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Nomenclature
Latin symbols

a [m] Distance between the camera and the background
Ac [m2] Internal cross sectional area of the tank
Ai [m2] Surface area of different zones of the tank
Aends [m2] Surface are of the tank end zones
Asurface [m2] Surface area of the tank per tank zone
Atop [m2] Cross sectional area of the tank with insulation
Atotal [m2] Total surface area of the tank
b [m] Distance between the camera and the density field
COP Coefficient of performance
COPcool Coefficient of performance for cooling
COP ideal

cool ,COPCarnot
cool Ideal coefficient of performance for cooling

COP real
cool Real coefficient of performance for cooling

COP ideal
heat ,COPCarnot

heat Ideal coefficient of performance for heating
COP real

heat Real coefficient of performance for heating
COP stratisorp

cool Cooling COP for stratisorp cycle
COP stratisorp

heat Heating COP for stratisorp cycle
COPmax

cool Maximum cooling COP available for stratisorp
cycle

cp [J/kgK] Specific heat at constant pressure
D [m] Diameter of the tube
Fr Froude number
Frm Modified Froude number
g [m/s2] Acceleration due to gravity
G(λ) Gladstone dale constant
Hmin [m] Position of the first sensor
Hmax [m] Position of the last sensor
lr [m] Characteristic Length
L [m] Length of the tube
ṁads,ṁad [kg/s] Mass flow rate of adsorber
ṁc [kg/s] Mass flow rate of cooling module flowing through

the tank
ṁcond [kg/s] Mass flow rate of condenser
ṁev [kg/s] Mass flow rate of evaporator
ṁh [kg/s] Mass flow rate of heating module
mtank [kg] Mass of the water contained in the tank
mzone [kg] Mass of water in each zone
n,n0 Refractive index
N Total number segments between the temperature

sensors
Ncycles Number of cycles
pratio Thermal conductivity multiplier
Pr Prandtl number
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Pe Peclet number
Pc [mbar] Condenser pressure
Pe,Pevaporator [mbar] Evaporator pressure
Q̇ads [W] Adsorber power during adsorption half cycle
Q̇des [W] Adsorber power during desorption half cycle
Q̇c [W] Cooler power
Q̇h [W] Heater power
Q̇ev [W] Evaporator power
Q̇cond [W] Condenser power
Q̇cooling [W] Cooling power
Q̇heating [W] Heating power
Qads,Qadsorber,Qadsorption [J] Heat of adsorption
Qdes,Qdesorption [J] Heat supplied to adsorber during desorption
Qcooler Qc [J] Heat rejected in the cooling module from the tank
Qcond [J] Heat rejected by the condenser in the cooling mod-

ule
Qev,Qevaporator [J] Heat absorbed in the evaporator
Qh,Qheater [J] Heat supplied by the heating module
QC ,QA [J] Heat rejected to the medium temperature heat sink
QH [J] Heat supplied by the high temperature heat source
QL,Qe [J] Heat supplied by the low temperature heat source
Qcs [J] Heat supplied by the medium temperature heat

source
Qtank [J] Total energy contained in the tank
Qtankend

[J] Energy contained in the tank at the end of the
cycle

Qtankstart [J] Energy contained in the tank at the start of the
cycle

∆Qtank [J] Difference in Qtankstart and Qtankend

Qbottom [J] Energy contained in the bottom zone of the tank
Qtop [J] Energy contained in the top zone of the tank
Qloss6hr [J] Energy lost to the surroundings from each zone in

6 hours
Qlosstotal [J] Total energy lost to the surroundings during the

cool down test
Ri Richardson number
Ricrit Critical Richardson number
R1 · · ·R6 Stratification rings from 1 to 6
Ṡadsorber,in [W/K] Rate of change of entropy of adsorber flow entering

the tank
Ṡadsorber,out [W/K] Rate of change of entropy of adsorber flow leaving

the tank
Ṡcooler,in [W/K] Rate of change of entropy of cooler flow entering

the tank



iv

Ṡcooler,out [W/K] Rate of change of entropy of cooler flow leaving the
tank

Ṡheater,in [W/K] Rate of change of entropy of heater flow entering
the tank

sheater,in [J/kgK] Specific entropy of the heater flow entering the tank
sheater,out [J/kgK] Specific entropy of the heater flow leaving the tank
Ṡheater,out [W/K] Rate of change of entropy of heater flow leaving

the tank
Ṡhl [W/K] Rate of change of entropy due to heat loss from

the tank
Ṡirr,int [W/K] Rate of internal entropy generation
Ṡtank [W/K] Rate of change of entropy in the tank
∆Tad [K] Temperature spread across the adsorption chiller
Tamb6hr [K] Average ambient temperature over 6 hours
Tambinitial

[K] Initial ambient temperature
TA,TC ,Tc [K] Medium temperature
TH ,Th [K] High temperature
TL,Te,Tl [K] Low temperature
Tad,i,Tad,o [K] Temperature of the supply and return flow from

adsorption chiller
Tc,i,Tc,o [K] Temperature of the supply and return flow from

cooling module
Tev,i,Tev,o [K] Temperature of the supply and return flow from

evaporator
Th,i,Th,o [K] Temperature of the supply and return flow from

heating module
∆Tc,∆Th [K] Temperature spread across the cooling and heating

module
TH1 · · ·TH9 [K] Temperature recorded by the horizontal lance
tend [s] Duration of the complete cycle
thalfcycle [s] Duration of the half cycle
Tinlet [K] Temperature of the inlet flow to the plexiglas tank
TR1 · · ·TR6 [K] Temperature recorded by sensors inside the rings
Tsetpoint [K] Temperature setpoint
ttotal [s] Duration of the cool down test
Ttank [K] Temperature of water in the plexiglas tank
Ttankinit

[K] Average tank temperature at the start of the cool
down test

Ttankfinal
[K] Average tank temperature at the end of the cool

down test
Tzone [K] Temperature of different tank zones
∆Tzone6hr [K] Temperature change of the tank zone after 6 hours
T1 · · ·T15 [K] Tank temperature recorded by sensors from the

bottom to the top of the tank
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ur [m/s] Velocity of flow
Utank [W/m2°C] Overall heat transfer coefficient based on real time

measurement method
Utankavg [W/m2°C] Area weighted average overall heat transfer coeffi-

cient of the tank
UtankLMTD

[W/m2°C] Overall heat transfer coefficient based on LMTD
method

UZ1 · · ·UZ15 [W/m2°C] Overall heat transfer coefficient of the tank zones
V̇ [lph] Flow rate through the plexiglas tank
V̇ad [lph] Adsorber flow rate
V̇adadsorption [lph] Adsorber flow rate during adsorption half cycle
V̇addesorption [lph] Adsorber flow rate during desorption half cycle
V̇c [lph] Cooling module rate circulating through the tank
V̇ctot [lph] Total flow rate of cooling module
V̇cond [lph] Condenser flow rate
V̇evap [lph] Evaporator flow rate
V̇h [lph] Heating module flow rate
V1,V2 3-Way valves
W [W] Work done
∆x [mm] Pixel displacement in x direction
∆y [mm] Pixel displacement in y direction
z [m] Vertical distance between two adjacent sensors

mounted in the tank
ZD [m] Distance of the density field from background
∆ZD [m] Width the density field
Z1 · · ·Z5 Tank zones between the stratification rings

Greek symbols

β [1/K] coefficient of thermal expansion
η Carnot efficiency
ρ [kg/m3] density
ε [°] angle of deviation
φ diameter

Miscellaneous

BOS Background Oriented Schlieren
CHP Combined Heat and Power
CCHP Combined Cooling, Heating and Power
LIF Laser Induced Fluorescence
PIV Particle Image Velocimetry
TES Thermal Energy Storage
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Abstract

The heat driven chillers offer a promising option in light of the world’s global warming
problem. The adsorption chiller based on a silica gel-water pair are suited for heat sources
like waste heat due to a lower regeneration temperature required. However, the adsorption
chillers do not offer a high COP of cooling as compared to the absorption chillers or the
air conditioners. Improvement in the adsorption chiller’s cooling COP has been a topic of
research for many years. This thesis is aimed at the experimental investigations of a silica
gel-water adsorption module used for a commercial adsorption chiller based on a novel heat
recovery system (stratisorp) by the use of a stratified thermal storage tank. According to the
stratisorp concept of heat recovery, the heat of adsorption released during the adsorption
half cycle is stored in a stratified thermal storage tank for later use in the desorption half
cycle thereby achieving internal heat recovery. The adsorber module is cooled and heated
by extracting water from the stratified thermal storage tank. The mixing taking place in
the tank during the extraction and insertion of the fluid adversely affects the performance
of the adsorption chiller cycle. In this work, a stratification system is constructed which is
aimed at introducing the water in the tank with minimal mixing in a rotationally symmetric
fashion. The qualitative assessment of the stratification system is carried out using a flow
visualisation technique (Background Oriented Schlieren). An experimental set-up consisting
of the stratification system and different components of the adsorption chiller hydraulic circuit
was constructed. The performance of the stratisorp system was assessed through various
experiments. The major factors which affect the COPcool of the cycle were identified and
based on the initial experiments further control strategies were proposed. The stratisorp
cycle was operated using the new control strategies and the improvement in the COPcool of
the stratisorp cycle was demonstrated.

viii
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Chapter 1

Introduction

The issue of global warming and protection of the ozone layer has been intensively addressed in
the last few decades and stringent regulations on the use of chlorofluorocarbons as refrigerants
have been implemented since the Montreal protocol in 1989. As per these regulations the
conventional vapour compression systems are operated by using hydrofluorocarbons as refrig-
erants. However, use of these refrigerants is also restricted due to limitation of the emission
of some greenhouse gases. The mechanical moving parts (e.g. compressor) are prone to wear
with time and hence regular maintenance becomes essential. As a consequence of these facts
the thermally driven heat pumps have gained popularity in the recent years. Moreover, the
environmental impact of these heat pumps is far less than the conventional electrically driven
heat pumps [18]. In countries like Germany where the energy utilised for heating applications
by the industrial and domestic consumers is significant (ca. 40% and ca. 60% respectively [4]),
the choice of thermally driven heat pumps for heating applications in the light of environmen-
tal protection becomes attractive. Thermally driven heat pumps also have the potential to
improve primary energy efficiency in air conditioning applications in countries like the USA.
Around 87% of U.S. households are now equipped with air conditioners for cooling application.
There has been a steady rise in air conditioned homes in all regions in the united states [3].
The thermally driven sorption heat pumps (absorption and adsorption) have gained popular-
ity not only due to their better primary energy efficiency but also due to other advantages
such as a lack of moving parts, lack of noise and vibrations and less maintenance to name a few.

