable oscillation arises due to the movement of the supporting
shelf. It’s placed on rails and moves periodically, thus reversing the direction of the air flow
through the bricks, to ensure fast and uniform drying. The position is changing every 6 minutes.

The brick’s simulated core temperature ϑC,sim and its surface temperature ϑsurf,sim are equal
during the first drying period and take course close to the wet-bulb temperature ϑWB,mea. The
second drying period starts after t ≈ 4 h, when the brick’s temperature begins to depart from
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Figure 2.29: Time evolution of the measured relative humidity in the drying
chamber
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Figure 2.30: Time evolution of the arising temperatures: comparison of the
simulated brick surface and core temperature with the measured brick mean
temperature

ϑWB,mea. The last kink in the trend indicates the end of the drying process and the brick’s
temperature rises until it’s equal to the chamber temperature.

To discuss the differences between the measured and simulated brick temperature, Fig. 2.31
should be considered. As already mentioned, the trend of the brick’s temperature ϑbrick,mea is
the average trend of 8 sensors. The sensors were distributed over several of the 24 bricks. The
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Figure 2.31: Time evolution and comparison of the simulated brick surface
and core temperature with the measured brick minimum and maximum tem-
perature

chart shows the minimum and maximum measured temperature. The graphs suggest that the
second drying period, for the individual bricks or different positions at one and the same brick,
starts and also ends at different points in time. Averaged over the whole drying chamber this
results in a creeping transition from the first to the second drying period and from the second
drying period to the drying end as well, in contrast to the simulation results.

The maximum difference between the simulation results and the minimum measured tem-
perature is about 4K. At this point, it’s also important to take a critical look at the measured
data. The brick temperature in the simulation highly depends on the relative humidity and
the temperature of the chamber air. Both are measured quantities and afflicted by an error
of measurement (cf. Tab. 2.2). Especially when measuring the relative humidity, high errors
occur. The measured brick temperature is also afflicted by a measurement error. In addition,
the temperatures were sensed by Pt100 sensors, which are associated with an elevated thermal
inertia.

One of the main and most important results is illustrated in Fig. 2.32. The time evolution of
the brick’s simulated mass is compared with the mean measured mass mbrick,mea of two scales.
The drying process starts at a mass of about 28 kg per brick. Higher drying rates are typical
for the first drying period. The mass decreases stronger than in the second drying period. The
trend of the measured mass is very smooth at the end of the drying process. Again, the trend
is an averaged graph. Another reason could be due to light sorption effects at low moisture
contents. According to the simulation results, the first drying period ends after approximately
4 h. A discontinuity can be observed at this point in time, since the equation system has changed
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Figure 2.32: Time evolution and comparison of the simulated brick mass with
the measured brick mean mass

within the simulation. With continuing drying the brick’s mass and drying rate decrease further
and after 8.5 h the drying process has finished, indicated by another kink of the curve. Again,
the equation system has changed.

The measured values are obviously influenced by the forces due to the air flow, since discon-
tinuities can be identified appearing with the same frequency like the temperature oscillations
do.

Fig. 2.33 compares the measured relative linear shrinkage, with the relative linear shrinkages
at the surface and at the wall’s centre provided as a simulation result. There’s a small difference
in the simulated curves, hence there’s just a light moisture gradient between the brick’s surface
and wall centre. The small moisture gradients during the shrinkage afflicted period suggest that
the drying process was performed slowly and an insensitive product with regard to susceptibility
to cracking was dried. Due to the assumption of ideal, unhindered shrinkage, the shrinking
process stops abruptly when χ has reached χSE . The model parameter χSE has to be provided
by the user. In the drying experiment the transition is smooth.

