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Summary

Waste heat recovery is essential to reduce energy consumption in industry. A heat pump can be used
to upgrade waste heat to a temperature level that is suitable for process heat. This study concerns a
compression-resorption heat pump. The goal is to optimise the heat pump energetically, while keeping
the investment attractive. Entropy production is a measure for energy dissipation and therefore this
will be used to quantify the exergetic losses of the cycle. To minimise entropy production is equivalent
to optimising the energetic performance.

A literature study is performed and two models are developed and applied to an example case from
industry. The first model is used to obtain the coefficient of performance (COP) of the cycle and the
distribution of the entropy production among the components of the system. The second model can be
used to determine the required heat transfer area of the resorber and the distribution of the entropy
production inside this component. Both models are used together to make an economical assessment
of the system. Also new concepts to improve the heat exchanging process are investigated.

The literature study provides the two following practical notions. The local entropy production rate
in process equipment should be equipartitioned to obtain the highest energetic performance. And, to
install few large heat exchangers is always a cheaper option than many small ones.

The cycle performance model is developed to asses the energetic performance of the system. This
is represented by the coefficient of performance. For the example case the calculations showed that
the COP can be increased by 26 % with respect to the currently installed pentane vapour-compression
heat pump. The optimal concentration of the working fluid is selected. For the example case this
concentration is 70 % of ammonia in an ammonia-water mixture. Also, the component with most losses
is identified. In the example case this appeared to be the resorber. This is due to the poor match of
the temperature profiles in the heat exchanger.

A detailed model is constructed of the resorber. This model provides insight into the process in the
plate heat exchanger. The local entropy production is determined using the theory of non-equilibrium
thermodynamics. The model suggests that most of the entropy production occurs in the first half of
the process.

Together the models are used to evaluate the economic performance of the system at different
minimum temperature differences in the resorber. Increasing this temperature difference causes the
entropy production, and thus the energy cost of the system to rise, whereas the investment cost is
decreased. To reduce the payback period of the system new configurations of the heat exchanging
process in the resorber are investigated using the criterion of equipartition of entropy production. These
investigations show that distributing the inlet mass flow over the length of the heat exchanger does not
decrease the required heat transfer area. Decreasing the cross-sectional area for the flow however, does
cause a reduction of the heat transfer area.
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Chapter 1

Introduction

In October 2014 the European Council [12] adopted a climate and energy policy framework for 2030.
One of the targets agreed upon was to improve energy efficiency by 27 % compared to projected values
based on criteria at that time. In Europe a quarter of final energy consumption is converted in industry
[1], so a systematic improvement will have large impact there. One of the ways of systematically
improving the efficiency of energy conversion in industry is to use a heat pump to upgrade waste
heat to a higher temperature in order to re-use the heat. One method is to apply this system in
industry when feasible, and another is to optimise the heat pump itself to gain even greater benefit.
The second option is the main topic of this thesis; the optimisation of the performance of such a heat
pump. Also a feasibilty study will be performed on a specific application in industry. A compression-
resorption heat pump (CRHP) is studied. A compression-resorption heat pump is a heat pump that
uses a mixture as working fluid. The main advantage and reason for the selection of this type of heat
pump is the possibility of increased performance, compared to the well known vapour-compression cycle,
depending on the application [7]. The energetic performance of the heat pump is limited in several ways.
Physical limits provide knowledge about theoretical opportunity for improvement. And an economic
limit indicates to which extent energetic improvements are acceptable for an application.

Objective and strategy

The objective of this thesis is to find the most energy efficient performance for a compression-resorption
heat pump keeping the payback time under three years. The energetic performance is defined by
the thermodynamic coefficient of performance. A payback time of three years is chosen to ensure
an attractive outcome. To achieve this objective first a literature study is performed to increase the
understanding of compression-resorption heat pumps, entropy production determination and entropy
production minimisation. In order to locate the irreversibilities in the system an entropy production
analysis of the cycle is performed. This entails that a model is developed to predict the rate of entropy
production in a CRHP. The model is also applied to an example case from industry. The optimal
concentration of the working fluid will be selected that causes the least entropy production in the
system. The component of the cycle with the most losses will be selected and modelled in detail. The
theory of non-equilibrium thermodynamics will be applied to find the distribution of entropy production
in that component. Measures to reduce the cost of the component are proposed with the optimality
criterion of equipartition of entropy production. This is done by relating the degree of non-ideality
to operating conditions and physical characteristics of the system. Also an economic optimisation is
performed. This consists of a study that compares investment costs with operating costs of the system
in different circumstances. Figure shows a schematic diagram of this strategy.
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Figure 1.1: Schematic diagram of the strategy to achieve the goal of this thesis.

Application

The application that will be used as example to demonstrate the models that are developed is the
supply of heat to a high temperature water heat pump. A water stream of 7.59 kg/s should be heated
by the resorber from 89.9 °C and 1.1 bar to saturated steam at 104 °C. This results in a resorber power
demand of 17.5 MW. In the desorber a waste heat stream of dodecane is cooled from 137 °C to 40 °C.
The required mass and heat flow of the source stream depend on the performance of the compression-
resorption heat pump. They will become larger as the performance of the heat pump increases. These
data are shown in figure [1.2

89.9C 104 C,
1.1 bar saturated
Water, 7.59 kg/s steam
Ty = 103.8C
Resorber, 17.5 MW — Desorber

U Dodecane ﬂ
40cC Tc =87.6C 137¢C

3bar 3 bar
Figure 1.2: Source and sink fluid data of the application that are used as input for the model.

Report structure

In chapter [ a theoretical background is given concerning compression-resorption heat pumps and
modelling of losses in a thermodynamic system. A model for the calculation of entropy production
in the heat pump cycle is presented in chapter [J The model is applied to the example case from
industry. This chapter ends with selecting the resorber as the worst performing component of the cycle
and an optimisation of the concentration of the working fluid. Chapter [ proceeds with detailed model
of the resorber. This model gives insight in the internal process in the heat exchanger. The theory
of non-equilibrium thermodynamics is applied to obtain the local entropy production in the resorber.
In chapter[j a feasibility study is performed to show the economical aspects of the application. Then
the notion of equipartition of entropy production is used to minimise the resorber area, since there are
no degrees of freedom to change its total entropy production. The study ends with conclusions and
recommendations for further research in chapter[6



Chapter 2

Theoretical background

In this chapter some topics and principles that are relevant for the study about performance improve-
ment of compression-resorption heat pumps are treated using available literature. The CRHP is ex-
plained with its advantages and disadvantages. Then some theory about limits of the performance of
such a heat pump is considered. Afterwards the concept of entropy production will be dealt with. Dif-
ferent methods to determine this quantity are presented. Lastly, a principle for an optimal configuration
of heat exchangers is derived from an economical perspective.

2.1 Compression-resorption heat pumps

A compression-resorption heat pump is a heat pump that uses a mixture as working fluid. The ther-
modynamic cycle is a combination of the well known vapour-compression cycle and absorption cycle [2]
and it is shown in figure The cycle consists of a compressor, resorber, desorber and a valve. Heat
enters the cycle from a heat source (in industry often waste heat) into the desorber, work is performed
by the compressor and heat is extracted from the cycle via the resorber to a heat sink (an application).
A characteristic profile of such a cycle in a temperature-entropy diagram is depicted in figure

Resorber

X Valve
Compressor

Desorber

Figure 2.1: Schematic representation of a wet compression-resorption heat pump.

There are different ways to arrange a compression-resorption cycle. In a wet compression-resorption
cycle the mixture that leaves the desorber, which is in part still a liquid, is compressed directly by a
suitable compressor. On the other hand, in a dry compression-resorption cycle the liquid is separated
from the vapour first and then pumped to a higher pressure with a solution pump, while the vapour is
compressed by a compressor. Every possible intermediate stage between these two types of cycles can
be selected [19].
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Figure 2.2: Characteristic temperature-entropy diagram for a wet compression-resorption heat pump.

There are several advantages of a compression-resorption cycle compared to a vapour-compression
cycle [19] 27, 43].

e The possibility of increased system performance. The temperature profiles of the working fluid
are not constant as in a vapour-compression heat pump with a pure working fluid. In a lot of
cases the temperature glides fit better to the temperature profiles of the application. Especially
when the application is a single phase fluid with a temperature glide. Moreover, the temperature
profiles of the working fluid can be adjusted to fit the source and sink temperature profiles by
changing the concentration of the mixture. Smaller temperature differences as driving force imply
less irreversible heat transfer, so less lost work.

e Reduced saturation pressure of the working fluid, which enables applications at higher tempera-
ture. At identical temperature levels the process pressure levels are reduced, this may result in
increased compressor life-time.

e The ability to change the temperature profiles by changing the concentration of the mixture. This
can be regarded as an additional way to control the capacity of the heat pump.

The impact of these advantages depend on the mixture that is used as a working fluid. For an
ammonia-water mixture, which is a commonly used working fluid for compression-resorption heat
pumps, these advantages are significant. COP improvements are in the range of 4-30 % for vari-
ous applications (dairy industry, utility buildings and steam production), according to Zaytsev [43].
Van de Bor et al. [7] indicate gains of more than 20 % for industrial applications.

Rijpkema [33] justly mentioned that a disadvantage of fitted temperature profiles is that the driving
force for heat transfer is small so that a large heat transfer area is required. This will cause the
equipment investment costs to be high.

Challenges that must be faced have to do with the compressor performance. Hulten and Berntson
[17] stated that it is not likely that the compressor efficiencies that Itard [19] based her results on (75
%) are feasible. Zaytsev [43] mentioned that the isentropic efficiency of the compressor should be at
least 75 % to keep reasonable advantages of the wet compression cycle. The results of his experiments
at best only reached 6.6 % however. Infante Ferreira et al. [18] used liquid injection which resulted
in an experimental isentropic efficiency of 35 %, and they suggested that a change of mass flow could
cause an increase to 50 %.



2.2 Performance limits

It is very useful when considering a thermodynamic system to analyse the theoretical and practical
performance limits. These limits provide yardsticks that give a good perspective to the value of the
actual performance of the system. Two theoretical performance limits can be derived from the first and
second law of thermodynamics.

First law

The first law of thermodynamics for a closed system at steady state can be written as:
Q+W=0 (2.1)

(@ represents the rate of heat transfer and W the rate of work. Both are defined positive when they enter
the heat pump system. In a heat pump Q = Qc + Qp, where Q. is positive and Qp is negative. The
subscripts C' and H denote the cold side (source) and hot side (sink) of the heat pump respectively. And
the COP of a compression-resorption heat pump is the resorber duty divided by the work requirement.
COP = @ (2.2)

W

For a given application the duty, Qp, is fixed. The source heat requirement, Q¢, can be derived from

equation (2.1 and (2.2).

Qc = (1 - O(l)P> Qu (2.3)

This equation shows the influence of the COP on the source heat. As the COP is increased the source
heat is increased as well. When the available waste heat is limited and the resorber duty is fixed the
COP of the heat pump is limited. This limit can be calculated when the source and sink heat are
known.

Qu — Qc
From CRHP cycle properties it may be that a higher COP can be achieved. To operate the more
efficient cycle one or both of the following alternatives must be executed.

(2.4)

e The available source heat should be increased.
e The duty of the heat pump should be decreased. This means that the CRHP will not complete
the task of providing enough heat to the application.

It is important to know for a certain case if one of these measures is acceptable, because if not, the
COP is limited by the result of equation (2.4]). Fortunately, for the example case that is researched in
this work the first alternative is acceptable.

Second law

The second law of thermodynamics can be stated in different ways. The Clausius statement is relevant
for heat pumps as it asserts that: It is impossible for any system to operate in such a way that the sole
result would be an energy transfer by heat from a cooler to a hotter body [26]. This statement implies
that it is impossible to operate a heat pump without consuming work.

W >0 (2.5)

This leads to the notion that the COP of a heat pump must be a finite number. For a reversible
(Carnot) heat pump the COP can be determined using the Kelvin scale [26].

(g;) _ % (2.6)



The symbol T' denotes temperature. Now equation (2.6 can be substituted in the relation for the COP

£4) .
H

COP,¢p = T — T (2.7)
This is the equation for the COP of a Carnot cycle which provides the coefficient of performance for
an ideal cycle. It only depends on the temperatures of the source and sink of the cycle, and not on the
internal system properties, such as refrigerant or capacity. This is the upper performance limit for a
heat pump according to the second law, because when irreversibilities are introduced into the system
the performance decreases. Theoretically the thermodynamic averaged source and sink temperatures of
the surroundings (T'c, T ) should be regarded when a reversible cycle is considered. Then the COP of
a Carnot cycle is not different for heat pumps operating with a mixture instead of a pure component.
The thermodynamic averaged temperature of the source can be calculated with:

N
T =
© ASC

(2.8)

This is derived from the second T'dS equation on unit mass basis, Tds = dh — vdp [26], where dp is
assumed to be negligible in a heat exchanger. The same equation can be used for Ty replacing the
subscripts C' by H. For compression-resorption heat pumps the actual COP is approximately half of
the COP of a Carnot cycle; the second-law efficiency is around 50 % [6]. The COP of a Carnot cycle
for the application that is considered in this study is 23.3.

In practice there are always irreversibilities present in the system and its surroundings. To minimise
them is the task of the engineer and the goal of this study. This minimisation may be limited at last
by economic constraints, such as a payback time or a budget.