The adsorption heat pumps, for heating and cooling applications, can be operated using a
low temperature driving energy e.g. waste heat. The adsorption heat pumps not only recover
the heat which is rejected to the environment but also offer a cost effective operational system.
Other sustainable heat sources like solar and geothermal energies can also be utilised. Even
though the adsorption heat pump is operated using these heat sources, a small amount of
input energy is required to drive the cycle (e.g. auxiliary pumps). However, less frequently, the
adsorption heat pumps have to be evacuated to remove the inert gases which leaked into the
vacuum chamber. This adds to the maintenance cost. The adsorption heat pumps incorporate
adsorbent-adsorbate pairs like zeolite-water, active carbon-methanol, silica gel-water and
carbon-ammonia. Silica gel can regenerate at lower temperatures, achievable with a simple
flat plate or evacuated tube collector and waste heat. Since water is used as a refrigerant
with silica gel, this pair is unable to produce cooling below 0 °C. Activated carbon-methanol

1
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can be operated with a low temperature heat source and can be used for refrigeration below 0
°C. However, latent heat of vaporisation of methanol is only half of that of water [14]. Water
is a very attractive refrigerant as it is non toxic and with theoretically no environmental
impact. It is also available in abundance. One of the main disadvantages of adsorption
technology as compared to the conventional vapour compression system is lower coefficients
of performance (COP ) values. Many research works have been focussed at improving the
COP of the adsorption heat pumps in order to make this technology competitive and make
it technically and economically an alternative to the conventional system.

The focus of this work is exclusively on experimental investigation of an adsorption chiller
operated using silica gel-water pair for cooling applications. In this work, experimental proof
of the concept of internal heat recovery for improving the COP of adsorption chiller using a
stratified thermal storage is presented. This system concept has been termed as “stratisorp”
and was originally proposed by Schmidt et al. [51]. At the research group “Energy and
Building Technology” dedicated research has been carried out based on the stratisorp concept
as a part of which a detailed simulation study was carried out [53]. The simulation study was
based on a zeolite-water pair and mainly focussed on improving the COPheat of the cycle. An
experimental follow up project based on the outcomes of the simulation work was undertaken
with industrial partner SorTech AG and academic partner University of Stuttgart. A silica
gel module manufactured by SorTech AG for the adsorption chiller eCOO 2.0 was used for
this work. The main aim of the experimental study was to investigate the thermodynamic
cycle based on the stratisorp concept and the assessment of the operating parameters which
efficiently utilise the potential of this system concept. The adsorber chiller is cooled during
the adsorption half cycle by extracting cooler water from continuously decreasing heights of
a thermally stratified storage tank. The action is reversed during the desorption half cycle.
The heat of adsorption released during the adsorption half cycle is stored in the tank which is
later used in the desorption half cycle. This recovers a major part of the heat of adsorption.
The energy expended in the heater for driving the cycle is hence reduced. Thus the stratified
storage tank plays a very vital role in the performance improvement. A very well stratified
tank makes sure that the adsorber is cooled and heated with small driving temperatures
and thereby decreases the entropy generation in the adsorber. The stratification system
with which the insertion and extraction from the tank is carried out should not cause major
perturbations in the tank. The mixing in the tank is primarily caused by momentum of flow
entering the tank. Additionally it was essential that the flow entered into the tank or left the
tank with rotational symmetry i.e. simultaneously along the inside perimeter of the tank.
This condition was necessary for numerical modelling. Such rotational symmetry reduces the
model to a 2-D axisymmetrical model that is computationally less costly. Hence designing
of inlet distributors that fulfil this requirement is a crucial part of this work. Before these
inlet distributors were mounted into the tank to execute the heat pump cycles based on the
stratisorp system concept, it was vital to check if the inlet distributors fulfilled their function.
This is possible using one of the non invasive flow visualisation techniques. In this work,
the Background Oriented Schlieren (common short form “BOS”) method which is generally
used in the field of aerodynamics, is adapted to be used for flow visualisation. The tank that
is thermally stratified due to different densities of warm and cold water, has a significant
density gradient. The density gradient for a very well stratified tank is predominantly in
the vertical direction rather than in the horizontal direction. The presence of such a density
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gradient field makes the BOS method a suitable tool for qualitative assessment of the inlet
flow distributors. After carrying out preliminary investigations with the BOS method on
a small scaled tank, the method was implemented on a full scaled tank with windows on
opposite sides along with the inlet flow diffusers (called “stratification rings” in this work).
The experimental set-up consisting of a closed stratification tank with the stratification
rings mounted at different heights of the tank, the silica gel-water adsorption module, a
high temperature energy source (heating module), a recooler for rejecting heat at medium
temperature level (cooling module) and a low temperature energy source (emulator) was built.
The modules and the emulator were available through the cooperation with the academic
partners. The stratisorp system concept was experimentally investigated where different
operating points based on the variations in supply temperature and medium temperature
were tested and the COPcool and cooling power was estimated. In this thesis, the operating
point with cycle conditions 72/27/18 °C is analysed in depth. One of the important goals
of this work was to understand various effects occurring during the stratisorp cycle and to
identify different operational modes which demonstrate the ways in which the basic stratisorp
cycle can further be improved.

Chapter 2 provides the basics of the adsorption chiller technology. The different methods
of heat recovery found in literature are also discussed in this chapter. The background to the
stratisorp system concept is also discussed here. Moreover, the significance of the stratified
thermal storage tank with a thorough literature review is presented. The methods used for
thermodynamic analysis and flow visualisation are narrated.
In chapter 3, various experimental set-ups are discussed in detail by explaining different
components and the construction steps. The preliminary investigations using the ink test for
flow visualisation on a small scaled tank followed by BOS measurements on this tank are
documented. Different stratification systems used in this work are explained in detail with
the necessary figures. The flow visualisation using the constructed inlet flow distributors is
shown in this chapter.
The various results obtained from the experiments carried out on the stratisorp cycle with
the test set-up are documented and discussed in chapter 4. In the first half of this chapter
the BOS measurements carried out on the full scaled tank with the stratification rings are
described in detail. The stratification mechanism observed using the BOS technique and
the temperature measurements is explained. In the second half of the chapter the stratisorp
experiments with different cycle conditions and their thermodynamic analysis is presented.
Concluding remarks with an outlook based on the results achieved in this work constitutes
chapter 5.
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Chapter 2

Theory and Methods

2.1 Adsorption heat pump technology

2.1.1 Thermally driven heat pumps

Heat pumps are devices that extract heat from a low temperature level (TL) and give off
this heat at a higher temperature level (TC or TA). If the extracted heat region i.e. the low
temperature region is the main concern, then the device is called a chiller or refrigerator
which is essentially the case for this thesis. The second law of thermodynamics states that
the heat transfer from a low temperature to a high temperature is only possible with the
existence of a third energy source. This energy may be available in the form of mechanical
or electrical energy as in the case of mechanically driven compression heat pumps or in
the form of heat as in the case of thermally driven sorption (adsorption and absorption)
heat pumps. Thermal heat pumps operate on the principle of sorption [66]. In the sorption
process, an evaporative substance (sorbate) and an absorbing material (the sorbent) are
involved. Liquid absorption concerns the sorption of the refrigerant by a liquid, while solid
sorption deals with the sorption of the refrigerant by a solid [41]. Liquid absorption is a
volume phenomenon whereas solid adsorption is a surface phenomenon. In the case of an
adsorption heat pump, the refrigerant vapour i.e. the adsorbate is held in a solid material
i.e an adsorbent at low temperature TL and is given off at a higher temperature when the
temperature of the adsorbent is raised. The adsorption of adsorbate molecules (e.g. water
vapour) into a porous solid adsorbent (e.g. zeolite, silica gel), results in the release of the
heat of adsorption [15]. For the operation of this heat pump, a third heat source available
at a temperature TH , higher than TA and TL, is essential. Heating is provided at medium
temperature levels TA and TC and cooling is provided at the lowest temperature level TL. A
thermodynamic representation of the adsorption heat pump is shown in Fig. 2.1.

4
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High temperature source
(TH)

Low temperature source
(TL)

QA

QC

TA

TC

Medium temperature sinks

QH

QL

Figure 2.1: Thermodynamic representation of an adsorption heat pump [66]

This adsorption heat pump working according to Carnot cycle, can be divided into two
systems; operating between TH - TC and between TA - TL temperatures as shown in Fig.
2.2. Any thermodynamic cycle operating according to Carnot cycle is reversible and has a
maximum efficiency.

Highest temperature
source (TH)

Low temperature
sink (TC)

QA

QH

QC

Medium temperature
sink (TA)

QL

Lowest temperature
source (TL)

W

Figure 2.2: A heat pump as two systems

The first system operates as a heat engine which receives QH amount of heat from the
highest temperature source (TH) and rejects QC amount of heat at a lower temperature
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(TC). In the second system, QL is transferred from the lowest temperature source (TL) to the
medium temperature sink (TA) using the work produced in the first system. The temperatures
of the intermediate sinks (TA and TC) are generally close to each other [18]. If there is only
one medium temperature level (TA=TC) then the entire heat of adsorption and condensation
(QC) is rejected at this medium temperature level. Applying the first and the second law of
thermodynamics [66] :

QL +QH = QC and − QL

TL
− QH

TH
+
QC

TC
≥ 0 (2.1)

and the maximum or ideal performance coefficient i.e. the Carnot coefficient of performance
(Carnot COP ) comes out as :

COP ideal
cool =

1− TC
TH

TC
TL
− 1

and COP ideal
heat = 1 +

1− TC
TH

TC
TL
− 1

(2.2)

The COP values obtained for the real adsorption refrigeration cycle are lower than the
ideal COP values. Since it is not possible to operate a heat pump according to the Carnot
cycle, the ratio of the COP of the actual heat pump to that of a Carnot heat pump operating
between the same temperature levels is defined [66] which is also known as the thermodynamic
efficiency [56].