The curves in Fig. 2.34 are results of the simulation. The moisture distributions over half
of the wall’s cross section are illustrated. At the beginning t = 0 of the drying process it was
assumed that the moisture is distributed evenly. After starting the drying process, the moisture
content falls. The distributions during the first drying period, when the moisture content at the
surface is greater than the equilibrium moisture content, are taken at equidistant time intervals.
Humidity gradients aren’t recognisable at the beginning. But when the moisture content in the
near-surface layers further falls, the moisture diffusion coefficient drops massively (cf. Fig. 2.17)
and moisture gradients are formed. The second drying period begins, after the equilibrium
moisture content got reached at the surface. The drying interface begins to move towards the
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Figure 2.33: Time evolution and comparison of the simulated linear relative
shrinkage at the surface and at the wall’s centre with the measured linear
relative shrinkage
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Figure 2.34: Moisture distribution over half of the wall’s cross section at
different points in time: simulation result

wall’s centre. The drying is completed, when the moisture content again is distributed evenly
with the equilibrium moisture content.

Fig. 2.35 shows a simulation result, the thickness of the dry layer sdry,sim or the position of
the drying interface depending on the drying duration. If the surface is wet, the drying interface
is also located there. At t ≈ 4 h, the first discrete volume dries up and the second drying period
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Figure 2.35: Time evolution of the dry layer’s thickness, indication of the first
drying period’s and the drying process’ end: simulation results

begins. Due to the finite dimension of the discrete volume, the extent of the dry layer abruptly
jumps to its value. A smoothing algorithm is implemented for the continuing movement of the
drying interface. After t ≈ 8.5 h the drying interface reaches the centre of the wall and the drying
process has finished. The final position differs from sini/2 = 4 mm due to the total shrinkage of
the brick’s wall.

As a result, the simulation outcome according to the drying test V7 is matching very well to
the measured data. That’s also the case for almost all of the 35 performed drying tests, which
are all reproduced under usage of the parameter set summarised in Tab. 2.3.

Convective heat transfer

A parameter variation regarding the heat transfer was performed in the course of the validation
process. During the first drying period, the drying rate and the brick’s mass evolution primarily
depend on the heat transfer and the coupled mass transfer at the brick’s surface. The drying
tests were performed at different but during a certain test constant ACU speed, hence, under
constant convective heat transfer conditions. The heat transfer coefficients in Fig. 2.36 indicated
by circles are found at the corresponding ACU speed by investigating the first drying period of
each drying test.

The Nußelt number Nu is defined by Eq. 2.10. According to the theory of similarity the
empiric, dimensionless correlation Eq. 2.11, depending on the Reynolds number Re and the
Prandtl number Pr, often is used to describe convective heat transfer problems. Assuming
Re = Re (n) and constant fluid properties delivers a proper shape for the regression function.
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Figure 2.36: Convective heat transfer coefficient depending on the relative
ACU rotational speed

Using the data found through the parameter variation, the following correlation for the convective
heat transfer coefficient depending on the relative ACU rotational speed can be found as the
regression curve:

α (n) = 18.484
(

n

nmax

)0.7484 W
m2 K (2.124)

Where n is the prevailing rotational speed and nmax the maximum possible rotational speed of
the ACU.

Drying chamber

The drying chamber model is treated as the validation’s second step. Tab. 2.4 contains the
parameter set that was found to characterise the laboratory container’s drying chamber. Again,
the parameters originate from different sources. Some like the chamber dimensions Bch, Hch,
and Lch were measured directly. The heat capacity Csh was found by estimating the mass of
the supporting steel shelf. The heat transmission coefficient of the chamber wall kwall and the
leakage mass flow rate ṁleak are the results of parameter variations. The simulation inputs, the
initial and ambient conditions are mainly based on the logged data at the beginning and during
the drying tests.

In the following discussion, the results of the validation calculation concerning the drying
chamber are presented. Again, the measurement data and simulation results from test V7 are
used.
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Table 2.4: Summary of the model parameter, initial values, and input vari-
ables, used for the model validation of the drying chamber

Parameter concerning the container Symbol Value Unit

Initial relative humidity ϕch,ini 1
Initial temperature ϑch,ini

◦C
Width Bch 2.3 m
Height Hch 2.2 m
Length Lch 2 m
Heat transmission coefficient of wall kwall 1 W

m2 K
Heat capacity of shelf Csh 980 kJ

K

Input variable Symbol Value Unit

Feed mass flow rate ṁin
kg
s

Feed temperature ϑin
◦C

Mass fraction of water in feed air ξin
kg
kg

Energy input by internal heater Q̇HE W
Leakage mass flow rate ṁleak

kg
s

Ambient temperature ϑamb
◦C

Mass fraction of water in ambient air ξamb
kg
kg

Ambient pressure pamb Pa
Fan speed n/nmax 1

Fig. 2.37 shows the time evolution of the determined feed mass flow rate ṁin,mea, used as an
input boundary condition for the simulation. ṁin,mea remains approximately constant, after a
short initial phase.

