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ABSTRACT

At the moment, the worldwide demand for air conditioning is rapidly growing, and it is expected to exceed
the demand for space heating by the 2060s. However, traditional refrigerants such as CFCs and HCFCs are
regulated or phased out by the Montreal and Kyoto protocol. Secondary loop refrigerant systems use less
of these harmful refrigerants since they make use of a distribution fluid (for example water) as transport
medium between the chiller and the coolers. The efficiency of these systems can be improved by using a
phase change material as a secondary refrigerant.

Tetra-n-butylammonium bromide (TBAB) is a promising phase change material for air conditioning ap-
plications. TBAB is a white powder that has a good solubility in water. If the solution is cooled down to below
it crystallization temperature then TBAB hydrates are produced at a almost constant temperature of 0-12.5 ◦C
depending on the TBAB concentration. This has as advantage that for the same application the TBAB slurry
can be produced at a higher temperature than chilled water. Furthermore, due to its phase change, the TBAB
has a larger cooling capacity which can be utilized to reduce the flow rates in the system.

At his moment, the TU Delft has in collaboration with Hollander Techniek installed a small pilot air con-
ditioning system in the sports hall ’De Jachtlust’ located in Twello, the Netherlands. The system has a capacity
of approximately 3.5 kW. It has a single 300 L storage tank of and it is equipped with sensors to monitor the
performance of the system.

During this project an existing model of a secondary air conditioning system is improved and extended
taking into account the design parameters of the installation in Twello. In the literature, it is found that the
adhesion of the crystals composes the main challenge of these systems. The crystal can be removed by friction
with the flow. In the model it is assumed the friction losses are equal to the removal work exerted on the
crystal layer. Based on this principle the velocity and the thickness of the crystal layer is determined using
experimental data for the required TBAB removal force. The heat transfer and pressure drop correlations
are selected using experimental data. The model is validated with water as a secondary refrigerant using the
experimental data from the pilot system in Twello.

The simulations predict that using a 36.5 wt % TBAB solution increases the COP from 2.96 to 4.00, while
the energy consumption reduces by 24.8 %. This reduction is mainly due to a 30.5 % decrease in the power
consumption of the compressor. At the same time, the generation side pump consumes 204 % more elec-
tricity due to adhesion of the produced crystals to the heat transfer surface. The performance of the TBAB
can still be improved by lowering the initial TBAB fraction to 35.0 wt% or by further optimizing the control
strategy for the crystal production.
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NOMENCLATURE

LATIN

A area, [m2]
a operand, [-]
B bore, [m]
b distance between the plates, [m]
Bd Bond number, [-]
Bo boiling number, [-]
C concentration [1/m3]
Co convection number, [-]
COP coefficient of performance, [-]
Cp specific heat, [J/(kg K)]
D diffusivity, [m2/s)]
d diameter, [m]
E energy, [J]
F force, [N]
F r Fraude number, [-]
f Darcy friction factor, [-]
G mass flux, [kg/(m2/s)]
Ġ growth rate, [kg/s]
g gravity constant, [m/s2]
H head, [Pa]
h enthalpy, [J/(kg K)]
K ′ fluid consistency index, [-]
k mass transfer coefficient, [m/s]
L length, [m]
l stroke, [m]
M molar mass, [kg/kmol]
m mass, [kg]
ṁ mass flow, [kg/s]
N rotational speed, [rot/s]
Nu Nusselt number, [-]
n flow behavior index, [-]
nr number, [-]
P power, [W]
p pressure, [Pa]
Pr Prandtl number, [-]
Q̇ heat flow, [W]
Re Reynolds number, [-]
RH relative humidity, [-]
Rp roughness, [µm]
Sc Schmidt number, [-]
Sh Sherwood number, [-]
T temperature, [K]
t time, [s]
U overall heat transfer coefficient, [J/(m2K)]
V volume, [m3]
V̇ volume, [m3]
v volume flow, [m2/s]

Ẇ work, [W]
w mass concentration, [-]
X vapor fraction, [-]
x axial position, [-]

GREEK
α heat transfer coefficient, [W/(m2 K)]
β corrugation angle, [-]
γ̇ shear rate, [1/s]
γ corrugation aspect ratio, [-]
∆ difference, [-]
δ thickness, [m]
ζ loss coefficient, [-]
η efficiency, [-]
λ thermal conductivity, [W/(m K)]
µ viscosity, [Pa/s]
ρ density, [kg/m3]
σ surface tension, [N/m]
τ shear stress, [Pa]
Φ surface enlargement, [-]
φ volume fraction, [-]
ψ operand, [-]
χ operand, [-]
ω mass fraction, [-]

SUPERSCRIPT
n element number
sat saturation
t time step

SUBSCRIPT
0 initial
a acceleration
app apparent
amb ambient
b bend
c crystals
comp compressor
cr critical
cr oss cross section
d design
e equilibrium
e f effective
el ec electric
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viii NOMENCLATURE

eq equivalent
evap evaporating
i inner
i n entering
i ce ice
f friction
f an fan
f i n fin
G vapor
g en generator
h hydraulic
L liquid
LG phase change
l atent latent heat
m mean
max maximum
mech mechanical
mod modified
o outer
opt optimum
out leaving
p plate
pt port
pump pump
r refrigerant
r e f reference

r em removal
s isentropic
sat saturation
stor storage tank
scr ap scrapping
set settling
sol solution
sl slurry
T B AB tetra-n-butyl ammonium bromide
v virtual
vol volumetric
w wall

ABBREVIATIONS

ACH air change per hour
CFCs chlorofluorocarbons
CHS clathrate hydrate slurry
COP coefficient of performance
HCFCs hydrochlorofluorocarbons
HVAC heating ventilation and air conditioning
PCM phase change materials
PTFE polytetrafluoroethylene
TBAB tetra-n-butylammonium bromide

DEFINITIONS
TBAB mass concentration of a solution:

wT B AB = mT B AB

msol

Solid mass fraction of a slurry:

ωc = mc

msl

Solid volume fraction of a slurry:

φc = Vc

Vsl
= ωc /ρc

ωc /ρc + (1−ωc )/ρsol
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1
INTRODUCTION

Air conditioning systems are used all over the world to control the air temperature and humidity of a con-
fined space by extracting heat from it. At the moment the worldwide demand for air conditioning is rapidly
growing. This trend is expected to continue due to the increased welfare in developing countries [13, 18, 28].
Improved living standard in countries like China and India open up new markets with enormous potential for
air conditioning technologies. By the 2060s the world wide energy demand for air conditioning is expected to
exceed the energy demand for heating [28, 31].

Due to the high demand for air conditioning systems and the high CO2 emissions associated with air con-
ditioning, there is a need for improving the efficiency of these technologies. However, traditional refrigerants
such as CFCs and HCFCs are regulated or phased out by the Montreal and Kyoto protocol due to either their
contribution to the depletion of the ozone layer or their global warming potential. In order to limit the use
of these harmful refrigerants secondary loop air conditioning systems are increasingly used. These systems
make use of a distribution fluid (the secondary refrigerant) as transport medium between the chiller and the
coolers. Water is commonly used as a secondary refrigerant in air conditioning system. Usually the water
is cooled down in the chiller from 12 to 7 ◦C while the primary refrigerant evaporates at about 2 ◦C. Next,
the chilled water is used to cool down the air from about 22 to 16 ◦C. The temperature glide of the water in
the chiller and the air cooler limits the overall efficiency of the system. Furthermore, due to the low specific
heat of chilled water, the pumps of the secondary refrigerant can account for up to 30 % of the total energy
consumption of such a system [71]. Both problems can be solved by using change material (PCM) as a distri-
bution fluid.

1.1. HYDRATE SLURRIES
Hydrate slurries are a group of the PCMs that have been proposed as possible replacement for water as the
secondary refrigerant in air conditioning systems. Hydrate slurries are suspensions of crystals (hydrates) in
a solution. At room temperature the PCM is a clear solution without any hydrates. If this solution is cooled
down to below a certain temperature (referred to as the phase change or equilibrium temperature) hydrates
are formed. The hydrates are produced at more or less constant temperature, so the temperature glide in the
chiller and the coolers will be much smaller. Furthermore, due to latent heat of the phase change, the cooling
capacity of these slurries is much larger than that of water.

One promising hydrate slurry is a solution of tetra-n-butyl ammonium bromide (TBAB) in water. TBAB is
a white salt with a good solubility in water. The crystal hydrates can be produced at atmospheric pressure at
a temperature ranging from 0-12.5 ◦C depending on the TBAB concentration. This temperature range nicely
fits the desired temperature range for air conditioning applications. Due to its phase change the cooling
capacity of the TBAB CHS is about 2-4 times larger than that of chilled water with a temperature glide of 7 ◦C
[75]. Therefore it is sometimes referred to as high density thermal energy carrier [70].

Another advantage is the TBAB solution does not pose significant safety issues. The powder itself can
cause irritation, severe eye damage and is toxic when it is swallowed [49]. The TBAB solution on the other
hand does not impose these hazards when it is properly integrated in air conditioning systems. Other usefull
properties of TBAB include that the solution does not deteriorate after repeated usage and it is even possible
to recycle the substance after the system is dismantled [51]. Furthermore, the TBAB solution is nonflammable
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2 1. INTRODUCTION

and unlike CFCs and HCFCs it hardly contributes to global warming or the depletion of the ozone layer.

1.2. TBAB AIR CONDITIONING SYSTEMS
A schematic overview of a TBAB air conditioning system is included in figure 1.1. The system consists out of
primary and a secondary loop. The primary loop uses a conventional refrigerant while the secondary loop
makes use of the PCM (in this case the TBAB solution). The primary loop consist out of a conventional air
conditioning unit. In this refrigerant cycle heat is extracted in the evaporator (the generator) and released to
the environment in the condenser. The TBAB crystals are also produced in the generator. The generator is
a heat exchanger in which heat is extracted from the solution while the refrigerant is evaporated. The TBAB
solution is pumped from the storage vessel through the generator. In the generator the solution is cooled
down to below its crystallization temperature so that TBAB crystals are produced. The result is a suspension
of crystal in a TBAB solution. This suspension is usually referred to as a clathrate hydrate slurry or CHS.

The CHS is stored in the storage tank for future usage. If there is a cooling demand the utilization side
pump is switched on. Then, the CHS is pumped through the air cooler, melting the crystal while cooling
down the air in the room. When the crystal fraction in the storage vessel reduces below a certain set point
then the generation side pump is switched on. Otherwise the CHS is replenished during the night when the
crystal production is more efficient due to the lower ambient air temperature.

Figure 1.1: A schematic overview of the TBAB air conditioning system as installed in Twello.

The storage of the CHS offers the advantage that the system can also profit from the lower night tariff for
the electricity. However, the main advantage of using TBAB is that it will reduce the electricity consumption
because:

• The TBAB crystals can be produced at an almost constant temperature (which can be as high as 12.5
◦C) while water is usually cooled down from 12 to 7 ◦C. So the crystals can be produced at higher tem-
perature which means that the evaporation temperature in the condensing unit can be raised.

• Due to the storage the TBAB can be generated during the night when the ambient air temperature is
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lower, so the temperature (and pressure) in the condenser can be reduced. This and the previous item
will reduce the pressure ratio in the compressor and therefore also reduce the power consumption of
the compressor.

• Due to the higher cooling capacity of the TBAB CHS the flow rates in the system can be reduced. This
will reduce the pumping power in the utilization side of the system.

REALIZATION OF TBAB SYSTEMS

JFE Engineering Corporation already marketed TBAB air conditioning system under the name Neo White®.
This company has already installed several large scale TBAB air conditioning systems in Japan, Southeast
Asia and the USA [32]. For all these projects an energy saving of more then 20 % was reported. One of these
projects was a 56000 m2 shopping center for which an energy reduction of 40.17 % was achieved [75].

Besides these large scale installations a number of research installations have already been realized. Douzet
et al. constructed a prototype installation but they still faced some challanges with crystal adhesion to the
heat exchanger surface [21]. Ma et al. also installed a pilot plant, although they did not achieve a reduction in
the energy consumption. They explained the lack of an energy reduction by the low pumping power (due to
the short piping in their research installation) [45].

At his moment the TU Delft has in collaboration with Hollander Techniek installed a small air condi-
tioning system in sports hall ’De Jachtlust’ located in Twello, the Netherlands. The system has a capacity of
approximately 3.5 kW and it is used to cool a single room with a floor area of about 100 m2. The system
has a single storage tank of 300 L and it is equipped with sensors to monitor the performance of the system.
The system was taken into operation at 6 September 2016 using water as a secondary refrigerant. The water
solution will later on be replaced for a 36.5 wt% TBAB solution.

1.3. OBJECTIVE
The objective of this thesis is to quantify the effect of the application of TBAB hydrate slurries on the energetic
performance of secondary loop air conditioning systems. The hypothesis is as follows:

The energy consumption of the secondary loop air conditioning system installed in Twello can significantly be
reduced if a TBAB hydrate slurry instead of water is used a secondary refrigerant.

The hypothesis is validated by extending and improving the model made by Zak [74]. New studies and exper-
imental data will be used to find the most suitable correlations to implement in the model. The model will be
validated with the experimental data obtained from the pilot system in Twello. Finally the model will be used
to compare the performance of the TBAB air conditioning system with the performance of a conventional
water system.

1.4. OVERVIEW OF THE REPORT
The report offers a more or less chronological overview of the research. An overview of the subject included
in each chapter is presented below:

• Chapter 2: in this chapter an insight in the relevant phenomena occurring in TBAB systems is presented
as wells as the most important findings of earlier studies to PCM air conditioning systems.

• Chapter 3: this chapter offers an overview of the correlations that are used to describe and model the
properties of the TBAB solution, crystals and CHS.

• Chapter 4: the heat transfer and pressure drop correlations are presented in the model. Where possible
the most suitable correlations are selected based on data available in the scientific literature.

• Chapter 5: here the model is discussed. The model is divided into one submodel for each separate com-
ponent. In this chapter the correlations and methods that are used to model each separate component
of the system are presented.

• Chapter 6: the validation of the model with the experimental data can be found in this chapter. It also
includes the selection of the most suitable heat transfer and pressure drop correlations based on the
experimental data.
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• Chapter ??: the mass flow of the TBAB CHS are optimized in order to reduce the energy consumption
of the systems. The method and the optimized mass flows are presented in this chapter.

• Chapter 8: in this chapter the simulation and the control parameters are discussed. Furthermore the
result of the simulations is presented in this chapter.

• Chapter 9: in this chapter the result presented in the previous chapter are further analyzed and dis-
cussed. The results are also compared with findings from the literature.

• Chapter 10: here the hypothesis is validated and the conclusion of the research is given.

• Chapter 11: finally some recommendations for further research are given. This chapter also includes
some suggestions for the continued work on the model and the system in Twello.



2
AN OVERVIEW OF THE RESEARCH RELATED

TO TBAB AIR CONDITIONING

APPLICATIONS

In this chapter an overview of recent studies related to use of TBAB in air conditioning applications is pre-
sented. The studies provide insight in the relevant phenomena occurring in TBAB air conditioning systems.
The literature about the properties of TBAB will be discussed separately in chapter 3.

2.1. CRYSTALLIZATION
Tetra-n-butylammonium bromide (TBAB) is a white salt with a high solubility in water at room tempera-
ture. However, when a TBAB solution is cooled down two distinctive types of TBAB crystals hydrates can be
formed: type A and type B hydrates. The TBAB concentration and the temperature will determine which type
of hydrate is formed. Figure 2.1 shows the two different hydrate types. The type A crystals have a columnar
shape while the type B crystals are more irregularly shaped. It has been reported that type A crystals are more
easy to produce, while the type B have a slightly higher specific heat due to its higher hydration number [53].

Figure 2.1: TBAB type A and type B crystals hydrates [53].

The crystallization process of TBAB can just as many other crystallization processes be described in three
steps [75].

5



6 2. AN OVERVIEW OF THE RESEARCH RELATED TO TBAB AIR CONDITIONING APPLICATIONS

• The solution is cooled down to below the phase change temperature. This supercooling is the driving
force behind the crystallization process. Even though the fluid is below its phase change temperature
no hydrates are immediately formed.

• The nucleation will begin. Usually the nucleation will start around impurities in the fluid or at the
surface walls. Another option is to use seed crystals so the nuclei are already provided.

• The crystals will start to grow. The subcooling remains the driving force for the crystal growth, however
a smaller subcooling is required compared to the nucleation process.

2.2. CRYSTAL PRODUCTION WITHIN AIR CONDITIONING SYSTEMS
One of the main challenges during the production of TBAB crystals is the a crystal layer that will be formed
on the surface of the heat exchangers. This crystal layer provide the nuclei for the crystallization process.
However, this layer wil also reduce the heat transfer in the heat exchanger and can even from a blockage
of the flow passage. Several different TBAB crystal generation methods have been investigated by Shi and
Zang [58]. They found that continuous cooling resulted in a two large crystal adhesion to the surface of
the heat exchanger. They experimented with using a scrapper to detach the crystals. Unfortunately, the
power consumption of the scraper was too large due to the high scrapping forces that are required. They
obtained a better result by temporally shutting down the refrigerant cycle when the first crystals appeared.
Then, the subcooling was reduced before the crystal production was continued. In this way the subcooling,
and therefore the crystal growth, was reduced.

Ma et al. proposed another method to limit the growth of the crystal layer [45]. They designed an air
conditioning system in which the TBAB was produced in a coil heat exchanger. Once in a while, when the
crystal layer became to thick, they reversed the operation of the refrigerant cycle in order to melt the crystal
layer. Then, they continued the crystallization process as before. In this fashion they could produce the
crystal at a higher subcooling.

Zhou et al. used a different method to produce crystals. They also used a coil heating exchanger, however
they used the friction with the flow to break of the crystals [80]. Meanwhile the subcooling was limited in
order to prevent the formation of blockages. The shear force of the flowing fluid was sufficient to obtain an
equilibrium between the crystal growth and removal. Zak [74] modeled this process in order to predict the
thickness of the produced crystal layer. He assumed a steady state condition so crystal growth rate is the same
as removal rate. The work exerted on the crystal layer was found by an energy balance:

V̇∆p = Ẇ f (2.1)

The work done by friction was related to the power consumption of scrapped surface heat exchangers. In
this model the pressure drop is frictional, so it is a function the friction factor and the thickness of the crystal
layer. So the work done by the friction could be expressed as:

Ẇr em = Ẇ f = V̇ f L
di−2δc

1
2ρv2 (2.2)

The scrapping force for a TBAB crystal layer has has been investigated by Daitoku and Utaka [14]. The
used a setup in which TBAB crystals produced on a vertical brass surface. A scrapped was used to remove the
crystal layer. In their research the determined the force required to break of the crystals with this scrapper.
They repeated this process and discovered that the scrapping force increased for repeatedly scrapped sur-
faces. They also discovered that the crystals adhere more strongly to the surface if the TBAB concentration of
the solution increased.

2.3. RE-LAMINARIZATION
The friction of a flowing slurry consists out of two seperate phenomena [46]. The first phenomena is the
friction due to the viscosity of the fluid; the second is the mechanical friction caused by the solid particles. For
laminar flows the viscous friction dominates. However, the mechanical friction rapidly increases when the
flow becomes turbulent. This is because in a laminar flow the solid particles move predominantly in the axial
direction. In a turbulent flow the radial component of the velocity is much larger. Usually, the mechanical
friction increases with the solid fraction of the slurry. However, the presence of the solid particles in the slurry
can also reduce the turbulence of a flow [68]. In this case the mechanical friction of the particles act as a
resistance to the radial velocity of the flow. So a turbulent flow might suddenly become laminar when the
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solid fraction of the slurry increases. This effect is known as re-laminarization. This phenomena is observed
during many experiemnts with TBAB slurries [46, 68].

2.4. STORAGE
Several different storage mechanism have been considered for TBAB storage. These storage mechanism can
be divided into two categories; homogeneous and heterogeneous. Both homogeneous and heterogeneous
storage have been successfully applied for TBAB storage [75]. TBAB crystals have a slightly higher density
than the solution. So in the case of heterogeneous storage tank the crystals tend to slowly agglomerate and
settle at the bottom of the tank. Therefore homogeneous storage tank must be stirred in order to prevent
agglomeration and settling of the crystals.

Different storage mechanism have been compared by Shi and Zang [59]. They reported that the use of
homogeneous storage tank results in a lower COP compared to heterogeneous storage tanks. In the hetero-
geneous storage tanks the crystals settle to the bottom so the subcooling at the outlet of the tank is higher.
Furthermore, they reported that the TBAB mass concentration at the bottom of heterogeneous tanks is lower
(due to its lower temperature) which helps to prevent crystal adhesion.