η =
COPactual
COPCarnot

(2.3)

The entropy production or the irreversibilities due to external and internal thermal
coupling are the main cause for the difference in COP values of the sorption heat pumps.
The internal coupling arises in the case of heat recovery between the adsorbers. In the case of
a finite number of adsorbers (cascading cycles) the heat recovered from one adsorber is used
to heat another adsorber at a lower temperature. This driving temperature at the adsorber
gives rise to the internal thermal coupling responsible for the internal entropy generation.
The internal entropy generation does not exist for a single adsorber cycle. The external
entropy production comes from the fact that the temperature of the components varies while
the temperatures of the reservoir are constant [41], [42]. The adsorber temperature varies
during the whole thermodynamic cycle whereas the temperatures of the heat sink and heat
sources are constant. This temperature inequality leads to the external entropy generation.
In the case of the absorption cooling machines, the regenerated absorbent leaves the generator
at a high temperature and is cooled to a lower absorber temperature. The rich solution leaving
the absorber is heated to the level of the generator temperature. These temperature variations
are analogous to the temperature variations observed during the adsorption refrigeration cycle.
The temperature mismatch between the heat sources and the fluid causes the external thermal
coupling entropy generation. There are however more sources of entropy generation in the
absorption and adsorption refrigeration cycle. The non uniformity of the solution temperature
in the generator and absorber caused due to the variation in solution concentration from
inlet to outlet causes heat-transfer irreversibilities. There are also irreversibilities caused
during the internal heat recovery in the solution heat exchanger and due to the throttling
of the refrigerant and solution. Desuperheating in the condenser is also another source
of irreversibility. Meunier et al. [41] have comprehensively documented the effect of both
external and internal thermal coupling entropy production on the degradation of the COP



2.1. ADSORPTION HEAT PUMP TECHNOLOGY 7

for adsorption and absorption refrigeration cycles.
Thus, the need of very low driving temperatures to reduce the entropy production due to
external thermal coupling is necessary. The stratisorp system concept exactly addresses this
issue. The core idea behind this concept is to cool or heat the adsorber with low driving
temperatures to reduce the irreversibilities and improve the COP of the system.

As per definition of COP , the real values of COP for any heat pump are :

COP real
cool =

Qevaporator

Qheater

and COP real
heat =

Qcondenser +Qadsorber

Qheater

(2.4)

2.1.2 Elements of adsorption heat pump

The working principle of the adsorption cycle can be explained from Fig. 2.3. The adsorption
cycle, like any sorption cycle is based on three (or four) temperature levels. The adsorption
refrigerator is a closed system and is implemented such that only the heat is exchanged with
the surroundings (heat source and sink) but not the working fluid. The environmental heat
is transferred via a heat exchanger (evaporator) from a low temperature heat source and is
rejected at the medium temperature heat sink using another heat exchanger (condenser). The
heat and mass transfer in the adsorber is governed totally by the working fluid atmosphere.
The thermodynamic cycle (Fig. 2.3 (a)) consists of four periods. In the first period, AB,
the adsorber is isosterically heated by the high temperature source at Th while being closed.
Hence the temperature of the adsorbent rises accompanied by a rise in the vapour pressure
of the adsorbent from the evaporator pressure (Pe) to the condenser pressure (Pc). At the
end of the first period, the adsorber pressure matches the condenser pressure. Hence in the
second period, BD, the adsorber is connected with the condenser. The adsorber continues
receiving heat, the adsorbate is desorbed and condenses in the condenser (point C in Fig.
2.3) by releasing the heat of condensation (Qc). The liquid refrigerant (water in the case of
silica gel-water adsorbers) enters the evaporator (point E).
Ln P

-1/T

Pc

Pe

C D

FE A

B G

H

Heating + desorption

Cooling + adsorption

(a) Clapeyron diagram (lnP Vs. -1/T )
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or
be

rs

Condenser

Evaporator

Th

Tc

Qh

Qcs Qc

Qe
Te

Tc

Desorbed
vapour

Adsorbed
vapour

(b) Schematic description of an adsorption
heat pump

Figure 2.3: Principle of the adsorption refrigeration cycle and schematic arrangement of
different components in an adsorption heat pump [56]

At the end of the desorption/condensation period, isosteric cooling (period DF) of the
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adsorber is commenced. The adsorber is cooled by a medium temperature sink at Tc.
Therefore, the vapour pressure drops down to the evaporator pressure while the adsorber is
being closed. When the adsorber and the evaporator pressure matches, they are connected
with each other and the fourth period of the cycle starts. During this period (period FA),
water vaporises in the evaporator by taking the environmental heat from a low temperature
source at Te (analogous to TL from Fig.2.2). This vapour gets adsorbed by the adsorber
thereby releasing the heat of adsorption. The temperature of the adsorbent particles rises
due to the heat of adsorption. The rise in temperature of the adsorbent particles shifts the
adsorption equilibrium to low adsorber loading. Therefore the heat of adsorption has to be
removed before further vapour mass transfer into the adsorbent particles may take place [50].
When all the energy received by the adsorber during the heating period (ABD) is supplied
by the heating system, the cycle is termed as a single effect cycle. The cooling effect caused
due to the evaporation of refrigerant during such cycles is only intermittently available. The
thermodynamic efficiency (η) of a single effect cycle is usually quite low. Therefore, measures
have to be taken to enhance performance e.g. heat recovery processes.

2.1.3 Methods of heat recovery for adsorption heat pump

The basic idea behind the heat recovery for adsorption heat pump is that of utilising the heat
released during the adsorption half cycle (isosteric cooling (DF) and isobaric adsorption (FA)
in Fig. 2.3 (a)) for desorption of the same or another adsorber. This reduces the heat input
to the adsorber during the desorption half cycle and thereby improves the COP of the cycle.

Heat recovery cycle: One of the simplest approaches used by few researchers and some
machines available on the market is deployment of another adsorber in the system which
is working out of phase with respect to the first adsorber [22], [56], [12], [33]. Due to the
out of phase operation of the adsorbers, one adsorber is hot at the end of its desorption half
cycle (point D) where as the other adsorber is cold at the end of its adsorption half cycle
(point A). The cold adsorber can then be heated by removing the heat from the hot adsorber
using a heat transfer fluid until their temperatures match i.e. the cold adsorber reaches
point G after heating by the hot adsorber while the hot adsorber reaches point H after the
heat transfer. After this sub-period of heat recovery, the heat source heats up one adsorber
(GD) while the other adsorber is cooled down by the heat sink (HA). In this way part of the
sorption latent heat can be recovered from the path FH to the path BG, depending on the
temperature of the heat source. Although each adsorber follows exactly the same cycle as
the basic adsorption heat pump cycle, the heat supplied to the total system decreases. A
COP enhancement of 25% was found by Wang [60] and 50% by Szarzynski et al. [56]. Wang
used activated carbon-methanol as a working pair and varied the regeneration temperature
(Th) between 85-120 °C whilst the medium and low temperature were kept constant at 30 °C
and 5 °C respectively. The documented rise in COPcool was found to have occurred at 100
°C and above. Szarzynski et al. incorporated a zeolite-NaX+water pair. The documented
improvement in COPcool was found using a regeneration temperature of 120 °C. Here the
heat balance corresponds to that of a double effect cycle.
The cycle used by Douss et al. [22] is also called as a cascading cycle. They proposed
a modified adsorption cycle, which consists of two cycles. A zeolite-water cycle for the
high temperature stage (Th = 220 °C) and an active carbon-methanol cycle for the low
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temperature stage (Th = 100 °C). The heat required by the active carbon-methanol cycle for
isosteric heating and isobaric desorption is completely obtained from the zeolite-water cycle.
The experimental cooling COP was found to be 1.06. They showed that using an infinite
number of adsorbers, with ideal heat recovery between adsorbers, a maximum cooling COP of
about 68% of the theoretical maximum cooling COP (Carnot COP ) corresponding to those
operating temperatures could be achieved. However, a higher number of adsorbers would
naturally increase the complexity of the hydraulic circuit and it would be very expensive to
build.
SorTech AG, an adsorption chiller manufacturer from Germany, has patented their invention
of heat recovery [46]. In principle it is similar to the heat recovery cycle. In the standard
heat recovery cycle, an additional circulation pump is required to circulate the heat transfer
fluid from the hot adsorber to the cold adsorber. SorTech AG removes the need for this
pump as the heat recovery takes place solely with valves and the pumps which are required
for the sorption phases anyway. Due to this reduction of the number of necessary pumps,
the current consumption and the generation of noise is drastically reduced and the electrical
efficiency is improved. The heat recovery phase according to this invention works as follows:
The valves in the supply flow to both adsorbers at the beginning of the heat recovery phase
are positioned such that the adsorber in the desorption phase receives heat transfer fluid from
the high temperature heat source and hence it is heated up. The return flow of this “new”
desorber is still cold and it continues to be connected to the medium temperature circuit until
the temperature level increases significantly. The threshold of this temperature is generally
the temperature of the return flow of the adsorber in adsorption phase or the “old” desorber.
Similarly the adsorber in the adsorption phase i.e. the “new” adsorber is supplied with heat
transfer fluid from the medium temperature circuit. The return flow of this adsorber is still
hot as it had previously been desorbing. This hot return flow is continued to be connected
with the high temperature source until the return flow temperature level decreases down to
the return flow of the “new” desorber. This delayed adsorption or desorption is claimed to
improve the COP of the adsorption chiller.

Heat and mass recovery cycle: After normal adsorption/desorption half cycle in two
adsorber system with heat recovery, if the adsorbers are connected to each other, refrigerant
flows from the high pressure adsorber to the low pressure one. The desorber desorbs further
by pressure reduction while the adsorber further adsorbs due to the increase in pressure. This
operation is called mass recovery [14]. Generally heat and mass recovery are used together
with heat recovery process following the mass recovery process. Wang [60] found that by
using both of these measures, the COP of the adsorption cooling cycle could be increased by
more than 10% when compared with the basic cycle using two adsorbers without heat and
mass recovery.

Thermal wave cycle: The percentage of internally recovered energy, and thereby the
COP , can be improved when the principle of heat storage with heat regeneration is imple-
mented. The concept of the adsorption heat pump with heat regeneration was first proposed
by Shelton et al. [54]. The heat regeneration process is commonly termed as ‘temperature
front’ or ‘thermal wave’ in the field of adsorption refrigeration cycles [56]. The system with
heat generation is essentially composed of two adsorbers connected in series which are out
of phase i.e. when one adsorber is in adsorption phase, the other adsorber is in desorption
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phase (Fig. 2.4).