2.3 Entropy production

Entropy production is a measure of the effect of irreversibilities in a system. It is the most fundamental
measure of energy-dissipation [21I]. For continuous systems it is the rate of entropy production as well
as rates of energy transfer that are relevant. Two approaches to find the entropy production (rate) of
a system will be explained. The first one that will be presented is based on the entropy rate balance.

Entropy rate balance

For a closed heat pump system the entropy rate of change is only influenced by heat exchange with the
surroundings and internal irreversibilities. The entropy rate balance can be written as [26]:

dS Qi | .
ﬁ_zi:f*” (2.9)

This equation describes the accumulation of entropy per time-step, i—f, in a closed system. Entropy
is transferred to or from the system by heat, from or to the surroundings and entropy is produced in
the system by irreversibilities. The subscript ¢ in the heat transfer term indicates the number of a
contribution of heat transfer to the system. And for a component of a heat pump (open system) the
entropy rate balance for a control volume around the component can be applied [26].

% = Z% + ) s — Y sk + 6 (2.10)
i v j k

The terms that are added in equation (2.10]) with respect to equation (2.9)), account for entropy transfer

to and from the system by mass transfer; 7 is mass flow and s is specific entropy. In these equations &

denotes the rate of entropy production. The subscripts j and %k indicate the number of a contribution,
9

just like 4, as in equation | . For a component operating at steady state (@ = 0) the rate of entropy
production can be determined by:

dt

d:kask—ijsj—Z% (2.11)
k Jj i T



The first two terms on the right hand side represent entropy transfer due to mass transfer and the last
term is entropy transfer associated with heat transfer to and from the component. In words equation
(2.11) says that the entropy production rate in the control volume must be equal to the difference
between the rate at which entropy leaves the system minus the entropy rate entering the system. As
a simple example in the case of the refrigerant side of an evaporator that has one inlet and one outlet
and one source of heat transfer at constant temperature equation reduces to:

Qc
Tew

¢ = m(Sout — Sin) — (2.12)

The first term accounts for entropy transfer by mass transfer and the second for entropy transfer
due to heat transfer. The rate at which entropy leaves the system is always greater than the rate at
which entropy enters the system and the difference between the two is the entropy production rate. In
a desorber of a compression-resorption heat pump the temperature at which heat transfer occurs is not
constant. The thermodynamic averaged temperature of the temperature glide, Tyes = T ey, should then
be used instead of T,,. This averaged temperature, T.,, can be determined using equation when
the subscripts C are replaced by ev. The difference between these subscripts is that C denotes the source
on the application side and ev denotes the source on the refrigerant side. Using this method to determine
the entropy produced in a system is in essence the same as executing an exergy destruction analysis of
the system. It is actually the opposite, because when entropy is produced, exergy is destroyed. This
approach may be called a global way to assess the rate of entropy production of a system. However,
it can be given a more local character when a component is divided into smaller control volumes as
applied by Tiirkakar and Okutucu-Ozyurt [40] to a micro-scale heat exchanger.

Non-equilibrium thermodynamics

A different approach which may be called a local way of finding the entropy production rate is described
by Kjelstrup et al. [2I]. It is the theory of non-equilibrium thermodynamics and it digs down to the
nature of entropy production. The field was founded by Onsager with his papers in 1931 [30] [3T]. He
formulated the second law of thermodynamics in terms of the entropy production.

6= JiX;>0 (2.13)

It is a summation of conjugate flux-force pairs. The fluxes are denoted by J and the forces by X.
Each pair represents an irreversible phenomenon in the system. These phenomena are for example heat
transfer, mass transfer, friction and chemical reactions. When the forces and the fluxes of irreversible
processes are increased, the entropy production is increased. The forces can be expressed as a linear
function of the fluxes.

X;=> RijJj (2.14)
J

Here R represents the phenomenological resistivity coefficient. Furthermore the so-called reciprocal
relations are expressed as:

Rij = Rj; (2.15)

These resistivity coefficients determine the coupling between the different phenomena. Coupling is
the occurrence of a typical force of a certain phenomenon that acts as a driving force of another
phenomenon. For example a temperature difference that causes diffusion. In a heat exchanger with
single fluid evaporation or condensation the reversible phenomena are heat transfer and friction. For a
volume element inside the heat exchanger equation can take the form:

Gv=J V- —%-Vp (2.16)
Heat transfer Friction

The bold symbols stand for tensors. The first term represents a heat flux and a thermal driving force.
The second term is a velocity, v, driven by a pressure gradient and scaled with the temperature. The
entropy production rate per unit of volume is the result, in W/m*k. Equation (2.16]) shows that the



gradients of the fluxes determine the rate of entropy production. A high temperature difference can
be related to high entropy production, because the temperature difference causes the force to be high.
And a high driving force causes a flux to be high. The global entropy production rate may be obtained
by integrating over the volume, V', that is considered.

d:/ Gy dV (2.17)
|4

Equipartition of entropy production

Daniel Tondeur and Eric Kvaalen [39] studied equipartition of entropy production in 1987. They
stated that for a given duty, the best configuration of an exchanger, contactor, or separator is that in
which the entropy production rate is most uniformly distributed. They proceed to show mathematically,
using the theory of non-equilibrium thermodynamics, for an example and in general, that the entropy
production of an equipartitioned process is always smaller than of an arbitrary process when the size
of the equipment and the duration of the process is kept constant. This is expressed as [39]:

0 — Oeq
Vit
Where ., denotes the entropy production of an equipartitioned process and ¢ denotes the entropy
production rate of an arbitrary process. This is an impressive observation with high potential for benefit
in the study of energetic optimisation of process equipment. In this study the resorber of the heat pump
cycle will be optimised by considering the uniformity of the distribution of entropy production in the
heat exchanger.

>0 (2.18)

2.4 Heat exchanger configuration

When for a certain application the total heat exchanging area is considered to be fixed, a choice can
be made for many small heat exchangers or few larger ones. They can be placed either in series or in
parallel. All operating conditions are considered to be given for a certain application so the total entropy
production is not affected. Therefore, economic arguments can be used to select the right configuration.
The operating cost of the system is not changed by the configuration; only the capital cost is. A
plate heat exchanger is selected because it is an established heat exchanger type with available design
methods and economic data. Also investigations have been made using an ammonia-water mixture by
Téboas et al. [38]. The capital cost can be calculated with a method proposed by Sinnott and Towler
[37]. For a plate heat exchanger the cost can be calculated with the following correlation.

C = 1350 + 180495 1 < Apex < 500 (2.19)

hex

The heat exchanging area of one heat exchanger (Aj..) is the total required heat exchanging area
divided by the number of heat exchangers A = A, /k. Knowing that the total heat exchanging area
remains the same and adding a factor for the number of heat exchangers the correlation becomes:

0.95 A
C= <135O + 180 (k) ) k 1< T < 500 (2.20)
Let the total heat exchanging area of be assumed to be 3000 m?. Now the cost of the equipment can
be plotted as a function of the number of heat exchangers. This is shown in figure From the figure
it is clear that fewer and larger heat exchangers are always a cheaper option. Equation @ is only
valid for heat exchangers up to 500 m?. Plate heat exchangers can be up to 1500 m? [37], but that is
exceptional. To keep to a conventional size the number of heat exchangers must therefore not be lower
than 6.

When a process of phase change occurs, then it is expected that placing the heat exchangers in
series will lead to lower capital costs than placing the parallel to each other. Because the separate
heat exchangers can be designed taking the density of the fluid inside into consideration. This is not
investigated further.
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Figure 2.3: Cost of the heat exchanger depending on the number of heat exchangers.
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Chapter 3

Cycle performance optimisation

This chapter is concerned with the performance of a compression-resorption heat pump as a cycle. A
model is described and then applied to the application that was introduced in chapter[1} The optimal
concentration is found and the optimal performance of the CRHP is placed in the context of other
solutions for the same application. Furthermore, the model can be used to select the component with
the highest entropy production for further investigations.

3.1 Model description

A compression-resorption cycle consists of four components; a compressor, a resorber, a desorber and
a valve. The entropy production rate of each of these components is determined using the entropy rate
balance for a control volume around the component. The entropy production rate can be expressed
with equation . In this section the entropy production rate is determined for each component
of the heat pump. The result provides insight into the rate of work that is lost in each component.
The components can be compared to each other and the components that dissipate the most energy,
and thus require closest attention in an optimisation approach, can be identified. For convenience the
entropy production rate derived from the entropy rate balance for an open system is repeated here.

d:kask—ijsj—Z% (3.1)
k j i T

In the simple model treated in this section heat exchange with the environment is ignored, so the last
term drops out of equation . The schematic illustration of a compression-resorption cycle is shown
in figure to be used as reference for the notation of state points in the equations below.

The entropy production rates deduced from equation for each component of the heat pump
are written as in equations (3.2)-(3.5). These relations are derived simply by considering all in- and
outlet entropy flows of each component and heat losses to the environment are ignored.

Compressor : 6 = mpg(sa — $1)
Resorber : 6 = mp(ss — s2) + mu(sy,,, — SH,,)
Desorber : 6 = mpg(s1 — s4) + me(se,,, — Sc,,)

Valve : & = mg(sq — s3)

The mass flows and specific entropy values of the source and sink (thy, e, Sw,,SH,,Sc,,Sc,) are
determined by the particular application that the heat pump is integrated in. To obtain the mass flow
and the specific entropy values of the working fluid (g, s1, s2, 83, $4) a working fluid must be selected
and cycle calculations must be performed. A commonly used working fluid is a mixture of ammonia and
water. For the cycle calculations the approach of van de Bor [6] could be used where state 2 is taken
as saturated vapour (highest performance) and then the pressure at state 1 is obtained in an iterative
manner. This approach uses the following assumptions.

e No pressure drops in the heat exchangers and pipes

11



Sink, H

Resorber

X Valve

Compressor

Desorber

Source, C

Figure 3.1: Schematic representation of a wet compression-resorption heat pump as shown in figure
(2.1) with added notation for reference in this section.

e No heat loss to surroundings
e Isentropic efficiency of the compressor of 70 %
e Minimum temperature difference between the fluids in the heat exchangers is 5 K

The total entropy production is obtained by adding up that of the separate components. Now the
lost work of the system may be determined using the Gouy-Stodola theorem [5]:

I/Vlost - W - Wrev - TOU (36)

The entropy production is multiplied by the temperature of the environment 7Ty. Another name for the
lost work Wi, is the rate of exergy destruction Fy. In order to calculate the COP of the system the
second law efficiency should be determined by:

” rev ” lost
=—=1—-— 3.7
i w W 3.7)

W is the rate of work that is performed by the compressor. Now the COP of the system can be
calculated using the COP of a reversible cycle.

COP = 1;;COP,, (3.8)

The COP of a reversible cycle was previously expressed by equation (2.7)).

3.2 Example

The calculation is applied to the application that was introduced in chapter [l For this example the
cycle calculations of van de Bor [6] are executed, together with the computation method for properties
of ammonia-water of Rattner and Garimella [32], to obtain properties of the working fluid at each state
point in the heat pump. Then the entropy production and performance model that has been presented
in this section is implemented. The working fluid that is considered is a mixture of ammonia and water.
Table shows the input conditions and the results. In figure a temperature-entropy diagram
is shown of the mixture in the compression-resorption heat pump. Figure [3.3] shows the temperature
profiles of both fluids in the resorber and the desorber. For low entropy production, low temperature
differences are desired; this means that the temperature profiles in a heat exchanger should match each
other. The figure shows that there is room for improvement of the temperature profiles.

From the results of the separate rates of entropy production in the components it can be seen that
most of the energy dissipation in the heat pump occurs in the resorber (37 %), the compressor (29
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Table 3.1: Performance results of the compression-resorption heat pump integrated in the application.
Working fluid: ammonia 30 %, water 70 % (molar)
Nis: 70 %, To = To: 360.7 K, mp: 8.15 kefs

state T, K h,K/kg s, k/gK o, kW/K
1 342.2 1773 6.02 Compressor: 3.60 Wiest 4.47 MW
2 437.3 2413 6.46 Resorber: 4.59 NI 14.5 %
3 377.8 269 1.34 Desorber: 3.05 COP 3.35
4 308.2 269 1.48 Valve: 1.14
Total: 12.38
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Figure 3.2: Temperature-entropy diagram for the compression-resorption heat pump integrated in the
application.
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Figure 3.3: Temperature profiles in the resorber (left) and the desorber (right).

%) and the desorber (25 %). These are the components that need closest attention in an optimisation
study.

The isentropic efficiency of the compressor is important for an efficient system. If 7,5, were only 60
% instead of 70 % for instance, the COP would decrease to 2.99. In this situation the the distribution
of entropy production among the components changes as well. The contributions become 38 % for the
compressor, 32 % for the resorber and 21 % for the desorber.

To check the model, the COP may be calculated also in another way. Namely by using the definition
of the COP that is given in equation . It can be worked out as:

Qu  —(hs —hs)  —(269 — 2413)
cop = <1 — -
W hg — hy 2413 — 1773

=3.35 (3.9)
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The outcome is equal to the result of equation (3.8]) that is shown in table

3.3 Optimisation

The second-law efficiency is only 14.3 % (Table and this means that there is relatively much
entropy produced. As mentioned in chapter g the second law efficiency of a CRHP is usually around
50 % [6]. The principal reason for this must be the mismatch between the temperature profiles in the
heat exchangers. To optimise the performance of the cycle the control variables may be adjusted. For
the given application the degrees of freedom are limited. The duty of the resorber is given and the
temperature profiles of the source and sink are also fixed. What can be changed is the concentration of
the working fluid mixture and the heat exchanger configuration.