The storage tank in the system is not stirred, so it is a hetrogenous storage tank. Homogeneous storage
tanks are easier to model because a single control volume with averaged properties is sufficient to describe
to entire storage tank. Heterogeneous storage tanks require more complex relations in order to describe
the gradients in the crystal mass fraction and concentration. Therefore an overview of several storage tank
models is presented. Ice storage tanks are also included in this overview because the same physical processes
occur as in TBAB storage tanks. Granted, the particles in a water storage tank settle on top instead of at the
bottom of the tank. However, non of the models describe the flow pattern in such a detail that this will pose
a problem. The equations presented in this section remain valid regardless of the direction of flow of the
particles.

MODEL OF TAMASAUSKAS ET AL.
Tamasauskas et al. [63] studied the thermal performance of a solar assisted heat pump with a thermal storage.
For this application they developed a model of a thermal ice storage tank. Their modeling approach included
the following assumptions:

• The crystals and the fluid separate in two distinctive layers.

• The crystal layer has the same thickness everywhere.

• The temperature of the ice and the fluid does not vary within the control volume.

• The crystal layer always is at the phase equilibrium temperature so no subcooling occurs.

• The density and porosity of the crystals is constant throughout the crystal layer.

They divided the storage tank into a control volume for the crystal layer and a control volume for the fluid
layer. A schematic overview of the modeling approach is shown in figure 2.2. For both control volumes an
energy balance is made. The energy balance of the crystal layer can be expressed as:

−∆hl atent
dmi ce

d t
= ṁi nCp (Ti n −Ti ce )−∆hl atent Ġ +αA(Tamb −Ti ce )+αAcr oss (Tsol −Ti ce ) (2.3)

The mass flows in these equations represent only the fluid. The amount of crystals that enters the tank is
represented by the term Ġ while the amount of liquid entering the tank is represented by ṁ. The energy
balance for the water layer can be expressed as:

Cp
dmsol Tsol

d t = ṁi nCp (Ti ce −Tsol )+U A(Tsol −Ti ce )+αAcr oss (Ti ce −Tsol ) (2.4)

The predicted temperature and crystal fraction are in good agreement with the experimental data. However
they found some discrepancies between the predicted and measured crystal fraction during the charging
process. This might be due to the placement of the sensors in combination with stratification in the fluid.
This might have resulted in an overestimation of the ice fraction during the measurements.

The assumption that the storage tank can be divided into two separate layers may limit the accuracy in
a model for TBAB storage tanks. Simulations and experiments performed by Douzet et al. [21] suggest that
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Figure 2.2: An overview of the model of the ice storage tank of Tamasauskas et al. [63].

the settling velocity of TBAB crystals is very slow which would result in a much larger boundary between the
crystals and the fluid. Therefore the thermal interaction between the TBAB crystals might be underestimated
by the model.

MODEL OF FLICK ET AL.
Another model for an ice slurry storage tank has been developed by Flick et al. [24]. They modeled the storage
tank as a cylinder and reduced the problem to an 1D geometry. The following assumptions are used:

• The tank is 1D so the properties of the slurry are constant for a given cross section. The properties do
depend on their vertical position in the tank.

• The total volume of the tank is constant so the change in volume as a result of crystallization process is
neglected.

• The tank is always and everywhere at the equilibrium phase change temperature.

• The entering mass flows are also at the phase change temperature.

• The agglomeration of crystals is neglected.

The mean velocity of the slurry in the tank at a given height can be calculated with the flow rates entering and
leaving the tank. This velocity can be described as the sum of the solution and crystal velocity.

v = (1−φc )vsol +φc vc (2.5)

The settling velocity of the ice crystals can be described by a modified Stokes’ law. It assumes spherical crys-
tals and a damping function that increases with increasing ice fractions.

vc = vsol + vset = vsol + g (ρsol−ρc )d 2
c

18µsol
f (φc ) (2.6)

The material balance of ice crystals can be expressed by:

∂C
∂t + ∂

∂x

(
C vc −Deq,c

∂C
∂x

)
= 0 (2.7)
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The volume fraction of the crystals is calculated with the energy balance.

−∆hl atent
∂

∂t
(Acr ossρcφc )+ ∂

∂x

(
Acr oss

(
ρc∆hl atent

(
Deq,c

∂φc

∂x
−φc vc

)
−λsl

∂T

∂x

))
=απd(Tamb −T ) (2.8)

Finally the mass fraction of the crystals in the solution can be calculated using a mass balance.

∂
∂t (Acr ossρsol − (1−φc )w)+ ∂

∂x

(
Acr ossρsol

(
(1−φc )w vsol − (1−φc )Dsol

∂w
∂x

))
= 0 (2.9)

The equations are solved in the same order as they are presented. The calculated concentration and mass
fractions are used to recalculate the mean equivalent diameter of the crystals used in equation 2.5:

φc =C
πd 3

c
6 (2.10)

Douzet et al. [21] modified and implemented this model to describe a TBAB storage tank. They used the
additional assumption that only one specific type (in this case type A) hydrates are formed. The model was
validated for a TBAB air conditioning system. The error in the estimated mass fraction was about 20 %. This
is probably partly due to the entering mass flows which were not always at crystallization temperature. The
additional cooling of these mass flows to the phase change temperature is neglected by the model.

2.5. CONCLUSION
In the literature several phenomena occurring in TBAB systems already have been investigated. TBAB can
from two distinct hydrates which are produced under different conditions. The crystallization process of
TBAB can just like any other crystallization process described in three steps, subcooling, nucleation and
growth.

The crystal production has also been investigated. One of the major problems is that during the crystal-
lization process crystal adhere to the surface of the heat exchanger. These crystals limit the heat flow and can
obstruct the flow. The crystal growth could be limited by the shear rate of the fluid. This process has been
modeled by [74] although this model could be further improved.

TBAB storage tanks can be divided in two categories: homogeneous and heterogeneous storage tanks.
Two distinct models for heterogeneous storage tank are presented but neither model accurately describes all
the relevant phenomena that occur in the actual system (the superheated flow into the tank and the settling of
crystals). The model of Flick et al. [24] is much more elaborate however it does describe most of the relevent
phenomena wheras the model of Tamasauskas et al. [63] has little added value compared to a lumped storage
model. However, if the model of Flick et al. is used then it should be modified in order to also be able to
describe the presence of a superheated solution.





3
PROPERTIES OF TBAB

The properties of water, air and R134a are already well known. For this model the properties of these fluids
are obtained from Fluidprop [12]. However not all the properties of every fluid are included in the Fluidprop
library. For example certain properties of R134a, including the viscosity and the thermal conductivity, are not
included in Fluidprop. However, these properties can be found in the Refprop library [38]. The data obtained
from Refprop is used to construct first or second order polynomials in order to describe these properties.
The properties of humid air can be obtained from the properties of air and water. Appendix A provides an
overview of the relations used to determine the enthalpy of humid air.

The properties of TBAB are still the subject of research and are therefore not included in the library of Flu-
idprop and Refprop. Therefore, correlations from the literature will be used. In this chapter an overview of the
available correlations of the properties of TBAB crystals, solutions and CHS is given. The mass concentration
of TBAB in the hydrates is given by:

wT B AB ,c = MT B AB
MT B AB+nrhyd×MH2O

(3.1)

In this equation is nrhyd the hydration number. As mentioned earlier TBAB can form two distinctive hydrates
type A and type B hydrates. The hydration number of the hydrates is 28 and 36 for respectively type A and
type B crystals. Based on the hydration number the mass fraction TBAB in the hydrate can be determined.
For the type A hydrate it is equal to 0.4077.

The installation in Twello is designed for type A TBAB CHS because the type A crystals can be produced
at a higher temperature. The system in Twello has an initial mass concentration of 36.5 wt% in order to
maximize the crystallization temperature. The subcooling in the system is limited so only type A hydrates are
formed. Therefore only models and relations for type A crystals are discussed in this chapter.

3.1. PHASE EQUILIBRIUM TEMPERATURE
The phase equilibrium temperature of TBAB is already thoroughly investigated. Depending on the tempera-
ture and the TBAB concentration either type A or type B crystals are formed. This is described by the graph
in figure 3.1. The graph also includes the data points of a number of studies. Kumano et al. [35] derived
a cubic polynomial to describe the crystallization temperature based on their measurements. During the
experiments the initial concentration is varied from 10 to 30 wt% and as a result the polynomial is not that
accurate for high mass concentrations. Furthermore, the correlation that they reported for type B crystals is
incorrect.

Type A: Te = 275.05+113.5wT B AB −3.18×102w2
T B AB (3.2)

Type B: Te = 266.64+108wT B AB −1.62×102w2
T B AB (3.3)

A better correlations was derived by Zak [74]. He derived a polynomial based on the measurements found in
the literature. This relation is in good agreement with the experimental data as shown in figure 3.1.

Te = 267.98+94.91wT B AB −1.27×102w2
T B AB (3.4)

11
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Figure 3.1: The crystallization temperature of the type A (blue) and type B (red) hydrates [35, 46, 53, 80]. The measurements are compared
to equation 3.4 and equation 3.5.

In a similar way the experimental data can also be used to obtain a better correlation for the equilibrium
temperature of type B crystals. In this way the following correlation is obtained:

Te = 272.7445+83.36wT B AB −150.3w2
T B AB −221.6w3

T B AB +557.4w4
T B AB (3.5)

3.2. DENSITY
The density of the hydrates is also thoroughly investigated. A summary of the result of some studies is shown
in table 3.1. All the studies except for the study of Darbouret et al.[16] agree on the density of the type B
crystals. Therefore the study of Darbouret is considered to be less reliable. Most of the studies seem to agree
on a crystal density of about 1080 kg m3 so this value will be used.

Table 3.1: The density of TBAB hydrates

Hydrate Ma and Zhang [42] Darbouret et al. [16] Ogoshi and Takao. [52] Ogoshi et al. [51]
Type A 1080 1082 1030 1086
Type B 1030 1067 1030 1030

The density of the solution has been measured by Ogashi and Takao [52] and Zhang et al. [78]. It is mainly
dependent on the temperature and the TBAB mass concentration. This dependence could be described by a
lineair correlation [60]:

ρsol = 1003.706−0.3959(T −273.15)+102.883wT B AB ; (3.6)

Zak [74] proposed a different correlation based on the same measurements:

ρsol = 1036.8+13.7C −0.5357(T −273.15)−0.2998C (T −273.15) (3.7)

With:

C = wT B AB−0.30
0.406−0.30 (3.8)
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Figure 3.2: Experimental data on the thermal conductivity of the TBAB solution at different mass fraction and temperatures [26, 46, 77].

Both correlations show a good agreement with the empirical data. The correlations of Zak however is slightly
more complex without providing a better accuracy. Therefore, equation 3.6 will be used. The density of the
slurry can be approximated using the definition of the volume fraction.

ρsl = ρcφc +ρsol (1−φc ) (3.9)

3.3. THERMAL CONDUCTIVITY
The thermal conductivity of TBAB crystals was investigated by Fujiura et al. [26]. They used an initial mass
concentration of 40.52 wt% and the supercooling was limited in order to ensure that only type A hydrates
were formed. A transient hot wire apparatus was used for to measure the thermal conductivity for a range
of temperatures. Their measurements showed that the temperature has a small influence on the thermal
conductivity. This could be described by the following empirical relation:

λc (T ) = 0.379+0.00020× (285−T ) (3.10)

In another experiment a conductivity of 0.42 W/(m K) was reported at an unspecified temperature [77]. Li et
al. also measured an almost linear temperature dependence around the phase equilibrium temperature [39].
They found a sharp increase in the conductivity at temperatures below the 265 K which was not observed in
the other studies. However, such low temperatures are not expected to be encountered in the system and
therefore the relation of Fujiura et al. will provide a reasonable result.

The thermal conductivity of the solution is experimentally investigated by Ma et al. [46]. They prepared
several solutions with a different TBAB concentration and a temperature of 10 ◦C. The conductivity of each
solution was measured using a hot wire. Their result could be fitted to a linear correlation [60]:

λsol = 0.581−0.564wT B AB (3.11)

Other measurements were performed by Fujiura et al. [26]. They prepared a solution of 40.52 wt% TBAB and
measured the conductivity while they lowered the temperature. Zhang et al. [77] investigated the conductivity
at the phase change temperature for their research to the properties of TBAB CHS. The results of these studies
are compared in figure 3.2. Notice that the results are obtained for different temperatures. The experimental
data indicates that the thermal conductivity is much more dependent on the TBAB concentration than on the
temperature. Therefore, the temperature dependence can be neglected in the correlation. The experiments
performed by Zhang et al. are in agreement with the findings of Fujiura et al. and the thermal conductivity
of the solution seems to approach the thermal conductivity of water when the TBAB concentration goes to
zero. This is not the case with the results of Ma et al. so these measurements cannot be correct. Therefore,
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equation 3.11 will be used to predict the thermal conductivity of the solution. The thermal conductivity of
the slurry can be expressed with the help of a Maxwell relation [46]:

λsl =λsol

(
2λsol+λc+2φc (λc−λsol )
2λsol+λc−φc (λc−λsol )

)
(3.12)

3.4. SPECIFIC HEAT

One study found that the specific heat of type A crystals is 2.22×103 J/(kg K) [52] at unspecified conditions.
Oyama et al. performed more specific measurements of the specific heat of the crystals [53]. They produced
separately type A and type B crystals and measured the specific heat of the crystals at different temperatures
with a differential scanning calorimeter. Their results for the type A hydrates can be fitted to the following
polynomial:

Cp,c =−117293+1267.5T −4.554T 2 +5.5556×10−3T 3 (3.13)

The specifc heat of the solution has been measured by Zhang et al. [77]. They concluded that the spe-
cific heat of the solution is 4.03×103 J/(kg K) at unspecified conditions. More specific measurements were
performed by Asaoka et al. [5]. They prepared solutions with several different mass concentrations. They
reported a negative dependence of the mass concentration on the specific heat.Fujiura et al. Their results
can be fitted to a second order polynomial:

Cp,sol = 4234−568wT B AB −1016w2
T B AB (3.14)

The specific heat of a slurry can be approximated by a mass based average of the specific heat:

Cp,sl =ωcCp,c + (1−ωc )Cp,sol (3.15)

3.5. VISCOSITY
The viscosity of a fluid is defined as the shear stress divided by the shear rate:

µapp = τ
γ̇ (3.16)

For Newtonian fluid the shear stress is linearly dependent on the shear rate, so in other words the viscosity of
the fluid is not dependent on the shear stress or the shear rate. This is not the case for non-Newtonian fluids.
The viscosity of this type of fluids is dependent on the shear rate and the shear stress. Therefore the viscosity
of non-Newtoninan fluid is not constant anymore. The viscosity of these fluids can be expressed by an ap-
parent viscosity: the viscosity of the fluid for a given shear rate. So the apparent viscosity only corresponds to
a single point of the viscosity curve.

The viscosity of TBAB solution has been meausred by Kumano et al. [35]. They measured the viscosity of
solutions with a TBAB mass concentrations ranging between the 2.5 and 25 wt% at equilibirum temperature.
They derived the following equation for the viscosity at phase equilibrium temperature:

µsol = ρsol
(
3.035×10−6 −1.539×10−7(Te −273.15)+2.73×10−9(Te −273.15)2

)
(3.17)

Zhang et al.[76] also measured the viscosity of TBAB solutions at different temperatures and TBAB solutions.
They reported that the solution is a Newtonian fluid and that viscosity of the solution could be described by
the Vogel-Tamman-Fulche model. This model uses the fitting parameters A, B, C and D which are respectively
0.000298, 87.578, 286.510 and -47.942 for this solution.

µsol = Ae

(
B+C wT B AB
T−273.15−D

)
(3.18)

The two models are compared in figure 3.3. The viscosity at the phase equilibrium temperature is represented
by the lines while the markers correspond to the viscosity at higher temperatures. The models deviate more
from each other at high TBAB concentrations; this can be explained by the limited range of mass concentra-
tions at which measurements were done. The Vogel-Tamman-Fulche model also provides a correlation of the
viscosity above the phase equilibrium temperature and is therefore the most suitable model.
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Figure 3.3: The viscosity of the solution. The lines represent the viscosity at phase equilibrium temperature and the markers the viscosity
at higher temperatures.

The viscosity of the TBAB slurry can be described by a number of different empirical and theoretical mod-
els. Thomas [64] derived an empirical relation which relates the viscosity of a solution to the viscosity of the
same solution with spherical particles in it:

µsl =µsol
(
1+2.5φc +10.05φ2

c +0.000273e16.6φc
)

(3.19)

Darbouret et al. [17] proposed to use the Graham Steele Bird model for TBAB CHS. This model defines a
volume fraction V0 which represents the amount of liquid that is trapped by the hydrate clusters:

V0 = 1+
(

1
φmax

−1
)[

1−
(
φmax−φc
φmax

)2
] 1

2

(3.20)

This volume fraction and the volume fraction of the crystals are used to estimate the viscosity of the solution:

µsl =µsol (1−V0φc )−2.5 (3.21)

The maximum packing fraction φmax depends on the shape of the crystals that are formed. Spherical parti-
cles have a maximum packing fraction of 0.74. In that case the model is in good agreement with equation 3.19.
Darbouret et al. also carried out experiments with TBAB CHS and they found a maximum packing fraction
of 0.65 and 0.60 for respectively type A and type B TBAB CHS. Zhang et al. [76] also measured the viscosity of
TBAB CHS. They observed a non Newtonian behavior for the CHS. They reported that the largest deviation
from Newtonian behavior occurs at low shear stresses. Nevertheless they found that Eilers model provides a
reasonable approximation of the viscosity of of type A CHS.

µsl =µsol

(
1+ 0.5[µ]φc

1−φ/φmax

)2
(3.22)

They proposed value of 2.5 for the intrinsic viscosity [µ] and a value of 0.74 for the maximum packing fraction.
However these values were believed to be dependent on the shear stress so they could be used to fit the
model to the measurements. A comparison between the models is shown in fig 3.4. The measured apparent
viscosity at a given shear rate are also included in the graph. The figure shows that the Graham Steele Bird
model provides the most accurate description of the viscosity of the CHS. Furthermore this model has the best
theoretical foundation. The poor performance of Eilers model is probably due to the fact that the intrinsic
viscosity and the maximum packing fraction are not fitted to these measurements. The experimental data
showed the shear thinning in the fluid; the viscosity of the solution increases more for decreasing shear rates.
This behavior is not described by any of the models however the effects of shear thinning is the most prevalent
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Figure 3.4: The viscosity models compared to the experimental data of Zhang et al. [76].

at low shear rates which are less likely to be encountered during the normal operation of the actual system.
The influence of the shear rate on the apparent viscosity is much smaller at higher shear rates (250−1000s−1)
so for this range the Newtonian model is not sufficiently accurate.

The shear rate is as shown in equation 3.16 dependent on the velocity gradient in the flow. For turbulent
flow large velocity gradients and shear rates are expected. However the flow in the system might not always be
turbulent; the flow rates are reduced due to the higher cooling capacity of the fluid and at high solid fractions
re-laminarization may occur. So it is impossible to be sure that such low shear rates are not encountered in
the system. Therefore, the model will also make use of the modified Reynolds number. This model is used
to describe the Reynolds number of a non-Newtonian power law fluid. This model is further discussed in
section 4.1.

3.6. ENTHALPY
Several different methods have been applied in order to measure the latent heat of TBAB. Oyama et al. first
produced the crystals, next they isolated the crystals and stabilized the crystals using liquid nitrogen. Finally
the latent heat of the crystals was measured using a differential scanning calorimetry meter [53]. Asaoka et
al. prepared a solution in which the TBAB hydrates were added. They found the latent heat by measuring the
temperature of the solution during the melting process [5]. An overview of these and other studies is shown
in tabel 3.2. The result of Asoaka et al. is about 10% larger then the findings in the other studies. The validity

Table 3.2: The latent heat of TBAB

Hydrate Oyama et al. [53] [kJ/kg] Ogoshi and Takao. [52] [kJ/kg] Asaoka et al. [5] [kJ/kg]
Type A 193.18 ± 8.52 193 210 ± 10
Type B 199.59 ± 5.28 205 224 ± 15

of the measurement of Oyama et al. is supported by the results of Ogoshi and Takao and will therefore be
used.
The enthalpy of the solution can be expressed using the specific heat of the solution. The state at which the
reference enthalpy is determined can be chosen arbitrarily:

hsol =Cp,sol T (3.23)

The enthalpy of the slurry can be defined using the latent heat of the crystals [43].

hsl =−ωc∆hl atent +
(
Cp,sl T

)
(3.24)

For this report the reference state is defined as a temperature of 20 ◦ and atmospheric pressure.
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3.7. CONCLUSION
The properties of TBAB can be described by a number of different correlations obtained from the literature. A
summary of the most suitable correlations is shown in table 3.3. These correlations are also used to construct
an enthalpy diagram as shown in figure 3.5. In this diagram the enthalpy of type A CHS is plotted against the
initial mass concentration. The black lines represent the transition between the superheated liquid, the CHS
and the freezing point of the water. For the graph it is assumed to the hydrate slurry is at phase equilibrium
temperature as long as the volume fraction is smaller than the maximum volume fraction of 0.65. The dia-
gram also does not include the properties of the type B hydrates. This means that certain areas in the diagram
(especially those of the CHS with an initial TBAB concentration of less than 20 wt%) will most likely never be
reached.