Evaporator CondenserCondensed adsorptiv

Ads. 1
Ads. 2Heating system

Cooling
system

Reversible pump

T
Heat power transmitted to Ads. 2Heat power from heating system

a

b c

d

Figure 2.4: Principle of the adsorption cycle with the thermal wave effect [56]

The heat transfer fluid is circulated using a reversible pump successively through the first
adsorber (Ads. 1) in its adsorption phase and then through the second adsorber (Ads. 2) in
its desorption phase. Naturally the first adsorber produces a cooling effect at the evaporator
while the second adsorber produces a heating effect at the condenser. The heat transfer fluid
is significantly heated from Tc close to heat source temperature Th in the first adsorber. The
heat transfer fluid is then heated to Th in the heating system. Hence desorption can take
place in adsorber 2. In this way the heat transfer fluid serves to transmit heat recovered
from the adsorbing bed being cooled to the desorbing bed being heated [14]. It can also be
seen that the heat power supplied by the heating system is much lower than the heat power
transmitted to adsorber 2 as long as the fluid temperature at the exit of adsorber 1 is close
enough to Th. It was shown by calculations that around 80% of the heat required by the
second adsorber was available from adsorber 1. The working pair of ammonia-zeolite was
assumed with the following values: Th = 316 °C, Tc = 38 °C, Tl = 5 °C. An experimental
COP of 0.9 using a consolidated zeolite and graphite adsorbent bed was achieved although
with limited power [48]. However, the cycle can be efficiently run provided that a large
temperature drop/lift is available in the desorber/adsorber. Good heat transfer properties of
the adsorbent bed are required by the cycle, which is difficult to achieve from low thermal
conductivity adsorbent materials. It was shown by Amar et al. [5] that not only the thermal
conductivity of the adsorbent bed but also good mass transfer properties are essential for
the success of a thermal wave cycle. Poor mass transfer can become a cause for very large
pressure fluctuations in the bed, especially when the operating pressure is low, as in the case
of water. A further modification of the thermal wave cycle was proposed by Christoph [16].
The author used forced convection in the thermal wave cycle where the refrigerant itself acted
as the heat transfer fluid. This approach is only suitable for high pressure refrigerants like
ammonia but not suitable for water.

2.2 Heat recovery using stratisorp cycle

2.2.1 Principle of working

The methods of heat recovery discussed above have been developed mostly in the 90’s and
early 2000. A relatively new concept for internal heat recovery using a stratified thermal
storage was introduced by Schmidt et al. [51]. Silica gel-water is one of the commonly
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used adsorbent-adsorbate pair in adsorption technology. Silica gel can be regenerated at
low temperature making it an attractive choice for waste heat recovery and solar cooling.
Fig. 2.5 shows a typical differential heat curve for silica gel-water pair working under three
temperatures1.
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Figure 2.5: Differential heat curve for silica gel 127B-water pair working under Th = 72 °C,
Tc = 27 °C and Te = 18 °C condition [52]

A large amount of heat is released during the adsorption half cycle as adsorption being an
exothermic process. In addition to this energy, some energy is available due to the sensible
cooling of the adsorber. The total energy released during the adsorption half cycle equals
the area under the thick dotted blue curve. This energy also equals the energy demand of
the adsorber during the desorption half cycle which is the area under the curve bounded
by the thick orange line. It can be observed that these two areas have a significant overlap
(light pink area in Fig. 2.5(a)). This means, a large fraction of the heat of adsorption can
be utilised in the desorption half cycle and thus the heat recovery can be achieved. The
remaining heat demand during desorption is covered using an external heat source (light
orange area in Fig. 2.5 (a)). The non-recoverable portion of the heat needs to be rejected in
a re-cooler (light blue area in Fig. 2.5 (a)). Hence, a heater and a re-cooler are integral part
of this system. It can be observed that the amount of heat of adsorption released is different
at different temperatures. Hence a cylindrical stratified thermal storage tank is deployed
in order to store the heat of adsorption at each temperature level until it can be used for
desorbing the adsorber in the next half cycle.

1The shape of the differential heat curve is different for different adsorbent-adsorbate pairs. In this thesis,
the differential heat curve of only silica gel-water has been considered. For the differential heat curves of
other material pairs refer [52]
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(a) Adsorption half cycle (b) Desorption half cycle

Figure 2.6: Working of the stratisorp system [53]

The top of the tank is maintained at the maximum desorption temperature by the heater
(e.g 72 °C) while the bottom of the tank is maintained at the medium temperature of the
cycle (e.g 27 °C) by the cooler. The heater and cooler extract water from a fixed height of the
tank and reinsert the flow into the tank at the top and at the bottom of the tank respectively.
The adsorber can be supplied by the heat transfer fluid (here water) extracted from the tank
whose temperature is close to the adsorber temperature. During the adsorption half cycle the
adsorber is cooled by taking water from decreasing heights of the tank. The adsorber receives
water at medium temperature from the bottom of the tank towards the end of the adsorption
half cycle. The water returning to the tank is warm due to the heat of adsorption. The
tank is loaded with this warm return flow by using a suitable stratification system (active or
passive). Conversely, the adsorber is heated during the desorption half cycle by extracting
water initially from the lower part of the stratified tank and then with increasing adsorber
temperature from increasing heights of the tank. The adsorber is desorbed by extracting
water at maximum desorption temperature at the end of the desorption half cycle. Due to
the use of stratified thermal storage for the sorption cycle, this cycle has been termed as
‘stratisorp’ cycle (stratified sorption). This term will be used here after in this thesis. The
heater and cooler circulate water with the tank at a low flow rate compared to the adsorber
flow rate.

2.2.2 Role of the stratified thermal storage

The overlapping area of the two heat curves in Fig. 2.5 (a) is the theoretical maximum
recoverable heat for silica gel-water, working under the mentioned temperature limits. The
maximum heat recovery is only possible when the adsorber is cooled (during adsorption) or
heated (during desorption) with infinitesimally small temperature difference (∆T ≈ 0). For
this ideal case the theoretical maximum COP can be achieved (COPmax

cool =1.91). However, it
is not practically possible to achieve ideal heat recovery. A finite ∆T is always needed at the
adsorber to get useful heating or cooling power. Fig. 2.5 (b) shows the effect of the driving
temperature difference on the overlapping area of the heat curves. In this case, the recoverable
heat reduces significantly merely by introducing a very small temperature difference (∆T = 1
K) and the maximum achievable COP is reduced to 1.57. The driving temperature difference
is the cause of irreversibilities. Consequently, the heater has to supply and the cooler has to
reject more heat. The COPcool and COPheat of the cycle would reduce considerably owing to
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Eq. 2.42. The driving temperature difference should be kept as low as possible to push the
real COP towards the ideal COP . Moreover,the maximum COP corresponding to the heat
curves is only then achieved when the stratisorp cycle is operated exactly along the curve
bounding the overlapping area is Fig. 2.5. In other words, the heat of adsorption released at
different temperature levels should be stored in the tank in ideal manner i.e. the temperature
at which the heat is stored in a fluid slice should remain constant until the same amount of
heat is required by the adsorber in the desorption half cycle. The mixing in the tank tends to
change the temperature of this fluid slice. This is the main reason why the real COP of the
stratisorp cycle deviates from the maximum achievable COP . The stratified thermal storage
plays a vital role in maintaining ∆T as low as possible. A detailed simulation study on the
stratisorp system was carried out by the authors [53]. The effect of mixing in the stratified
thermal storage on the COP of the stratisorp cycle was investigated. It was observed that
more mixed tank led to degradation of the COP values for all adsorber chiller designs under
consideration (Fig. 2.7(a)). Zeolite 13X-water was used as adsorbent-adsorbate pair. The
effect of varying number of extraction/insertion heights on the COP was also investigated
(Fig. 2.7(b)). It was observed that the COP of the stratisorp system increased with increase
in the number of extraction heights. For 8 or more extraction heights the change in COP
was not significant and the COP against extraction height curve reached a plateau3. The
degradation of the COP at lower number of extraction heights is attributed to higher driving
temperature difference at the adsorber and higher mixing in the tank. As seen before, during
the adsorption half cycle the adsorber is cooled by extracting fluid from the tank. With the
progress of the cycle the fluid is progressively taken from the lower part of the tank. As
soon as the criterion for switching to the next level is reached the fluid is extracted from the
next available lower level. The plot of the supply temperature to the adsorber against time
takes form of saw tooth profile. Higher number of extraction levels reduce the height of each
saw tooth and thereby reducing the driving temperature difference at the adsorber. This
phenomenon reverses during the desorption half cycle.

2The effect of driving temperature difference on the differential heat curves and the associated irreversibil-
ities has been documented by Schwamberger [52]

3The experimental investigations discussed further in this work were carried out using 6 extraction rings
in order to keep the test set-up simple and not too intricate
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Figure 2.7: Degradation of COP attributed to the mixing in the storage and dependency
on number of extraction levels. The mixing in the tank was modelled by arti-
ficially increasing the thermal conductivity of the fluid layers in the region of
fluid extraction or insertion by a factor (pratio) [53].

2.3 Design aspects of stratified thermal storage

2.3.1 Classification of stratified thermal storage tanks

In most of the solar energy collection systems water is heated during the day and stored
for use during the night. This extends the use of solar energy over a large part of the day.
Chilled water storage stores cool water and assists the air conditioning systems. Chilled water
storage can shift part of the cooling load to off-peak hours. This allows the chiller to operate
during the cooler night temperatures, which results in better coefficient of performance. All
existing thermal storage tank systems have the same goal of maintaining the thermodynamic
availability of stored energy so that it can be extracted at the same temperature at which it
was stored [20]. Stratified thermal storage plays a key role in storing energy efficiently in order
to assist the solar heating systems or air conditioning systems. Maintaining stratification on
storage tanks is important for better performance of energy systems with which these tanks
are integrated.
The principle of operation of stratified thermal storage is based on natural process of
stratification. Therefore the fluid flow in these storage tanks involves both natural and forced
convection. The stratified thermal energy storage tanks (TES) are generally of two types.

• Thermocline TES

• Stratified TES

These definitions are based on the temperature of the flow entering the tank. The flow coming
into a thermocline TES has constant temperature where as for a stratified TES, the inlet
temperature is variable. The thermocline TES has another important characteristic difference
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compared to stratified TES. Consider a thermal energy storage coupled to a heat source in a
heat storage application in which the cold fluid is extracted from the bottom of the tank,
heated at the heat source e.g. heat pump, solar collector, gas fired heater and returning hot
fluid is stored at the top of the tank. Let us assume that the returning hot fluid has constant
temperature. In that case, the incoming flow entering with certain momentum will tend to
mix with the fluid in the tank. Owing to the buoyancy force which directed upwards as the
fluid being hot, would restrict the motion the incoming stream to the surface region. As
more and more fluid enters the tank, the region of initial mixing would grow and would be
pushed down. This leaves behind a region of uniform temperature which equals the inlet
flow temperature. The region of intermediate temperature which separates this regions of
uniform temperature from that initially in the tank is termed as thermocline. Thermocline is
the region of steepest temperature gradient in the tank. It acts as a physical barrier which
separates the hot and the cold fluid regions in the tank. The thickness of the thermocline
region is the important indicator for quality of stratification as seen from Fig. 2.8. A solar
energy collection system with controlled output temperature is a typical example where a
thermocline TES could be deployed.