To assess the influence of the ammonia concentration on the performance, the model described
in this chapter should be executed for different concentrations. Figure shows the results of this
procedure. The performance seems to be maximal at a concentration around 70 %.

3.55

345 - -

34 + + .

31 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

c, mol / mol

Figure 3.4: Coeflicient of performance at different ammonia concentrations.

The model becomes unstable below concentrations of 15 % so calculation was impossible. According
to van de Bor [6] the COP rises for ammonia concentrations below 15 % as the concentration decreases.
However, the minimal concentration that must be used is 25 % to ensure that the pressure in the
compressor is not below 0.3 bar. A lower pressure in the compressor could cause failure. So the optimal
concentration is indeed 70 %. The inconsistency of the points is caused by numerical rounding errors.

Table 3.2: Performance results of the compression-resorption heat pump integrated in the application
with optimised concentration.
Working fluid: ammonia 70 %, water 30 % (molar)
Nis: 70 %, To = To: 360.7 K, ap: 10.69 kg/s

state T, K h, K/ s, K/gK g, kW/K
1 381.2 1491 4.98 Compressor: 3.24 VVlost 4.28 MW
2 471.3 1961 5.28 Resorber: 5.29 NIr 15.0 %
3 379.8 324 1.43 Desorber: 1.58 COP 348
4 307.9 324 1.60 Valve: 1.75
Total: 11.86

The results of the cycle with the ammonia concentration of 70 % are shown in table figure
and figure The second-law efficiency at this concentration becomes n;; = 15.0 %, so there is a
small increase with respect to the result of the example above (n;; = 14.3%) using a concentration
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Figure 3.5: Temperature-entropy diagram for the compression-resorption heat pump integrated in the
application when the mixture concentration is 70 %.
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Figure 3.6: Temperature profiles in the resorber (left) and the desorber (right) when the mixture
concentration is 70 %.

of 30 %. The temperature profiles change when the concentration of the mixture is different. The
new temperature profiles are depicted in figure [3.6] The profiles in the desorber match better at a
concentration of 70 % compared to a concentration of 30 %. However, the profiles in the resorber have
become worse. Overall there is a small increase in performance; that is indicated by the COP.

Context

To have an understanding of the performance of the CRHP for the considered application it is good
to put it in the context of other options for the same application. Table [3-3] shows the performance
of five different options. Currently a vapour-compression heat pump (VCHP) is installed with a mass
flow of the source fluid of 40.0 ke/s. The performance of this heat pump is restricted to the limit of
the first law (see equation ) The performance of the current installation can be increased to
2.76, when the mass flow of the source fluid is increased to 47.1 ke/s. If another working fluid is used
in the VCHP, the performance may be increased even further. In appendix [A] results are shown of
performance calculations of different fluids in a VCHP. Acetone has the highest performance from the
fluids that have been investigated. The CRHP with an ammonia-water concentration has the highest
performance; the relative advantage does not seem very impressive. However, on a large scale small
performance improvements have great impact.
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Table 3.3: Performance results of different heat pumps integrated in the same application.

Cycle Working fluid me, ke/s  COP, -
VCHP  pentane 40.0 2.03
VCHP  pentane 47.1 2.76
CRHP* ammonia-water, 30 %  49.1 2.99
VCHP acetone 51.4 3.29
CRHP  ammonia-water, 30 % 51.8 3.35
CRHP  ammonia-water, 70 % 52.6 3.48

* with n;s= 60 % instead of 70 %.
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Chapter 4

Resorber model

In this chapter a model is presented that is aimed at calculating entropy production of resorption in a
plate heat exchanger. This component has been selected to be modelled in detail because in chapter
[4 it was shown that it had the highest entropy production for the considered application. For the
development of the entropy production model the approach of Kjelstrup et al. [20] [21] is the basis.
In this approach entropy production is governed by irreversibilities, as is the case physically. The heat
and mass fluxes are calculated with energy and mass balances, using the strategy of a model that
was developed for vertical tubular absorbers by Ferndndez-Seara et al. [I3]. Also temperatures and
concentrations of the fluid are calculated in this way. Transfer coefficients are modified to suit the
type of flow in a plate heat exchanger, rather than a vertical tubular absorber. First the theory of
non-equilibrium thermodynamics will be applied to the case of falling film condensation of a mixture of
ammonia-water in a plate heat exchanger to calculate local entropy production. Afterwards a detailed
thermodynamic state model of the heat exchanger will be presented that provides the required data for
the entropy production calculation.

4.1 Applied non-equilibrium thermodynamics

The entropy production rate will be determined using the theory of non-equilibrium thermodynamics.
Falling film condensation of an ammonia-water mixture in a plate heat exchanger is considered. Figure
shows a condensate film falling down along a plate of a heat exchanger. In filmwise condensation
of a mixture irreversibilities are present in the vapour, the liquid film and the interface between them.
Also the heat exchanged through the wall and in the cooling medium results in a contribution to the
entropy production. The cooling medium of the application is evaporating water. To determine the
total entropy production of a control volume the different contributions should all be added up together.

=54+ 6"+6 + 6" 4o (4.1)

Irreversible processes that occur are heat transfer, friction and mass transfer. In this chapter friction
is neglected, because it is not expected to play an important role in the calculation of the entropy
production rate. In the condensate film as well as in the vapour, entropy production may originate
from heat transfer and mass transfer [20]. Since there is no concentration gradient in the vapour, nor
in the liquid (see figure )7 there is no mass transfer there. Only heat transfer produces entropy and
this can be expressed by equation for the liquid. The local entropy production is a function of x
since the temperature changes along that coordinate, see figure [{.Ik.

&l (z) = J;l% (T%iy)) (4.2)

Integration of &'(z) over the the distance dz yields the total entropy production rate in the liquid region,
&', that is suitable for equation . The distance dz is the film thickness d; for the liquid. Equation
(4.2) can be used to determine the entropy production in the wall and the cooling medium as well. The
superscripts [ should then be replaced by W or ¢m, for wall and cooling medium respectively. There
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Figure 4.1: Three representations of the condensate film with increased detail from left to right. The
arrows define which directions are positive. Parts are modified figures from ref. [I3] and [14].

is no entropy production from heat transfer in the vapour, because there is no temperature gradient
in the vapour (6¥ = 0). According to Onsager’s formulation of the second law, the fluxes are a linear
combination of the forces. In this case there is only one flux-force pair, so the flux equation reduces to
Fourier’s law for the liquid:
/ oT (z,y)
Jl= N2 4.3
a ox (4.3)

The conductivity A! of the liquid film is calculated using the method of Conde [I1]. The heat flux
through the wall J;V can be calculated with equation as well, with the conductivity of the wall
and the temperature gradient in the wall. The heat flux from the wall to the cooling medium is equal
to the heat flux through the wall (JS™ = J(}’V ). The temperature gradients in the liquid and the wall
are constant (see figure ) They can be estimated with:

or'  T'(65,y) —T'(0,y)
aI o 5f

(4.4)

The x-coordinates in these equations are also shown at the bottom of figure {.If. dw is the wall
thickness. Although there is evaporation taking place in the cooling medium, the entropy production
rate is calculated in the same way as for a single fluid with Fourier’s law as a rough approximation.
The temperature gradient in the cooling medium is assumed to be zero, except for the liquid boundary
layer along the wall. There the temperature profile is assumed to be according to:

TV (=bw,y) — T (— (6w + 0b), y)
s

T (,y) = (x4 0w +0) + T (— (6w +6),y)  (4.6)

Jp is the boundary layer thickness which is estimated as d,/10; J, is the plate spacing. The temperature
profile is depicted in figure [£.2] The x-coordinate in figure [£:2] corresponds to that of figure [f.If and it
is displayed in the domain —(dw + &) < & < —dw. The temperature gradient in the boundary layer
can be obtained by differentiating equation .

orem T (=dw,y) = T (—(Ow + &), y)

. 3
97 (51;4 4(x + Sw + &) (4.7)

The entropy production rate in the interface between the vapour and the liquid is calculated differ-
ently, for heat and mass transfer processes are present in the interface.
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Figure 4.2: Temperature profile of the boundary layer in the cooling medium.

Entropy production rate of the interface

In figure the interfacial region is enclosed by the dashed vertical lines on the working fluid side.
The entropy production rate in this region is derived by Kjelstrup and Bedeaux [20] to be written as
shown in equation (4.8]).

1
Av,l,ulw,T(T’l) (48)

1 ) 1 1
g = Jq AUJ () + Ja |:_1Av’lll,a7T(Tl):| + Jw |:—w

T T
Subscript a is used for ammonia, and w for water. And the subscript T indicates that the chemical
potentials must be evaluated at constant temperature, T'. The reason for the evaluation of both
chemical potentials at the liquid temperature is a mathematical trick by Kjelstrup and Bedeaux [20],
using the Gibbs-Helmholz equation.

Force equations can be now written in terms of resistivities as is elaborated on by Kjelstrup and
Bedeaux [20]. Not all resistivities can be determined, because some of them depend on the condensation
coefficient. The condensation coefficient is the fraction of molecules in the vapour that are absorbed
into the liquid after collision at the interface. This coefficient is unknown for ammonia and somewhat
controversial for water [20]. Instead it is suggested to write the forces in terms of temperature differences
and concentration differences. And the fluxes are determined with a thermodynamic model based on
that of Ferndndez-Seara et al. [I3]. The heat transfer force can be expressed as:

1 1 1 1T
A== ——="——— 4.9
! (T) TC T TITv (4.9)

And the mass transfer driving forces can be derived using the following definition of the chemical
potential.
p; = p° + RTIn (W) (4.10)
p
Here R is the universal gas constant. ¢; is the partial fugacity coefficient of component j, which can be
either ammonia or water. For each component there is a driving force. For ammonia the driving force
is the difference in chemical potential between the liquid and the vapour.

_ %Av,lua,T(Tl) - —% [MO 4+ RT'In (W); - (MO + RT'In <CCL¢;(TZ)I’)H (4.11)
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= —Rln (W)

Both partial fugacity coefficients must be evaluated at the liquid temperature. The driving force for
water can be derived similarly.

1
- 7Av7l/féw,T(Tl) =—Rln ( (412)

(Cw Dw (Tl ))
7 )

(Cwduw(TT))w

At constant pressure and constant overall ammonia concentration the fugacity coefficients depend only
on the temperature. At p = 44 bar and ¢, = 0.7 mol/mol the partial fugacity coefficients for each phase
can be expressed as:

¢h =1.226-107°T2 + 5.901 - 10737 — 2.836

(
¢y = —6.395- 10772 + 6.487 - 10737 — 0.7188 (4.14
¢l =1.281-1077T% — 1.303 - 10747 4 4.432 - 107 2T — 5.039 (
Y =1.222-1077T3 — 1.686 - 10~*T% + 7.961 - 10727 — 12.112 (

The correlations have been generated based on data from Refprop [24].
In order to have enough information, such as temperatures and concentrations, for calculation of
the entropy production, a thermodynamic state model must be developed.

4.2 Thermodynamic state model

In this section an explanation is given of a detailed thermodynamic model of a resorber. In the re-
sorber film condensation of an ammonia-water mixture takes place. This model is used to calculate
thermodynamic states and transport processes in the resorber. The model is based on the work of
Fernandez-Seara et al. [I3]. The heat exchanger is divided into a number of cells. In each cell driving
forces are used to determine mass and energy fluxes which dictate the progress of the process to the
next cell. Figure can be helpful to get an impression of which variables and fluxes are important
in a cell. Figure [£.3] shows a flow diagram of the iterative loops that are solved for each cell. The two
iteration loops are depicted as dashed lines. The large loop is for determining the interface tempera-
ture, T?, with the energy balance over the vapour-liquid interface. The other loop is for determining
the ammonia flux ratio, z, with the mass balance over the interface.

First, the two iterative loops to satisfy the energy and mass balance will be explained; they contain
the governing equations of the model. Then the inputs and initial values for the loops are dealt with.
The inputs are all a result of the application considered. The initial values (T% and z) must be guessed
with some justification. Thirdly, the equations for the next cell are shown; these are crucial for the
theoretical behaviour of the substances in the heat exchanger. Then the method is treated to obtain the
heat and mass transfer coeflicients that are variable along the heat exchanger. These transfer coefficients
determine the degree of heat and mass transfer at the different transfer locations.

In the calculations in this section the naming of the temperatures is slightly different than in figure
[£Tk. Every dot on the temperature profile in figure [f.1k is a temperature node here. The names that are
given to the nodes from right to left are: 7™, TWe TWi Tt Ti Tv. The names of the concentration
nodes are used as is indicated in figure [f.Ik.

4.2.1 TIterative loops

The model starts with a guess of the interface temperature as is indicated in the flow diagram. Following
the large circle in clockwise direction each calculation step will be treated in this section. First the molar
concentrations at the interface are determined. For this equilibrium is assumed at the interface according
to the two-film theory of Whitman [35]. To obtain the concentration a property call is executed, which
requires the interface temperature and the pressure in the resorber.

¢t =¢(T, p, q) (4.17)

For the liquid the quality, g, is set to 0 and for the vapour to 1. The property calls for the ammonia
water mixture are performed with the method of Rattner and Garimella [32]. A molar concentration
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Figure 4.3: Flow diagram of a computational model of a segment of a resorber.

can be converted to a mass concentration with the molar masses (M,, M,,) of each component. The
following equation is used.