Table 3.3: Summary of the properties of TBAB

Solution Slurry Hydrate (type A)
Density equation 3.6 equation 3.9 1080 kg/m3

Thermal conductivity equation 3.11 equation 3.12 equation 3.10
Specific heat equation 3.14 equation 3.15 equation 3.13
Viscosity equation 3.18 equation 3.21
Enthalpy equation 3.23 equation 3.24
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4
HEAT TRANSFER AND PRESSURE DROP

CORRELATIONS

In this chapter an overview of heat transfer and pressure drop correlations for TBAB CHS is presented. Many
of the correlations which are specifically obtained for TBAB CHS make use of the modified Reynolds number.
The first section will discuss the relations and the properties of the modified Reynolds number. Next the
different relevant correlations for type a TBAB CHS are discussed and the most suitable correlations for the
model are selected. In the future these correlations should be further validated using the experimental data
of the pilot plant. Finally the correlations for evaporation in plate heat exchangers are presented. These
correlations are also relevant for the water system and are validated with experimental data as described in
chapter 6.

4.1. MODIFIED REYNOLDS NUMBER
The modified Reynolds number is developed to describe the non-Newtonian behavior of power law fluids.
As explained in section 3.5 the TBAB CHS is a non-Newtonian fluid, however the non-Newtonian behavior is
neglected in the correlations for the viscosity of the slurry. Ma et al. [46] found that non-Newtonian behavior
of TBAB CHS could be described by a power law fluid. Power law fluids are fluids in which the shear stress
can be expressed as:

τ= K ′γ̇n (4.1)

In this relation K ′ stands for the fluid consistency index and n is the flow behavior index. These indexes can
be used to calculate the modified Reynolds number:

Remod = d n v2−nρ

K ′8n−1 (4.2)

The modified Reynols number was first introduced by Metzner and Reed [47] and it can be used for all kind
of non-Newtonian fluids. The fluid consistency index and the flow behavior index are fluid properties which
should be experimentally determined by measuring the pressure drop in smooth tubes. For laminar flow the
friction factor can be directly related to the modified Reynolds number using Poiseuilles law.

f = 64
Remod

(4.3)

For turbulent flow other relations should be used. For example Ma et al. determined the modified Reynolds
number using the following semi-empirical relation [46]:

1p
f
= 2.0

n0.75 ln
(
Remod (0.25 f )

2−n
n

)
− 0.2

n1.2 (4.4)

THE FLUID CONSISTENCY INDEX AND FLUID BEHAVIOR INDEX
Zhang et al. [76] performed a comprehensive study of the properties of n and K’. They prepared slurries of type
A TBAB CHS with solid fraction ranging from 0 to 25 wt%. They used a setup in order to measure the pressure

19
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drop of the slurry flowing through a long horizontal tube. They made use of equation 4.3 and 4.4 to relate the
pressure drop to the indexes. Their result is shown in figure 4.1. They compared their findings with the result
of Zhang and Ye [79] and Kumano et al. [35]. They concluded that the difference between the measurements
was reasonable and that the deviations could be attributed to different measuring methods. Furthermore the
shape and the size of the crystals can contribute to the difference. The measurements of Zhang et al. have
been performed for an initial TBAB concentration of 20 and 25 wt%. They concluded however that theTBAB
concentration has almost no influence on these indexes. Measurements of Ma et al. [46] on type B TBAB CHS
indicated that the diameter of the tube can have influence on the index. This was attributed to the enhanced
interactions between the particles for a small tube diameter. However this effect was not observed for type
A CHS. The measurements of Zhang et al. are used to obtain a correlation for the indexes as shown in figure
4.1. In this correlation the flow behavior index is correlated as:

n = 1−0.7982ωc (4.5)

And the fluid consistency index can be expressed as:

K ′ = 0.004652e8.101ωc (4.6)

Figure 4.1: The flow consistency and the flow behavior index of type A TBAB CHS [76].

OTHER MODELS
Another study related to the modified Reynolds number was carried out by Xiao et al. [71]. They used the
power law model for fluids to rewrite the modified Reynolds number as:

Remod = ρvdh
µapp [(3n+1)/(4n)]n (8v/dh )n−1 (4.7)

They also conducted measurements to determine the flow behavior index n and the apparent viscosity. The
pressure drop was measured over a 2 meter long tube with an internal diameter of 21 mm. The volume
fraction of the crystals was varied between 0 and 20 wt%. They observed the following relation for the flow
behavior index:

n =−2.7φ+1 (4.8)

They concluded that the apparent viscosity depended on the initial TBAB concentration. Their result could
be described by the following equations:

µapp = 0.8φ2
c +0.02φc +0.0036 forwT B AB ,0 = 0.22 (4.9)

µapp = 0.7φ2
c +0.07φc +0.0112 forwT B AB ,0 = 0.30 (4.10)
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The modified Reynolds number was also studied by Wenji et al. [69]. These authors defined the modified
Reynolds number as:

Remod = dρv
µe f

(4.11)

They assumed that the TBAB CHS could be described as a Bingham fluid and used the Bingham fluid model
to get to the following expression:

µe f = τw
8v/d = ∆p/4L

8v/d (4.12)

They carried out measurements to determine the relation between the wall shear stress and the factor 8v/d .
They produced type A TBAB CHS with crystal mass fractions ranging from 0 up to 25 wt%. The pressure drop
was measured while these fluids flowed through a tube with velocity ranging from 0.2 to 1.7 m/s. The results
of their experiments are shown in figure 4.2.

Figure 4.2: The result of the experiments performed by Wenji et al. [69].

COMPARISON
The modified Reynolds number is calculated according tho the method described by the different studies. A
tube diameter of 10 mm and a velocity of 1 m/s is used for the comparison. The result for two different initial
TBAB concentrations is shown in figure 4.3. The graphs clearly show that the results obtained by Xiao et al.
[71] are not correct. The Reynolds number should decrease for higher solid fractions and this is supported by
the observed re-laminarization of the CHS. This can only occur if the Reynolds number decreases with the
solid mass fraction.

The graphs also show that there is only a very small difference between the modified Reynolds number
and the actual Reynolds number at low solid fractions. This is because the only difference between these
Reynolds numbers is that the modified Reynolds number also accounts for the effects of the non-Newtonian
behavior of the fluid. The non-Newtonian behavior increases with the solid fractions and this is also observed
in the graph. The aqueous solution has a Newtonian behavior [76] so the actual and the modified Reynolds
number should be the same for a solid mass fraction of zero. This is the case for an initial mass TBAB con-
centration of 22 wt% but not for an initial TBAB concentration of 30 wt%. The flow behavior index is always 1
for a Newtonian fluid so the fluid consistency index should be dependent on the initial TBAB concentration.
This is supported by the findings of Xiao et al. [71] in which they concluded that the apparent viscosity was
function of the initial TBAB concentration. Based on these observation a correction factor can be developed
to account for the influence of the initial TBAB concentration on the fluid consistency index:

K ′ =
[

44.11w3
T B AB ,0 −18.48w2

T B AB ,0 +4.516wT B AB ,0 +0.314
]

0.004652e8.101ωc (4.13)
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Figure 4.3: Comparison of the different modified Reynolds number models compared with the Reynolds number of the solution and the
slurry.

4.2. THE PRESSURE DROP OF TBAB FLOWING IN TUBES
The pressure drop of TBAB CHS has already been the subject of several studies. All the studies mentioned in
section 4.1 measured the pressure drop in smooth tubes in order to determine an expression for the modified
Reynolds numbers. Based on their experimental data they proposed several different friction factor correla-
tions for type A CHS. An overview of these correlations is shown in table 4.1. All the authors agree on using
the modified Reynolds number and Poiseuilles law for the laminar flow regime. For the turbulent flow regime
several different empirical correlations were proposed. The transition between laminar and turbulent flow
occurs at the critical Reynolds number. This number is not a fixed value since the transition is also dependent
on a number of other factors such as the particle size, the geometry and the roughness of the tubes. Further-
more the transition occurs smoothly and there is a transition region in which the flow is neither completely
turbulent or completely laminar. However in general the critical Reynolds number is expected to increase
with the solid mass fractions [35]. The range of Reynolds number at which the authors observed the transi-
tion is also included in table 4.1.

Table 4.1: On overview of the friction factor correlations.

Author Correlation Regime
Wenji et al. [69] laminar: f = 64

Remod

turbulent: f = 4×0.1021Re−0.2708
mod

Remod ,cr = 2000−2300

Xiao et al. [71] laminar: f = 64
Remod

turbulent: f = 4×0.3226Re−0.4271
mod

Zhang and Ye. [79]
and Zhang et al. [76]

laminar: f = 64
Remod

turbulent: 1p
f
= 2.0

n0.75 ln
(
Remod (0.25 f )

2−n
n

)
− 0.2

n1.2

Remod ,cr = 1500−1900
for d = 2 mm
Remod ,cr = 1400−1900
for d = 4.5 mm

Kumano et al. [35] laminar: f = 64
Remod

turbulent: f = 0.3164Re−1/4
sol

laminar 0 < Remod /Resol < 1
turbulent 0 < Remod /Resol < 1

The friction factor correlations are plotted against the modified Reynolds number in figure 4.4. The cor-
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Figure 4.4: Comparison of the different friction factor correlations.

relation proposed by Kumano et al. makes use of the Reynolds number of the solution which can be as much
as twice as high as the modified Reynolds number. Therefore the friction factor can lie anywhere in the area
between the two lines plotted in the graph. From the graph it is clear that the correlation of Zhang et al. is not
in agreement with the others correlations. This is probably since it is the only theoretical correlation while the
other correlations are empirical relations fitted to experimental data. In this case the empirical correlations
are preferable since the theoretical correlations are not able to describe all the complexities of the slurry flow.
Another problem is that the equation of Zhang et al. is an implicit correlation for the pressure drop. This
equation is iteratively which might affect the speed of the model.

The correlations are compared with experimental data in order to determine the most suitable correla-
tion. The difference between the correlations is in the friction factor of the turbulent flow regime and in the
critical Reynolds number. The pressure drop of different TBAB solid fractions and velocities has been mea-
sured by Wenji et al. [69]. Figure 4.5 compares the experimental data with the different correlations. The
following observations can be made.

• The correlation of Wenji at al. gives the best approximation of the experimental data. This observation
however has little value since the correlation of Wenji et al. is developed using the very same data.

• None of the correlations accurately predicts the critical Reynolds number. The correlation of Kumano
et al. provides an accurate estimation of the critical Reynolds number for CHS with a solid fraction of
10.5 and 17.1 wt%. However this correlation fails to give good approximation of the critical Reynolds
number for higher solid fractions.

• The solid fraction has distinct influence on the pressure drop for the turbulent flow regime. However
this influence is almost completely neglected by Kumano et al. This is because their correlation for the
turbulent flow regime uses the Reynolds number of the solution instead of the modified Reynolds.

As explained in section 2.3 the turbulent flow might become laminar when the solid mass fraction of the
slurry increases. This phenomenon can easily be observed by measuring the pressure drop of the CHS at
different solid fractions [34, 35, 69]. The experimental data indicates that both Kumano et al. and Wenij et al.
provide an accurate prediction of the pressure in the turbulent regime before the re-laminarization occurs.
The critical Reynolds at which the Re-laminarization occurs is best predicted by Kumano et al. however this
correlations is not without some major flaws.

• The critical Reynolds number is determined by the ratio between the modified Reynolds number and
the Reynolds number of the solution. If the velocity of the solution is very low or very high it means that
the critical Reynolds number can also become very low or very high. Therefore the model may predict a
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Figure 4.5: Comparison of the pressure drop correlations with the experimental data of Wenji et al. [69].

laminar flow with a Remod of 5000 in one situation and a turbulent flow with a Remod of 1000 in another
situation. This is not supported by the measurements as shown for a solid fraction of 22.2 wt% in figure
4.5.

• For low mass fraction the modified Reynolds number is very close to the Reynolds number of the solu-
tion. This means that the flow will always be turbulent for low TBAB concentrations even if the Reynolds
number is very low.

So in conclusion the correlation of Kumano et al. might provide the most accurate estimation of the critical
Reynolds number. However this correlation is only valid for a limited range of solid fractions and Reynolds
numbers. Therefore the correlation of Wenji et al. is selected as the most suitable correlation to use in the
model.

4.3. HEAT TRANSFER DURING THE MELTING OF TBAB
Kumano et al. [36] measured the Nusselt number of melting TBAB in tubes. They compared their findings
with a theoretical expression for the Nusselt number. They found that the actual Nusselt number was 1.5 to 2.5
times higher than the theoretical value. Based on their measurements they proposed a different correlation
based on the modified Reynolds number and the Prandtl number. The Prandtl number for these relations
has been defined as:

Pr = Cp,solµsol

λsol
(4.14)

Several different authors also investigated the heat transfer in tubes. They also proposed empirical correla-
tions for the Nusselt number. An overview of the Nusselt number correlations developed for melting TBAB in
a tube are shown in table 4.2.

The different correlations are compared with the measurments of Kumano et al. [36]. The experimental
data has been obtained for an initial mass fractions of 22.5 wt% and inner diameter of the tube of 7.5 mm. A
comparison is shown in figure 4.6.

Figure 4.6 shows a comparison of the data for one specific condition. The data show a sudden drop in
the Nusselt number at a solid fraction of 0.16. This drop is caused by the re-laminariziation of the CHS. As
explained earlier none of the correlations can accurately predict the critical Reynolds number at which this
transition occurs. This also means that none of the correlations show this drop in the Nusselt number. The
dotted line however represents the Nusselt number obtained with the correlation for a laminar flow regime.
The paper the Kumano et al. [36] reports a better correlation between the experimental data and their cor-
relation. The difference between their study and the result in figure 4.6 can be explained by the different
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Table 4.2: On overview of the correlations for the Nusselt number of melting TBAB in tubes.

Author Correlation Regime
Wenji et al. [68] Nu = 1.231×10−5Re1.6606

mod Pr 0.7073

Nu = 5.254×10−4Re0.9097
mod Pr 1.1202

laminar
turbulent

Kumano et al. [36] Nu(x) = 3.33Gz0.18
modω

0.42
c

(
di
Lc

)0.55

with Gzmod = Pr Remod
di n

x

0.023Re0.8Pr 1/3

laminar 120 ≤Gzmod ≤ 4300
0.03 ≤ωc ≤ 0.18
18.3 ≤ di

Lc
≤ 24.8

turbulent

Ma and Zhang [44] Nu = 0.0598Re0.711
mod Pr 1/3

(
1+ ∆ωc∆hmel t

Cp∆T

)0.457
0.10 <ωc < 0.25

Figure 4.6: Nusselt number correlations compared to the experimental data of Kumano et al. [36].

correlations used to determine the properties of the fluid. For example the thermal conductivity of the solu-
tion was not known by Kumano et al. so they used the thermal conductivity of water instead. Furthermore
they also used different equations for the modified Reynolds number, the viscosity and the specific heat.

The convective heat transfer coefficent has also been measured by Kumano et al. [36] and Wenji et al. [68].
The convective heat transfer coefficient can easily be expressed as a function of the Nusselt number:

α= Nuλsl
di n

(4.15)

The convective heat transfer coefficients obtained with the differents correlations are compared with the
experimental data obtained by Wenji et al. [68]. During the experiments the crystals were produced from a
solution with an initial TBAB concentration of 30 wt%. They used a tube with an inner diameter of 14 mm
and with a constant heat flux imposed on the wall. A comparison between the experimental data and the
correlations is shown in figure 4.7 and figure 4.8. The following observations are made:

• The correlation of Wenji et al. and Ma and Zhang provide a reasonable result for the convective heat
transfer coefficient at low velocities. This is the case for both laminar (v = 0.70 m/s) and turbulent (v =
1.75 m/s) flow regime.

• All three models predict a negative influence of the solid fraction on the heat transfer coefficient. How-
ever the experimental data shows a positive effect on the heat transfer coefficient especially for higher
solid mass fractions.
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• The correlation of Wenji et al. provides the most accurate estimation although a better agreement
should be expected since this correlations is obtained using the same experimental data. The main
difference might be that the correlations are obtained using different correlations for the fluid proper-
ties.

Figure 4.7: Convective heat transfer coefficient correlations compared with experimental data of Wenji et al. [68].

Figure 4.8: Convective heat transfer coefficient correlations compared with experimental data of Wenji et al. [68].

In conclusion the correlation of Wenji et al. provides the most accurate result and is therefore the most
suitable to use in the model. However the correlations only has good accuracy for velocities up to 2 m/s. For
higher velocities the accuracy of the correlations reduces especially for higher solid mass fractions.

4.4. PRESSURE DROP IN PLATE HEAT EXCHANGERS
In the pilot plant the TBAB crystals are produced in a plate heat exchanger. Very few studies have been con-
ducted into the behavior of TBAB in plate heat exchangers. Ma and Zhang [42] did measure the pressure drop
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of TBAB CHS flowing through a plate heat exchanger without any heat exchange. They repeated the experi-
ment for several different solid mass fractions. Based on their data they derived an empirical correlation for
the friction factor of the heat exchanger. This correlation was also validated for a melting TBAB CHS. Ma and
Zhang reported that the pressure drop increased for higher mass fractions. This was also observed for ice
slurry flowing through plate heat exchangers [8].

The study of Ma and Zhang is the only study specifically investigating TBAB in plate heat exhangers. Their
findings can be compared with correlations not specifically determined for slurries. Generally speaking the
pressure in the heat exchangers can be attributed to three mechanism.

• The pressure drop as a result of the friction.

• The difference in hydrostatic pressure at the inlet and the outlet of the component.

• The difference in the dynamic pressure caused by the difference in the velocity at the inlet and outlet.

The density of the water at the inlet and the outlet of the heat exchanger is almost the same since there is
no phase change. The port diameter at the inlet and the outlet is also the same so due to the continuity the
velocity at the inlet and the outlet is approximately the same. For the CHS there the density of the slurry
increases with the crystal production although the difference of the density at the in and outlet is usually less
then 1 %. So the change in the dynamic pressure can be neglected. The hydrostatic pressure is also neglected
since it remains much smaller then the frictional pressure drop. The friction losses in the plate heat exchanger
can be divided into the pressure drop in the ports and the pressure drop over the plate:

∆P =∆Pp +∆Ppt (4.16)

Most friction factor correlations in the literature describe only the pressure drop over the plates. However
certain friction factors in the literature also include the pressure drop in the ports. The friction factors which
only include the friction over the plates are denoted by fp while f denotes friction factor correlations which
include the pressure drop in the ports. If the pressured drop in the ports is not included in the correlation
then the following relation can be used [7]:

∆Ppt = 1.5ρ
v2

pt

2 (4.17)

The friction factor of the plates is usually described by an empirical correlation. Several different correlations
are presented in table 4.3. These relations are selected since they are also valid for a low Reynolds numbers.
However none of these correlations are developed for slurry flow so the applicability for TBAB CHS may be
limited. Studies of slurries flowing in plate heat exchangers are very limited. Singh and Kachhwaha [61]
proposed a theoretical model for the pressure drop of ice slurries but it did not provide any reasonable results.
Bellas et al. [8] measured the pressure drop of ice mixture with mass fractions ranging from 0 to 20 wt%
flowing through a plate heat exchanger. They used an small heat exchanger with a hydraulic diameter of 0.4
mm and a plate length of 311 mm. They did not provide any correlations for their results although a friction
factor correlation could be obtained from their experimental data.

f = 46.62Re−0.132 (4.18)

The correlations in table 4.3 are used to predict the pressure drop of the actual plate heat exchanger used in
the pilot plant. The corrugation angle of the heat exchanger is not specified however it is assumed to be 60◦
based on the horizontal axis. Figure 4.9 shows a comparison of the pressure drop for a TBAB solution (dotted
lines) and a TBAB CHS with a volume fraction of 0.40 (solid lines).

Figure 4.9 shows that the correlations of Bellas at al. and Ma an Zhang predict the largest pressure drop.
These correlations are the only correlations obtained for a slurry flow however this cannot explain the large
difference in the pressure drop of the solution. Based on the figure 4.9 alone it is impossible to determine the
most suitable correlation since the correlations are also heavily dependent on the geometry of the equipment.
The most suitable correlation for the model must be determined using measurements of the actual systems.
However the figure provides some insight in the relevance of the correlations.

• The corrugation angle and the port diameter of the heat exchanger used by Ma and Zhang is not known.
This might explain why their correlations predicts a much higher pressure drop than many of the other
correlations. The corrugation angle used for the study of Bellas et al. is also unknown. However the
difference between these studies and the other studies might also be explained by the size of the equip-
ment; the correlations of the other studies are obtained for industrial size equipment.