Figure 2.8: Different degrees of stratification within a storage tank with the same amount
of stored heat [27], (a) highly stratified,(b) moderately stratified,(c) fully
mixed (unstratified)

On the contrary, if the output temperature of the solar collector is not controlled the flow
returning to the thermal storage tank varies in temperature which generally is the case. The
buoyant flow entering the tank constantly seeks equilibrium with fluid in the tank enhancing
mixing. This prohibits the formation of the thermocline region and it is never formed. In
such scenarios, the thermal energy storage is called stratified TES. The term thermocline is
exclusively used for thermocline TES.
stratisorp cycle implementing stratified storage tank is a case of stratified TES. The flow
returning from the adsorber to the tank is constantly varying in temperature. Hence no clear
thermocline region can be formed inside the tank. To avoid excessive mixing in the tank
the return flow should be inserted at proper level either using passive or active stratification
device4.

4Different stratification mechanisms implemented in this work have been discussed in the next chapter
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2.3.2 Dimensionless numbers

The discussions concerning thermally stratified tanks are incomplete without introduction of
some dimensionless number. The dimensionless numbers facilitate the designer to analyse
the stratified tank problem irrespective of the dimensions of different physical quantities
involved in a process. As mentioned earlier the flow in the thermal storage tank is of mixed
convection type. Hence relative magnitudes of the buoyancy and inertia forces play a major
role in the flow development. Richardson number (Ri) puts these two forces in relation with
each other. The Richardson number is derived from dimensionless analysis. It is the ratio
of buoyancy force to inertia force exerted by the fluid. The mathematical expression for
Richardson number reads :

Ri =
gβ∆Tlr
ur2

(2.5)

The subscript r denotes a reference quantity. The Richardson number is one of the most
important dimensionless numbers in case of the convective flows for the topic of this work.
The goal of design of the stratified thermal storage should be to increase the Richardson
number.
When the design of flow diffuser is the prime goal of the designer then very often the Froude
number (Fr) is used. The effect of Froude number on the stratification has been a central
topic of research [35], [64], [61]. Froude number is defined as the square root of the ratio of
the inertia and gravity forces. However, frequently, another form of Froude number is used
which is called modified Froude number, Frm, which is based on buoyant force per unit mass,
gβ∆T .

Frm =
ur√

gβ∆Tlr
(2.6)

Some research works use Peclet number (Pe) to characterize the relative magnitudes of
the thermal energy transported by fluid motion to that transported by molecular diffusion.
It is expressed in terms of Reynolds number and Prandtl number as :

Pe = RePr (2.7)

2.3.3 Factors affecting stratification

The stratification in thermal storage tank is prone to degradation. The factors that are
responsible for degradation can be roughly categorised into two types : mixing caused
by the inlet stream during charging or discharging of the tank and heat transfer
from the fluid in the tank.
The mixing caused by the kinetic energy of flow entering the tank is by far the most influential
factor which degrades stratification. Design of inlet diffusers play a vital role in controlling the
inlet velocity of the flow. Efficient design of inlet diffuser which reduces the flow inertia and
thereby reduces mixing in the tank and improves stratification has hence been an important
research agenda. Karim [35] experimentally investigated a stratified chilled water storage
tank in which the influence of flow diffuser5 design onto the stratification quality was analysed.

5Flow diffusers designed for variable inlet temperature case are termed as inlet distributors [20]
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It was concluded that low Froude numbers cause unequal pressure drop in the diffusers which
leads to unequal flow from different openings. This study claims that opening area and
distribution of holes are important factors for stratification. However, a study by Wildin [61]
for different diffusers with same inlet Froude number, revealed that inlet Reynolds number
has a strong influence on thermocline development [20].
Cabelli [11] investigated stratified TES based on his 2-D numerical model. This model was
found to be stable for Re < 200 where Re and Ri were based on the inlet port velocity and
tank height. Within the limited scope of this model due to its instability at higher Re, it
concluded that increasing Ri beyond unity has negligible effect on stratification. Ghajar et
al.[65] numerically investigated the conditions under which the effect of the inlet geometry
on stratification vanishes in case of thermocline TES. It was found that the inlet geometry
has significant effect on stratification for Ri < 5 and a negligible effect for Ri > 10. Ri was
based on height of the tank and the tank bulk fluid velocity. Cai et al. [13] also reached
similar conclusion with their modelling approach. Guo et al. [26] also identified Ri as a
significant parameter for characterization of flow pattern and temperature distribution inside
the storage tank. They removed the limitation on Reynolds number values in Cabelli’s work.
For a single-flow circuits(charge or discharge), values of Ri > 1 were found to provide better
stratification while for the case of two-flow circuits (charge and discharge), poor stratification
was obtained at Ri = 1. The stratisorp cycle is a case of a two-flow circuit. Mo et al. [43]
also underlined the importance of achieving higher Richardson numbers. They noted that at
high Ri values one dimensional plug flow in the stratified storage tank can be justified. At
very low Ri values (Ri = 0.005) severe mixing and short circuiting of hot fluid directly to the
outlet takes place. A critical value of Richardson number (Ricrit = 0.244) was documented
by Sliwinski et al. [9] below which no stratification was observed in case of thermocline
TES. It is clear from this discussion that higher Richardson number is favourable to higher
stratification, both in thermocline TES and stratified TES. Favourable conditions for higher
Ri can be created by reducing inertia of the inlet flow. Naturally, increase in flow rate has
negative effect on stratification.
The loss of stratification quality can also be caused due to heat transfer from the fluid in the
tank. Heat transfer to the surroundings through the tank wall and insulation, heat diffusion
across the thermocline region and axial heat conduction through the wall of tank are the
main ways in which the heat transfer can take place. These heat transfer routes can hamper
the quality of stratification and lead to degradation. Due to low thermal conductivity of
water, conduction across the thermocline was found to be a minor factor as compared to
other factors [20]. The ratio of fluid to wall thermal conductivity is a governing parameter.
Higher values of this ratio are essential for better stratification. These findings regarding the
effect of conducting wall are based on static tests with partially charged tank. Lightstone et
al. [39] showed that in the dynamic mode of operation, heat transfer through the tank wall
has negligible effect on the stratification.
Among other parameters, aspect ratio of the tank (height to diameter ratio) also influences
the stratification. The stratification was generally seen to improve with increase in aspect
ratio. Nelson et al. [45] concluded that only negligible improvements are observed beyond
aspect ratio of 3.0. It was pointed out by other researchers that a reasonable trade off between
performance and cost can be made for aspect ratio between 3 and 4 [37].
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2.4 Methods for thermodynamic analysis

2.4.1 Determination of the COP of stratisorp cycle

The COP of an adsorption heat pump working between 3 temperature levels can be given by
Eq. 2.4. This equation can not be directly used to estimate the COP of the stratisorp cycle.
As seen from Fig. 2.9 the stratified thermal storage is within the system borders and hence
the energy contained in the tank has also to be accounted for calculation of COP .

Heater

Cooler

Tank Adsorber module

Cooling load

Figure 2.9: System borders for the stratisorp system

During one complete adsorption cycle, the tank receives heating energy Qheater from the
heater. Total cooling energy rejected at the cooler from the tank is Qcooler. The tank receives
heat of adsorption Qadsorption from the adsorber during the adsorption half cycle and supplies
Qdesorption during the desorption half cycle. As a result of these different energy exchanges
with the tank during each cycle, net energy is stored in the tank. The energy stored in the
tank assists the adsorption heat pump cycle by reducing the demand for the total driving
energy required. If Qtankend

and Qtankstart is the energy contained in the tank at the end and
at the start of the adsorption cycle respectively, then the total change in the energy contained
in the tank would be:

∆Qtank = Qtankend
−Qtankstart (2.8)

Considering the term ∆Qtank for the COP estimation, the Eq. 2.4 would modify to :

COP stratisorp
cool =

Qevaporator

Qheater −∆Qtank

COP stratisorp
heat =

Qcondenser +Qcooler

Qheater −∆Qtank

(2.9)

These equations serve as an estimate for COP of the stationary stratisorp cycle. The
cycle is termed stationary only when the energy content of the tank at the start and at the
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end of the cycle is exactly equal (∆Qtank = 0). However it is also possible that the system
oscillates between two states and no definite stationary cycle exists. Consequently ∆Qtank

would oscillate between two finite values and it does not diminish with increasing number of
cycles. If the magnitude of ∆Qtank is of diminishing nature from cycle to cycle then it can be
assumed that the system is close to a stationary cycle. A stationary cycle condition is said to
have reached when ∆Qtank ≈ 0. Under laboratory conditions this condition is practically not
possible to achieve as :

lim
Ncycles→∞

∆Qtank = 0 (2.10)

Hence the approximate stationary state achieved in practice after finite number of cycle
is termed as quasi stationary state 6. When the tank reaches quasi stationary state then it is
possible to carry out the energy balance of the system on the tank.
Here, theoretically for the last cycle :

Qheater −Qcooler +Qadsorption −Qdesorption +∆Qtank ≈ 0 (2.11)

The resultant term is the heat loss to the environment from the tank.
In the experiments described in chapter 4, the terms Qtankend

and Qtankstart are computed
from the temperature measured by the temperature sensors placed along the vertical axis
of the tank. The spatial resolution of the temperature sensors is the limiting criterion for
approximation of the temperature profiles between two sensors. Here, a piecewise linear
temperature distribution between the adjacent temperature sensors was assumed. Fig. 2.10
shows a typical temperature profile in a stratified thermal storage tank used for the stratisorp
cycle. It was also assumed that the temperature of the tank did not have gradient in the
radial direction. The temperature recorded by the sensors hence represented the temperature
of the complete fluid layer at that position.