Ca /My
Ca/My + (1 —co)/M,

The next step is to calculate the molar fluxes from the vapour to the interface and from the interface
to the liquid. For this an initial value for z is required as well as the mass transfer coefficients and the
concentrations in the vapour and the liquid. According to Ferndndez-Seara et al. [I3] the molar fluxes
of ammonia can be determined with:

_ v il
J;;:F“zln<z < ) Ji:Flzln(z C) (4.19)

z—cv z—cl

X, = (4.18)

Here F is the mass transfer coefficient and z is the ratio of ammonia to the total molar flux, z = J,/J.
There is no accumulation of mass in the interface so J* and J! should be equal (J? = J!). This mass
balance condition is indicated in the flow diagram. When the ammonia fluxes to and from the interface
are not equal a new z should be taken and the fluxes should be recalculated. This iteration should be
repeated until the mass balance is satisfied. The ammonia flux is now determined and with the right z
the molar flux of water through the interface can be obtained.

J,=J0 =T Jo=(1—2)Jy (4.20)

By multiplying with the molar masses the molar fluxes can be converted to mass fluxes.

Go = J.M, G = JuM, (4.21)

Now the heat transfer correction factor, €, can be calculated. For this the heat transfer coefficients
on the vapour and liquid side of the interface should be known. Also the specific heat capacity of the
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mixture is required in the vapour and the liquid phases.

U
e = (Gj;ﬂ (4.22)
Here the vapour heat transfer coefficient and the vapour specific heat capacity should be used for the
vapour heat transfer correction factor. And for the correction factor in the liquid, the superscripts
should be [ instead of v. The heat capacities are affected by the temperature. A fast way to calculate
them is using a correlation for each phase with the temperature as variable.

¢ = (0.6464620035557 4 1179 . 1071500921 ) 1000 (4.23)
¢ = (0.0001906le —0.13337" + 28.44) -1000 (4.24)

These correlations were constructed using data from Refprop [24] [9)].

Now the sensible heat fluxes to and from the interface can be calculated using the following equations
[13].
2 (T" — TV IV =t —S (v i (4.25)

q 1—ec" '

These fluxes are not necessarily equal. The temperature at the interface, T%, is the temperature on
the solid vertical line in the interfacial region in figure [4.1c. First the heat that is released due to
condensation of both components in the mixture should be determined in order to make an energy
balance over the interface. This condensation heat can be determined by multiplying the mass of a
component that is condensed by the partial enthalpy of phase change of that component.

1
Jq =o' —7F
1—e¢

J; = GaAh, T}

qw

GowAhy (4.26)

The partial enthalpies of phase change of both components are determined from a given interface
temperature with the following correlations.

Ah, = —0.355T" + 418.7T" —1.527 - 10°T" + 1.809 - 107 (4.27)

Ahy, = 4.283 - 105 0:05341T" 4 3 847 . (6~ 0-0016297" (4.28)

To obtain these correlations the partial enthalpies are calculated according to the method used by van
Leeuwen [23]. To implement them by using correlations saves a considerable amount of computational
time. The gradient of the enthalpy of the mixture with respect to the concentration is used to determine
the difference between partial and total enthalpy. Now the energy balance can be made. No energy is
accumulated in the interface, so what comes in and what is released must be equal to what goes out.
Jl=Jr I+ Ty (4.29)
When this balance is not satisfied a new interface temperature should be taken and the whole loop
should be recalculated. When the energy balance is satisfied the loop is solved.
Additionally the wall temperatures can be calculated with the heat transfer coeflicients between the
cooling medium side of the wall (™), the wall itself (a''), and the film side of the wall (af). The
cooling medium side is regarded as the outer wall and may be determined with the following equation.

(S5 + 7)1 o

TV = e 4.30
o T +1 (430
And the film side with equation (4.31]).
cm cm
TWi = <‘;W + 1) Ve — z—WTcm (4.31)

These two equations for the wall temperatures are derived from simple heat transfer balances over the
wall between the liquid film and the cooling medium.

Olcm(TWO _ Tcm) — OZW(TWZ _ TWO) — O[f(Tl _ TWZ) (432)
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4.2.2 Inputs and initial values

In this section the initialisation of the model will be treated. For the considered application the inlet
concentration of the vapour is known. And using the fact that it is saturated vapour the temperature
can be obtained with a property call.

T =T(cq,p,q=1) (4.33)

Initially there is no liquid present when the vapour enters the resorber. When the fluid starts to
condense the liquid will obtain the concentration that belongs to the same pressure and temperature
at saturated liquid conditions. It is expected that when the liquid is brought in contact with the cold
wall it will be sub-cooled considerably, because the temperature difference is quite large (+ 40 K).

e =¢(T,p,q=0) T! = T°™ 4+ 50 (4.34)

The initial liquid temperature is a rough guess; fortunately, it does not influence the rest of the process
in the heat exchanger much. The cooling medium temperature at the outlet is determined by the
application to be 104 °C. The temperatures and concentrations vary along the heat exchanger and a
step to the next cell is determined by the mass and energy fluxes in a cell. Equation and
only apply to the first cell of the model.

The plate characteristics are also used in the model. They are shown in table The number
of plates, N,, determines the size of the heat exchanger. A manual iteration over the entire model is
required to find the right number of plates. Figure [£.4] shows a schematic illustration of a chevron-type
plate.

Table 4.1: Input parameters of plate characteristics with some ranges provided by literature.

Number of plates IV, Chevron angle 0-90 °[16]
Area of plate A4, 0.03-1.5 m? [37] Plate wave amplitude a dy/2

Width of plate W, VAp/3-/A,/2 [37] Plate wavelength A 2ma m [16]
Plate spacing d,, 1.5-5 mm [37] Thermal conductivity of wall Ayy 15 W/m x [16]

Wall thickness dw 0.5-3 mm [37]

;2a

'7/\7’]

Figure 4.4: Schematic illustration of a plate of a chevron-type plate heat exchanger [16].

Further, the refrigerant mass flow, mpg, and the pressure inside the resorber, p, are input. They
resulted from the calculations of the cycle model from chapter[3

Another input to the model is the number of cells that the heat exchanger is divided into. This may
in principle be an arbitrary number, although a too large or too low number does have consequences.
A larger number of cells has the benefit of producing detailed results, however the computational time
is longer. A lower number of cells causes the computational speed to be fast, only the level of detail of
the results is lower, because there are less data points. The number of cells is chosen such that both the
computational time of the calculation and the level of detail of the results are satisfactory. The number
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of cells that is used in the calculation example of this chapter is n. = 150. The computational time
for the calculation is 52 seconds when the model is run on a computer with an Intel® Core™ i5-4690
processor. And the level of detail can be judged by the smoothness of the results in figures [L.7H£.13]

It is wise to adjust the initial values for the iterations for each cell to reduce computational time.
The interface temperature is expected always to be below the saturation temperature of the liquid
at the same concentration. This is the case for a concentration profile across the interface typical to
a condenser according to Sieres and Ferndndez-Seara [36]. Furthermore, the interface temperature is
expected not to drop below the liquid temperature T*, because the liquid is on the cold side of the
interface. So the initial value of the interface temperature can be taken as:

T = (T™ +T"/2 (4.35)

In the same case a solution for z exists in the interval ¢! < z < ¢¥ [36]. So a good initial value for the
ammonia to total flux ratio can be estimated as:

z= (! +cv)/2 (4.36)

A plot of the typical concentration profile in a resorber is shown in figure [{.5]

Figure 4.5: A concentration profile across the vapour-liquid interface typical for a condenser (resorber)
[36].

4.2.3 The next cell

Concentrations and temperatures will change in the next cell. The concentration difference can be

determined by the molar fluxes through the interface. The molar ammonia concentrations are defined
by the molar flow of ammonia divided by the total flow.

N

C, = — 4.37

= (437

In both phases the ammonia flow rate changes as well as the total flow rate. In the resorber the process

of condensation of the mixture takes place, so the total flow in the vapour phase will decrease and the

flow in the liquid phase will increase. The degree of change after one cell for these rates is equal and

can be described by:
AR’ = Ant = (J, 4 Ju)Ae (4.38)

The ammonia molar flow changes in both phases because of the flux of ammonia through the interface.
The degree of change after one cell is simply:
ARl = Anl = J, A, (4.39)
These differences must be subtracted from the molar flows in the vapour and added to the molar flows
in the liquid. With the new molar flows in both phases the molar concentration can be calculated with
equation . The molar concentration can be converted to a mass concentration using equation
(4.18). To calculate these changes of flow the cell area A, is required. Four different methods are
considered to determine the area of each cell. The method should be used for which the model is most
stable.
Constant : A, = Ap/nec (4.40)
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Ap/ne — Ap/(100n.)

Linear increase : Ac = A,/(100n.) + (et 1)2 (4.41)
Sine : Ac = Ap/ne - sin(m/ne -1 —w/2) + Ap/nec (4.42)
, Ap/(10n,) 4 0.9 —lle . (j — 1), fori—=1:ntl
Pyramid: A, =3 " ( “Xpl/),/é ! not1 Ay /ne Pt C onatl §
Ap/(10ne) + 0957 - (5= — 1) = 0.9y - (1 — *5—), fori="5=:nc
(4.43)

In these equations A, is the area of one plate and n. is the number of cells that the heat exchanger
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Figure 4.6: Liquid temperature plotted per cell to compare the methods for variation of A..

is divided into. The current cell is represented by the counter i. The average value of these different
cell area methods over the whole heat exchanger is always equal to A, /n.. Figure shows one of the
variables in the model (the liquid temperature of the working fluid, 7") in four cases when each of the
proposed methods for the cell area are used. From this figure it is clear that the sine method is most
stable under the considered operating conditions.

Temperature changes as a result of the change of energy flows. The temperatures can be determined
with a property call using the new concentration and enthalpy (equation ) The change of energy
flow is not equal for both phases. For the vapour phase it is equal to the energy flow from the vapour
to the interface together with the contribution of the mass that has condensed.

A " = (J) + J7 +J7 ) Ac (4.44)

And this energy flows out of the vapour, so it must be subtracted from the energy flow in the vapour.
When the mass flow is known the enthalpy can be evaluated. The mass flow changes just as the molar
flow does. The change in mass flow is:

Amn® = At = (Gq + Gu)Ae (4.45)

In the vapour it must be subtracted from the original vapour mass flow to obtain the new vapour mass
flow and to the liquid it should be added. The change of energy flow in the liquid is determined by
what comes in from the interface and what goes out to the cooling medium.

Am'ht = (JL+ )+ 5, — I Ae (4.46)

The heat that is transferred from the cooling medium through the wall to the liquid film can be
calculated by:
Jem _ Tl _ Tem
¢ 1/aem +1/aW +1/af

(4.47)
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The new mass flow of the liquid can be calculated with equation (4.45)). After that the new enthalpy
of the liquid can be obtained. When the concentrations and enthalpies of both phases are determined,
the new temperatures can be evaluated using a property call.

T =T(ca,p,h) (4.48)

It may occur that the vapour enthalpy of the next cell is lower than the saturation enthalpy at
the new concentration. This implies that the vapour has become a two-phase substance. When this
happens the part on the vapour side of the interface that is liquid is added to the film. This small liquid
substance has the liquid saturation conditions (concentration and enthalpy) at the vapour temperature.
The new liquid film conditions are slightly changed using a mass and an energy balance. The conditions
on the vapour side of the interface have become saturated vapour conditions at the vapour temperature.
This so called supplemental condensation has an effect on the calculation of entropy production in the
interface (see equation (4.8)), because the molar fluxes through the interface (J,, .J,,) have increased.
The molar flux that results from supplemental condensation is separated into an ammonia and a water
part with the liquid saturation concentration and added to the ordinary molar fluxes through the
interface. The ordinary molar fluxes through the interface were determined with equation . In
practice this procedure appears to have a modest impact (& 15 %) on the entropy production rate in
the interface.

4.2.4 Transfer coefficients and pressure drop

The model uses five heat transfer coefficients (o™, o', of, o!, a?) and two mass transfer coefficients

(F', Fv). These transfer coefficients vary along the plate length of the heat exchanger. In this section
the calculation of each of them is explained.

The cooling medium of the application is evaporating water and heat transfer is dominated by
convection. The heat transfer coefficient of the cooling medium is obtained with a recent prediction
method that was introduced by Amalfi et al. [3]. The method is valid for flow boiling in plate heat
exchangers. The following correlation for the Nusselt number is used when the Bond number Bd is
greater than 4. For the considered application Bd = 5.86.