28 4. HEAT TRANSFER AND PRESSURE DROP CORRELATIONS

Table 4.3: On overview of the pressure drop correlations for plate heat exchangers with corrugation angle of 60◦.

Author Correlation Regime
Ma and Zhang [42] f = 51.002

Re0.3
mod

60 ≤ Remod ≤ 1200
0.05 ≤φ≤ 0.175

Sinnott and Towler
[62]

f = 4.8Re−0.3

∆ppt = 1.3ρ
v2

pt

2

VDI heat atlas [67] f0 = 64/Re
f1,0 = 597/Re +3.85

f0 = (1.8ln (Re)−1.5)−2

f1,0 = 39/Re0.289

1p
fp

= cos(β)p
0.18t an(β)+0.36si n(β)+ f0/cos(β)

+ 1−cos(β)p
f1,0

Re < 2000

Re ≥ 2000

Focke et al. [25] f = 57.5/Re +0.093
f = 0.8975/Re0.263

120 < Re < 1000
1000 < Re < 42000

Kumar et al. [37] f = 24.0/Re
f = 3.24/Re0.457

f = 0.760/Re0.215

Re < 40
40 ≤ Re ≤ 400
Re > 400

Thonon et al. [65] 26.34Re−0.830

0.572Re−0.217
Re ≤ 550
Re > 550

Bellas et al. [8] f = 46.62Re−0.132

• Bellas et al. [8] reported that the pressure drop increased from approximately 47 to 53 kPa when the
ice slurry fraction increased from 0 to 20 wt%. Zhang et al. [42] found a pressure drop increase from
approximately 30 to 45 kPa for a solid volume fraction of respectively 0 and 0.175. Based on these
observations and figure 4.9 it can be concluded that the correlations from the VDI heat atlas does not
work for slurries.

• Focke at al. and Thonon et al. predict a very large difference between the pressure drop of the slurry
and the solution. This is because these correlations use the actual Reynolds number instead of the
modified Reynolds number. As shown in figure 4.3, the difference between the actual and the modified
Reynolds number can become quite significant for higher solid fractions. Since the actual Reynolds
number does not describe this non-Newtonian behavior of the fluid it might be more suitable to use
the modified Reynolds number instead.

4.5. EVAPORATION IN PLATE HEAT EXCHANGERS
Two different boiling mechanisms can occur during the evaporation in plate heat exchangers: pool boiling
and forced convection boiling. During pool boiling vapor bubbles are formed in a stationary liquid. In forced
convection boiling the fluid is flowing over the heated surface due to external forces. There is no agreement
about which of these two processes dominates in plate heat exchanger [22] although forced convection boil-
ing is usually related to high mass fluxes and pool boiling is related to high heat fluxes. The boiling process
can also be characterized using the excess temperature (the temperature difference between the surface and
the saturation temperature). For different ranges of the excess temperature different boiling processes may
occur. These processes, which are often described using the boiling curve, can be divided into four separate
regimes. These regimes are for increasing excess temperature [48]:

• Natural convection boiling, this regime is encountered for an excess temperature ranging from about
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Figure 4.9: Comparison between the different correlations for the pressure drop in plate heat exchangers. The dotted lines represent the
TBAB solution and the solid lines the TBAB CHS with a solid fraction φc of 0.40.

to 2 till 6 K. The heat transfer is dominated by natural convection and therefore this boiling regime is
avoided in evaporators due to the low heat transfer.

• Nucleate boiling, in this regime the heat transfer is accelerated by the bubble formation in the liquid.
This regime is characterized by high heat transfer.

• Transitional boiling, in this boiling regime the vapor starts to form a blanket on the heated surface. The
vapor layer has a low thermal conductivity and obstructs the liquid from reaching the heated surface.
Therefore this boiling regime is also undesirable because of its low heat transfer.

• Film boiling, in this regime the surface is covered with a stable vapor film. Nevertheless the heat transfer
starts to increase again due to the effects of radiation.

In the pilot plant in Twello nucleate boiling is expected to be the dominant mechanism. The temperature
difference is too low for film boiling and the other boiling regimes are avoided because of their low heat
transfer. Donowski and Kandlikar compared several theoretical and empirical correlations used to describe
evaporating in chevron plate heat exchangers [19]. They concluded that the correlation of Yan and Lin [72]
provided an accurate representation of the their experimental data in combination with a good theoretical
background. Other correlations describing nucleate boiling in plate heat exchangers include the correlations
reported by Cooper [41], Huang et al. [29] and Amalfi et al.[2]. An overview of these correlations is presented
in table 4.4. Palmer et al. [55] developed two separate equations for different refrigerants. They noted that
the requirement of two separate equation could be due to the use of different lubricants.

The heat transfer in evaporators is usually described using a number of dimensionless properties. These
include the equivalent mass flux defined as:

Geq =G

(
(1−Xm)+Xm

(
ρL
ρG

)0.5
)

(4.19)

The equivalent Reynolds number:

Reeq = Geq dh

µL
(4.20)

Equivalent boiling number:

Boeq = Q̇w /A
Geq∆hLG

(4.21)
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The Nusselt number is related to the convective heat transfer coefficient using the properties of the liquid
phase:

α= NuλL
dh

(4.22)

Table 4.4: Overview of correlations for the Nusselt number for evaporation in plate heat exchangers.

Author Correlation
Palmer at al. [55]
(R22, R290 and
R290/R600a)

Nu = 2.7Re0.55
L Pr 0.55

L

Palmer at al. [55]
(R32/R152a)

Nu = Nu0.42
L F r 0.0088 − log10(p/pcr )1.5Co1.5M 1.5

with: NuL = 0.16Re0.89
L Pr 0.4

L

and F r = G2

gρ2dh
and Co =

(
ρG
ρL

)0.5 ( 1−X
X

)0.8

Cooper [41] α= 55
(

p
pcr

)(0.12−0.2log10 Rp) (− log10

(
p

pcr

))−0.55 (
Q̇w /A

)0.67
M−0.5

Amalfi et al.[2] if Bd < 4: Nu = 982
(
β

70◦
)1.101 (

G2dh
ρmσ

)0.135 (
ρL
ρG

)−0.224
Bo0.320

else: Nu = 18.495
(
β

70◦
)0.248 (

XmGdh
µG

)0.135 (
Gdh
µL

)0.351 (
ρL
ρG

)0.223
Bd 0.235Bo0.198

with: Bd = g (ρL−ρG )d 2
h

σ

Huang et al. [29] Nu = 1.87×10−3
(

Q̇w /A
λL Tsat

)0.56
(
∆hLG doρ

2
LC p,L2

λ2
L

)
Pr 0.33

L

with: do = 0.0146×35◦
(

2σ
g (ρL−ρG )

)0.5

Han et al. [27] α=Ge1ReGe2
eq Bo0.3

eq Pr 0.4

with: Ge1 = 2.81
(

b
dh

)−0.041 (
pi
2 − β

180π
)−2.83

and Ge2 = 0.746
(

b
dh

)−0.082 (
π
2 − β

180π
)0.61

Yan and Lin [72] Nu = 19.26Reeq Pr 1/3
L Re−0.5Bo0.3

eq

The pressure drop during the evaporation has also been investigated. The frictional pressure drop in-
creases with the vapor fraction [22]. The vapor has a much higher specific volume so the velocity and tur-
bulence of the flow is much higher for the vapor phase than for the liquid phase. Furthermore it has been
observed that the heat flux has no significant influence on the pressure drop while the pressure drop of R134a
could be reduced by increasing the condensation pressure [72]. The pressure drop during the evaporation is
usually expressed using a friction factor:

∆p f = f
Lp

dh

G2

2ρm
(4.23)

Several correlations for the friction factor are included in table 4.5. These correlations are only for the fric-
tional pressure drop; the pressure drop in the port and due to acceleration are not included in these correla-
tions.

4.6. CONCLUSION
in this chapter several correlations for the pressure drop and the heat transfer of TBAB are discussed. These
correlations commonly use the modified Reynolds number to account for the non-Newtonian behavior of the
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Table 4.5: Overview of the friction factor correlations for evaporation in plate heat exchangers.

Author Correlation

Amalfi et al.[2] f = 4×15.698C
(

G2dh
ρmσ

)−0.475
(

(ρL−ρG )g d 2
h

σ

)0.255 (
ρL
ρG

)−0.571

with: C = 2.125
(
β
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TBAB CHS. The modified Reynolds number can be defined using the flow behavior index (equation 4.5) and
the fluid consistency index (equation 4.13). A correction factor for the fluid consistency has been proposed
in order to describe the influence of the initial mass fractions.

The pressure drop of TBAB CHS in tubes is best described by the friction factor correlation of Wenji et
al. [69]. However, increasing the solid mass fraction often leads to re-laminarization of the fluid. None of the
correlations provided and accurate estimation of the critical Reynolds number at which the re-laminarization
occurs.

The heat transfer of melting TBAB CHS in tubes has also been measured by several authors. The proposed
correlations only provide an accurate estimation of the Nusselt number for low velocities. At high Reynolds
number the solid mass fractions is observed to have a positive effect on the Nusselt number however this is
not accurately described by any of the correlations.

The evaporation in plate heat exchangers can be described by a number of different correlations. These
suitability of these correlations should still be determined using the experimental data of the system.





5
THE MODEL OF THE TBAB AIR

CONDITIONING SYSTEM

A model of a TBAB air conditioning system has already been developed by Zak [74]. This model has been used
as a starting point for a new and improved model of the system. In this chapter the modeling approach of
each individual component is presented. In this chapter the equations and correlations used to model each
components are discussed.

5.1. AIR COOLER
The air cooler is placed at the utilization side of the system. It consists out of a number of finned tubes
through which the CHS flows. When there is a cooling load air from the room is blown over the tubes and
cooled down by melting the CHS. The dimensions of the tubes are shown in table 5.1. A further overview of
the properties of the air cooler as specified by the manufacturer can be found in appendix B. The air cooler

Table 5.1: The parameters of the TBAB side of the air cooler.

Property Value Unit
Number of tubes 180 [-]
Number of circuits 15 [-]
Tube heat transfer area length 0.6 [m]
Outer diameter of the tubes 10.12 [mm]
Tube wall thickness 0.4 [mm]
Internal area 3.16 [mm]
External area 31.2 [mm]

makes use of tubes with rectangular fins attached to it. The tubes are made out of copper while the fins are
made out of aluminum. The main purpose of the fins is to increase the heat transfer area. The properties of
these fins are given in table 5.2.

Table 5.2: The parameters of fins of the air cooler.

Property Value Unit
Fin height 25 [mm]
Fin width 25 [mm]
Fin spacing 4.2 [mm]
Fin thickness 0.25 [mm]

TBAB CHS SIDE
In the air cooler the TBAB CHS will melt inside the tubes. The heat transfer of melting TBAB and the friction
factor have already been discussed in chapter 4. However as shown in figure 5.1 the air cooler consists out

33
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Figure 5.1: The pilot system in Twello before the insulation was installed. In the top the air cooler can be seen. It is connected the other
components with the grey tubes. Pleas notice the sensors implemented in the system. These sensor are not necessarily placed at the in-
or outlet of the components.
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Figure 5.2: The pilot system in Twello before the insulation was installed. The white vessel is the storage tank which is connected with
the grey tubes to the other components. The airducts is shown in the background; it has a number of bends which are include in the
pressure drop calculations. The black sensors measure the gauge pressure; notice how some sensors are placed much further from the
ground than others.
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Figure 5.3: The bend loss coefficent[6].

of several tube rows connected with each other with 180◦ U-bends. Each circuit includes eleven of these U-
bends and therefore the pressure drop at the CHS side of the air cooler is dominated by the pressure drop in
these bends. Babcock and Wilcox [6] provide a correlation which can be used to estimate the pressure drop
in these bends. This relation uses a bend loss coefficient which can be determined using figure 5.3. For this
specific application the bend loss coefficient is determined to be 0.28. The pressure drop in a single U-bend
can be expressed as:

∆p = 1
2 f ρsl v2 πdb

2 + 1
2ζbρsl v2 (5.1)

AIR SIDE
The fins will result in an increased heat transfer area in the heat exchanger. However due to temperature
gradient in the fins and in the air the heat transfer does not proportionally increase with the heat transfer
area. The influence of the fins on the heat transfer is described by the fin efficiency:
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(5.3)

The fin efficiency is used to calculate a virtual convective heat transfer coefficient that will be used when
calculating the overall heat transfer coefficient.
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(5.4)

Finally, the overall heat transfer coefficient can be expressed as:

1
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)
(5.5)

The above equation is for the overall heat transfer coefficient based on the outer surface. This equation can
be rewritten for the internal area of the tubes:
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A (5.6)
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Table 5.3: The parameters of AC-70X-30M heat exchanger [1].

Property Value Unit
Height 0.526 [m]
Width 0.111 [m]
Number of plates 30 [-]
Plate length 0.466 [m]
Plate width 0.100 [m]
Plate thickness 0.3 [mm]
Average distance between the plates 2.0 [mm]
Hydraulic diameter 3.3 [mm]
Port diameter 18 [mm]
Surface enhancement factor 1.22 [-]
Heat transfer area 1.71 [m2]

Using the definition of the virtual heat transfer coefficient this can be further rewritten as:

1
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= 1
αi

+ do−di
2λw all

+ 1
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η f i n

A f i n

Ai
+ Atube

Ai

]
(5.7)

The air is blown over the tubes by a fan. The power consumption of the fan can be related to the pressure
drop of the air flow. The fan efficiency is estimated to be 55 % while the mechanical efficiency is assumed
to be 95 %. The air also passes through a channel with a number of sharp bends. The pressure drop in this
channel is also included when calculating the power consumption of the fan.

Ẇ = V̇∆P
η f anηmech

(5.8)

5.2. GENERATOR
The TBAB crystals are produced when the TBAB solution is cooled down. This process occurs in the generator.
The pilot plant uses a plate heat exchanger of type AC-70X-30M produced by Alfa-Laval. The properties of
heat exchanger are shown in table 5.3. The hydraulic diameter given in the table is only valid if there is no
crystal layer present. Otherwise the hydraulic diameter can be expressed as:

dh ≈ 2(b−2δc )
Φ (5.9)

The heat transfer and pressure drop correlations used for the TBAB side of the heat exchanger have already
been discussed in chapter 4. However several other correlations are required in order to describe the crystal-
lization process.

CRYSTAL GROWTH
The crystal growth model is very similar to the model developed by Zak [74]. The supersaturation of the
solution is the driving force of the crystallization process. An analogy with heat transfer has been made in
which the subcooling corresponds to the temperature difference and the crystal production is the analogy for
the heat flow.

ṁc,pr od = kρc A(wi nt −wsat ) (5.10)

The mass transfer coefficient is a function of the Schmidt and Sherwood number. The Schmidt number is
defined as the viscous diffusion rate divided by the molecular diffusion rate.

Sc = µ
ρD (5.11)

Another dimensionless number that is used is the Sherwood number. This is defined as the convective mass
transfer rate divided by the diffusion rate. For this situation the characteristic length scale can be defined as
the thickness of the crystal layer.

Sh = k
D/δc

(5.12)
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The Sherwood number can be expressed as a function of the Reynolds and Schmidt number. In the previous
studies the following correlation for the Sherwood number has been used:

Sh = 0.2875Re0.78Sc1/3 (5.13)

Other correlation for the Sherwood number can be found by using analogy with the fouling. For plate heat
exchangers a relation based on the three region model of Von-Karman is proposed and validated by Li et al.
[40].

Sh = ( f /2)ScRe + ( f /2)0.5 × (5(Sc −1)+5ln((5Sc +1)/6)) (5.14)

These equations are implemented using a volume control technique. The crystallization process will be
driven by the temperature difference of the volume element and the corresponding equilibrium phase change
temperature. The volume fraction of the crystals can be expressed as a function of the crystal production rate:

φn+1
c =φn

c + ṁc,pr od

ρc V̇
(5.15)

The enthalpy of the next volume element is found using an energy balance:

hn+1 = hn + Q̇

ṁsl
(5.16)

The temperature and the TBAB fraction of the of an element are a function of the enthalpy and the crystal
volume fraction:

T n+1, wn+1
T B AB = f

(
hn+1,φn+1

)
(5.17)

CRYSTAL LAYER
Zak [74] has developed a model to estimate the steady state thickness of the crystal layer. For this model the
assumption has been made that the energy loss due to friction is equal to the removal work of the crystal
layer. However in reality the friction losses in the plate heat exchanger can be attributed to two phenomena:

• The friction of the fluid with the surface of the plate heat exchangers.

• The energy losses due to disruptions within the flow. The disruption can be caused by among other
things bends in the channel, mixing of the flows and vortices within the flow.

Arsenyeva et al. [3, 4] have studied and modeled the flow in plate heat exchangers. One of their goals
was to describe the formation of a fouling layer. Similar to the crystal layer the removal rate of the fouling
layer is related to the friction at the walls. They defined a factor ψ which describes the share of the friction
losses which can be contributed to the friction with the wall. They found this this factor can be obtained by a
relation proposed by Kapustenko et al. [33]:

ψ= ( Re
a

)−0.15si n(β)
if Re > a (5.18)

ψ= 1 if Re ≤ a (5.19)

With:

a = 380/
(
t an(β)

)1.75 (5.20)

The equations are solved for the flow regime used in the installation in Twello. The results show that the factor
ψ is always 1 regardless of the inclination angle β. This supports the assumption that the friction losses are
equal the the removal forces. This mean that he crystal layer can be predicted by using the following equation:

V̇∆p = Ẇr em (5.21)

The removal work of TBAB crystals can be related to the scrapping force in scrapped heat exchanger. Daitoku
and Utaka measured the scrapping force needed to remove TBAB crystals from a crystal layer [15]. They
reported that the structure of the initially formed crystal layer differs from the structure of the crystal layer
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Figure 5.4: The scrapping force of initially and repeatedly formed TBAB hydrates on a brass surface [14].

formed after several removals. Furthermore they discovered that the initial mass fraction has a very large
impact on the required removal force. The results of their experiments with a brass surface are shown in 5.4.

The scrapping force is also dependent on the thickness of the crystal layer. For this research this effect is
neglected since the influence of the crystal layer thickness is much smaller then the influence of the initial
mass fractions. For another material, PTFE, the removal force was independent on thickness of the crys-
tal layer [15]. However, this material also has a much lower removal force due to its very smooth surface.
Therefore, the experiments obtained for a brass surface expected to more representative for the actual heat
exchanger. As shown in figure 5.4 the experimental data can be fitted to an exponential correlation.

Initially formed: Fscr ap = 9.286e10.81wT B AB (5.22)

Repeatedly formed: Fscr ap = 5.761e13.62wT B AB (5.23)

The removal force is used to determine the removal work. It is assumed that the produced crystals have on
average the same length as the thickness of the crystal layer. Therefore the removal time (the average time it
takes before a crystal is removed from the surface) can be determined using the crystal growth rate:

tr em = δc
ṁc,pr od /(ρc A) (5.24)

Finally the removal work can be determined using the scrapping force and the removal time of the crystals.

Ẇr em = Fscr ap A
tr em

(5.25)

COMPLETE MODEL
The model describes both the slurry and the refrigerant side of the plate heat exchanger using control vol-
umes. On each side the temperature profile is calculated and on the slurry side the change of the crystal
concentration and the crystal layer thickness is determined. The results of a typical simulation are shown in
figure 5.5:

• The result in figure 5.5 show that the model predicts an equilibrium between the crystal production
and the removal of the crystal. The result is an almost constant thickness of the crystal layer.

• In the superheating zone the heat fluxes are much smaller. As a result the crystal growth rate is much
smaller in this zone and the subcooling remains too low to have a maximum crystal production.

• The temperature of the refrigerant in the superheating zone has been calculated with the outlet pres-
sure while the inlet pressure is used for the evaporation zone. The result is a small discontinuity in the
refrigerant temperature profile.
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Figure 5.5: A typical result of a simulation of the generator for a mass flow of 0.40 kg/s and a φi n of 0.20. The horizontal axis is the
distance from the inlet of the CHS (the top) of the plate heat exchanger.

5.3. PUMPS
As shown in figure 5.2 the pilot plant utilizes two different T MAG-M peripheral pumps to pump the CHS
through the system. The smallest pump, a T MAG-M2 pump, is used for the air-cooler side while the generator
side uses the larger T MAG-M4 pump. The effects of potential energy on the required pressure is neglected so
the relative pressure at the outlet of the pump is the same as the frictional pressure drop in the corresponding
heat exchanger and the connecting pipes. The enthalpy of the CHS at the outlet of the pump can be expressed
as function of the pressure drop:

hout = hi n + Ẇ
ṁ = hi n + ∆PV̇

ṁ (5.26)

The pumps are frequency controlled so a desired pressure drop or mass flow can be met by controlling the
rotational speed of the pump. The relation between the pressure drop and the flow rate can be obtained with
the pump characteristic. The pump characteristic of the two pumps are provided by the manufacturer and
can be found in appendix C. These pumps characteristics however do not include the performance of the
pump at other rotational velocities.