Another quantity used as input variable is the heat flow rate Q̇HE,mea supplied by the internal
heat exchanger. The time evolution is shown in Fig. 2.38.

The most important criterion for assessing the chamber model’s quality is the attendant
chamber climate. Fig. 2.39 compares the trend of the measured climate (green) with the results
from the simulation (black) in a h1+X ,X-chart. The conditions of the feed air are plotted in red
colour.

Fig. 2.40 illustrates the trends of the relevant relative humidities. The measured variable
ϕin is used as a boundary condition for the simulation. ϕch,mea and ϕch,sim are representing
the measured and the simulated relative humidity in the drying chamber. The simulated curve
shows two kinks, due to the change of the equation system used in the simulation: the first when
ending the first drying period and the second when ending the drying process. When the drying
process has finished, ϕin,mea and ϕch,mea end up at similar values, since there is no evaporation
anymore. ϕch,mea illustrates the relative humidity of the ambient air, hence, the condition of the
incoming leakage mass flow.
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ṁin,mea

Figure 2.37: Time evolution of the determined feed mass flow rate into the
drying chamber
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Figure 2.38: Time evolution of the determined heat flow rate supplied to the
drying air by the internal heat exchanger

Fig. 2.41 summarises the prevailing temperatures during the test and the simulation. The feed
air flow is heated by the external heater, where the hot intermediate circuit serves as the energy
source, before it’s entering the drying chamber. The hot intermediate circuit’s temperature is a
control variable of the complete system and can be adjusted by the external cooler. The long
duration of the heating phase until t ≈ 3 h, indicated by the kink of ϑin,mea, suggests that the
external cooler becomes active after this point in time. Before, the full thermal energy provided
by the heat pump was needed for drying and heating the system.
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Figure 2.39: Comparison of the simulated with the measured chamber climate
during the drying test, shown in the h1+X ,X-chart
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Figure 2.40: Time evolution and comparison of the arising simulated and
measured relative humidities

The measured chamber temperature ϑch,mea and the simulated chamber temperature ϑch,sim
are matching quite well. The trends are only differing between the end of the heating phase
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Figure 2.41: Time evolution and comparison of the arising simulated and
measured temperatures

t ≈ 3 h and the beginning of the second drying period t ≈ 4.25 h according to the simulation
results. The differing trend of ϑch,mea can again be interpreted as the consequences of a smooth
transition from the first to the second drying period, averaged over the whole chamber. Since
the point in time, when the second drying period starts lightly depends on the location in the
chamber. In the simulation that happens at all locations at the same point in time. After drying
has finished, the feed air, the chamber air, and also the brick prevail at almost equal temperature.

The interpretation of the measured and simulated brick temperature has already been dis-
cussed in the course of the drying kinetics’ validation process. The same argumentation applies
here.

As a result, the simulation outcome according to the drying test V7 is matching very well to
the measured data. That’s also the case for almost all of the 35 performed drying tests, which
are all reproduced under usage of the parameter sets summarised in Tab. 2.3 and Tab. 2.4.

To conclude, the brick temperature is less important for the investigation or optimisation of
dryers. The mass profile is one of the most important results, as it dictates the drying time.
Another important result is the chamber climate. In case of energy supply by heat pumps, the
exhaust air with chamber conditions can be used as the heat pump’s energy source. Thus, the
specific energy and the resulting dew point are from interest.