Amalfi: Nu = 18.49530248 Reem:v*"* Reemilo”*! pj0.235 p,0.198 ;-0.223 (4.49)

T

The dimensionless factors for this correlation can be obtained with:

Reduced chevron angle : 8, = 8/Bmax (4.50)
Reynolds number of vapour : Re“™ " = G™¢™dj, / ™" (4.51)
Reynolds number of liquid only : Re“™ = G™d), /™! (4.52)

Bond number : Bd = (p™! — p™")gd2 |~ (4.53)

Boiling number : Bo = —%— (4.54)
Gem Ahem

Density ratio : p, = p“™!/p™? (4.55)

The maximum chevron angle 8,4, is 70 degrees. The liquid and vapour properties of water (u™?,

pueml pemav - pemil gy and the enthalpy of phase change, Ah“™, at the cooling medium temperature
T°™ are obtained with Refprop [24] [9]. The mass flux of water G is calculated with the mass flow
per channel and the cross sectional area between two plates. The heat flux to the cooling medium
Jy™ is calculated with equation . And the hydraulic diameter can be determined with the plate
characteristics (see table [16].
dp = 4a/® o =

(1 +VI+X2+4/1+ X2/2) X = 2ra/A (4.56)

| =
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In the wall the heat transfer takes place only by conduction. The conductivity of the plate material
and the thickness of the plate are used to determine the heat transfer coefficient. This is the only heat
transfer coefficient that is constant along the length of the plate.

aV =\ /ow (4.57)

Also in the liquid film the heat transfer is assumed to be only governed by conduction. It is calculated
similarly to the heat transfer coefficient of the wall. However, this transfer coefficient is variable because
both the conductivity of the liquid mixture and the film thickness are variable.

of =25, (4.58)

According to Mills [25] in laminar film condensation the film grows like 4/, where y is the length
coordinate in the flow direction along the length of the plate. So it is suggested to express the film
thickness as:

611 y1/4
o ,1/4
2 Lp/

§f = (4.59)

The heat transfer coefficient on the liquid side of the vapour-liquid interface, of, can be taken to be

equal to o as was done by Fernandez-Seara et al. [I4]. Alternatively, it may be calculated with the
correlation of Seader and Henley [35] which is made for flow across a flat plate of length y. The Nusselt
number can be calculated with:

Seader and Henley : Nu = 0.037Re%® Prt/3 (4.60)

The Reynolds number that is used for this correlation does not have the hydraulic diameter as length
parameter, but the length of the plate.

Re = — (4.61)

On the other side of the interface the heat transfer coefficient, a”, could be calculated with the
correlation of Seader and Henley [35] as well. Also the correlation of Whitaker [41] is an option, which
is made for turbulent flow past a flat plate. It is recommended for turbulent flow along a flat plate by
Mills [25]. In this case the liquid film is regarded as a plate with respect to the vapour flowing over it.
The correlation for the Nusselt number is:

Whitaker : Nu = 0.029Re%8 Pr0-43 (4.62)

The definition of the Reynolds number of equation is used for this correlation with vapour
conditions instead of liquid.

The mass transfer coefficients are obtained using the Chilton and Colburn analogy [8]. This analogy
can be represented by the next equation.

LDl yl S\ 3
Chilton and Colburn : F' = w (Pf"l> (4.63)
The analogy is the same for the vapour as for the liquid, so for the vapour side all superscripts [ may
be replaced by v.

Pressure drop

In this section attention will be paid to the pressure drop in the heat exchanger. Three different methods
are used to determine the pressure drop along the length of a plate. The first method is taking the
average value between the vapour and liquid single phase calculations in a plate heat exchanger. The
vapour phase pressure drop in a plate heat exchanger can be obtained with the following correlation of
Sinnott and Towler [37]:

U1}2

plu
2

Sinnott and Towler : Ap = 85°(Ay/dy) (4.64)
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with j¥ = 0.6Re’” "’. The same correlation may be used for the liquid and then the superscripts v
should be replaced by I. The Reynolds number here is defined as in equation (4.67). In the VDI heat
atlas [16] it is suggested that linear interpolation between the two single phase pressure drops might be
a reasonable approximation based on the experiments of Kreissig and Miiller-Steinhagen [22] in plate
heat exchangers.

The second method that is applied is the correlation of Yan et al. [42]. They performed experiments
of condensation of a single fluid in a plate heat exchanger.

N2

Yanetal. : Ap = 25 (Ay/d) ———— 4.65)
ARy (
0.8
§ = 94.75Re, D047 Re =04 B0 L (4.66)
pCT‘

Gd Geqd Jem

Re=— Reeq = —<4-" Bo= —1 (4.67)
Iz % GAhR%,

o 0.5 i
Geg =G |1 = qus +aqus [ = G=—"_ 4.68
! Tuf ¥ duf (P”) ] WyopNp ( )

The critical pressure of ammonia-water was calculated using the method of Conde [I1]. And the phase
change enthalpy at constant temperature, Ah}., was determined using a property call of Rattner and
Garimella [32].

The third method is taken from the publication of Miiller-Steinhagen and Heck [28]. This is a
two-phase pressure drop calculation method for in tubes. However, it was also used to compare with
experiments in plate heat exchangers by Kreissig and Miiller-Steinhagen [22]. That comparison showed
that it generally overestimated the pressure drop in a plate heat exchanger.

4.3 Example
The calculation is applied to the application that was introduced in chapter[] A molar concentration

of 0.7 is used for the working fluid as was identified in chapter[Jto offer the highest cycle performance.
Table [.2] gives an overview of the inputs that are used in this example.

Table 4.2: Input that is used for the example

Plate characteristics Initial points Other

N, 4250 15} 50 ° co 0.70 mol/mo1 | p 43.8 bar
A4, 13m* a 2 mm c 0.26 mol/mol | thp  10.7 ke/s
Wy, 175m A 12.6 mm | T" 477.6 K my 7.6 ke/s

§p 4mm Ay 15Wmk | T 4272 K M, 17 g/mol
dw 1 mm T 3772 K M, 18 g/mol

Table 4.3: Methods for transfer coefficients
Coefficient Method

™ Amalfi et al. [3], eq. (4.49)

a" Conduction, eq. (4.57

af Conduction, eq. (4.58

ol Seader and Henley [35], eq. (4.60
o’ Seader and Henley [35], eq. (4.60,
F! Chilton and Colburn [§], eq. (4.63
Fv Chilton and Colburn [§], eq. (4.63

The number of plates are chosen such that the process of condensation of the working fluid inside
the heat exchanger is completed. Other plate characteristics are estimated within the typical ranges
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(see table [4.1)). The initial temperatures and concentrations are determined using equation and
(4.34). Other inputs shown in table are a result of the application (rhgy, M,, M,) and the cycle
performance calculations (p, mpg). Table shows which methods are used for the different heat and
mass transfer coefficients.

First the process is depicted in a temperature-concentration diagram in figure [£.7] The vapour
follows the saturation line starting at the initial concentration of 0.7 and ending with an ammonia
concentration near 1. The liquid is subcooled by the cold wall. It approaches saturation at the end and
reaches the concentration of 0.7 at total condensation.

— Liquid saturation line

Vapour saturation line
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Figure 4.7: Temperature - concentration diagram of the process inside the heat exchanger.

Figure shows the process in a temperature-quality diagram. This figure can be compared with
figure The vapour temperature corresponds to the trend of the working fluid temperature in figure
This is explained by the fact that the temperature of the working fluid in figure is at saturated
conditions. The vapour temperature also follows the saturation line, as is clear from figure [£.7} The
trend of the liquid temperature is different because it is sub-cooled.

360 1 1 1 1 1 1 1 1 1

Figure 4.8: Temperature - quality diagram of the process inside the heat exchanger.
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Figures[£.9]and [£-10]show the temperature and concentration profiles along the length of a plate. The
temperatures and concentrations constitute the forces for heat and mass transfer in the heat exchanger.
It can be observed that the temperature and concentration gradients are much higher in the first half
of the heat exchanger than in the second half. The temperature profiles are shown in figure of the
liquid, vapour, interface, inner wall, outer wall and cooling medium. The cooling medium starts at the
outlet of the heat exchanger with a temperature of 90 °C as dictated by the application. When the
cooling medium reaches 104 °C it starts to evaporate at constant temperature. About half way through
the heat exchanger when the length is about 1 m the vapour temperature drops below the interface
temperature. The vapour temperature stays above the liquid temperature however.
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Figure 4.10: Concentration profiles and flux ratio z along the plate length.

In figure the concentrations are presented of the liquid, vapour, liquid interface and vapour
interface. Also the ammonia flux ratio z is shown in figure The flux ratio starts with a value of
approximately 0.4 and increases towards 1. This means that in the beginning there is approximately
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the same molar amount of water being condensed as ammonia, and at the end hardly any water is still
being condensed, but only ammonia.

Figure displays the mass flows of the liquid and vapour of the working fluid and of the cooling
medium. This figure gives insight into the progress of the condensation process in the heat exchanger.
It can be observed that most of the mass of the working fluid has already condensed half way through
the heat exchanger.

In figure the heat fluxes are shown of the sensible heat from the vapour to the interface, the
sensible heat from the interface to the liquid, the latent heat of ammonia through the interface, the
latent heat of water through the interface and the heat flux from the liquid film to the cooling medium.
The fluxes are also shown in the schematic illustration of figure |4.1b. Figure shows that the heat

12
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Figure 4.11: Mass flows of different phases on both sides of the wall along the plate length.
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Figure 4.12: Heat fluxes along the plate length.

flux from the interface to the liquid, Jé, and the heat flux from the liquid to the cooling medium, Jg™,
are approximately equal. This means that both latent heat fluxes (J7 , J7 ) play a dominant role in
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the determination of change in enthalpy in the liquid (see equation ) Jy, Jy, and J7 = determine
the change of enthalpy in the vapour phase (equation (4.44)).

Figure [£.13] illustrates the local entropy production that is calculated with the theory of non-
equilibrium thermodynamics. The irreversible phenomenon of heat transfer is present dominantly in
the first part of the process, this explains the high entropy production rates there. Only the entropy
production rate in the interface contains terms of mass transfer. Therefore, the trend of the entropy
production in the interface is somewhat different from the others. The entropy production in the vapour
phase is zero, because there are no temperature gradients in the vapour phase. The entropy production
rate in the wall is relatively small, but it has the same trend as the entropy production rates in the
liquid.
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Figure 4.13: Local entropy production along the plate length.

When the total entropy production rate is added up it amounts to 6.40 kW/k. This value is a 21 %
higher than what was calculated with the cycle model (5.29 ¥W/k, table . This means that one or
more of the contributions give an overestimation of entropy production. The largest error is expected to
arise from the calculation method for the cooling medium. This calculation method definitely has the
weakest theoretical basis among the considered contributions. However, as the order of magnitude is
correct, it is expected that the insights that figure gives into the distribution of entropy production
in the heat exchanger are valid. The boundary layer thickness in the method for calculation of entropy
production in the cooling medium was a rough guess. Figure shows how the entropy production
in the cooling medium is affected by the assumption for the liquid boundary layer thickness. Without
taking the cooling medium into account the total entropy production amounts to 4.08 kW/k. Pressure
drop in both fluids is also an irreversible phenomenon that produces entropy. The contribution is not
taken into account in the calculation of entropy production in either model, because it is expected to
be relatively small. The pressure drop itself is calculated though with three different methods. The
results are shown in figure [{.15] This figure shows that the pressure drop is extremely small. This is
due to the fact that the mass flux through the plates is very small (G = 1.68 kg/sm?), compared with
the experiments in literature [22] A2] (G = 100 kg/sm?).
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Figure 4.14: Entropy production in the cooling medium at different liquid boundary layer thicknesses.
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Figure 4.15: Pressure drop along the plate length calculated with different methods.
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Chapter 5

Results and discussion

In this chapter an economical study is performed where the investment costs and energy costs at different
operation conditions are compared. Also the payback time of the installation is estimated to show the
relevance of a CRHP for the considered application. Afterwards concepts for reduction of the resorber
area will be analysed. At the end the weaknesses of the models of chapters[J and []] are treated.

5.1 Economic cycle optimisation

In this section the economical aspects of the CRHP in the considered application are analysed. The
cycle should be optimised to have the best energetic performance under the constraint of a payback time
of 3 years. To find the optimal combination of COP and heat exchanger area both models that were
developed will be used together. The cycle model of chapter[3is used to obtain the COP of the system
and the resorber model of chapter[] to obtain the area of the resorber. Then the COP is related to the
energy cost of the system. And the area of the resorber is related to investment cost of the system. The
minimum temperature difference in the resorber, AT,,;,, is varied to alter the operating conditions of
the system. The total entropy production rate in the system will increase when the AT, is increased,
because the forces are then larger. The effect is opposite for the COP; this is shown in figure [5.1

14 + 4
+
+
+ +
+
+
+
¥ * + .
2 t oo Q
2 r o 135 §
- +
o . + COP o
+
+
. +
+
+ +
+
+
10 ! ! ! ! ! ! ! + 3
0 2 4 6 8 10 12 14 16
AT K

Figure 5.1: Total entropy production in the cycle when the minimum temperature difference in the
resorber is varied.
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Investment cost estimation

The investment cost of the system is estimated with a cost correlation of Sinnott and Towler [37]. The
equation has the following form:

Ci=a+bS" (5.1)

Where S is the size parameter. a and b are cost constants and n is an exponent for a certain type
of equipment. Only the costs of the resorber, desorber and compressor are taken into account. Other
costs, such as for the valve, piping and fluid are neglected. For the resorber and desorber the constants
of a plate and frame heat exchanger are used. The compressor is assumed to be centrifugal, because
cost data are provided by Sinnott and Towler [37]. Zaytsev [43] suggested that a twin screw compressor
would be the best option for wet compression. It is assumed that the cost of a screw compressor is
comparable to that of a centrifugal compressor of the same capacity. Table shows the constants
that are provided by Sinnott and Towler [37].

Table 5.1: Purchased equipment cost for common plant equipment [37].

Equipment Units for size, S Siower  Supper @ b n
Plate and frame heat exchanger area, m? 1.0 500 1350 180 0.95
Centrifugal compressor driver power, kW 75 30000 490000 16800 0.6

The data is based on US dollars of 2007. To convert the cost to a present value of Euro a factor
for inflation and currency conversion is used. The inflation factor is taken from an inflation calculator
of the United States Bureau of Labour Statistics [29]. The currency conversion factor is obtained from
data provided by the European Central Bank [4].

fing = 1.16 Four = 0.91 (5.2)

In all circumstances not more than one centrifugal compressor is necessary for the considered application.
The required drive power as size parameter is obtained with the cycle model from chapter[3 The heat
transfer rates of the application are large, therefore more than one heat exchanger is often required.
When this is the case it is assumed that a maximum number of the heat exchangers with the maximum
size parameter of 500 m? is used, together with a small supplementary heat exchanger to fulfil the total
required heat transfer area. In figure [2.3| it was shown that a few large heat exchangers are always
cheaper than many small ones. The required area for the resorber is calculated with the resorber model
of chapter[]l The area of the desorber is obtained with a rough estimation.