The pump characteristic at lower frequencies can be obtained using the affinity laws. The affinity laws
are based on the Buckingham π theorem for dimensional analysis. The main requirement when using these
affinity laws is that the pumps are dynamically similar. This condition will be met since the geometry of the
pump does not change. For a constant impeller diameter the affinity laws provides a relation of the flow rate
based on the rotational speed and the conditions at a reference state. In this case the reference state is the
pump operating at its nominal rotational speed. According the the affinity laws the ratio of the volumetric
flow is proportional to the rotational speed:

V̇ = V̇r e f

(
N

Nr e f

)
(5.27)

The head of the pump can be expressed as:

H = Hr e f

(
N

Nr e f

)2
(5.28)

And the power can be expressed as:

P = Pr e f

(
N

Nr e f

)3
(5.29)
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Figure 5.6: A comparison between the model and the pump characteristic of the manufacturer.

The efficiency of the pump is equal to:

η= V̇ H
P (5.30)

The affinity laws assume that the efficiency of the pump is not affected by the change in rotational speed. This
assumption is not valid for this type of pumps. Van Putten and Colonna [66] described a different method to
construct a pump characteristic. They assumed a parabolic pressure head curve and they used a dimension-
less analysis to predict the head of the pump at different rotational speeds. This method is applied to the
linear head curve given by the manufacturer. In this situation the equations for the flow rate and the head
reduce to equation 5.27 and equation 5.28. However they also proposed a more accurate relation for the
efficiency curve:

η= ηd

[
1−

(
1− V̇

V̇d

N
Nd

)2
]

(5.31)

The efficiency can also be used to determine the power consumption of the compressor:

P = HV̇
η (5.32)

The method Van Putten and Colonna has been validated using an older version of the pump characteristic
of the T MAG-M2 pump. This version of the pump characteristic also includes the performance at other
rotational velocities. A comparison between the data and the model is shown in figure 5.6. As shown in the
figure the head of the pump is accurately predicted by the model for a rotational speed of 1450 and 3500 rpm.
The deviation at 1750 rpm cannot be explained by the model but it is also unlikely that is would be accurately
predicted by another model. The deviation in the efficiency is also the largest for a rotational speed of 2900
rpm however this is partly due to the difference in the predicted head of the pump. However the efficiency
is only used to predict the power consumption of the pump and the power consumption is reasonably well
predicted by the model. The same model has also been used to construct the pump characteristic of the
actual pumps in the system. These pump characteristic can be found in appendix C.

5.4. COMPRESSOR
The pilot plant uses a Bitzer LH44E/2FES-3Y condensing unit. This unit includes a 2FES-3Y-40S compressor.
The properties of this compressor are shown in table 5.4.
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Table 5.4: The properties of a 2FES-3Y-40S compressor [9].

Property Value Unit
Number of cylinders (nr) 2 [-]
Bore (B) 46 [mm]
Stroke (l) 33 [mm]

The power consumption of the compressor is described by the volumetric and isentropic efficiency. Both
the volumetric and isentropic efficiencies are a function of the pressure ratio and the inlet temperature. The
volumetric and isentropic efficiency are obtained from a reference model published by the manufacturer [9].
The data of this model is analyzed according to the method described by Shi [57].

Figure 5.7: The volumetric and isentropic efficiency of the compressor for an evaporating temperature of 273.15 K and a superheating of
5 K. The squares indicate the data point points obtained from the reference model of the manufacturer.

Figure 5.7 shows the isentropic and volumetric efficiency of the compressor based on the data obtained
from the reference model. It is assumed that the isentropic and volumetric efficiency are only a function
of the pressure ratio. Therefore the influnce of the suction pressure or the superheating at the inlet of the
compressor is neglected. During normal operation the inlet conditions be almost constant so this will not
have large impact on the overall performance of the unit. Meanwhile the pressure ratio varies over time since
it is dependent on the outside temperature.

The volume flow of the compressor can directly be determined if the rotational speed and the pressure
ratio of the compressor is known:

V̇ = ηvol

(
nrπB 2

4 l N
)

(5.33)

The enthalpy at the outlet of the compressor can be calculated using the isentropic efficiency:

hout = hout ,s−hi n
ηs

+hi n (5.34)

The electric power consumption can be determined with the mechanical efficiency of the compressor:

ηmech = ṁr (hout−hi n )
Pel ec

(5.35)

The mechanical efficiency is estimated as 0.9670 based on the data obtained from model of manufacturer.
The pressure ratio has only a very small influence on the mechanical efficiency so therefore it can that the
mechanical efficiency remains constant.
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Table 5.5: The properties of a LH44E/2FES-3Y condensing unit [10] at full capacity.

Property Value Unit
Air flow rate 2000 [m3/hr]
Number of fans 1 [-]
Power consumption of the fan 155 [W]

5.5. CONDENSER
As mentioned earlier the system uses a LH44E/2FES-3Y condensing unit. Bitzer also provides a reference
model for this condensing unit [10]. This model specifies among other things the energetic performance of
the unit. Other specification obtained from this model are included in table 5.5.

The manufacturer does not specify the dimension of the equipment such as the number of tubes, the tube
length or the tube diameter. Therefore it is almost impossible to make an accurate theoretical description of
the heat transfer in the equipment. However, the thermal properties included in the model provided by the
manufacturer can be used to find an expression for the overall heat transfer coefficient. The reference model
is used to determine the heat transfer rate under varying operating conditions. These results are analyzed
and the overall heat transfer coefficient for each situation. Based on these results the following correlation for
the overall heat transfer coefficient is found:

U A =−13.14
(

Pcond
Pevap

)2 +146.5
(

Pcond
Pevap

)
+324.8 (5.36)

This relation has been obtained by relating the logarithmic mean temperature difference to the capacity of
the condenser. The logarithmic temperature difference has been determined using the condensation tem-
perature and the temperature of the air entering and leaving the condenser. It is valid for the complete range
of refrigerant mass flow encountered within the condensation unit. It is a function of the pressure ratio since
in this way it accounts for the higher superheating encountered for higher pressure ratios.

In the model the capacity of the compressor can be directly related to the power consumption of the
compressor and the capacity of the generator. The only unknown is the desired condensation temperature.
The condensation temperature must be high enough to facilitate the desired heat transfer.Since the overall
heat transfer coefficient is known, the number of transfer units can be used to determine this temperature.

5.6. STORAGE TANK
The pilot plant uses a 300 liter storage tank in order to store the produced CHS before it is utilized. The
crystals have a higher density than the solution, so the crystals settle at the bottom of the tank. A model has
been developed in order to describe the settling of the crystals in the tank. This model is inspired by the model
of Flick et al. [24] and Douzet et al. [21]. However, unlike the other models it neglects the diffusion since this is
a very slow process and it includes the possibility to describe the presence of superheated solution. A detailed
description of the extended storage model can be found in appendix D.

Simulations are performed with this extended model in order to gain some insight into the performance
of the model. Furthermore, the model has been used to gain some insight into the phenomena occurring in
the storage tank. Based on the simulation result the following observations are made:

• The mass flows entering and leaving the tank will pose a limit on the time step. Mass flows in the range
of 0.5 to 0.7 kg/s are expected to be encountered in the system. This means that time step should be
reduced to somewhere between 1 and 10 seconds in order to maintain a good accuracy.

• At least six to eight volume elements are required in order to provide an accurate description of the
crystal distribution. However, the simulations described in appendix D show that the accuracy can be
significantly improved if the number of control volumes is increased from 8 to 20. However, this will
also limit the time step.

• The dynamic effects described in the storage tank are mainly important during the start up of the sys-
tem. When the system is off the crystals accumulate in the bottom of the tank resulting in a very dense
slurry with a high mass fraction. Due to the high crystal concentration this slurry is very difficult to
transport and might increase the danger of blockages. However, these effects are very dynamic and
cannot be described by the model without using a very small time step. Furthermore, these dynamic
effects are also very dependent on the thermal mass of the systems and this is neglected anyways.



44 5. THE MODEL OF THE TBAB AIR CONDITIONING SYSTEM

Table 5.6: The parameters of the storage model

Property Value Unit
Height tank 0.7 [m]
Diameter tank 0.9 [m]
Thickness insulation 13 [mm]
Thermal conductivity 0.033 [W/(m K)]

• The settling of the crystals in the storage tank is dependent on the size of the crystals. However the ac-
tual size and shape of the crystals is not known. This makes it very difficult to accurately predict actual
settling of the crystals. These parameters are therefore estimated based on earlier research, however it
is not possible to validate these assumptions.

Based on these observations is is concluded that it is better to not use the extended model. Although, the ex-
tended model provides some valuable insight in the behavior of the tank it is not practical to integrate it in the
model of the system. It will slow down the calculations and make the modeling method of other components
much more complicated. Furthermore, this model will provide much more detail than necessary. Therefore,
a lumped model will be used instead. Table 5.6 includes some of the parameters of the actual storage tank.
The tank is insulated with 13 mm thick Armaflex foam with a thermal conductivity of 0.033 W/(m K).

5.7. CONCLUSION
This chapter provides an overview of the relations and equations used in the model. For each component the
modeling approach is presented. The models of the components are implemented into Matlab. Furthermore,
the correlations of the fluid properties are also included in the model. All these equations and correlations
are solved iteratively for each time step.
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VALIDATION OF THE MODEL

The model described in chapter 5 has been validated using experimental data obtained from the pilot system
located in Twello. The measurements are used to select the most suitable correlations and to determine the
strengths and weaknesses of the model. So far, the system has only been in operation using water instead of
the TBAB solution. Therefore the model has been slightly modified in such a way that the properties of the
fluid are obtained with Fluidprop rather than the correlations described in chapter 3. The available exper-
imental data is limited to the measurements executed at 4 and 5 October 2016. An overview of the sensors
and their accuracy can be found in appendix E. Unfortunately some of the experimental data (including the
power measurements) did not provide a reasonable result. Therefore the validation can still be improved by
redoing some of the measurements.

6.1. AIR COOLER
The water and air temperatures at the inlet and outlet of the air cooler are shown in figure 6.1. From this data
and the water flow rate it is easy to determine the capacity of the air cooler. However the experimental data
of the air flow is inconclusive since:

• As shown in figure 6.1 the air outlet temperature approaches (and is sometimes even lower than) the
water inlet temperature. Since the heat exchanger is placed in co current position the air should always
be warmer than the water outlet temperature, so this must be the result of inaccurate measurements.
Both sensors measuring the water temperature are in agreement with each other so its probably due to
the measurements. It could be that the sensor is not properly calibrated or that the measurements are
affected by the temperature of the duct.

• The air mass flow rate has been estimated using an energy balance. This balance does not include the
effects of the condensation of the water since the humidity of the air is not known. Furthermore the
amount of condensation is difficult to predict since it dependent on the local air temperature and the
temperature of the surface of the tubes and the fins.

• It is assumed that the air at the inlet of the air cooler is at the same temperature as the room. This
assumption is incorrect and an additional temperature sensor will be placed in order to determine the
actual temperature. This assumptions has a consequence that the calculated air mass flow rate varies
between the 0.3 and 0.6 kg/s. However the fan in the air duct is not speed controlled so a more constant
air flow rate is expected.

The air mass flow is used to estimate the capacity of the air cooler using several different correlations. For
these calculations the flow rate as well as the inlet temperature of the air and the water are used as input. The
result of these calculations is shown in figure 6.2. The overall heat transfer coefficient presented in this figure
is determined using the internal tube area as heat transfer area.

The capacity of the air cooler is always very well predicted by the correlations. This is because the capacity
is limited by the flow rates and not by the heat transfer mechanism. Between 20:00 and 21:00 hour the mea-
sured overall heat transfer exceeds the prediction of all three correlations. However as shown in figure 6.1 at

45
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Figure 6.1: The measured temperature of the water entering and leaving the air cooler as well as the temperature of the air.

Figure 6.2: Capacity and the overall heat transfer coeffcient of the air cooler. The experimetal data are compared with the correlations of
Briggs and Young [11], VDI heat atlas [67] and the correlation fromt he course refrigeration technology and applications [30]. The overall
heat transfer coefficient is calculated using the internal are of the tubes.

the same time the temperature difference between the air outlet and the water flow is unreasonable small so
the experimental data may not provide an accurate estimation.

The relation between the air and the water flow and the overall heat transfer coefficient is shown in figure
6.3. Just as expected the water flow has a positive effect on the heat transfer although the trend is slightly
troubled due to the influence of the air flow rate. The results obtained for a high air mass flow rates (> 0.5
kg/s) are mostly obtained between 20:00 and 21:00 hour. As explained earlier these measurements most likely
do not provide the most accurate results. Based on this figure it seems that the VDI heat atlas [67] provides
the most accurate result. However the actual air inlet temperature should still be measured so that a better
prediction can be made.
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Figure 6.3: Overall heat transfer of the air cooler plotted against the water mass flow rate on the left and the air flow rate on the right.

6.2. GENERATOR
The generator consists out of a plate heat exchanger in which the refrigerant is evaporated. The tempera-
ture and the pressure of both the water and the refrigerant are measured at the inlet and at the outlet of the
generator. Therefore the capacity of the generator can be easily estimated using an energy balance of the
flows.

Q̇ = ṁ∆h (6.1)

This energy balance is solved for both the refrigerant and the water side of the system. However as shown in
figure 6.4 the heat flow resulting from these energy balances are not necessarily the same. This is probably
the result of the following phenomena:

• The temperature of the plate heat exchanger is initially at a much higher temperature then the refrig-
erant. Therefore a part of the energy transferred from the refrigerant is absorbed by the thermal mass
of the generator and therefore not transferred to the water side. The same phenomenon happens just
after the moment that the pump is switched on.

• The heat transfer in the generator side is calculated using the assumption that enthalpy measured at
the outlet of the condenser is the same as the enthalpy at the inlet of the generator. This is only true
for a complete adiabatic process. However in the pipes some losses are expected to occur due to heat
transfer to the environment.

Based on these observations it is concluded that the experimental data on the water side provides a more
accurate estimation of the heat transfer. Therefore, this capacity will be used when validating the heat transfer
coefficients in the plate heat exchanger.

The superheating of the refrigerant is controlled by a valve. This valve regulates the refrigerant flow rate
so that the desired superheating of 3 K is reached. However, as shown in the graph on the left in figure 6.5, the
actual superheating varies between the 6 and 9 K. The valve however is always completely open as shown in at
the right side of figure 6.5. This means that the valve cannot let enough refrigerant pass in order to maintain
the desired superheating.

The valve can be replaced by another valve which would allow higher mass flows. However, this might
not be sufficient since the refrigerant flow is under these operation conditions still limited to approximately
0.045 kg/s by to the compressor [9]. Ideally this should be solved by regulating the evaporation pressure
although this would require an additional controller. A higher evaporation pressure reduces the temperature
difference in the evaporator and therefore the capacity. At smaller capacities the control works fine since
smaller refrigerant flows are required. Controlling the evaporation pressure is also beneficial since it can also
be used the prevent too quick crystallization in the TBAB system.
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Figure 6.4: The heat transfer in the generator estimated using the experimental data of the water flow (blue) and the experimental data
of the refrigerant flow (red).

Figure 6.5: Left; the temperature at the inlet and the outlet of the generator; right the position of the valve that regulates the refrigerant
flow rate.

HEAT TRANSFER CORRELATIONS
The refrigerant is first evaporated and then superheated within the generator. Therefore it is possible to divide
the heat exchanger into two seperature zones; the evaporating zone and the superheating zone. For each
zone the logarithmic mean temperature difference and the heat transfer can easily be calculated using the
saturation conditions of the fluid. A correlation for a single phase heat transfer is sufficient for the water side
and for the superheating zone. Using such a correlation it is possible to estimate the evaporation convective
heat transfer coefficient from the measurements. Two equations for the single phase heat transfer have been
selected; one which provides a low and one which provides a high estimation of the Nusselt number. The
first equations is that of Thonon et al. [65]. This equation is developed for a range of different plate heat
exchangers and different refrigerants. For a chevron angle of 60 ◦ they proposed the following correlation:

Nu = 0.2267Re0.687Pr 1/3 (6.2)
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The second correlation is the result of a comprehensive study to different plate heat exchangers of Yang et al.
[73]:

Nu = (−1.342×10−4β2 +1.808×10−2β−0.0075
)

Re−7.956×10−5β2+9.687×10−3β+0.3155ReΦ/βReγ/ΦPr 1/3 (6.3)

In this equation isΦ the surface enlargement factor, β the chevron angle and γ the corrugation profile aspect
ratio which is assumed to be 0.6 for this specific plate heat exchanger. In this study the hydraulic diameter has
been defined as 2b and it makes use of the projected area instead of the actual heat transfer area. However
this equation can be modified in order to be used with the hydraulic diameter and heat transfer as defined
earlier. In that case the correlation should be multiplied with a correction factor:

correction =Φ2−(−7.956×10−5β2+9.687×10−3β+0.3155+Φ/β+γ/Φ) (6.4)

For this specific heat exchanger these expression can be simplified to:

Nu = 0.788Re0.637Pr 1/3 (6.5)

The different correlations have been used to determine the convective heat transfer coefficient from the
measurements. A comparison between the correlations and measurements is shown in figure 6.6. The corre-
lation of Cooper [41] seems to provide the best results in this specific situation, however this correlation does
not have any dependence of the refrigerant flow rate. Furthermore, this correlation requires an estiamtion
of the a roughness of the plate without having any good data to validate this assumption. The correlation of
Amalfi et al. [2] also provides a reasonable result without having these problems. The only other correlation
that gives an even better result is the extrapolated relation of Palmer et al. [55]. This correlation however is
extrapolated far outside its application boundaries and it is intended for different refrigerants with a different
lubrication so this equation cannot really be used.

Figure 6.6: Comparison between the experimental convective heat transfer coefficient and several Nusselt number correlations for evap-
oration within a plate heat exchanger [2, 27, 29, 41, 55, 72]. The dotted lines represent the extrapolation of the correlations outside of
their given domains. The equivalent Reynolds number is defined using equation 4.19.

The correlation of Thonon and the correlation of Amalfi et al. are selected and implemented in the model
as described in chapter 5. The model calculates the temperature as function of the position along the plates. A
comparison between the results of the model and the experimental data is presented in table 6.1. The model
overestimate the heat transfer but the error seems to be less then 15 % under these conditions.

PRESSURE DROP CORRELATIONS
The pressure drop in the generator is also included in the model. The pressure drop on the refrigerant side has
been measured as shown in figure 6.7. This pressure drop is calculated using several different correlations.
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Table 6.1: Validation of the generator model.

time fluid ṁ [kg/s] Ti n [◦C] Tout [◦C] Q̇d at a [kW] Q̇model [kW]

21:10:00
R134a 0.05 11.2 18.5

7.0 7.64
water 0.7 18.8 16.4

21:14:00
R134a 0.04 11.1 17.6

6.7 7.44
water 0.7 18.0 15.7

21:35:00
R134a 0.04 11.9 17.8

7.5 7.88
water 0.7 18.0 15.8

For these calculations the pressure drop in the superheating zone is neglected and average properties have
been used. For this study the generator total pressure drop is defined as:

∆p =∆p f +∆ppt +∆pa (6.6)

If the study does not define the pressure drop then some common correlations can be used [29]. These cor-
relation define the pressure drop in the ports as:

∆ppt = 0.75

(
G2

pt ,i n

2ρL
+ G2

pt ,out

2ρG

)
(6.7)

And the pressure due to acceleration is equal to:

∆pa =G2(Xout −Xi n)
(
1/ρG −1/ρL

)
(6.8)

A comparison between the correlations and the measurements is shown in figure 6.7. From the figure it
is clear that the precision of the measurements is too low in order make an accurate validation of the correla-
tions. The measured pressure drop is usually 0.1 bar even when there is no or a very small flow rate. So there
is probably a constant error in the measurements; this can be the result a difference in the static pressure. At
higher flow rates the pressure drop is varying between the 0.1 and 0.2 bar. Considering the constant error the
actual pressure drop in the generator is somewhere in the range 0 to 0.1 bar depending on the flow rate. This
means that the correlation of either Amalfi et al. [2] or Huang et al. [29] should be used. These correlation do
give a lower estimation of the pressure drop. This is no surprise since the calculations neglect the pressure
drop in the tubes and the superheating zone. For this model the correlation of Amalfi et al. is preferred since
the same study is already selected to predict the Nusselt number.