6In real case, after 10 cycles it was observed that term ∆Qtank starts to oscillate around 0 and the
magnitude of oscillations was less than 100 kJ. For detailed results see Chapter “Results and Discussions”
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Figure 2.10: Estimation of energy contained in the stratified storage tank

The top of the tank is maintained at the maximum temperature of desorption TH while the
bottom of the tank is maintained at the minimum adsorption temperature or the temperature
of heat rejection TC . Let an arbitrary number of temperature sensors be equally placed at
distance z along the height of the tank starting fromHmin toHmax. Consider an infinitesimally
small horizontal slice of thickness dzi at temperature Ti which lies between temperature
sensors Tn and Tn+1. The energy contained in this fluid layer is :

dQi = Ac · ρ · cp · dzi · Ti (2.12)

where Ac · ρ · dzi is mass (mi) of the fluid layer. Therefore the energy contained in the
complete fluid layer between sensors Tn and Tn+1 is :

Qi = Ac · ρ · cp ·
Hi+z∫
Hi

Ti(z) · dzi (2.13)

The solution of integral is the area under the curve bounded by Tn, Tn+1, Hi and Hi + z
where Ti(z) is the position dependent temperature of the fluid layer. Likewise the energy
for all segments between adjacent temperature sensors can be computed. The total energy
contained in the tank will then be :
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Qtank =
N∑
i=1

Qi (2.14)

where N is total number of segments between the temperature sensors. Eq. 2.14 is only
valid if there exists a temperature sensor each at the bottom of the tank and at the top of
the tank very close to the tank lid. However, in practice due to constructional limitations
this condition can not be always achieved. In such case the Eq. 2.14 is modified to :

Qtank = Qbottom +
N∑
i=1

Qi +Qtop (2.15)

where Qbottom and Qtop are the energies of the fluid layers below the first sensor at the bottom
and above the last sensor at the top respectively.

2.4.2 Characterisation of stratification

Many methods have been proposed for characterization of thermal stratification in water
storages. For the development of components of thermal energy storage and comparison of
different storages an index is sought after. Such index can be used to determine the ability of
a thermal energy storage to promote and maintain stratification during charging, storing and
discharging. Haller et al. [27] have made a comprehensive review of all methods available in
literature that propose to characterize thermal stratification in a water storage. The authors
note that only few methods allow for full flexibility in variability of temperature and flow
rates applied during the process. In a typical stratisorp cycle, the inlet temperature to the
tank is not constant. Moreover, for future development of the stratisorp cycle a need might
arise to vary the flow rate at different stages of the cycle. In the light of these two facts, the
role of the stratified TES in the stratisorp cycle is identical to a stratified TES used for solar
thermal application. It was concluded by the authors that only the method proposed by
Huhn [34] was in qualitative agreement with the internal rate of entropy generation. However,
the shortcoming of this method is that it does not separate the entropy changes due to heat
losses from entropy generation due to internal mixing and heat conduction. Hence with the
method of Huhn different stratification efficiencies will be obtained for two TES with the
same stratification behaviour, but different heat losses. In a following article by the same
authors [28] efforts were made to further develop the method of Huhn by separating the
external entropy production caused by heat losses from the internal entropy generation caused
by mixing. The method developed by the authors, in its current form, is able to determine
stratification efficiency for constant inlet temperature and flow rate cases only. The authors
note that the stratification not only depends on the TES itself, but also on the temperature
and mass flow rate profile of the experiment. These profiles are necessary in order to estimate
the stratification efficiency.

The stratification efficiency mentioned above is calculated based on the internal entropy
generation of the experimental TES relative to the internal entropy generation of the fully
mixed TES. In a thermal energy storage entropy may be generated not only by mixing
but also by heat conduction and diffusion. Thus entropy generation is an unwanted but
unavoidable phenomenon [28]. One way of comparing the amount of mixing that is taking
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place in a storage is to show the absolute values of entropy generation of the storage tank.
As shown in the Fig. 2.11, the entropy change in the TES may be caused by mass transfer
across the system boundaries 7 as indicated by Ṡin and Ṡout respectively as well as by heat
transfer across the system boundary Ṡhl or by internal entropy generation Ṡirr,int.

Ṡhl

Ṡirr,int

TES border = system border

Ṡheater,in

Ṡadsorber,in

Ṡcooler,in

Ṡheater,out

Ṡadsorber,out

Ṡcooler,out

Figure 2.11: Internal entropy generation in the storage [28]. The system border here is at
the outer surface of the tank insulation

The entropy change rate of a thermal energy storage process Ṡtank is,

Ṡtank = Ṡin − Ṡout − Ṡhl + Ṡirr,int (2.16)

where,
Ṡin = Ṡheater,in + Ṡadsorber,in + Ṡcooler,in (2.17)

Ṡout = Ṡheater,out + Ṡadsorber,out + Ṡcooler,out (2.18)

The rate of internal entropy generation is:

Ṡirr,int = Ṡtank − (Ṡin − Ṡout) + Ṡhl ≥ 0 (2.19)

The Eq.2.19 when applied to the stratisorp cycle changes to:

Ṡirr,int = Ṡtank − (Ṡheater,flow + Ṡadsorber,flow + Ṡcooler,flow︸ ︷︷ ︸
Ṡflow

) + Ṡhl ≥ 0 (2.20)

Now, let us derive the expression for the terms constituting Ṡflow. The net rate of change
of entropy flow into the tank associated with the heater flow is expressed as:

Ṡheater,flow = Ṡheater,in − Ṡheater,out (2.21)

7This system border should not to be confused with the stratisorp system border shown in Fig. 2.9. Here,
the system border is only relevant for calculation of internal entropy generation in the TES
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If the flow enters the tank from the heater with Th,i and leaves the with Th,o with mass
flow rate ṁh, then the Eq. 2.21 can be modified as [55]:

Ṡheater,flow = ṁh · (sheater,in(t)− sheater,out(t)) = ṁh · cp · ln
Th,i(t)

Th,o(t)
(2.22)

Similarly, the expressions for Ṡadsorber,flow and Ṡcooler,flow can be written as:

Ṡadsorber,flow = ṁads · cp · ln
Tad,i(t)

Tad,o(t)

Ṡcooler,flow = ṁc · cp · ln
Tc,i(t)

Tc,o(t)

(2.23)

The rate of change of entropy due the heat loss to the surroundings through the tank
wall and the insulation can be etimated as [55], [28]:

Ṡhl ≈
N+1∑
zone=1

Q̇

Tamb(t)
=

N+1∑
zone=1

U · Azone ·
Tzone(t)− Tamb(t)

Tamb(t)
(2.24)

The rate of change of entropy in the tank is:

Ṡtank = lim
τ→0

N+1∑
zone=1

mzone · cp · ln
Tzone(t)

Tzone(t− τ)
(2.25)

The tank temperature is approximated by using finite number of temperature sensors. It
is also assumed that the temperature of each tank zone is uniform across the diameter of
the tank. Hence Ṡhl and Ṡtank are estimates for the real values. The rate of internal entropy
generation in the tank during the stratisorp process can be computed by substituting Eq.
2.22, Eq. 2.23, Eq. 2.24, Eq. 2.25 into Eq. 2.20.

The mixing in the tank can be quantified based on the rate of entropy change of different
tank zones. The tank can be considered to be made up of 15 cylindrical slices stacked on
top of each other. Each slice has the mass mzone. The entropy change rate of each zone
can be computed according to Eq. 2.25. This entropy change rate does not directly infer
the rate of internal entropy generation in the tank (Ṡirr,int). The entropy change due to the
mass flows crossing the system border (Ṡflow) and the entropy change due to the plug flow
across the zone boundaries should be subtracted to achieve the internal entropy generated in
the stratisorp cycle. The later term is however very difficult to compute. The fluid in the
tank is extracted from different locations at different times in one cycle as per the stratisorp
system concept. It means that the flow scenario across any control volume in which the
entropy balance is carried out also changes as the cycle progresses. The entropy generated
in any zone between two adjacent rings is governed by the flow entering and leaving the
tank from the adsorber and the temperature change of that zone8. As soon as the fluid is
exchanged with another zone9, the entropy generated in the previous zone is governed by only
the temperature change due to mixing and heat loss to the environment. The temperature

8the heater and the cooler flow should be considered when calculating the entropy generated in the top
and the bottom zones

9the next lower zone in case of adsorption half cycle or next upper zone in case of desorption half cycle
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change as a result of mixing and the temperature change as a result of plug flow can be
differentiated by comparison with the results obtained from a detailed numerical model of the
system. For this reason, a more detailed analysis can be found in the thesis of Schwamberger
[52]. The discussion regarding entropy change in this thesis are to be considered as a first step
towards dynamic entropy analysis over the cycle and going further will require comparison
with simulation data, which is beyond the scope of this work. Few representative results
regarding the rate of change of entropy of different zones of the tank for the experiments
discussed in this thesis can be found in appendix A.9.
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2.5 Method for flow visualisation
The need to visualise and analyse the flow field in the stratified thermal storage is

very important as mentioned in the previous chapter. There are number of classical flow
visualisation methods available. In particular for the stratisorp system, the large scale flow
phenomenon in the stratified thermal storage are of more significance than the velocity of
flow in a small fluid volume.
Interferometry is one of such methods. However, a complex experimental set up using different
lenses is required which makes this method expensive as well.
Laser Induced Fluorescence (LIF) is a laser optical method which uses the fluorescence images
of a fluid with dye. The measured fluorescence intensity is proportional to the concentration
of the dye and depending on the choice of the dye, proportional to the temperature. This
method also has some drawbacks. The fluctuations in the laser intensity lead to directly
proportional fluctuations in the fluorescence signal and the derived temperature from there.
Moreover, for measurements over a longer period, the dye loses the fluorescence properties
[29]. Apart from these technical drawback there are some practical issues. The LIF method
needs a laser optical system and a special software. Due to unavailability of these resources
the LIF method was not selected.
Background Oriented Schlieren or BOS (a common short form) [49], was a very attractive
choice due to various reasons. The construction of the test set up is relatively simple. BOS
method allows larger fields of views than traditional schlieren equipment [30]. The details of
the test set-up and the theory of BOS are described in the following sections.

2.5.1 Principle of Background Oriented Schlieren method

The Background Oriented Schlieren method is a non intrusive flow diagnostic method. It
is based on the principle that the light rays bend when passing through a field of variable
refractive indices owing to density gradients. When these light rays coming from a background
picture through the density field are captured in a camera, the image produced shows a
virtual displacement of the background pixels as compared to the background picture without
the density gradients. Figure 2.12 illustrates this principle.