Ades = (5.3)

UAT,,

Where U = 1500 W/m?K is the estimated overall heat transfer coefficient [34]. AT, is the estimated
mean temperature difference between the refrigerant and the solvent fluid of the application. This
temperature difference is estimated making use of figure [3.6] to be 15 K. Q¢ depends on the COP of
the system and it can thus be determined by:

Qc =Qu (1 - cép) (5.4)

Qp is determined by the application and the COP can be calculated with the cycle model of chapter

Then a factor for the installation cost is taken into account. It is f;,s = 1.8; this implies that the
installation costs are estimated to be 80 % of the total equipment cost. This factor is multiplied with
the total equipment cost to obtain the total cost. It is based on factors provided by Sinnott and Towler
[37) and accounts for equipment erection (30 %) and piping (50 %). This is assuming that buildings,
instrumentation and some piping can be used from the currently installed system.

Figure depicts the investment costs of the different components, the installation costs and the
total investment costs for different coefficients of performance of the cycle.
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Figure 5.2: Cost of investment

Energy cost estimation

The energy cost of operation of the heat pump is considered over lifetime of the system. The lifetime of
the system is expected to be 77, = 15 years. The power demand of the compressor, WC, is converted
to an electricity demand by the efficiency of the electric drive, which is assumed to be 7 = 0.98. The
electricity demand of the compressor is converted to an energy consumption during the whole lifetime
of the system assuming that the system operates 8000 hours per year [6]. The cost of electricity in
industry in the Netherlands in 2016 is ¢, = 0.0652 €/kwh according to the European Commission [10].
The information above can be summarized in the following equation.

~ W.-107%-8000
Mel

Ce TlifeCel (5.5)

The factor of 1072 is for unit conversion from W to kW. The compressor power can be obtained with
the COP of the system and the resorber duty.
- Qu
W, = COP (5.6)
In figure the energy costs are shown together with the total investment costs at different operating
conditions.

From figure|5.3|it is clear that the energy costs over the whole lifetime of the system are an order of
magnitude higher than the investment cost. Not all components were considered in the estimation of
the investment, but it is not expected that that would change the situation significantly. The cheapest
operation of the CRHP, among the investigated options, is when the COP is 3.7. This corresponds to
a AT, of 1.21 K. The total cost of the system is then 46.8 M€.
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Figure 5.3: Cost of electricity and investment

Payback period

To determine the payback time the profit of the system that is installed should be defined. The
economical profit of the new system will be defined by the saving of energy cost with respect to the
current system with unconstrained source mass flow. The current VCHP system with unconstrained
source mass flow has a COP of 2.76. The yearly energy cost can be calculated with equation 7 only
with W, = 6.34 MW and 7 = 1 year. The result is C’fl'g'CHP = 3307 k€. The yearly energy cost of the
CRHP can be calculated with:

cre = C’el/mfe (5.7)

elcruP

Where 7;¢. is the lifetime of the system which is taken to be 15 years. The payback period in years is
the investment cost of the system divided by the yearly profit.

Cfotal
Tpb = a. -a.
g Cgl\(jCHP - eplZRHP
The payback time is depicted in figure for different COP’s of the system.

Figure [5.4] shows that a payback time of 3 years is not attainable, the shortest payback time that
can be achieved is 10.28 years. This corresponds to a minimum temperature difference in the resorber
of 3.22 K. From figure it can be read that the investment cost is then 8.0 M€ and figure shows
that the energy cost over the lifetime is 38.9 M€. The shortest payback time is still shorter than the
lifetime of the system, so an instant investment does make profit according to these calculations.

Now, if an investor would not be interested in an instant investment it is advised to wait until the
end of the lifetime of the current system. And afterwards to purchase a CRHP instead of a new VCHP.
Because the yearly energy cost of a CRHP at AT}, = 3.22 K is 23 % lower than of a VCHP and the
investment cost is not expected to differ much between the two options.

(5.8)

p.a.
Ceienur _ 77 (5.9)
p.a. . .

elvcup
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Figure 5.4: Pay-back time

5.2 Concepts for resorber improvement

The total entropy production of the resorber is fixed. At least, under the given application conditions
(see figure and cycle conditions (see table , where the minimum temperature difference in
the heat exchangers is assumed to be 5 K. When this temperature difference is decreased the entropy
production always decreases (see figure and the COP increases. The total entropy production is
determined by the rate balance of equation . For convenience it is repeated here:

Resorber : 6 = mp(ss — s2) + mu(swy,,, — SH.,) (5.10)

In the resorber model of chapter the input parameters of equation are fixed, and they are used
to calculate the heat exchanger area that corresponds to the given operating conditions. There are
insufficient degrees of freedom to reduce the entropy production of the resorber. However, measures
can be suggested to reduce the area of the resorber. This is the target of improvement in this section.

To reduce the area of the resorber the entropy production rate distribution can be of use. In chapter
[Jequipartition of entropy was treated. It was suggested that a uniformly distributed entropy production
will lead to a lower total entropy production. Tondeur and Kvaalen [39] also dealt with the situation
of fixed total entropy production. They derived mathematically with the theory of non-equilibrium
thermodynamics that for a given duty and given total entropy production the required area is smaller
in an equipartitioned configuration than in other configurations. The resorber model of chapter [/
showed the local entropy production in the resorber (see figure . The entropy production rate
is not near uniformly distributed. A high peak of entropy production occurs in the first 20 % of the
heat exchanger area. As was derived previously, the entropy production rate in a single phase fluid
that transfers heat depends greatly on the temperature gradients in x-direction. For example for the
liquid, combining equations and . The temperature gradients in x-direction depend on the
temperature differences between different nodes. For the liquid the temperature gradient is determined
by the difference between T' and T"°. In the beginning of the process these differences are large
and thus the entropy production rate is large there. Some concepts of new configurations of the heat
exchangers are presented in the following sections.

5.2.1 Stages

A new configuration is suggested that may possibly increase the uniformity of the entropy production
in the resorber. The concept is to divide the process into stages. Starting in the first stage with a
small mass flow and in each next stage adding new hot vapour to the working fluid until the original
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mass flow is reached. Figure [5.5| shows a schematic representation of this new configuration when the
resorption process is divided into seven stages.

Stage 1 Stage 2 Stage 3 Stage 4

Stage 7 i Stage 6 i Stage 5

Figure 5.5: Schematic representation of the resorber configuration of seven stages.

The mass flows that are added after each stage are divided into equal portions. The functionality of
mixing is added to the resorber model of chapter 4, but no entropy production of mixing is considered.
When mixing occurs the new concentrations and enthalpies of the vapour are evaluated. The liquid
is not directly affected by the addition of vapour. The new concentration in the vapour is determined
with a mass balance.

MY X7 4+ Mstage X o

X;; _ d i a,init (511)
mY + Mstage

Where X, init is the initial concentration of the vapour and rigiqge is the amount of mass flow that is
added after each stage. The new enthalpy of the vapour is:

MmUY + Mgtageh

my + Mstage

hY = init (5.12)

Where h{ ., is the initial enthalpy of the vapour. With the new concentration and enthalpy values other
properties of the vapour can be obtained, such as temperature and density. The liquid properties are
indirectly influenced, because the driving force for transfer over the interface has changed, which results

in different exchange rates of heat and mass to the liquid.

The model is run with the inputs of table only with N, = 5000 and rp = 1.5 ke/s. The mass
flow that was added after each stage is equal to Msiqges = T g. Figure @ shows the mass flows along
the plate length. The red line shows the mass flow of the vapour; each discontinuity indicates that some
hot vapour is added. The threshold for mixing to occur is when the quality of the working fluid reaches
0.5 k8/kg. Every time that the red line touches the dark-blue line, a new stage has been reached. This
is when the mass of vapour and liquid are equal in the working fluid, so the quality is 0.5 k&/kg. After
seven stages the process proceeds beyond ¢,y = 0.5. At the end of the transfer area the process has not
finished yet; there is still vapour in the working fluid. More area is required to complete the process of
resorption for the application.

Figure[5.7]depicts the local entropy production in the heat exchanger along the length of the plate. It
can be observed that the peak in general has spread, compared to the peak in figure[4.13] Unfortunately,
the large discontinuities make the local entropy production less uniform. Entropy production of mixing
is not taken into account in the calculations; it is expected that this would enlarge the discontinuities
of the local entropy production.

It can be concluded that this configuration has a negative effect on the size of the heat exchanger
and should not be implemented for that reason. Following the theory of Tondeur and Kvaalen [39], the
increase of area can be ascribed to the discontinuities of the local entropy production.
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Figure 5.6: Mass flows along the plate length.
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Figure 5.7: Local entropy production along the plate length.

5.2.2 Continuous vapour addition

The next concept that is investigated is continuous vapour mass flow addition. It is the same principle
as the concept of stages, only the mass is added slowly and not in such large amounts at the same time.
It is expected that the discontinuities in the local entropy production will not appear. Figure |5.8|shows
a schematic representation of a plate, which is designed to create this situation. The hot vapour that
enters the heat exchanger at the top right inlet is divided into a part (one third) that enters the heat
exchanging surface directly and a part (two thirds) that is lead beside the plate. The part that is lead
beside the plate is added to the heat exchanging surface along the side of the plate. Probably, practical
difficulties will arise when actual design of such a heat exchanger is performed. The separation of the
vapour at the inlet might be unsteady. It might be hard to ensure that addition of the vapour along
the side of the plate is evenly distributed. Temperature and concentration differences along the width
of the plate will occur. These difficulties are neglected for now, and the resorber model of chapter[]is
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used to find out how the area of the heat exchanger will be influenced in an ideal case. From 10 % to
90 % of the transfer area the mass flow is added in each cell according to the mixing rules of equations

and (512,

O~

\\\\

7

Figure 5.8: Schematic representation of a plate of a plate heat exchanger designed for continuous vapour
addition.

The model is run with the inputs of table only with N, = 5000 and g = 3.6 k&/s. The rest
of the vapour mass flow (7.1 kg/s) was added after 10 % of the plate length with a rate of 4.1 k&/s per
meter of the plate length. All the vapour has entered the heat exchanging surface at 90 % of the plate
length. Figure shows the mass flows along the plate length. The red line represents the mass flow of
the vapour. There are no discontinuities any more, because the vapour is added in very small amounts.
From the very steady increase of the liquid mass flow (constant slope of blue line) after about 0.4 m,
it can already be observed that the forces and fluxes are more or less constant. This results in a more
uniform distribution of entropy production.

Figure shows the local entropy production rate along the plate length. And indeed it is very
regular after about 0.4 m. When this figure is compared to figure it is clear that the entropy is
more evenly distributed in this case than in the example of chapter[]} Also the peak in the beginning
is significantly smaller.

Unfortunately, as in the previous concept proposal, the process has not completely occurred yet and
the area of the resorber should be increased to let it do so. So the measure of continuously vapour
addition increases the required area of the heat exchanger. According to Tondeur and Kvaalen [39)
a uniform distribution of entropy production leads to lower heat exchanger area, when the duty and
the total entropy production is constant. These concepts were proposed assuming that the duration, ¢,
of the process in the heat exchangers would remain constant. This is a condition for the principle of
Tondeur and Kvaalen [39] to be true. However, the time is not constant, because the changing mass flow
of the working fluid along the length of the heat exchanger causes the velocity of the fluid to change.
And this leads to a change of the duration of the process. The effect of continuous addition of hot
vapour on the process is a more uniform distribution of entropy production and a decreased duration
of the process. The effect on the time of the process was stronger, so that the required area of the heat
exchanger increased.
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Figure 5.9: Mass flows along the plate length.
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Figure 5.10: Local entropy production along the plate length.

5.2.3 Adjusting cross-sectional area between the plates

The time of a process is of importance in many processes, because it often determines the production
of something. In a heat pump cycle the time that the working fluid needs to pass through a component
has no effect on the performance. It is proposed to turn around the principle that was used in the
previous sections. Now, the configuration of the heat exchanger is kept unchanged and the duration
of the process is sought to be increased in order to decrease the area of the heat exchanger. The time
that the mass of the working fluid needs to pass through a heat exchanger depends on the velocity of
the fluid. The velocity of the fluid can be calculated with:
m

Here A is the cross-sectional area of the flow direction of the mass. The variables of this equation
are in a considerable degree subject to variation throughout the process. The vapour and the liquid
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of the working fluid have different mass flows, densities and cross-sectional areas, so they will have
different velocities. If the total working fluid is considered, the mass flow and the cross-sectional area
are constant. The mean density of the two-phase mixture changes along the length of the plate, but it
always starts and finishes at the same point. The mass flow is given, but the cross sectional area of the
heat exchanger can be adjusted. When the area is increased, the velocity will be decreased and that
will cause the duration, ¢, of the process to increase. The cross-sectional area is determined by:

A=W, (5.14)

So the width of the plate and the plate spacing should be increased in order to decrease the heat
exchanger area. The resorber model is run with a high and low value for W, and d, separately. In
table 5.2 the results are shown of these adjustments. The first entry corresponds to the result of the
example in chapter[f] and this case is used as a reference here. When the width of the plate is changed,
then also the length of the plates changes, because the area of the plate is kept constant. The quality
of the working fluid is given at a certain position along the y-axis of the plate. When the quality is zero
or near zero below 99 % of the plate length, then the process has finished before all the available plate
area was passed. This means that less area is required. When the quality of the working fluid is above
zero at the end of the plate, then the process has not completed. In this case more area is required to
finish the process. Four cases are evaluated.