Figure 6.7: Comparison between the measured pressure drop and several pressure drop correlation for evaporation within a plate heat
exchanger [2, 27, 29, 72]. The dotted lines represent the extrapolation of the correlations outside of their given domains.
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6.3. COMPRESSOR
The power consumption of the compressor has been measured although the experimental data does not
provide a reasonable result. Therefore the power consumption has been estimated using an energy balance:

P = ṁ∆h
ηmech

(6.9)

In this equation is the mechanical efficiency (ηm which is equal to 0.9670) used to correct for the energy
losses not related to the flow such as the energy loss of the electric motor. The estimated power consumption
is compared with the model of the compressor in figure 6.8. During the first two minutes the measurements
estimate a negative power consumption. This is off course incorrect and this can be attributed to the thermal
mass of the system. After a few minutes the measured power consumption is almost stable but it is still almost
twice as small as the modeled power consumption. This is because the actual power consumption cannot be
accurately estimated using equation 6.9. The temperatures are not measured directly at the inlet and the
outlet of the compressor. As a result energy has been transferred to the environment resulting in an under
estimation of the power consumption.

Figure 6.8: Left: comparisons between the measured and modeled power consumption compressor; right: comparison between the
measured and modeled refrigerant mass flow rate.

Based on the experimental data there is no reason to believe that the model provides an inaccurate result.
The compressor model is in good agreement with the model of Bitzer [9] and the differences between the
model and experimental data can be attributed to energy flows and losses within the actual system. However
the model be should reevaluated as soon as better experimental data are available. A comparison between
the measured and modeled refrigerant flow rate is also presented in figure 6.8. The deviation between the
flows are within the accuracy of the sensors. Therefore it can be concluded that the volumetric efficiency has
been well predicted by the model under these conditions.

6.4. CONDENSER
In the condenser the superheated refrigerant is completely condensed. Ideally the pressure ratio in the con-
denser should be controlled based an the capacity and the ambient air temperature. The difference in the
condensation temperature and the ambient air must be sufficient to facilitate the desired heat transfer. In
figure 6.9 a comparison between the modeled and experimental condensation pressure is presented. In the
first situation the modeled and measured condensation pressure are close to each other. The actual system
seems to operate at a constant condensation pressure while the model is much more dependent on fluctu-
ations of the ambient air temperature. In the second situation the ambient temperature is about 2 K lower.
Nevertheless the experimental data shows that system continues to operate at the same condensation pres-
sure. This is probably due to the control parameters. This means that the control strategy should still be
modified in order to fully profit from the lower ambient air temperature.
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Figure 6.9: Condensation pressure (at the outlet of the condenser) according to the experimental data and the measurements. The
outside temperature in the first situation is 14 ◦C and in the second situation 12 ◦C.

The observed pressure at the in- and outlet of the condenser is shown in figure 6.10. In the model the
pressure drop in the condenser is neglected since too little data is available to make an accurate prediction
of this pressure drop. However the measurements find an almost constant pressure drop of approximately
0.8 bar. It is unknown whether this pressure drop is the same under other operation conditions. Based on
dimensionless analysis we known that the pressure drop scales quadratically with the mass flow rate. So
therefore the following relation for the pressure drop could be obtained from the measurements:

∆p = 7.122×104
( mr

0.0361

)2 (6.10)

Figure 6.10: Pressure at the inlet and the outlet of the condenser.
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6.5. PUMP
The pumps in the system are modeled using the pump characteristic. As mentioned earlier the power con-
sumption is not accurately measured in the system. The experimental data always measure a pressure drop
of 0.1 or 0.2 bar. These measurements are probably incorrect, so it is impossible to validate the pump char-
acteristic using the experimental data. Nevertheless the model can still be used to calculate the flow rate and
the pressure drop for a given pump frequency. The results for the air cooler side of the system are shown in
table 6.2. The mass flow is accurately predicted by the model, while it is immediately clear that the either the
pump characteristic or the pressure drop measurements are incorrect.

Table 6.2: A comparison of the performance of the air cooler pump.

time frequency [%] ∆p data [bar] ∆p model [bar] ṁ data [kg/s] ṁ model [kg/s]
17:35:00 0.40 0.1 0.15 0.41 0.41
19:30:00 0.72 0.1 0.42 0.75 0.71
20:00:00 0.75 0.1 0.45 0.78 0.78
20:30:00 0.77 0.1 0.47 0.80 0.81

The result for the generating side of the system are presented in table 6.3. The correlation of Ma and Zhang
[42] is selected to describe the friction factor in the plate heat exchanger. This correlation seems to provide
the best result compared with the modeled pump characteristic. Furthermore, it has as advantage that it has
been developed to describe TBAB CHS. Still the mass flow is overestimated by the model; this is most likely
due to an underestimation of the pressure drop. However it also possible that this is due to deviations of the
modeled pump characteristic. Therefore it is important to assess the performance of the sensor in order to
see if the deviation is indeed the result of inaccurate measurements and not due to the pump characteristic.

Table 6.3: A comparison of the performance of the generator pump.

time frequency [%] ∆p data [bar] ∆p model [bar] ṁ data [kg/s] ṁ model [kg/s]
21:00:00 0.59 0.2 0.81 0.68 0.83
23:00:20 0.41 0.1 0.42 0.46 0.57
23:01:00 0.50 0.1 0.60 0.57 0.70
23:15:00 0.60 0.2 0.85 0.69 0.84

6.6. CONCLUSION
The model of the air conditioning system has been validated with experimental data of the pilot system in
Twello operating with water instead of a TBAB solution. Each component is validated separately:

• The experimental data of the air cooler are unsufficent to make and accurate validation of the correla-
tion. This will be solved by installing an additional temperature sensor. For the model however it seems
that the capacity of the air cooler is well described by the model using the correlation of the VDI heat
atlas [67].

• The pressure drop and heat transfer in the generator have been compared with several correlations. It
is concluded that the correlation of Amalfi et al. [2] provides an accurate estimation of the evaporation
side when it is combined with the correlation of Thonon et al. [65] for the single phase flow. During the
measurements it was also observed that the super heating was much too high. This should be solved
by changing the valve or adding a control for the evaporation pressure.

• The compressor model accurately predicts the refrigerant mass flow. The power consumption of the
compressor was estimated using the measured enthalpy. However, the model predicts a much larger
power consumption than the measurements. This differences can be attributed to the thermal mass of
the system and to energy losses to the environment.

• The measured condensation pressure is almost constant while the model predicts a lower condensation
pressure for lower ambient temperatures or capacities. This might indicate that the system might not
be optimally controlled. For the pressure drop in the condenser a correlation is proposed based the
experimental data.
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• Both pumps have been validated using the frequency of the pump as an input. The model and the
pump characteristics indicate that the pressure drop measurements are incorrect. On the air cooler
side of the system the pressure drop and mass flow rate seem to be accurately described by the model.
On the generator side the pressure drop is most likely slightly underestimated although it is not possible
to rule out the possibility that it is due to deviations in the modeled pump characteristic.



7
OPTIMIZATION AND EVALUATION OF THE

TBAB SYSTEM

The model presented in the previous chapters will be used to evaluate the performance of the system. How-
ever, the performance of such a system is heavily dependent on the chosen control parameters. In this chap-
ter the optimization of these parameters is presented. Keep in mind that the model has not yet been validated
for TBAB system so the optimal mass flows might not necessarily be the same for the actual system.

7.1. OPTIMIZATION OF THE FLOW RATE IN THE AIR COOLER
In this system the pumps are frequency controlled so the the flow rate in the air cooler can be controlled in
order to meet the optimal operating conditions. The optimal operating conditions are a trade off. On the
one hand a high velocity is preferred since it will result in a higher overall heat transfer and capacity of the air
cooler, however on the other hand, it will also lead to a higher pressure drop. Therefore, several simulations
are performed in which the mass flow rate of the slurry is varied. For these simulations the air at the inlet of
the air cooler is kept at a constant temperature of 23 ◦C while the air mass flow was kept constant at 0.4 kg/s.

Figure 7.1: The cooling in the air cooler and the power consumption of the pump for a constant mass flow of the air of 0.4 kg/s. The
TBAB solution at the inlet is at the crystallization temperature except for the solution at φc = 0; this solution is superheated by 1 K.

The result of the simulations is shown in figure 7.1. The capacity of the air cooler increases with the mass
flow rate. This is due to the enhanced convection due to the higher velocity. For a slurry with a solid fraction of

55
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0.20 and 0.40 it is observed that at a certain point increasing mass flow will not increase the capacity anymore.
At this point the capacity of the air cooler it is purely limited by the temperature difference between the slurry
and the air. This means that the capacity of the air cooler will mainly depend on the temperature difference
between the air and the slurry. The slurry usually has an almost constant temperature profile, so the capacity
can best be controlled by regulating the air flow rate.

Figure 7.1 shows that the power consumption of the pump is mainly dependent on the flow rate and not
so much on the solid fraction. Still crystal mass fractions above the 40 wt% should be avoided since they are
associated with a sudden increase in the pressure drop [80]. The presented result are used to determine the
optimal mass flow rate of the solution. Ideally the capacity of the air cooler should be as large as possible
while the power consumption is minimized. It is assumed that the fan is not used for ventilation so in other
words the fan is only in operation when there is a cooling demand. When there is a cooling demand the air
cooler extract a certain amount of energy from the air in a given period of time. At the same time the system
consumes energy so it is desired to maximize the ratio between these energy flows:

ratio = Ecool i ng

Pconsumpti on∆t =
Q̇cool i ng∆t

(Ppump+P f an )∆t =
Q̇cool i ng

Ppump+P f an
(7.1)

According to the simulations the power consumption of the fan is only about 34 W due to the low pressure
drop in air ducts. However, the pressure drop in the air ducts might be much higher due to for example filters
or bends that are not included in the model. The ratio between the energy flows has been determined using
the same operation conditions as before. The result is shown in figure 7.2. Every curve has a clear optimum
which is dependent on the solid fraction. The curves also include a small discontinuities; this is due to the
transitions from laminar to turbulent flow.

Figure 7.2: Ratio between the cooling capacity and the power consumption of the pump and the air fan for a constant air mass flow
rate of 0.4 kg/s. The TBAB solution at the inlet is at the crystallization temperature except for the solution at φc = 0; this solution is
superheated by 1 K.

The influence of the air mass flow rate has also been investigated. Table 7.1 provides an overview of
the optimum mass flow for a number of different operation conditions. It is clear that the optimum flow
rate and the capacity of the air cooler increases with the air flow rate. Interestingly, the ratio between the
power consumption and the capacity of the air cooler seems to be lower for a solid fraction of 0.40. This
could be explained by a reduction in the convective heat transfer of the slurry. This might be the result of re-
laminarization; the Reynolds number of the slurry is lower for a solid fraction of 0.40 than for a solid fraction
of 0.20.

7.2. OPTIMIZATION OF THE FLOW RATE IN THE GENERATOR
The mass flow in the generator side is also optimized in order to minimize to power consumption of the sys-
tem. In this case the flow rate of the slurry is varied while the suction pressure is maintained at 3.8 bar. The
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Table 7.1: The optimum mass flow in the air cooler for certain operation conditions. The TBAB solution at the inlet of the air cooler is at
the crystallization temperature except for the solution at φc = 0; this solution is superheated by 1 K.

φi n [-] mai r [kg/s] ṁopt [kg/s] capacity [W] ratio [-]

0
0.10 0.05 620.4 27.5
0.30 0.06 1230 30.0
0.50 0.16 2601 14.6

0.20
0.10 0.05 895.2 34.1
0.30 0.09 2580 44.6
0.50 0.14 4490 24.0

0.40
0.10 0.12 935.6 12.7
0.20 0.18 2525 12.4
0.30 0.25 4307 6.88

ambient air temperature is varied between the 10 and 30 ◦C. The results of these simulations are presented in
figure 7.3. The first graph shows that the capacity of the generator increases with the flow rate. As a result the
refrigerant mass flow is also higher resulting in a higher power consumption of the condensing unit (which
consist out of the compressor and the condenser). Unsurprisingly the ambient air temperature has a consid-
erable influence on the power consumption of the condensing unit while having very little influence on the
capacity of the generator.

Figure 7.3: The capacity of the generator, the power consumption of the pump and the power consumption of the condensing unit for a
constant compressor suction pressure of 3.8 bar.

The power consumption of the pump also increases with the flow rate. The power consumption is mini-
mal for a mass flow rate of about 0.2 kg/s. However, this does not mean that low flow rates are preferable. On
the contrary, due to the pump characteristic the low flow rates are associated with a very low pump efficiency.
For these simulation the efficiency of the pump varies from 1.5 % (at 0.1 kg/s) to 24 % (at 1.4 kg/s).

The power consumption of the pump and the capacity of the generator are used to determine the opti-
mum mass flow of the slurry. The solution is first heated up in the pump before it enters the generator where
it is cooled down. So the total amount of cold produced in the system can be expressed as:

Q̇cold = Q̇g en −Ppump (7.2)

The power consumption should be minimized so the following ratio should be maximized:

ratio = Q̇g en−Ppump

Ppump+Pcomp+P f an
(7.3)
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This ratio is plotted against the mass flow in figure 7.4. The optimum mass flow is about 0.4 kg/s with a ratio
ranging from 1.7 to 2.6 depending on the ambient air temperature. However the ambient air temperature
seems to have almost no influence on the optimal mass flow rate.

Figure 7.4: The ratio between the produced cold and the power consumption. The result are for an constant inlet crystal volume fraction
of 0.20 and an evaporation pressure of 3.8 bar. The influence of the ambient air temperature is also shown although this temperature has
little influence on the optimal slurry mass flow rate.

The influence of the temperature difference in the generator is also investigated. Therefore, the temper-
ature difference between the refrigerant (at the inlet of the generator) and the slurry (also at the inlet of the
generator) is controlled at 4 and 5 K. Lower evaporation temperature are not considered since the evapora-
tion pressure cannot be reduced too much. A too low wall temperature in the heat exchanger will result in a
very rapid crystallization resulting in blockages [80]. The result of the simulations is shown in table 7.2. The
ratio between the cold production and the power consumption is never larger than 3.9. However this result
is obtained for a TBAB solution of approximately 13.5 ◦C and an ambient temperature of 10 ◦C. Under these
conditions a much higher ratio should be expected. The ratio is mainly so low due to the low pump efficiency.
However, the pumps in the actual should still be replaced by a more efficient one. Furthermore, it should be
noted just as with the air cooler there is a trade off between the efficiency and the capacity of the system. The
capacity of the generator is not always sufficient for the optimum mass flow rate. In that case, the flow rates
should be determined based on the required capacity of the equipment.

THE PRESSURE DROP AT THE GENERATOR SIDE OF THE SYSTEM
As shown in the previous section the pressure drop at the generator side of the system is quite large due to the
required removal forces in the crystal layer. This loss mechanism should be further investigated in order to
determine possibilities to optimize the system. Therefore, the model has been used to determine the pressure
drop in the generator and the tubes for different solid fractions. These results are shown in figure 7.5. The
figure shows that the pressure drop in the tubes increased just as expected with the solid fraction. This is no
surprise since the slurry has a much higher viscosity then the solution. In the generator however the pressure
drop is much more dependent on the initial TBAB fraction and less dependent on the crystal fraction. This
because the required scrapping force is much higher for higher TBAB mass fractions as described by Daitoku
and Utaka [14, 15] and as shown in figure 5.4. This model has still to be validated however based on these
results the following can be concluded.

• The total pressure drop at the generation side of the system is in the range of 0.1 to 0.6 bar higher
compared to the water system. This is mainly due to the increased pressure drop within the generator.

• The pressure drop in the generator can be lowered by using a lower initial TBAB fraction. This is because
the pressure drop in the generator is mainly dependent on the required scrapping force. The influence
of the solid fraction on this scrapping force is unknown and should therefore still be investigated.
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Table 7.2: The optimum mass flow in the generator under certain operation conditions. The pump characteristic is used to determine
the pump efficiency resulting in high power consumption.

φi n [-] ∆Tmax,evap [K] Tamb[◦C ] ṁopt [kg/s] ratio [-]

0
4

10 0.31 3.90
30 0.35 2.49

5
10 0.32 3.75
30 0.38 2.40

0.20
4

10 0.28 3.05
30 0.39 2.07

5
10 0.41 3.20
30 0.30 2.15

0.40
4

10 0.35 3.24
30 0.36 2.15

5
10 0.25 3.28
30 0.34 2.18

Figure 7.5: Pressure drop of TBAB slurry in the generator (left hand side) and the tubes connecting the generator with the other compo-
nents (right hand side). These results are obtained for three different initial mass fractions and a mass flow rate of 1 kg/s.

• The crystal fraction seems to have a negative effect on the pressure drop in the pipes. Therefore high
solid fractions should be avoided if a large slurry distribution network is used.

7.3. CONCLUSION
The model of the TBAB is optimized in order to minimize the power consumption of the system. The optimal
mass flow is determined to be in the range of 0.05-0.25 and 0.31-0.41 kg/s for respectively the utilization
and generation side of the system. However, since the model has not yet been validated for the actual TBAB
system the accuracy of these estimation is still unknown. Nevertheless, the same optimization method can
be easily repeated when the model has been validated. The optimization shows that the performance of the
system is limited by the high power consumption of the pumps. This is because the current system still use
peripheral pump with a low efficiency. These pumps should, in the end, be replaced by more efficient ones.

The pressure drop in the generation side is one of the major losses during the cold production in the sys-
tem. If the power consumption of the pump remains too high then it may be possible to reduce the pressure
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drop in the generator by using a lower initial TBAB mass fractions. The pressure drop in the tubes can be
limited by avoiding high solid fractions.



8
RESULTS

The model described in chapter 5 is used to evaluate the thermal and economic performance of both the
water and the TBAB system. In this chapter the method and the results of the simulations are discussed.
In the first section the cooling load used for this simulation is presented whereas in the next section the
parameters for the simulations are discussed. Finally, the results of the simulations are presented.

8.1. COOLING LOAD
The cooling load of the installation in Twello has not yet been measured for a longer period of time. There-
fore, simple model of a building has been developed. The aim of this model is to find a reasonable estimation
of the indoor air temperature and of the cooling load during a year. The model does not describe the actual
building in Twello. Writing an accurate model for the building in Twello would be more elaborate than neces-
sary. Besides, too many variables like the exact dimensions and the occupancy of the room during a year are
unknown. Therefore the model used in this study describes a fictional 100 m2 office space with two external
walls and a glass facade.

The office space is modeled using a control volume method. The building is divided into seven volume
elements each with their own temperature and thermal mass. One volume element represent the air inside
the building and another element represent the windows. The other elements make up the thermal mass of
the wall and the floor. For each volume element an energy balance is made:∑

Q̇ = mCp
dT
d t (8.1)

The heat flow in the energy balance is the sum of the heat transfer through convection, conduction and due
to mass transfer. For every time step of 300 seconds, the heat balances are solved and the temperature of each
volume element is determined. The term on the right hand side represent the thermal mass of the volume
element. This term is neglected for the volume element that represents the windows.

The model is used to simulate the room during one year. The solar radiation and the outside air tem-
perature are obtained from the reference year described in NEN 5060 [50]. The solar radiation is averaged
over the different surface orientations (north, east, south and west). The ventilation rate is assumed to be 36
m3/(person hr) while the infiltration is assumed to be 0.4 ACH (air change per hour).

The result of the simulation is shown in figure 8.1. The total cooling load equals 28.1 MJ/m2 and there are
662 hours with a cooling demand. This result is compared with the findings of a report by ECN [56]. In this
report the heating and cooling load of different buildings has been investigated. Furthrmoe, it is investiagted
how the cooling load is affected by parameters such as the thermal mass of the building, the insulation, the
desired indoor air temperature and the control mechanism. For an office building the authors report a yearly
cooling load ranging from 60.9 to 24.2 MJ/m2 while the hours with cooling are ranging from 466 to 958. This
is in good agreement with the cooling profile estimated by the model.

8.2. PARAMETERS
As explained in chapter ?? the pumps are not yet optimized for the system. Therefore, in the simulation a
higher pump efficiency will be used in order to make the result more representative. The capacity of the
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Figure 8.1: The heating and cooling load of the building. The total cooling load is 2.81 GJ (780.9 kWh) and there is a cooling load present
during 662 hours in the year.

generator is usually smaller for the TBAB system than for the water system. Therefore the compressor will
not operate at full capacity. As a result the fan in the condenser should also be controlled. This also means
that the optimization presented in chapter ?? is not valid anymore. The mass flow can no longer be optimized
using the same method since this will lead to unreasonable small capacities. Therefore the flow rate of the
water in the generator is selected in such a way that the the generator will operate at a capacity of 3.5 kW. The
other parameters used for the simulations are summarized in table 8.1.

Table 8.1: The parameters used for the simulations.