Figure 2.12: Principle of the BOS method [58]

Two images of a deliberately structured background are obtained. The first is through
the undisturbed transfer channel and the second is through the phase object of interest. The
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“difference“ between these two images provide information about the phase object. The field
gradients in the path of the imaging rays cause deflection of the light rays, leading to shifts
in the image details. If Z is the line-of-sight direction in Fig. 2.12, then cross-correlation
of these two images would yield the displacements of the background pixels in the x and y
directions. The obtained displacements are the density gradients at each point in the field.
The gradients of this density field yield an elliptical partial differential equation also known
as Poisson equation which reads:

∂2

∂x2
ρ(x, y) +

∂2

∂y2
ρ(x, y) = S(x, y) (2.26)

where S(x, y) is the source term calculated at each mesh point from the displacements
obtained through correlation. The solution of Eq. 2.26 yields the line-of-sight integrated
density distribution, which is a projection of the three-dimensional density field in the direc-
tion of viewing. The density distribution in a given plane is then calculated by means of a
transformation from this projection [58].
BOS technique is very common in the experiments involved with air. It is a very attractive
choice for determining the density field in the shock wave, the analysis of free jets and the
analysis of wing tip vortices etc. Since the deflection of a single beam contains information
about the spatial gradient of the refractive index integrated along the axial path, the image
deflection ε is defined as :

ε =
1

n0

ZD+∆ZD∫
ZD−∆ZD

δn

δy
dz (2.27)

Eq. 2.27 is only valid with the assumption that the half-width of the region of the density
gradient ∆ZD � ZD. Furthermore, the relation between the refractive index n and the
density ρ is given by the Gladstone-Dale equation [40].

n− 1

ρ
= G(λ) (2.28)

where G(λ) is called the Gladstone-Dale constant and depends on the characteristic of
the medium and frequency of the light used. Values for G(λ) can be found in the handbook
of physical chemistry. Using the mathematical treatment explained before and the equations
(2.27) and (2.28), the density of the object of interest can be determined. For phase objects
having axial symmetry, quantitative results can be derived from one projection using Abel
inversion technique [24]. Similarly, fluid properties can be successfully measured for two-
dimensional planar flows. As seen before, schlieren is an integrating optical method. Therefore
its use as a quantitative method in unknown three-dimensional flows requires tomographic
reconstruction [30]. For objects with higher complexity more projections are needed. Atcheson
et.al. [6] used 16 high definition camcorders to analyse non-stationary gas flows. Goldhahn
et.al. [25] incorporated 8 cameras to measure density of air behind straight blades placed in
the flow.
In this work with the goal of visualisation of the density gradients in a stratified thermal
storage, multiple projections of the flow field would be required in order to reconstruct the 3-D
density field. As the flow is neither axisymmmetric nor planar, only one projection would yield
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a qualitative information about the density gradients which leads to qualitative information
about the temperature gradients. Moreover, the flow in the tank is highly unsteady. The
tomographic reconstruction is out of the scope of the present work. Qualitative BOS combined
with a reasonable spatial resolution of temperature sensors along the axis of the tank will
provide quantitative information about the flow in the tank.
The literature survey for BOS revealed that this technique has mostly been used to analyse
flow phenomenon involving air. The investigations of flow properties with water as the medium
using BOS has been carried out by very few research groups. Moreover, the know-how about
this technique was also not available at FSM. Therefore, a very simple test set-up was built
for understanding the basics of BOS which would eventually help for implementation on the
stratified storage tank.
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2.5.2 Experimental set-up to demonstrate the Background Oriented
Schlieren method

Hampel M. investigated the mixing of two flows at different temperatures using flow visualisa-
tion techniques, such as LIF, PIV and dye ink tests [29]. Theoretically, similar investigations,
however qualitative, can be carried out using BOS technique. Hence a plexiglas tank with
the same dimensions as used by Hampel was built. Figure 2.13 shows the schematic of this
test set-up.
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(All dimensions are in mm)
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Figure 2.13: Test set-up to demonstrate the BOS technique

The test measurements were carried out in co-operation with the colleagues from French-
German Research Institute of Saint-Louis (ISL). A slightly different method than the conven-
tional BOS technique had been used. In order to increase the performance of the conventional
Background Oriented Schlieren technique (BOS) the monochromatic background is replaced
by a coloured dot pattern [38]. Canon EOS-1Ds Mark II with 16 megapixel was placed as
shown and focussed on the background placed on the other side of the tank. This background
was illuminated by a matrix of filament bulbs integrated in a wooden box. The inlet section
of the flow was kept at 50·D so that a fully developed flow field could be achieved at the
inlet. Using this set up, two different measurements were carried out. Table 2.1 lists the
relevant experimental boundary conditions.
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measurement 1 measurement 2
Initial temperature 25 °C 20 °C
Inlet temperature 30 °C 40 °C
∆T 5 20
Flow rate 3 lph 12 lph
Velocity 6.6 cm/s 26.5 cm/s
Reynold’s number 264 1060

Table 2.1: BOS test set up parameters

For both the measurements, at first an initial picture of the illuminated background was
recorded with undisturbed water. The flow was then started and sequence of the background
pictures was recorded by the camera. These pictures, when compared with the original
background picture using cross-correlation algorithm, produce images showing apparent
shift in the background pixels within the flow field. Figure 2.14 depicts the results of the
cross-correlation applied on these two measurements.

(a) Measurement 1 (b) Measurement 2

Figure 2.14: BOS evaluation of jet of warm water entering a tank containing cooler wa-
ter after (a) 60 seconds and (b) 15 seconds. The scale indicates pixel shift
computed from cross-correlation.

The virtual pixel shift can only be observed in the directions perpendicular to the direction
of viewing. As the direction of viewing here is Z direction, the density gradients can only be
observed and analysed for the X and the Y directions. Figure 2.15 explains schematically
the procedure of cross-correlating. A standard PIV (Particle Image Velocimetry) algorithm
subdivides the images into interrogation windows the size of which can be preselected by the
user.e.g. 32 pixels x 32 pixels, 16 pixels x 16 pixels. The background image captured with
undisturbed water is compared window by window with each subsequent image captured with
the flow already started. The probability distribution of the shift in the pixels is computed
using the auto correlation function.
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Figure 2.15: Computation of pixel displacement using cross correlation

In Fig. 2.15, one of the pixels in the interrogation window is shifted by ∆x in the X
direction and by ∆y in the Y direction.The displacement of this pixel in X and in Y directions
can be represented as :

pixel shift =
√
∆x2 +∆y2 (2.29)

Thus, the contours in Fig. 2.14 depict the resultant of the virtual pixel shifts in X and in
Y direction.The sequence of the images for measurement 1 were converted into a film. It is
observed that the jet of warm water slowly inclines towards the top of the tank with time.
This happens due to the upwardly acting buoyancy force.
It can be seen that even for a very small temperature difference between the entering water
and the water in the tank, a considerable pixel shift is observed. It is a very important result
as it proves that the BOS technique can be used for qualitative visualising of the mixing
of two liquids at two different temperatures. Later it will be shown that this technique is
effective even at smaller temperature differences than considered in this experiment.
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Chapter 3

Preliminary Investigations

3.1 Experimental investigations

3.1.1 Experimental set-up to visualise density gradients in a cylin-
drical tank

The facts about the BOS technique were tested and established with the experiment described
in the previous chapter. This technique would eventually be used to visualise the temperature
gradients in a cylindrical tank. It was necessary to test the functionality of this technique
on a smaller cylindrical tank before applying it on a larger tank (volume ≈ 500 litres). The
study of the mixing of two fluids at different temperatures in a cylindrical tank arrangement,
the study of the thermal stratification behaviour at different temperatures and the study of
stratification based on dimensionless numbers was also important. These investigations would
be very challenging to carry out on a tank which is simultaneously a part of the adsorption
cooling system. Therefore, a much smaller tank (approx. 10 L) was selected to carry out
these studies. These investigations of flow in this tank can be carried out independent of
the adsorption chiller. Moreover, a smaller tank with rotationally symmetric fluid entry
would eliminate the need of complicated and expensive three dimensional CFD models. The
experimental results obtained from this test set-up can be used for qualitative validation
of CFD models. A rotationally symmetric flow condition would additionally improve the
stratification in the tank by creating and maintaining the thermocline [35].

Design and construction of the tank

By far, the most important criterion for the design of the tank was the optical access to the
fluid. The material of the tank should be able to transmit light through the walls without
much loss of intensity. For the reasons of workability and robustness, polymethyl methacrylate
(PMMA) which is commonly known as plexiglas, was chosen as the material of the tank.

31
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Inlet

Outlet

Inlet/outlet
flow diffuser

Figure 3.1: Plexiglas pipe and flow diffusers

As the first obvious choice, a simple plexiglas pipe was chosen for this experiment (Fig.
3.1). Flow diffusers made of plastic tubes in ring shape and holes for radial entry of water
were initially used. The black arrows schematically show the direction of water flow in the
tank. The radial entry of water in the tank was sought after due to the reasons explained
before. However the curved surface of the tank caused problems for the BOS evaluation.
Different experimental arrangements are shown in Fig. 3.2. The background image appeared
mirrored as the tank filled with water worked as a magnifying lens for the arrangement A.
To avoid this effect, a relatively wider background was needed. In case of the arrangement B,
only the centre of the background image was correctly focussed which obviously was a huge
drawback. In addition to the problem of correctly focussing the background, the pixels of the
background image were extremely distorted for arrangement C.
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Tank
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Light
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Tank
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A) background at a distance C) wrapped backgroundB) tangential background

Figure 3.2: Different positions of the background with respect to the the tank

Owing to these drawbacks, it was clear that the tank should be built in such a way that it
offered a flat surface in the front and at the rear of the tank but still maintained the cylindrical
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shape of the tank. This was achieved by machining cylindrical cavity in rectangular plexiglas
blocks and plates and stacking them on top of each other. Fig. 3.3 elaborates this set-up.
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Figure 3.3: Plexiglas blocks and plates forming the tank

Window sealing was used to seal the interfaces between two adjacent blocks or the
interfaces between the blocks and the plates. Dowel pins were used to guide the plates and
the blocks to coincide the cylindrical cavities of adjacent components. The whole stack of
the blocks and the plates was clamped using big iron clamps. A square metal bracket and
a PVC plate were instrumental in distributing the load uniformly on the sides and thus
holding the whole stack in place. This stack thus forms a cylindrical tank which can contain
approximately 10 litres of water. The entry of water to the tank was achieved through a
inlet diffuser plate made of aluminium. The steps leading to the final design of this plate
are discussed in the next section. A plexiglas plate was fixed at the back of the tank few
centimetres away from the tank surface. A background pattern consisting of randomly
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distributed black squares on a white background was stuck at the back of the plexiglas plate.
This background was illuminated by six neon tube lights (14 W each) contained in a wooden
box. Fig. 3.4 schematically shows the side view of this whole construction.