First, the width of the plate is changed from 0.75 m to the highest value in the range that is indicated
in table which is W, = 1/A,/2 = 0.81 m. All other inputs are kept equal to what was used in the
example in chapter[f] The result in table shows that the difference with the result of the reference
situation is very small. It seems that the process has completed before end of the plate. This confirms
the expectation.

Next, the plate spacing is changed from 4 mm to the highest value in the range that is indicated
in table which is d, = 5 mm. All other inputs are kept equal to what was used in the example in
chapter[f} Unfortunately, at the end of the plate there is still vapour in the mixture. This means that
the process has not completed and thus requires a larger heat transfer area.

Table 5.2: Evaluation of different plate widths and plate spacings.

Wp,m 6p, mm L, m Guf, k&/kg Ap, Pa
0.75 4 1.73  0.01 at y = 0.99L, 0.60
0.81 4 1.60  0.00 at y = 0.98L, 0.51
0.75 5 1.73  0.05 at y = 0.99L, 0.35
0.66 4 1.97  0.00 at y = 0.94L, 0.78
0.75 2 1.73  0.01 at y = 0.46L, 2.36

It is thought that in the derivation of Tondeur and Kvaalen [39] it is assumed that the equipment
size is not a function of the the contact time. However, a shorter contact time implies a higher velocity
of the fluid. The velocity of the fluid increases the heat and mass transfer coefficients that govern the
exchange of heat and mass in the process of condensation. Now the cross-sectional area in the flow
direction of the heat exchanger will be decreased. Equation shows that the velocity of the fluid
will then increase. It is expected that the higher velocity of the fluid will have a positive effect on the
exchange rates in the process and thus decrease the required heat transfer area.

The width of the plate is changed from 0.75 m to the lowest value in the range that is indicated in
table which is W, = y/A,/3. Other input values were taken as in table The result in table
shows that the vapour has condensed before the end of the plate.

At last, the plate spacing is changed from 4 mm to 2 mm. Unfortunately, the plate spacing could
not be brought lower, because the model experienced difficulties in the calculation. Other input values
were taken as in the example of chapter[j] The result in table [5.2] shows that the influence of the plate
spacing is large.

The pressure drop is also calculated with the correlations that were previously presented. In table
the results are shown of the method of Yan et al. [42] for the different cases. The characteristics of
the flow do not lie within the ranges that this correlation is appropriate for. Therefore the quantitative
results only give a rough indication of the order of magnitude, which is small. As the cross-sectional
area is decreased, the pressure drop increases. This should be expected, regarding the influence of 4,
and W), on the mass flux G and the hydraulic diameter dj, in the pressure drop correlations.
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Figure depicts the mass flows of vapour for the five different cases along the dimensionless
plate length. This graph provides insight into the progress of the process of condensation in the heat
exchanger. The blue line corresponds to the reference situation. The red line has a discontinuity at
around 53 % of the plate length. This is caused by an error in the energy balance iteration, see figure
If this error had not occurred, then the red line would have continued more or less parallel to the
blue one. Then it would have ended above the reference line and this would indicate that the process
requires more area to finish. Figure presents the vapour-interface heat transfer coefficients for the
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Figure 5.11: Vapour mass flows along the dimensionless plate length where the plate width and plate
spacings have been adjusted.

different cases along the dimensionless plate length. They were obtained with the correlation of Seader
and Henley [35] (equation (£.60)). The heat transfer coefficients determine the degree of influence of
the forces on the fluxes of heat exchange. Transfer coefficients are the inverse of resistivity coefficients,
see equation . Especially when the forces are high, the transfer coefficients play an important
role to determine the fluxes. The forces are high in the first part of the resorber, therefore a close-up is
shown of this part in figure [5.12)

These results confirm the idea that with a given duty, a given total entropy production and a
constant entropy production distribution, a decreased cross-sectional area in the flow direction leads to
higher velocities and higher exchange rates and thus a smaller heat exchanger area. The limit of this
measure will be determined by the pressure drop that is accepted for a certain application.
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Figure 5.12: Heat transfer coeflicient in the film along the dimensionless plate length where the plate
width and plate spacings have been adjusted.

5.3 Model discussion

The models that have been developed have some weaknesses that should be acknowledged to be able
to judge the reliability of the results in some measure. Two models have been developed; a cycle
performance model and a resorber model. The most important issue is that the models have not been
validated with experiments.

Further a number of issues will be dealt with concerning the resorber model of chapter [}

e Laminar and steady flow of the film along the wall is considered. In reality the film might be
wavy or even turbulent. Then the interface boundary becomes unclear and the film thickness is
unsteady. There are no different flow regimes considered in the working fluid. Ferndndez-Seara et
al. [13] did consider different flow regimes, but that was in a bubble absorber. This consideration
influences the choice of transfer correlations.

e The two-film theory of Whitman is assumed. This means that mass diffusion is neglected in the
vapour bulk and the liquid bulk of the working fluid. Therefore all the mass transfer occurs in
the interfacial region. This impacts the way in which the entropy production is calculated.

e The modelling equations of the thermodynamic state model only apply when both vapour mass
and liquid mass are present in the system. At the inlet of the resorber, where there is only vapour,
the model does not work. Therefore it is assumed that 1 % of the vapour mass has condensed
already at the inlet of the resorber.

e Frictional pressure drop has been taken into account. Yan et al. [42] pointed out that in their case
the frictional pressure drop accounted for more than 93 % of the total pressure drop. However, it
is expected that there will be a significant pressure drop due to contraction and expansion through
the ports of the plate heat exchanger in the considered application. Because Sinnott and Towler
[37] indicate that this pressure drop contribution is proportional to the number of channels, which
is large for the considered application.
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e The transfer correlations that were used for the heat transfer and pressure drop have certain
ranges for which they are valid. These conditions are not always satisfied in the calculations. For
instance for the cooling medium transfer coefficient ™ in the example of chapter[{] according to
the method of Amalfi et al. [3], 8., Re“™" and Bd are within the range, but p, and Bo are too
high and Re®™!° is too low. And together this causes Nu to be too low (equation )

e The liquid Reynolds number has been calculated with the vapour density instead of the liquid
density. This is an error in the model. The density is used to determine the velocity v' for equation
(4.61)). This error influences the liquid-interface heat transfer coefficient of. Figure @ shows
three different transfer coefficients. o', is the corrected coefficient which uses the liquid density

correctly for the Reynolds number in the correlation of Seader and Henley [35]. As can be seen in

the figure the difference between o! and o', is significant. As was mentioned previously the !

can also be taken to be equal to o as was done by Ferndndez-Seara et al. [14]. For comparison
the heat transfer coefficient of the film o is also shown in figure
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Figure 5.13: Heat transfer coefficients along the length of the plate.
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Chapter 6

Conclusions and recommendations

The objective of this research was to find the most energy efficient performance of a compression-
resorption heat pump keeping the payback time under three years. The COP of the system is the
measure for the energetic performance of a heat pump. The economical profit of the new system is
defined by the saving of energy cost with respect to the currently installed system.

e A payback time of three years is not attainable for a CRHP for the considered the application.
The shortest payback time is 10.28 years. The optimised COP of the system is then 3.6 (entropy
production is minimised). The shortest payback time is still shorter than the lifetime of the system
(15 years), so an instant investment still is profitable.

A literature study and two models were developed that contribute to the objective. A cycle performance
model and a detailed model of the resorber were constructed. Furthermore, the resorber model was
adjusted to investigate alternative configurations of the heat exchangers. The following conclusions can
be drawn from the cycle performance model from chapter[3}

e The optimal ammonia concentration of the CRHP with an ammonia-water mixture in the consid-
ered application is 0.7 mol/mol. At this concentration the total entropy production of the system
is minimal.

e The highest COP of the CRHP is 3.48. This is higher than any of the other considered alternatives
(see table. The minimum temperature difference in the resorber was kept above 5 K, otherwise
an even higher COP is attainable.

e The resorber is the component with the largest entropy production (44.6 %). This is caused by
the poor match of the temperature profiles of the working fluid and the application fluid.

e The best working fluid that should be used in a VCHP for the considered application is acetone.
It leads to the highest COP with an acceptable pressure at the inlet of the compressor (above
0.3 bar). This alternative approaches the optimal performance of a CRHP (see table and
appendix |A]).

A detailed model was developed for the resorber, because it was shown to be the component with the
highest losses. The following conclusions can be deduced from the results of this model:

e The entropy production rate in the resorber is not near uniformly distributed. It is high at the
beginning when the forces for heat transfer and mass transfer are high (see figure [4.13)).

e In the example with the input conditions of table [{.2] the required heat exchanger area was 5525
m?2. For this eleven full size heat exchangers of 500 m? are required and one additional smaller
one.

A feasibility study was carried out and presented in chapter [j, The investment cost of the heat ex-
changers and the compressor were calculated and the energy cost of the system over a lifetime of fifteen
years. Also the payback period was determined, where the profit was defined to be the cost saving of
the CRHP with respect to the currently installed VCHP.

e The cheapest option for the installation of the CRHP has a COP of 3.7, see figure The
investment cost is 9.1 M€, the energy cost over the lifetime of the system of fifteen years is 37.7
M€ and the payback period is 10.57 years.
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The shortest payback time is 10.28 years. In this case the COP of the system is 3.6. And the
total cost becomes 46.9 M€.

Also in chapter [J] the resorber model was adjusted to investigate alternative heat exchanger config-
urations. A reduction of the heat exchanger area was the target of the alternatives. From these
investigations it can be concluded that:

The concept of stages causes the area of the resorber to increase. Discontinuities are introduced
in the local entropy production so that it becomes even less uniform along the length of the plate
of the heat exchanger.

The concept of continuous vapour addition also increases the required area of the resorber. The
entropy production rate has become more uniform. However, it would only positively affect the
required area if the duration of the process would have been kept constant. And that was not the
case.

A reduction of the cross-sectional area of the flow direction in the heat exchanger causes the
required heat exchanger area to decrease. To reduce this area the plate spacing and the width of
the plate can be decreased.

This study will be concluded with some recommendations regarding the feasibility of the application
and further research.

If an investor would not be interested in an instant investment it is advised to wait until the
end of the lifetime of the currently installed system. And afterwards to install a CRHP instead
of a new VCHP. Because the yearly energy cost of a CRHP at AT,,;, = 3.22 K is 23 % lower
than of a VCHP. The investment cost is not expected to differ much between the two options.
23 % less compressor power is required for the same duty; when this would be applied on a large
scale it would significantly contribute to the goal of the European Council [I2] to improve energy
efficiency by 27 % in 2030.

The results of both models that have been developed should be validated with experiments. For
validation of the cycle model an actual CRHP cycle with ammonia-water as working fluid should
be installed. Perhaps on a laboratory scale at first. For validation of the resorber model a setup
should be prepared for a plate heat exchanger with ammonia water as hot fluid and water as cold
fluid. Measurements should be performed not only at the in- and outlet of the heat exchanger,
but also along the length of the plates.

Investigate the effect of the heat losses to the environment. For both models this is interesting.
The COP of the cycle will decrease when this effect is taken into account, but how much will the
difference be?

The resorber model can be adjusted in order to use it for the desorber quite easily. If accurate
calculations of the desorber area are desired this is certainly a good approach.

With regard to the performance of the CRHP priority must be given to the improvement of the
efficiency of wet compression. In this work the isentropic efficiency is assumed to be 70 %. If
it were only 60 % the CRHP would perform worse than a conventional VCHP with acetone (see
table . To the knowledge of the author neither of these efficiencies have been achieved in
practice yet.

Innovative configurations of the heat exchangers may be sought after to increase the uniformity of
the distribution of the entropy production rate. Such a configuration will only cause the required
area to decrease when the duration of the process is unchanged.
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Appendix A

Vapour-compression heat pump
performance

In this appendix the results of a cycle performance model of a VCHP are presented. For the calculations
the property database of Refprop [24] is used. The isentropic efficiency of the compressor is assumed
to be 70 %. The fluid is condensed to saturated liquid in the condenser and evaporated to saturated
vapour in the evaporator. It is assumed that there are no heat losses to the environment and no pressure
drops in heat exchangers and pipes. Table shows the coefficient of performance of the same heat
pump with different working fluids. The calculations were performed for all the available fluids from
the Refprop database [24], but only the 50 fluids with the best performance are ordered and shown.
The pressure in the evaporator, ps 1, must be above 0.3 bar to ensure safe operation of the compressor.
The maximum discharge pressure, ps 3, for a screw compressor is around 1100 psig [I5], which is 75 bar.
Taking this into account, the cycle has the best performance with acetone as working fluid.