Water system TBAB system
ηpump [-] 0.60 0.60

Tevap [◦C] Tstor −4 Tstor −4

ṁg ener ator [kg/s] 0.40 0.40

ṁai r cool er [kg/s] 0.05-0.50* 0.15

ṁai r [kg/s] 0.05-0.50** 0.05-0.50*

start generation Tstor ≥ 7◦C φt ank = 0.05
or t = 23.00 hour or t = 23.00 hour

stop generation Tstor ≤ 6◦C φt ank ≥ 0.10 (day)φt ank ≥ 0.40 (night)

* controlled to reach the desired cooling load
** controlled to reach an air outlet temperature of 16 ◦C

8.3. RESULTS
The simulations are performed for both the water system and the TBAB system. The result clearly illustrates
the working principle of both systems. The power consumption and the delivered cooling load during three
consecutive days are plotted in figure 8.2 (water system) and figure 8.3 (TBAB system). The first graph shows
the system operating with water as distribution fluid. The generation side of the system only starts if there is
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a cooling load present, so it operates usually during the day. This means that it operates with higher ambient
air temperatures than the TBAB system. The capacity of the generator and the air cooler are usually not the
same. Fluctuations between these capacities are compensated by the storage. That is also why the cooling
can continue for some time while the compressor is off.

Figure 8.2: The delivered cooling load and the electric power consumption of the water air conditioning system.

Figure 8.3 shows the operation of the TBAB system. At 23:00 the generation of the crystals is initiated until
a 40 % volume fraction is reached. The crystals are utilized during the day or slowly melt because of the heat
transfer with the environment. At 23:00 the compressor is switched on again and the hydrates will be replen-
ished. The figure shows that the power consumption at the utilization side is almost negligible compared to
the power consumption of the generation side. The simulation also shows that the stored crystals are often
insufficient to completely fulfill the cooling demand. Therefore, during certain days the hydrates are also
produced (although less efficiently) during the day.

Figure 8.3: The delivered cooling load and the electric power consumption of the TBAB air conditioning system.
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8.4. POWER CONSUMPTION
The simulations also provide an insight in the power consumption of the separate components. Table 8.2
provides an overview of the power consumption for both the TBAB and the water system under the same
operating conditions. As shown in the table the compressor is the main power consumer in the water sys-
tem; it accounts for 86.2 % of the total electric consumption. In the TBAB system the power consumption of
the compressor is reduced by 30.5 % mainly due to the higher evaporation temperature. However the over-
all reduction in the power consumption is limited mainly due to the increased power consumption of the
generation side pump. For this system the COP is defined as:

COP = Q̇cool∑
Pel ec

(8.2)

The simulations predict a 24.8 % reduction in the overall electric consumption. This corresponds to an in-
crease in the COP from 2.96 to 4.00. However, this result is also very dependent on the determined cooling
load and the control parameters. Changing the cooling load, the flow rates, the evaporation temperature or
the setpoints for the storage will all have a quite large impact on the overall performance of the system.

Table 8.2: The electric power consumption of the individual components of the system during the cooling period (from May till October).

Water system TBAB system Reduction [%]
Compressor [kWh] 238 166 30.5
Generator pump [kWh] 4.40 13.4 -204
Air cooler pump [kWh] 0.51 0.36 29.7
Condenser fan [kWh] 27.5 20.4 25.8
Air cooler fan [kWh] 5.65 8.26 -46.0
Total electricity consumption [kWh] 277 208 24.7
COP [-] 2.96 4.00

8.5. INITIAL TBAB FRACTION
As shown in figure 3.1 the initial TBAB concentration will determine the phase change temperature of the
solution. For this specific system a TBAB concentration of 36.5 wt% has been selected in order to ensure
an as high as possible crystallization temperature. However such a high TBAB concentration also has some
distinct disadvantages:

• It is well known that the TBAB crystals adhere more strongly to a surface for higher TBAB mass concen-
trations [14]. This will result in a larger pressure drop in the generator.

• The pressure drop of TBAB solution flowing through pipes or ducts slightly increases with the TBAB
mass fraction.

• The investments cost increases with the TBAB fraction.

• It might increase the risk of blockages.

The influence of the initial TBAB concentration has also been simulated. The minimum TBAB concen-
tration used for the simulations is 27.5 wt%; for lower TBAB concentrations the models is not valid anymore
since mainly type B hydrates will be produced. The simulations are only done for the month of July. The COP
in the month of July is higher than the average COP of the cooling period. This is because July has on average
a much higher cooling load. This is the result of the Dutch weather; the cooling period spans a long period in
time in which days with a very high cooling load alternate with periods without any cooling load. However,
at the same time a high solid fraction in the storage tank is maintained regardless of the weather. The stored
crystals will slowly melt due to the heat exchange with the environment. These losses add up and result in a
significant reduction in the energy consumption.

As shown in figure 8.4 the simulations indicate that the pumping power increases with the initial TBAB
concentration. However, the pumping power is only a very small part of the total power consumption. So
the the savings achieved by reducing the pumping power are insufficient to compensate for the increase in
the compressor power. This confirms that the best way to maximize the COP is to maximize the evaporation
temperature. However the economics should be further analyzed to also determine the economic optimum.
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Figure 8.4: A comparison of the performance of the system of several different initial TBAB concentrations.

It is not known why the model predicts a much lower COP for an initial TBAB concentration of 36.5 wt%.
The phase change temperature is the highest for an initial TBAB concentration of 36.5 wt% so the best ener-
getic performance is expected. The simulations however show a sudden reduction in the efficiency for this
TBAB concentration. One explanation is that this might due to the correlations used for the properties of
the TBAB CHS. For example the viscosity of the solution is described by the Vogel-Tamman Fulche model as
shown in figure 3.3. This model predicts a very rapid increase in the viscosity above the 30-35 wt% concen-
trations. This will result in a lower Reynolds and a lower convective heat transfer

8.6. STORAGE
The difference in the enthalpy between the slurry with a volume fraction of 0 and 0.40 is about 98 kJ/kg for
an initial TBAB concentration of 36.5 wt%. So a 300 L storage tank could theoretically store 29400 kJ (8.2
kWh) of produced cold. For certain days this cooling capacity is sufficient while other days require a higher
higher cooling capacity. The size of the storage tank should be further optimized based on the cooling load.
However, an analysis of the result indicated that the losses due to heat transfer with the environment balance
with the energy gained from using the storage. The COP of the system varies from 4.33 to 4.46 for a storage
tank of respectively 150 and 500 liters. Since the gains are so small it is best to minimize the size of the storage
tank in order to save on the investment costs.

The simulations are performed for a system in which the storage tank is placed inside the building. The
storage tank is well insulated. However, there is always a temperature difference of about 7-10 K between the
stored TBAB suspension and the room temperature. This results in a small energy loss to the environment;
this energy loss is on average about 37 W. Over the summer a total of 135 kW/h of stored cold energy is lost.
A better performance can be reached if the storage tank is placed outside. However, in that situation it is
important that the tank does not adsorb too much direct solar radiation. This situation is also modeled. It is
assumed that the storage tank is placed in outside, but it does not adsorb any solar radiation. In that case the
heat flow to the environment is on average about 21 W, and the total electricity consumption reduces from
208 kWh to 195 kWh.

Another thing to consider is that the condensing unit is designed to operate at an evaporation tempera-
ture of around 2-5 ◦C and an ambient air temperature of about 20-35 ◦C. However, the TBAB system operates
at an evaporation temperature of about 8.5 ◦C while the ambient air temperature reduces to about 10-20 ◦C
during the nights. The condensation temperature is directly related to the ambient air temperature so it will
also be reduced. The low condensation and high evaporation temperature mean that the generator operates
at low pressure ratios. Figure 8.5 shows the ambient air temperature and the pressure ratio of the compressor
for the TBAB system. This pressure ratio is also used to estimate the isentropic efficiency as shown in figure
5.7. During the night the pressure ratio is often less then 2, so the isentropic efficiency will be around 15-20
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Figure 8.5: The pressure ratio in the compressor as predicted by the model at different ambient air temperature.

% lower than during the day.
As explained earlier the model predicts a lower isentropic efficiency of the compressor during the night.

Nevertheless the COP of the cold production still increases for lower ambient air temperature. The time
at which the nighttime generation of the crystals is initialized can be further optimized. Now the system
switches on at 23.00 since this corresponds to the lower electricity tariff in the Netherlands. However, when it
switches on at a later time then the COP can be even further increased. For example if only the month of July
is considered than the COP can be increased from 4.39 to 4.53 if the setpoint is changed from 23.00 hr to 2.00
hr.

8.7. CONCLUSION
In this chapter the result of the simulations are presented. The cooling load needed for the simulations is
calculated with the help of a simple dynamic model. This model described a fictional 100 m2 room in an
office building and uses Dutch climate data to calculate the cooling requirements.

The simulations show that overall COP of the system increased from 2.96 to 4.00 if TBAB instead of water
is used as distribution fluid. This corresponds to a reduction in the energy consumption of 24.7 %. This
was mainly due to a 30.5 % reduction in the compressor power. At the same time the power consumption of
the generation side pump increased by 204 % due to the formation of the crystal layer in the generator. The
simulations confirmed that the pumping power could be reduced by lowering the initial TBAB concentration.
However, this also meant lowering the crystallization temperature which result in a higher compressor power.
The best performance is obtained for a initial TBAB concentration of 35 wt%.
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DISCUSSION

The results in chapter 8 show that using TBAB can reduce the energy consumption of the system. This re-
sult however is dependent on a number of different factors. In this chapter these factors are presented and
discussed.

9.1. CAPACITY OF THE EQUIPMENT
The geometry of the equipment in the system should be selected based on the chosen distribution fluid. The
capacity of the generator is much larger for water than for the TBAB CHS. This is mainly due to the crystal
adhesion in the TBAB system. The crystals form a dense layer that provide additional resistance to the heat
transfer. This can be illustrated by the overall heat transfer coefficient in the evaporation zone of the heat
exchanger. According to the model, this heat transfer coefficient is about 950 W/(m2 K) for the water system
and about 460-500 W/(m2 K) for the TBAB system. This means that under these conditions the capacity of
the generator reduces from about 3.7 to 2.8 kW. Luckily, the cooling capacity of the TBAB systems remained
sufficient due to the storage tank and the fact that the crystal layer would melt as soon as the solution became
superheated.

Replacing the water by the TBAB solution also affects the required capacity of the other components. The
cooling capacity of the produced TBAB slurry is much larger then that of water, so generally speaking the flow
rates in the system can be reduced. However, the cooling capacity of the TBAB slurry is dependent on the
crystal fraction. At the beginning of the cooling process the crystal solid fraction is close to 40 %. However,
the solid fraction reduces as crystal are utilized. This also means that the cooling capacity of the slurry reduces
over time. So, unless a more complicated storage technique is applied, the TBAB system must also be able
to deal with higher flow rates. This means that the capacity of the pumps can not be reduced in the TBAB
system. The capacity of the generator side pump may even be increased due to the higher pressure drop in
the generator.

The capacity of the air cooler should be selected based on the peak cooling load. As explained in section
6.1 is the convective heat transfer at the water side much higher than that of the air side. This means that
the capacity of the air cooler is mainly dependent on the air side heat transfer. However, the convective heat
transfer coefficient at the slurry side does reduces due to the lower flow rates and the re-laminarization. So
the capacity of the air cooler will be lower in the TBAB system, although this might be solved by selecting an
air cooler with a smaller flow passage for the TBAB system.

CONDENSING UNIT
The capacity of the condensing unit should be selected to match the capacity of the generator. However, in
the actual system this is not necessarily the case. While the capacity of the condensing unit is appropriate for
the water system it is overdimensioned for the TBAB system. As a result the compressor will operate at 30 to
60 % of the maximum rotational speed if the TBAB solution is used. This is not only due to the low capacity
of the generator but also due to the reduced pressure ratio in the refrigerant cycle.

In reality it might not be possible to operate the compressor at such low rotational speeds. If it is possible
to operate the condenser at partial load then one problem that may arise is the high power consumption of
the condenser fan. The simulations show that may accounts for as much as 23.4 % of the total power con-
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sumption of the system. Therefore, the model assumes that the fan is controlled based on the rotational speed
of the compressor. In that situation the power consumption of the fan reduces with 62.8 % from 54.9 kWh in
the uncontrolled situation to 20.4 kWh in the controlled situation. So adding a control for the condenser fan
will significantly reduce the power consumption of the system.

The relative high power consumption of the condenser fan is also the result of the fluctuations in the
capacity of the compressor. These fluctuations are the result of the high difference between the condensation
pressure during the night and during the day. This difference will always be there regardless of the selected
compressor. Therefore, it might still be beneficial to actively control the condenser fan even if a different
compressor is selected.

9.2. FLOW RATES
Many authors have noted that the higher cooling capacity of the TBAB slurry can be used to reduce the flow
rates in the system [45, 52, 75]. This would be beneficial since it would also reduce the power consumption
of the pumps. However, these studies usually refer to systems which include a large distribution network.
In these systems the TBAB CHS is centrally produced and stored. During the day, when there is a coolind
demand, the TBAB slurry is distributed over a numbers of air coolers located throughout the building. These
kind of systems are associated with high pumping requirements. For example Ogoshi and Takao [52] com-
pared the performance of water and the TBAB solution in a large scale (around 1055 kW) air conditioning
system. With water as a distribution fluid the pumps accounted for 41 % of the total electricity consump-
tion of the system. They managed to reduce the pumping power by 68 % by replacing the water by a TBAB
solution.

The situation investigated by Ogoshi and Takao is quite different from the situation in the pilot system in
Twello. In the pilot plant, the pumps consume very little power while the condensing unit accounts for the
majority of the power consumption. The utilization side pump only accounts for less then 1 % of the total
power consumption. Still, the model predicts a 29.7 % decrease in the utilization side pumping power for the
TBAB system. The flow rates can even be further optimized although in this specific system the options are
limited:

• The system should be able to operate with very low TBAB CHS mass flows in order to fully profit from
the increased cooling capacity. For example if the stored TBAB CHS has a solid fraction of 0.40 % then
a 3.5 kW cooling capacity could be reached by using a slurry flow rate of 0.016 kg/s. In that case the
velocity of the slurry in the air cooler becomes so low that the convective heat transfer inside the tubes
will limit the overall capacity.

• The flow rates can only be minimized if the mixing of the superheated solution and the CHS is avoided.
Otherwise the crystal fraction of the slurry reduces over time, resulting in a lower cooling capacity of the
slurry. One way to work around this problems is by using multiple storage. For example, in the study of
Ma et al. two separate storage tanks were used, one for the produced CHS and on for the TBAB solution
[45]. High crystals fractions can also be maintained in single storage system. This is a shown by Douzet
et al. [21]. They maintained solid fractions of 40 to 50 wt% during the cooling process by making use of
the setting of the crystals.

The power consumption of the generation side pump increases with about 204 % for the TBAB system.
This increase in the pumping power is much smaller than expected based on the result of Zak [74]. Zak
reported an increase in the total pump power consumption from 10.4 kWh to 210.2 and 837.8 kWh for differ-
ently controlled TBAB systems. One reason for this difference is that this study used a different approach to
determine the required scrapping force. Another difference is that during this study the the generator mass
flow was maintained at 0.4 kg/s. The drawback of using such a low flow rate is that it also limits the capacity
of the generator. Maybe this could be solved by reducing the evaporation temperature or be decreasing the
superheating. These options should be further investigated with the validated model.

9.3. ECONOMIC CONSIDERATIONS
The TBAB solution will not only reduce the energy consumption of the system, but it also offers the possibility
to profit from lower energy tariffs. In the Netherlands two tariffs for electricity are used; one tariff is used for
the period between 7:00 till 23:00 and another tariff is used during the nights, weekends and national holidays.
The price of the electricity has been determined based on actual electricity prices from energy suppliers. A
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price of €0.19010/kWh can be used for the peak tariff while a price of €0.17900/kWh can be used for the off-
peak tariff [23]. The difference between these two tariffs is only about 10 %, this is less than in for example
Japan.

The effect of these two tariffs on the energy savings can be further investigated using the results presented
in section 8.4. The energy consumption of the system reduced by 24.8 %. At the same time the price of the
consumed electricity reduced by 26.0 % from €51.70/year to €38.24/year. So the electricity costs reduced by
about 5 % more than the energy consumption. The observed cost saving is much smaller compared to case
studies from Japan [52]. This is however a direct result of different electricity tariffs.

During this research several aspects were encountered which require a detailed economic assessment.
These aspects are summarized below:

• A TBAB system requires a higher capacity generator. Furthermore, depending on the systems and the
control mechanism, it also requires different pumps. So the costs of the equipment will be higher com-
pared to a conventional water systems. However, some saving in the piping cost may be achieved if the
flow rates can be reduced.

• The price of the TBAB varies depending on the quantity and the purity. The TBAB used in the pilot
system in Twello was purchased for €10.00/kg. The system requires about 120 kg of TBAB so this will
also account for a considerably increase in the investments costs.

• The initial TBAB concentration and the size storage tank should also be further evaluated. The best
energetic performance is reached by using a 35 wt% TBAB solution. However, reducing the initial TBAB
concentration might be an attractive method to reduce the investments costs. This trade off between
efficiency and investments costs should also be further analyzed.

9.4. COMFORT
The comfort of a building is dependent on a number of different factors including the temperature, humidity,
temperature gradients, air velocity and lighting. These factors can be individually controlled however for sim-
plicity’s sake the model only takes the air temperature into account. The other parameters are also important
although they are less relevant for the performance of the air conditioning system. In the model the inside
air temperature is kept at a maximum of 23 ◦C. Actual air conditioning systems sometimes allow for higher
inside air temperatures as a way to limit the required capacity and energy consumption of the system. Raising
the indoor air temperature can be considered as very simple but effective method to save energy, however it
will also affect the comfort of the building.

The allowable inside air temperature has a considerable effect on the performance of conventional sys-
tem. Usually the distribution fluid is cooled down from 12 to 7 ◦C. However, if the inside air temperature
is raised by for example 5 ◦C, then the water has only to be cooled down from 17 to 12 ◦C. In that situation
the evaporation takes place at approximately the same temperature as in the TBAB system. The TBAB so-
lution has still its storage tank and the larger cooling capacity as an advantage. However, for systems with
a small distribution network these advantages may not be sufficient to warrant the additional investment
costs. However the systems, installed by the JFE Engineering Corporation, usually produce type B hydrates at
approximately 8 ◦C. So in these system the TBAB slurry is produced at roughly the same temeprature as the
chilled water. Nevertheless, large energy savings are reported due to the reduction in pumping power [52, 75].

As mentioned earlier the humidity is not controlled in the actual system. The model offers an estimation
of the condense production and the humidity at the outlet air cooler. However, the humidity is not controlled
and an estimation for the humidity of the room is not included in the model. In larger buildings the air is
usually controlled by a HVAC (heating ventilation and air conditioning) unit. These units do not only control
the temperature of the room but also the ventilation and the humidity of the room. As shown in figure 9.1, a
HVAC unit usually consist out of two separate heaters and a cooler. This is necessary to control the humidity
of the room.

• The first heater heats up the air before it enters the humidifier. It increases the temperature of the air
and therefore also the amount of water that can be dissolved in the air. During the humidification pro-
cess the temperature of the air is reduced. Therefore a second heater is also included in the HVAC unit.
The first heater is only used if there is a heating demand or if the air must be humidified. Therefore,
this heater is rarely used during the summer.
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• The cooler is intended to cool the air to its desired temperature. However, if the humidity of the cooled
air is too high then the air must be further cooled down in order to condensate the excess water in the
air. The temperature to which the air is cooled depends on temperature of the air cooler, the desired
air temperature and the desired humidity. It can be determined using the Mollier diagram which is
presented in appendix A.

• In the last heater the air is heated to the desired outlet temperature. During the heating process the
humidity ratio (the ratio between mass of the water and the mass of the air) stays constant, while the
relative humidity reduce due to increased solubility of the water in the air.

Figure 9.1: A schematic drawing of the components in a HVAC unit [54]. The air travels in consecutive order through a filter and/or
additional heat exchangers, a heater, a humidifier, a cooler and another heater.

The (de)humidification of the air is not included in the model. In the dehumidifier chilled water has a ad-
vantage over the TBAB solution. The wall temperatures in the air cooler are lower when chilled water is used.
Furthermore, chilled water offers the possibility to (locally) cool the air to below the 12.5 ◦C. This is not pos-
sible when a 36.5 wt% TBAB slurry is used. It should be further investigated if the TBAB solution will also
suffice in a dehumidifier, although based on the Mollier diagram no problems are expected. Theoretically
speaking, a HVAC unit utilizing a 12.5 ◦C TBAB slurry should be able to produce air with a relative humidity
of well below 70 % and a temperature of 22 ◦C.

9.5. CONCLUSION
In this chapter several topics related to the performance of the systems are discussed:

• The capacity of the equipment should be different for the TBAB and water system. For the TBAB system
a higher capacity generator and/or a lower capacity condensing unit should be installed. In the actual
system the condensing unit may be overdimensioned for the TBAB system. In the model this is solved
by operating the compressor at partial load. Further research is required in order to determine the
feasibility of this solution.