Another interesting observation during the investigations has been made. The first chamber
model did not contain any possibility to consider leakage flows. But, the first validation has
shown, that in case of the laboratory container, the leaks do have a significant influence and
cannot be neglected. The chamber model had to be extended. A parameter variation claimed a
leakage mass flow rate of ṁleak = 0.1 kg/s. Assuming the air density with ρ = 1.1 kg/m3 leads
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to the volume flow rate V̇leak = 327 m3/h. That correlates to a ventilation number3 of 32/h.
Based on these findings, a blower door test was performed. A gauge pressure of ∆p = 50 Pa

resulted in a leakage volume flow of V̇leak = 425 m3/h. And for a negative pressure of ∆p = 50 Pa
a leakage volume flow of V̇leak = 325 m3/h was found. Identified leaks were the chamber door,
passages of conduits, bore holes, etc. The measured leakage flows are of the same order of
magnitude, as the claimed flow in the simulation. However, the pressure conditions at the leaks
in the chamber are difficult to determine when the ACU is operating.

Leakage certainly has a bigger impact on the laboratory container than on real dryers. Thus,
there is a large leakage compared to the chamber volume. Further, the container was placed
outdoors, thus influenced by the environmental conditions. A real chamber dryer is usually
placed in the production hall and isn’t directly exposed to the weather conditions, which change
strongly with the seasons.

2.4 Summary and outlook

The aim of this chapter was the development of an open and easily expandable drying library
to investigate the drying behaviour of clay bricks in chamber dryers. Dryers are major energy
consumers in the brick and tile industry, because of the requirement to provide the latent heat of
evaporation for all the moisture that is removed. Fossil-fired, convective exhaust air dryers are
mainly used. These systems dissipate the exhaust air including the water vapour to the environ-
ment. Hence, this type of dryers tends to have pretty low thermal efficiency, often below 50%.
There’s a huge necessity and potential for improving efficiency and reducing energy consumption
concerning industrial drying processes.

In the Fundamentals chapter, the commonly used dryer technologies in the brick and tile
industry and the facilities for the drying energy supply were presented. The most important
properties of the manufactured material in conjunction with drying were discussed. That’s
the basis to approach the thermodynamic transport mechanisms and to describe the heat and
mass transfer processes, within the drying product and at the drying product’s surface, during
the first and second drying period. Practical and permissible modelling assumptions and the
mathematical derivation and formulation were presented. The consideration of the chamber dryer
as an ideal stirred tank reactor and the drying product as a one-dimensional symmetrical plate,
were the most important modelling assumptions. Consequently, the effort in the model equations’
numerical treatment and the computational complexity while solving transient problems could
be kept manageably.

The next step was the model implementation of a chamber dryer in its general structure
and the drying kinetics of the contained drying product. Therefore, the presented equation
system was conveniently attributed to these two main classes of objects. The mathematical

3The ventilation number is defined as the hourly air volume flow, related to the considered room’s volume.
The ventilation number of a new detached house is about 2 [110].
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formulations were given as discrete, differential, algebraic equation systems. Shrinkage, the first
and the second drying period require different sets of model equations. The object-oriented
modelling language Modelica and the modelling and simulation environment Dymola were used
for the implementation process. A new library was developed, providing the described classes
and other appropriate components and connectors.

Furthermore, a license independent tool for simulative investigations of chamber dryers was
created. Dymola is a very powerful but commercial environment for model development and
simulation. Since the software is not available to the project partner Wienerberger AG, a stand-
alone executable file was generated. The tool will be used for designing new plants and for
process optimisations on existing plants.

The final step was the model validation using measurement data of about 35 drying tests,
performed on a small-scale laboratory container. Process parameters, namely the circulated
drying air flow and the chamber temperature, were varied. The measured data from test V7
were selected to present the results of the validation. The validation process was carried out
in two main steps. First, the parameters related to the raw material were determined and a
correlation for the heat transfer at the brick’s surface was found. Then, the effects of the chamber
were examined more precisely. A descriptive set of parameters was found. The measurement
data were partly used as input variables for the simulation and for comparison to results of the
simulation.

All the substantial properties and processes were reproduced with sufficient accuracy under
appropriate application of the discussed simplifications and modelling assumptions. The
simulation outcome according to the drying test V7 was matching very well to the measured
data. That’s also the case for almost all of the 35 performed drying tests, which were all
reproduced under usage of one and the same parameter set. Hence, the implemented models
in conjunction with the determined parameter sets are forming a convenient tool for further
investigations.