51



v4C Ly v9°C¥ 0¥°6 ouodoad 06°C ey 71°0 000 ourIIP
¥6'C 8Fh AR]! 8Z'¢ ourjnq 06°C ey €00 000 ouRIIPOP
¥6'C 8¥¥ 99°1¢ 80'% SHFDT 06°C i LE°G €90 eIy
¥6'C 8P 9.°8¢ 08°L 1730 [Ajeturp ¥6°C L8V 00°0 000 9yealo [Ayjow
LG°T N7 0972 i qQzrTy 76°C LS 0070 0000 Ppwe dtouroopeidoy
LG°C K57 L8761 cre BIGHEH ¢6'C 88 GI'Se 792 1)81
09°C eeid V112 86°¢ auLIN(q G6°C 88 000 000 oyeatoul] [ATjour
¥9°C 8°Gh stay) 78°0 CASHTD 10°¢ e6V ¢z'0 10°0 ouLuOU
19°C a7 87°6€ 0LL ouadordora4d €0'¢ 767 131 01°0 ouoydey
L9 T oy TLs 62T CTHEDT 90°¢ L6 0070 000 0€6L-dDD
69°C i eeT 01°0 STHSDT L0°€ 86V vZ'8 arl qIiTy
0L°C esid 6811 ¢h1 ®OGHTY L0°€ 86 62°€¢ ohe OpIXOIp Injns
TLe L'9¥ ¥6°L1 AN STHYD} e 1°0¢ 766 671 (AR
9.°C 0LV €8¢ g0 eurjuadiAoni-g are z0¢ 76761 €6°C K4t
9.°C 0LV z9Cl €81 azeeerd ere z0¢ 12°C 020 OUAXAT|
9.°¢ 1Ly 44y 86°0 ouejuod QT'€ 705 AN 290 ourjuedo[oLd
6L°C oLy 008 €01 10130 eI 7°0S eeT €00 I97em AaeaT]
€8°C Ly 06°91 16°C SHFD- er'e 7°0S 661 90°0 REULINY
¥8°C 8LV 80°¢ 1€°0 ourXoy €z'e 6°0G 9%°0 200 OUOZUD[AT[30
18T 1°8¥ LeT 01°0 ouerydoy 9z°¢ z1¢ 6.1 g0 9u03je0RAX0IPAYIP
18T 1'8¥ LETL 16°€1 BIUOWIUIR L€ eIe L6°0 90°0 ouaN{0}
68°C iy 290 €00 our}O0 62°¢ vIG 99°F L¥0 Sli(elEenld
68°C rlsid 96°6 €1 ARt 0€°¢ 7IG 8T'C 0Z°0 oudZue(
68°C rlsid 62°0 10°0 ourUOU 6£°¢ 1°2¢ 99'% 8Z°0 [oueyjou
06°C ¢'8v 90°0 00°0 ourOOpUN 0¥'¢ 1z €0'¢ 7170 [ouey3o
- dOO  Sfaw Pw Teq ‘€ req ‘Tvd pmy SUBION | - ‘dOD  S/3w ‘Pw  Ieq ‘€T req ‘Uvd pmy Sun{I0p

‘uoryeoridde oy ur pajersojur spmy Suryiom justagip ypm dumd jesy uorsserduwoos-modea ® JO $}NSOI 9OURULIOLID] TV 9[RT,

52



Bibliography

[1]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

European Environment Agency. Final energy consumption by sector and fuel, October 2015.
www.eea.europa.eu, accessed in October 2016.

L. Ahlby, D. Hodgett, and T. Berntsson. Optimization study of the compression/absorption cycle.
International Journal of Refrigeration, 14(1):16-23, 1991.

R.L. Amalfi, F. Vakili-farahani, and J.R. Thome. Flow boiling and frictional pressure gradients in
plate heat exchangers. Part 2 : Comparison of literature methods to database and new prediction
methods. International Journal of Refrigeration, 61:185-203, 2016.

European Central Bank. Euro exchange rates usd, November 2016. www.ecb.europa.eu, accessed
in November 2016.

A. Bejan. Method of entropy generation minimization, or modeling and optimization based on
combined heat transfer and thermodynamics. Revue Générale de Thermique, 35(418-419):637-646,
1996.

D.M.v.d. Bor. Mini-channel heat exchangers for industrial distillation processes. PhD thesis, Delft
University of Technology, 2014.

D.M.v.d. Bor, C.A. Infante Ferreira, and A.A. Kiss. Low grade waste heat recovery using heat
pumps and power cycles. Energy, 89:864-873, 2015.

T.H. Chilton and A.P. Colburn. Mass Transfer (Absorption) Coefficients Prediction from Data on
Heat Transfer and Fluid Friction. Industrial & Engineering Chemistry, 26(11):1183-1187, 1934.

P. Colonna and T.P. Van der Stelt. FluidProp: a program for the estimation of thermo physical
properties of fluids. Energy Technology Section, Delft University of Technology, version 2.5 edition,
2004.

European Commission. Electricity prices by type of user, August 2016. www.ec.europa.eu, accessed
in October 2016.

M. Conde. Thermophysical Properties of {NH34+H20} Solutions for the Industrial Design of
Absorption Refrigeration Equipment, 2004.

European Council. 2030 Climate and energy policy framework - EUCO 169/14. (October):1-15,
2014.

J. Ferndndez-Seara, J. Sieres, C. Rodriguez, and M. Vazquez. Ammonia-water absorption in
vertical tubular absorbers. International Journal of Thermal Sciences, 44(3):277-288, 2005.

J. Fernandez-Seara, F.J. Uhia, and J. Sieres. Analysis of an air cooled ammonia-water vertical
tubular absorber. International Journal of Thermal Sciences, 46(1):93-103, 2007.

W.E. Forsthoffer. Forsthoffer’s Best Practice Handbook for Rotating Machinery. Elsevier Ltd., 1st
edition, 2011.

M. Holger. VDI Heat Atlas N6. Springer, 2nd edition, 2015.

53



[17]

[18]

[19]

[20]

[21]

M. Hultén and T. Berntsson. The compression/absorption heat pump cycle - Conceptual design
improvements and comparisons with the compression cycle. International Journal of Refrigeration,
25(4):487-497, 2002.

C.A. Infante Ferreira, C. Zamfirescu, and D. Zaytsev. Twin screw oil-free wet compressor for
compression-absorption cycle. International Journal of Refrigeration, 29(4):556-565, 2006.

L.C.M. Ttard. Wet compression-resorption heat pump cycles: thermodynamic analysis and design.
PhD thesis, Delft University of Technology, 1998.

S. Kjelstrup and D. Bedeaux. Non-Equilibrium Thermodynamics of Heterogeneous Systems. World
Scientific Publishing, 1st edition, 2008.

S. Kjelstrup, D. Bedeaux, E. Johannessen, and J. Gross. Non-Equilibrium Thermodynamics for
Engineers. World Scientific Publishing, 1st edition, 2010.

G. Kreissig and H.M. Miiller-Steinhagen. Frictional Pressure Drop for Gas/Liquid Two-Phase Flow
in Plate Heat Exchangers. Heat Transfer Engineering, 13:42-52, 1992.

J.M.v. Leeuwen. Absorption and desorption of ammonia-water miztures in mini-channel heat
exchangers. Master thesis, Delft University of Technology, 2011.

E.W. Lemmon, M.L. Huber, and M.O. McLinden. NIST Standard Reference Database 23: Refer-
ence Fluid Thermodynamic and Transport Properties - REFPROP. National Institute of Standards
and Technology, Standard Reference Data Program, version 9.1 edition, 2013.

A F. Mills. Heat Transfer. Prentice Hall, 2nd edition, 1999.

M.J. Moran and H.N. Shapiro. Fundamentals of Engineering Thermodynamics. John Wiley and
Somns, 6th edition, 2010.

E. Morawetz. Sorption-compression heat pumps. International Journal of Energy Research,
13(1):83-102, 1989.

H. Miiller-Steinhagen and K. Heck. A simple Friction Pressure Drop Correlation for Two- Phase
Flow in Pipes. Chem. Eng.1, Processing, 20(1):297-308, 1986.

United States Bureau of Labour Statistics. Cpi inflation calculator, October 2016. www.bls.gov,
accessed in October 2016.

L. Onsager. Reciprocal relations in irreversible processes. I. Physical Review, 37:405-426, 1931.
L. Onsager. Reciprocal relations in irreversible processes. II. Physical Review, 38:2265-2279, 1931.

A.S. Rattner and S. Garimella. Fast, stable computation of thermodynamic properties of ammonia-
water mixtures. International Journal of Refrigeration, 62:39-59, 2015.

J.J. Rijpkema. Experimental Validation of a New Ammonia/Water Absorption Model in a Mini-
Channel Annulus. Master thesis, Delft University of Technology, 2012.

W. Roetzel and B. Spang. VDI Heat Atlas C3. Springer, 2nd edition, 2015.

J.D. Seader and E.J. Henley. Seperation process principles. John Wiley and Sons, 2nd edition,
2006.

J. Sieres and J. Fernandez-Seara. Modeling of simultaneous heat and mass transfer processes in
ammoniawater absorption systems from general correlations. Heat and Mass Transfer, 44(9):113—
123, 2007.

R. Sinnott and G. Towler. Chemical Engineering Design. Elsevier Ltd., 5th edition, 2009.

F. Téboas, M. Vallés, M. Bourouis, and A. Coronas. Flow boiling heat transfer of ammonia/water
mixture in a plate heat exchanger. International Journal of Refrigeration, 33(4):695-705, 2010.

54



[39]

[40]

[41]

[42]

D. Tondeur and E. Kvaalen. Criterion for Transfer and Separation Processes. Industrial & FEngi-
neering Chemistry Research, (26):50-56, 1987.

G. Tiirkakar and T. Okutucu-Ozyurt. Entropy generation analysis and dimensional optimization
of an evaporator for use in a microscale refrigeration cycle. International Journal of Refrigeration,

56:140-153, 2015.

S. Whitaker. Forced Convection Heat Transfer Correlations for Flow In Pipes, Past Flat Plates,
Single. AICRE Journal, 18(2):361-371, 1972.

Y. Yan, H. Lio, and T. Lin. Condensation heat transfer and pressure drop of refrigerant R-134a in
a plate heat exchanger. International Journal of Heat and Mass Transfer, 42(6):993-1006, 1999.

D.V. Zaytsev. Development of wet compressor for application in compression-resorption heat
pumps. PhD thesis, Delft University of Technology, 2003.

95



56



List of Symbols

Roman symbols
A Area, m?
a Amplitude of plate wave / Cost constant for intercept, m, —
b Cost constant for slope, —

Bo Boiling number, —

Bd Bond number, —

C Cost, €

Molar concentration / Specific cost, molmol ™!, € kWh~1
Coefficient of performance, —

Specific heat capacity at constant pressure, Jkg~ ' K1
Diffusion coefficient, m?s~!
Diameter, m

Exergy flow rate, W

Mass transfer coefficient, mols™'m™
Factor, —

Mass flux, kgs~'m™
Gravitational acceleration, m s~
Specific enthalpy, kJkg™!
Counter, —
Flux, ratem™
Friction factor, —

Number, —

Length, m

Mass flow, kgs™!

Molar mass, kgmol !

Molar flow rate, mols™*

Number, —

Number / Cost constant for exponent, —, —

Nusselt number, —

Pressure, Pa

Prandtl number, —

Heat transfer rate, W

Vapour quality, —

Phenomenological resistivity coefficient / Universal gas constant, —, J K ~tmol =1
Reynolds number, —

Entropy / Size parameter, JK !, —

Specific entropy, Jkg ! K1

Schmidt number, —

Thermodynamic averaged temperature, K

Temperature, K

Time, s

Overall heat transfer coefficient, Wm =2 K !

Volume, m?

Specific volume, m3kg=! / Velocity, ms~
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W Work, W

w Width, m

X Driving force / Mass concentration / Wave number, —, kgkg™!, —
x Length coordinate perpendicular to flow direction, m
Y Length coordinate in flow direction, m
z Molar flux ratio (ammonia to total), —
Greek symbols

« Heat transfer coefficient, Wm =2 K1
15} Chevron angle, o

ol Surface tension, N'm™!

A Difference

) Thickness / distance, m

€ Heat transfer correction factor, —

n Efficiency, —

P Surface enhancement factor, —

0] Fugacity coefficient, —

A Wavelength of plate, m

A Thermal conductivity, Wm ™1 K !

I Chemical potential / dynamic viscosity, Jmol~!, Pas
v Gradient

v Kinematic viscosity, m?s~1

p Density, kgm ™3

o Entropy production rate, W K !

T Time, a

Sub- and superscripts

! Measurable

* Saturated

* Phase change

0 Reference

17 Second law

a Ammonia

b Boundary layer

C Source (application side)

c Cell / Compressor

cm Cooling medium

corr  Corrected

cr Critical

CRHP Related to a compression-resorption heat pump
cur Currency

d Destruction

des Desorber

el Electric

eq Equivalent

ev Source (refrigerant side)

f Film

H Sink (application side)

h Hydraulic

hex Heat exchanger

i Interface / Inner / Investment

1,7,k Number of contribution

in Inlet

inf Inflation
init At initial conditions
inst  Installation
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s Isentropic

l Liquid
lo Liquid only
lost  Lost

life  Life time
lower Lower limit
maxr  Maximum
min  Minimum
mol Molar

m Mean

0 Outer

out Outlet

P Plate

p.a. Per annum

pb Payback period

q Related to heat transfer

R Refrigerant / working fluid
r Reduced / ratio

rev Reversible cycle

stage Per stage

T Thermal, evalauted at a constant temperature
total The sum of the separate parts

tp Two-phase

upper Upper limit

V Per unit volume

v Vapour

VCHP Related to a vapour-compression heat pump
w Wall

w Water

wf Working fluid

Abbreviations

CRHP Compression-resorption heat pump
VCHP Vapour-compression heat pump
ref. Reference
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