• In the literature the energy reduction is TBAB air conditioning systems are often associated with a re-
duction in the flow rates and therefore a reduction in the pumping power. However, the system in
Twello does not include a large distribution network, so the utilization side pumping cost are almost
negligible. Instead, the power savings due to the higher evaporation temperature and lower condensa-
tion temperature. For larger system both energy saving methods may be combined.

• The desired indoor air temperature will also determine the suitability of using TBAB. For now a maxi-
mum air temperature of 23 ◦C is assumed. If higher indoor air temperatures are allowed then the effi-
ciency of the water system will increase, while the performance of the TBAB system will remain more or
less the same. The model also does not include the (de)humidifaction of the air, although based on the
Mollier diagram no problems are expected when a 36.5 wt% TBAB solution is used in a dehumidifier.
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In this study the performance of TBAB as secondary refrigerant in air conditioning applications is investi-
gated. This is done by modeling the performance of the system using both water and a 36.5 wt% TBAB solu-
tion as secondary refrigerant. The geometry of the equipment is kept the same as that of the pilot system in
Twello.

10.1. MODELING APPROACH
The system is modeled using a steady state approach. Just as in earlier research the thickness of the crystal
layer in the generator is modeled by using an analogy with scrapped surface heat exchanger. Therefore the
model relies on the following assumptions:

• The produced crystal will not create any blockages in the system.

• The friction losses of the CHS in the generator are equal to the scrapping work.

• The required removal work can be related to experimentally determined scrapping force.

The other components are modeled with the help of empirical correlations and data and reference models
provided by the manufacturers of the equipment. The system could only be validated using water as sec-
ondary refrigerant since experimental data for the TBAB solution were not yet available.

The mass flows in this system can be optimized in order to minimize the energy consumption of the
system. The optimal mass flow for the crystal production is determined to be about about 0.31-0.41 kg/s.
However, higher mass flow are required in order to meet the desired capacity. Furthermore, the performance
of the system is improved if:

• The peripheral pumps in the systems are replaced for more efficient pumps (with an assumed efficiency
of 60 %).

• The rotational speed of the condenser fan is controlled in order to limit its power consumption. This
necessary since the condensing unit usually operates at partial load.

• The condensation pressure is always controlled based on the ambient temperature.

10.2. ENERGETIC PERFORMANCE
The energetic performance of the system was modeled using both water and a 36.5 wt% TBAB solution as
secondary refrigerant. The cooling load for the model is obtained using a small dynamic model of a fictional
100 m2 room in a office building somewhere in the Netherlands. Only the period from May to October is
simulated since these are the only months for which there is a cooling load present. In this period the overall
COP of the water system is 2.96. The COP of the system increases to 4.0 if the secondary refrigerant is replaced
by the TBAB solution. This correspond with an energy reduction of 24.8 %.

Of the individual components the compressor has by far the largest power consumption. In the water
system it accounts for 86.2 % of the total energy consumption. The power consumption of the compressor
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reduces with 30.5 % if the TBAB solution is used. This is the result of the higher evaporation temperature and
the lower condensation temperature (due to the nighttime generation) in the TBAB system. However, when
TBAB is used the pressure drop in the generator increases due to the adhesion of the crystals to the heat
exchanger surface. This results in a 204 % increase in the generation side pumping power. However, even in
this situation, the pumping power only accounted for 6.5 % of the total power consumption of the system.

Research has shown that the crystals adhere less strongly to the surface for lower TBAB concentration.
Therefore, reducing the initial TBAB fraction will also reduce the friction losses in the generator. However,
lowering the TBAB concentration also reduces crystallization temperature. This will result in a lower evapo-
ration temperature and therefore a higher compressor power. The best performance is obtained by using a
35.0 wt% TBAB concentration.

One thing to consider is that the condensing unit was designed for higher capacity and pressure ratio than
encountered in the TBAB system. Due to the high evaporation and low ambient air temperature the pressure
ratio of the compressor reduces. This means that for the TBAB system the pressure ratio is often less than 2
during the nighttime operation. Under these conditions the model predicts an about 20 % lower isentropic
efficiency than for the conventional system. Another thing to consider is that this system does not include a
large distribution network. Therefore, it does not profit as much from the lower flow rates as many examples
reported in the literature. This means that for system with a larger distribution network an even large energy
saving might be achieved.

Finally, it should be noted that the results are obtained for a room maintained at maximum temperature
of 23 ◦C. If higher indoor air temperatures are allowed then the performance of the water system will be
considerably improved. At the same time the efficiency of the TBAB system will remain more or less the
same.

10.3. HYPOTHESIS
The observations from this report are used to validate the hypothesis defined in chapter 1. The hypothesis
proposed for this research was:

The energy consumption of the secondary loop air conditioning system installed in Twello can significantly be
reduced if a TBAB hydrate slurry instead of water is used a secondary refrigerant.

The hypothesis was tested by modeling the performance of the system under certain conditions. The simu-
lations predict a 24.8 % reduction in the electricity consumption if a 36.5 wt% TBAB solution is used. So the
hypothesis is validated under the condition that assumptions presented in section 10.1 hold. These assump-
tions still have to be validated using newly obtained experimental data from the pilot system in Twello.
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RECOMMENDATIONS

In this thesis several topics are encountered and discussed which require further studying. Some of these
topics can at this moment not be further analyzed since the experimental data of the pilot plant is not yet
available, while other topics might deserve a study on their own.

11.1. CONTINUATION OF THIS RESEARCH
At the moment the research to the TBAB air conditioning plant in Twello is continued by Sven Drommel. He
will continue to improve the model and do the validation for the TBAB system. During the validation of the
model, special attention should be paid to the performance of the generator:

• The mass transfer in the generator is described using the Sherwood number. The most appropriate
correlation for the Sherwood number should still be selected with the help of the experimental data.

• The correlations which relate the crystal growth to the friction forces (as presented in section 5.2) are
newly developed and therefore not yet validated with experimental data. This method should be vali-
dated with experimental data, and it should investigated whether this method also provides an accurate
estimation of the crystal layer thickness.

• The model calculates the crystal growth using a correlation for the mass transfer rate. This correlation
describes the crystal growth without taking the nucleation process into account. Therefore, the model
might underestimate the subcooling in the generator. This effect will be the most prevalent if there
are no crystals present within the flow. It should be investigated whether the subcooling is indeed
underestimated by the model, and how this will affect the overall performance of the system.

11.2. POSSIBILITIES FOR IMPROVEMENT
The continuation of the research to the pilot plant will provide more insight in the performance of the ac-
tual system. In the report several recommendations for the development and optimization were already dis-
cussed. These recommendations are summarized below:

• A control of the evaporation pressure will be very useful in order to optimize the operating conditions
of the generator. Furthermore, it could also be necessary in order to prevent a too rapid crystallization
in the generator.

• The condensation pressure should reduce for lower ambient air temperatures. This could be achieved
by controlling the rotational speed of the compressor.

• The capacity of equipment changes if a TBAB solution is used. The heat transfer in the generator re-
duces due to the formation of a crystal layer. Furthermore, the TBAB system makes use of a higher
evaporation temperature and lower condensation temperature. This means that in the TBAB system
the compressor usually operates at partial load. It should be investigated whether it is actually possible
to efficiently operate the compressor under these conditions. If it is possible then the condenser fan
must also be controlled in order to maintain a high efficiency.
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• The system still makes use of peripheral pumps with a low efficiency. This is necessary in order to fully
investigate the behavior of the system. However, these pumps should in the end be replaced by more
efficient ones in order to reach a better efficiency.

11.3. SUGGESTIONS FOR FURTHER RESEARCH
There are also a number of topics which have been touched upon in this study but were not further examined.
The topics can be the subject of or be included in future studies:

• An economic assessment should still be performed in order assess the financial implications of using
TBAB slurry.

• The properties of the crystal layer should be further investigated. It is known that the crystal layer
becomes more difficult to remove for a repeatedly scrapped surface [14, 20]. It is therefore important
to further investigate the properties of the crystal layer and how these properties change over time.

• The control of the system should be further optimized in order to maximize the efficiency of the system.
For now the mass flow rates are constant regardless of the solid fraction of the tank. However, the
cooling capacity of the slurry increase with the solid fraction. This means that the flow rate of the slurry
can be further minimized as a way of reducing the power consumption of the pumps.

• In this research the growth of the crystal layer is limited by the friction with the flow. However, the
simulations show that this method of removing the crystals will lead to a high pressure drop in the
generator. It is also possible to limit the thickness of the crystal layer by for example melting the crystal
layer (by reversing the operation of the refrigerant cycle) or by using a scrapped surface heat exchanger.
It should still be investigated whether these or other removal techniques can be used to improve the
performance of the system.

• The TBAB system offers the possibility to temporarily store energy for air conditioning applications.
This mean that the electricity consumption of the systems does not have to align with the cooling de-
mand of the building. This property is very useful in smart grids. By managing the time at which the
crystals are produced it possible to adjust the electricity consumption of the system in such a way that
it better matches with the electricity supply in the grid.

• The TBAB powder used in the system it is slightly contaminated with silicon so it only has a purity of
97 %. TBAB of higher purity is available, however it is much more expensive and therefore not prac-
tical to use for this application. It should therefore be investigated how these contaminants affect the
performance and/or the lifespan of the system.

• TBAB is just one of several phase change materials that are proposed and studied for air conditioning
applications. For example trimethylolethane (TME) and tetrabutylammonium fluoride (TBAF) have
also been suggested as alternative secondary refrigerant [75]. Another option is to use a CO2 hydrate
slurry, although due to the necessity of highly pressurized CO2 it requires a more complicated system.
Further research is required in order to compare the performance and opportunities of these different
techniques.
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A
PROPERTIES OF HUMID AIR

The properties of humid air cannot directly be obtained from Fluidprop. However the properties of air and
water can be used to calculate the properties of humid air. The water vapor fraction in air is usually expressed
by the relative humidity. The definition of the relative humidity can be used to determine the partial pressure
of the water vapor.

RH = Pw ater
P sat

w ater
(A.1)

The partial pressure of the water vapor at saturation conditions is a function of the temperature of the air and
can be calculated using Fluidprop. The humidity ratio of air is defined as the ratio of the mass of the water
vapor divided by the mass of the dry air. It can also be expressed with the partial pressure of the water vapor.

mw ater
mai r

= 0.62198 Pw ater
Pai r −Pw ater

(A.2)

In this equation 0.62198 is the ratio of the molar mass of water and air. The enthalpy of humid air can be
expressed with the humidity ratio:

h = hai r + mw ater
mai r

hw ater (A.3)

The properties a humid air can also be shown graphically using in the Mollier diagram. This diagram is
included in figure A.1. It provides an overview of the properties of humid air. The horizontal axis represent
the humidity ratio of the air and the vertical axis is the temperature of the air. The curve started in the left
bottom and going the the right top represent the saturation condition; the humid air at a relative humidity of
100%. This line can be used to determine the humidty ratio for a given air temperature. The diagram can also
be used to determine the enthalpy for a given temperature and humidity and vice verse.
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Figure A.1: The Mollier diagram.



B
THE SPECIFICATIONS OF THE AIR COOLER.
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C
THE PUMP CHARACTERISTIC

The pump characteristic provided by the manufacturer are shown in figure C.3 and figure C.3. The data from
this two graphs has been used to construct the data the pump characteristic for different rotational velocities
according to the method described in section 5.3. The result for the smallest pump is shown in figure C.1 and
the result for the largest pump is shown in figurefig:M4.

Figure C.1: The pump characteristic of the T MAG-M2 pump.
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Figure C.2: The pump characteristic of the T MAG-M4 pump.
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Figure C.3: The pump characteristic of the T MAG-M2 pump as published by manufacturer.
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Figure C.4: The pump characteristic of the T MAG-M4 pump as published by manufacturer.



D
EXTENDED STORAGE MODEL

An extended storage model has been developed in order to describe the distribution of the crystals through-
out the storage tank. This model has many similarites to the model of Flick et al. [24] and Douzet et al. [21]
however the model is modified in order to also describe the inflow and presence of superheated solution. The
model divides the tank into a number of volume elements each with a constant volume V and a height d x.
The model uses the following assumptions:

• All the properties of the fluid are constant in a volume element.

• The volume elements are at equilibrium temperature as long as the solid mass fractions is higher then
0.

• The diffusion of the crystals is neglected.

• The crystal are assumed to be spherical with always the same diameter.

The velocity of the crystals Vc and the velocity of the solution Vsol is calculated with the entering mass flow,
thevolume fraction of the crystals and the settling velocity. The settling velocity of the crystals is defined
as the difference between the velocity of the crystals and the velocity of the fluid. It is determined with the
modifed Stokes law as derived by Flick et al. [24]. The maximum volume fraction is assumed to be 0.65 based
on observations of Darbouret et al. [17].

vset = g (ρc−ρsol )d 2
c

18µsol

(
1− φc

φc,max

)
(D.1)

BALANCE EQUATIONS
For every element in the tank an energy balance and a species balances are solved. Each volume element of
the tank can also be represented by two different elements: one for the crystals and one for the solution. The
relation between these elements is given by the volume fraction of the crystals.

mc =V ρcφc (D.2)

msol =V ρsol (1−φc ) (D.3)

(D.4)

In a similar fashion the velocity of the crystals and the solution can be rewritten as mass flows. These mass
flows are used to solve the balance equations. Two distinct situations are distinguished: the solution is or
becomes superheated or the solution is at the equilibrium temperature. For each situation a different set of
equations is solved by iteration.

THE SOLUTION IS AT THE EQUILIBRIUM TEMPERATURE
The solution is only at its phase equilibrium temperature if there are crystals present. The crystal mass frac-
tions is calculated be solving the energy balance:

−∆hmel t
mt+∆t

c −mt
c

∆t +Cp,sol
mt+∆t

sol T t+∆t−mt
sol T t

∆t +Q̇out −Q̇i n = 0 (D.5)
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The heat flows are the sum of all the heat flows entering or leaving the volume element. This include the heat
flow as a result of conduction through the fluid, conduction through the insulation material and the heat flow
resulting from the mass flows. The TBAB mass concentration is found using a species balance:

mt+∆T
c wT B AB ,c−mt

c w t
T B AB ,c

∆t + mt+∆T
sol w t+∆t

T B AB−mt
sol w t

T B AB
∆t + [ṁc wT B AB ,c ]out

i n + [ṁsol wT B AB ]out
i n = 0 (D.6)

Finally the TBAB mass concentration can be used to determine the temperature of the solution. The solution
is at phase change temperature:

T t+∆T = Te (D.7)

THE SOLUTION IS SUPERHEATED
The solution can only become superheated if there following condition must met:

φt+∆T
c = 0 (D.8)

The concentration of TBAB is determined using a species balance:

mt+∆T
c wT B AB ,c−mt

c w t
T B AB ,c

∆t + mt+∆T
sol w t+∆t

T B AB−mt
sol w t

T B AB
∆t + [ṁc wT B AB ,c ]out

i n + [ṁsol wT B AB ]out
i n = 0 (D.9)

Finally the temperature can be determined using an energy balance:

−∆hmel t
−mt

c
∆t +Cp,sol

mt+∆t
sol T t+∆t−mt

sol T t

∆t +Q̇out −Q̇i n = 0 (D.10)

SIMULATIONS
The performance of the model has been investigated by modeling several different situation. Each simu-
lations starts with a storage tank with an initial TBAB concentration wT B AB ,0 of 0.365 and a crystal volume
fraction φc of 0.40. The simulations were performed for three different situations:

• Situation 1: there is no inflow in the storage tank, so the main phenomenon occurring in the storage
tanks is the settling of the crystals.

• Situation 2: an super heated mass flow of 0.01 kg/s and a temperature of 15 ◦C flows into the top the
tank.

• Situation 3: an mass flow of 0.5 kg/s and a temperature of 15 ◦C has been applied to the inlet. The mass
flow is in the same range as the actual mass flows encountered in the system.

The simulation result for situation 1 are presented in figure D.1. The figure shows that the model provides
and description of the settling of the crystals. The settling process slows down when the solid volume fraction
comes closer to the maximal solid fraction. It also hows that a layer with almost now crystal will be formed at
the top of the storage tanks and that this layer will slowly extends downwards.

If the the crystal size is reduced from 100 µm to 50 µm then it takes more then 3 hours before a solid
fraction of 0.55 is reached at the bottom of the tank. That means that the settling process will be more then
three times slower. The actual size and shape of the produced crystals is unknown. Therefore it is very difficult
to use the model to predict the settling of the crystals. The large dependence on the crystal diameter can
easily be explained by equation D.1. The settling force scales with the volume of the crystals while the settling
resistance scales with the area of the crystals.

The results of the simulations for situation 2 are shown in figure D.2. In this situation there are two dis-
tinctive layers formed. The layer of the superheated solution will be formed on top of a layer of the original
solution. There also is a region in which the two layers have been mixed. The smooth transition between the
two layers with a different mass fractions is mainly due to additional diffusion created by the control volume
elements. As shwon in the figure reducing the size of the volume elements results in a much more sudden
transition; this is just as expected since the diffusion of the crystals is neglected. It also means that the size of
the control volume elements should be reduced in order to improve the accuracy of the model. However this
also means that the time step should be reduced, resulting in a much larger calculation time.

As mentioned earlier the models predicts only a small boundary layer between the two models. This is
also observed in the model of Douzet et al. [21] in which the discussion is included. This result is mainly due
to the fact that flow in the radial direction are neglected. Therefore the mixing fluid is underestimated.



91

Figure D.1: The vertical distribution of φc and wT B AB as predicted by the storage model for an entering mass flow of 0 kg/s (situation 1).

Figure D.2: The vertical distribution of φc and wT B AB as predicted by the storage model for an entering mass of 0.01 kg/s (situation 2).
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Figure D.3 show the results of the simulation done for situation 3. The results for a simulation time of 1,
2 and 3 hours are exactly the same. It takes 10 minutes to completely fill the storage tank if a mass flow of 0.5
kg/s is applied. In reality the entering mass flow will be dependent on the leaving mass flow and some delay.
This delay however is not included in the model of the system. The model of the system uses a time step of
one hour. It is possible to use a different time step for the calculations for the storage tank. However figure
D.3 shows that this storage model will not improve the accuracy for a time step of on hour due to the large
mass flows encountered in the system. This means that the dynamic effects happen at a much smaller time
scale then the time step of one hour. This means that even if the dynamic effects are described by the storage
tank that these dynamic effects will be neglected in the models of the other components.

Figure D.3: The vertical distribution of φc and wT B AB as predicted by the storage model for an entering mass of 0.5 kg/s (situation 3).



E
THE DATA COLLECTION IN THE SYSTEM

The experimental data is collected from the pilot plant in Twello. The system include a number of sensor each
collecting a data point once every 10 seconds. Unfortunately the power sensors are not working properly and
no consistent relation correlation between the measured value and the expected power consumption could
be found.

An overview of all the sensors within the system is given in table E.1 and figure E.1. The accuracy of
the sensors is when known presented in the third column of table E.1. The heat flows in the systems are
determined using an energy balance:

Q̇ = ṁ∆h (E.1)

These equations only offer a rough estimate of the power consumption since they do not include the energy
transfer to the surrounding and the equipment. The thermal mass of the system often leads to a delay in
the temperature measurement. The precision of the experimental data is limited by the number of decimals
in which the data is saved. For example the pressure sensors have an accuracy of 1 kPa however the data is
saved using two digits. As a result the available data has only a precision of 0.1 bar. This precision due to the
rounding of the data is included in the second last column of table E.1.

Table E.1: On overview of the sensors in the system. When known the accuracy of the sensor is also included in the table as well as the
precision due to rounding of the experimental data.

Sensors Property Accuracy Precision
data

Unit

FT10.01A, FT20.01A, FT30.01A Density - 0.1 [kg/m3]

FT10.01B, FT20.01B, FT30.01B Flow rate 0.15 % 0.1 [kg/h]

M10Power, P21Power, P31Power Power - 1 unknown

M10Spd, P21Spd, P31Spd Rotational speed - 1 % [%]

PT10.01, PT10.02, PT10.03, PT10.04,
PT20.01, PT20.02, PT30.01

Gauge pressure 0.01 0.1 [bar]

TT10.01, TT10.02, TT10.03,
TT20.01, TT20.02,
TT30.01, TT30.02, TT30.03, TT30.04,
TT40.01

Temperature 0.03 0.1 [K]

V10.01 Valve - 0.1 [%]

Not only the sensors but also the setup might influence the accuracy of the results. The pressure and
temperature sensors are located in the pipes which connect the different components of the system. The
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sensors are usually located somewhere in the middle of these pipes so the pressure sensors are not measuring
the complete pressure drop in the pipes. Furthermore, the pressure sensors are not located at the same
distance from the floor. As a result, the pressure measurements might also be affected by the hydrostatic
pressure. These inaccuracies however can only account for small deviations (maximum about 0.1 bar) in the
measured pressure drop.
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