From now on, a general chamber dryer model and drying kinetics model of porous media
for simulative investigations is available in Modelica language. The parameter sets found in the
validation, characterise the clay from Haiding and the small-scale laboratory container. The
set has to be adjusted, if different dryers are considered. Some parameters like the geometry
are rather easy to change. Others, such as the quality of the heat transfer, the leakage mass
flow, and the heat transfer through the dryer walls, have to be estimated based on experience
or investigated more in detail. The same applies to the kinetics model. If the raw material, its
mixture or the brick’s shape is changed, the affected parameters have to be adjusted. Therefore,
a lot of empirical data can be found in the literature.

The developed library contains the two main classes and other useful components. Appro-
priate connectors and important functions for fluid properties are already available. The library
can easily be extended with other components. For example, a simplified tunnel dryer model has
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already been implemented.
One of the main reasons why using the Modelica language was the advantage that tran-

sient multi-domain simulations are rather easy to realise. Components of different user-defined,
commercial, and standard libraries can be merged to a single model and the simulation can be
performed using one and the same solver. Therefore, the connectors or interfaces have to be
chosen appropriately. Composite systems, creating an overall model could be investigated. For
example, several chambers could be arranged and easily linked as blocks in a graphical schema.
The energy supply could be provided by different technologies, if suitable models exist. Further-
more, considerations of the drying plants in conjunction with the kiln would be feasible. The
kilns waste heat could be used as the energy source for the dryer. Optimisation tasks in plant
or fabric management is be possible.
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Summary and benefit

The aim of this work was to investigate and advance industrial HTHPs in order to increase the
supply temperature and to expand the field of application, especially in concern of industrial
drying processes.

Since the compressor and the working fluid play the central roles in this concern, the focus
in Chapter 1 was placed on these two components as parts of HTHPs. General theoretical inves-
tigations on the use of water as a working fluid, and in particular, as an application under the
usage of a reciprocating compressor with direct injection cooling were presented. Furthermore,
experimental investigations were carried out to evaluate the hot gas cooling with liquid water
injection. In the first experimental step, an injection system was developed and tested success-
fully. As a subsequent experimental step, an existing reciprocating compressor test bench was
adapted and tests with the injection system were performed.

In Chapter 2 the development of an open and easily expandable drying library, for the
investigation of the drying behaviour of clay bricks in a chamber dryer was described. The
modelling approaches and the descriptive mathematical formulations were implemented in the
modelling language Modelica and validated using measurement data from drying tests performed
on a small-scale laboratory container, as a specific application. All the substantial properties
and processes were reproduced with sufficient accuracy. With the developed tool multi-domain
simulations, like optimisation tasks in plant management or performance studies, are rather
easy to realise by combining components of the drying with a user-defined or a standard library.
The models are forming the basis to investigate drying processes in conjunction with the energy
supply by HTHPs, to assess the process quality, and to extend their application field.

In course of the DryPump project, components of the developed library have already
successfully been applied by the protect partner AIT. Namely as load for performance studies of
the heat pump driven small-scale laboratory drying container (cf. Fig. 2.18). The commercial
TIL library of TLK-Thermo GmbH4 was used to build up the heat pump and intermediate
circuits. It’s a library for the simulation of thermodynamic systems with the focus on applica-
tions in refrigeration technology. The resulting chamber climate was from importance. In case
of energy supply by heat pumps, the exhaust air with chamber conditions is used as the heat

4https://www.tlk-thermo.com/
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pump’s energy source. Thus, the specific energy and the resulting dew point were from interest.
The tests performed on the laboratory container have shown SEC values ranging between

0.5 and 0.75 kWh/kg [7]. They are in good accordance with data measured in heat pump dryers
for timber [19]. In addition, they are considerably low compared to most industrial dryers which
typically show SEC values ranging from 1 to 2 kWh/kg [3]. The data from the drying test were
further used to validate the mentioned overall model. Numerical simulations in conjunction with
the validated overall model provided a mean SEC of about 0.5 kWh/kg. The average SEC in
the simulation could be lowered to 0.355 kWh/kg by different acts of optimisation [2].
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