Metal bracket
PVC plate
Lid

Outlet diffuser plate

Plexiglas block

Inlet diffuser plate

Holders

Background plate
Wooden box

Neon lamps

Frame

Retention tray

Temperature lance
Tightening nut

Air vent

Circuit box

Y

Z

Figure 3.4: Side view of background illumination fixture and the plexiglas blocks

Measures to achieve rotationally symmetric inflow condition

The necessity of rotationally symmetric fluid entry has already been stressed in the previous
section. The design of the inlet diffuser plate is the deciding factor in achieving it. The
design goal of the inlet diffuser plate was to find very simple construction of the plate which
leads to a rotationally symmetric fluid flow condition. Therefore, a single entry approach
was initially used in which the water entered a ring-channel machined in a plexiglas plate
through a single entry hole of 8 mm diameter drilled at the side and tangential to the ring
channel. The fluid would flow towards the tank cavity through semicircular grooves before
passing through a gap 1 mm. This construction is explained in Fig. 3.5.
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Figure 3.5: Sectional view of the inlet diffuser plate

The semicircular grooves were directed towards the centre of the tank. The idea behind
this kind of construction was to introduce water into the tank cavity in radial direction only.
Moreover, a 9 mm deep circumferential groove to homogenise the flow leaving the semicircular
grooves. The performance of this design was tested using dye ink test at 180 lph.

(a) after 2 sec. (b) after 4 sec. (c) after 12 sec.

Figure 3.6: Dye ink test of the inlet diffuser plate

Fig.3.6 shows the top view of this test. The arrows indicate the direction of the flow in
the ring channel. It can be seen that the flow development is non uniform. A significant
part of the flow has already entered the tank before the flow makes one complete rotation
around the axis. Jets are formed in spite of using the circumferential groove. These jets
collide against the opposite side and after 12 seconds it is clear that the upward flow has an
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offset from the axis. However, the flow has almost no circumferential component.

Inlet

Foam

Figure 3.7: Selective damping using foam

If the flow enters the tank cavity with
high velocity, it proves detrimental to the
stratification in the tank. Hence it was essen-
tial to reduce the velocity of incoming water.
Foam stripes of 2 mm thickness were used
to cover the gap of 1 mm (refer Fig. 3.5) to
test the effect of damping on the flow distri-
bution. From Fig. 3.6 it can be seen that
the flow enters in the tank through the ini-
tial semicircular section of the ring channel.
Therefore an additional layer of foam was
used in this region to provide more damping
against the flow. Fig. 3.8 shows the devel-
opment of the flow distribution using this
configuration. However, this new measure
did not show any significant improvement

over the previous design of the inlet diffuser plate. The flow distribution shows a similar
pattern like seen in Fig. 3.6.

(a) after 2 sec. (b) after 4 sec. (c) after 12 sec.

Figure 3.8: Effect of selective damping on flow distribution

After carrying out intensive dye ink tests on these two different configurations, it was
inferred that the flow should enter the ring channel from at least one more location. It could
lead to better uniformity in the flow distribution. Occurrence of one more inlet could be
eliminated by widening the inlet port into a triangular cavity as shown in Fig. 3.9. Such
cavity would lead the flow into the ring channel equally on both sides. Additionally, a piece
of reticulated foam of 20 ppi was placed in the triangular cavity. This piece of foam would
help to reduce the inlet flow velocity. The velocity of the incoming flow was further reduced
due to increase in the inlet cross section by approximately 18 fold. The semicircular grooves
(shown in Fig. 3.5) caused the flow to exit with small jets into the tank. Hence these grooves
were removed by CNC machining and flattened to form a gap of 1.5 mm. A steel mesh
manufactured from 0.26 mm thick steel wires forming a mesh size of 0.5 mm and open mesh
area of 46 % according to ISO 9044 was placed.
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Trianguler cavity with
reticulated foam

Wire mesh

Figure 3.9: Inlet diffuser plate with triangular cavity and reticulated foam. The wire mesh
in the ring channel works as flow equaliser

The effect of the above mentioned measure is depicted in Fig. 3.10. The flow starts to
distribute in the directions of the arrows. This time the flow is able to enter on the both
sides of ring channel. After 4 seconds it seems as if the flow has achieved the rotationally
axisymmmetric condition. However, it is clear after 12 seconds that the flow has drifted on
one side more than the other.

(a) after 2 sec. (b) after 4 sec. (c) after 12 sec.

Figure 3.10: Effect of flow equaliser (steel mesh) and triangular inlet cavity on flow distri-
bution

Hence it was inevitable to provide one opening on each side of the plate i.e. total 4
openings. It was also observed that the thickness of the readily available plexiglas plates
varied over the length and the breadth of the plates. However small, these variations were
responsible for varying the gap available for the flow, inducing more non uniformity. Hence a
new plate with 4 openings was made from aluminium. The velocity of the flow was further
reduced by removing the material between the edge of the ring channel and the edge of the
tank cavity. Here again, the wire meshes were placed where the edge of the ring channel
existed and just before the tank cavity. This construction is elaborated in Fig. 3.11.

The idea behind using wire mesh at two locations in the plate before the tank cavity was
to change the direction of the flow gradually from circumferential to radial. To achieve the
entry of the water exactly at the bottom of the tank, the inlet aluminium plate was mounted
as shown in Fig. 3.12. During the initial tests using this plate configuration, it was noticed
that the air bubbles accumulated in the ring channel as the plate is placed in an up side down
position with respect to the previous configurations. This remaining air significantly affected
the uniformity of the flow and hence it was essential to remove it thoroughly. Therefore
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Sectional front view at A-A
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Figure 3.11: Aluminium plate with four tangential inlets and wire meshes for flow equalisa-
tion

four air vents, one on each side of the plate were drilled as shown. All four vents were
interconnected with plastic tubes from out side of the plate to form a common deaeration
port. At the start of each experiment, the deaeration was carried out from this port and for
rest of the experiment the port was sealed using a clamp.

Plexiglas block

Bottom plate

Inlet diffuser plateAir vent

Figure 3.12: Assembly of the aluminium plate and first plexiglas block
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The remaining plates and blocks were stacked on top of the stack formed (Fig. 3.12)
which resulted in the complete tank set-up (Fig. 3.3 and Fig. 3.4). A plexiglas tube of 10 mm
internal diameter was used to hold seven Pt-1000 temperature sensors placed at every 5 cm.
This tube was fixed vertically at the centre of the tank forming the axis of the tank 1. Similar
to the previous case, an ink test was carried out for this experimental arrangement. The
results of this test are shown in the Fig. 3.13. The arrows indicate the direction of the flow
in the inlet and in the ring channel. It can be clearly seen that the wire meshes successfully
change the direction of the flow. The flow is very symmetric as well as the velocity of the
flow is considerably reduced.

(a) after 2 sec. (b) after 4 sec. (c) after 12 sec.

Figure 3.13: Flow distribution in the tank using aluminium plate with steel wire meshes.

Consequently this configuration of the inlet diffuser plate was used for the following BOS
measurements. A second aluminium plate was placed under the lid of the tank. It functioned
as the outlet diffuser plate.

3.1.2 Experimental set-up

The condition of rotationally symmetric flow was achieved after the steps were carried out
in section 3.1.1. The tank was then integrated in the test set-up shown in Fig. 3.14. The
main purpose of this test set-up was to be able to condition the water in the tank at an
initial temperature and then to be able to introduce water at a different temperature in the
tank at a defined flow rate. It was achieved using two containers for warm and cold water,
two circulation pumps, a volume flow meter, an electric heater and two 4-way valves. A
detailed documentation of the functioning of this test set-up can be found in [23]. Canon
EOS 600D with 18-55 mm zoom lens was chosen for taking the pictures for BOS analysis.
The temperature measured by the Pt-1000 sensors and the volume flow measured by the
magnetic inductive flow meter was stored using a data acquisition program developed in
LabView (refer appendix A.2). The camera was placed in front of the tank so that the centre
of the lens coincided with the axis of the tank (the temperature lance).

1refer appendix A.1 for the data related to the calibration of these sensors
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Figure 3.14: Experimental test set-up to visualise the density gradients in the plexiglas
tank

For a non stationary case discussed in the following section, the video mode of the camera
used to record videos of the flow in the tank at 25 fps. The recorded video was then broken
into images (25 images/second) resulting in the image resolution of 2 megapixels. The
resolution of the background picture was so selected that even in the upright position of the
camera and picture resolution of 2 megapixels, the BOS evaluation would lead to reasonable
quality of the results. Backgrounds of different resolutions were printed and tested in a
test experiment. The background was printed on poster paper and the image was scaled
(height/width = 1.5) in order to fit exactly in the area behind the plexiglas tank. Due to the
use of video mode of the camera no lossless recording was possible (video codec: .mov). Hence
a coarse resolution of the background picture was necessary. It was found that resolution of
100000 points was sufficient for the experiment. This resolution meant that each point of the
background image was resolved by up to 20 pixels of the camera chip. The results of the flow
visualisation experiments using this set-up are discussed in section 3.2.
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3.2 Flow visualisation experiments
The experimental test set-up was used to investigate two different flow phenomena in order

to demonstrate the BOS technique on a thermally stratified tank namely

1. Transient flow field

2. Stationary flow field

3.2.1 Transient flow field

A transient flow field is generated when a flowing fluid at a certain temperature mixes
with another fluid, (either moving or stationary) at a different temperature resulting into
a zone of mixed fluid. The discharging process of a storage of a solar heating system is a
practical example of a transient flow field. Such condition can be achieved when the water
in the plexiglas tank is conditioned at 40 °C (stationary fluid) and the water at a different
temperature (moving fluid) is introduced into the tank. At the start of the charging process
of the storage tank, a gravity current of the cooler fluid flows across the bottom of the tank
[32]. A thermal transition layer called a thermocline, forms between the warm fluid contained
in the tank and the cool fluid entering into the tank near the inlet diffuser. The first pass of
the current across the tank is responsible to form most of the thermocline [7]. As the bottom
plate of the plexiglas block-plates stack is made non-transparent material (aluminium), the
gravity current was optically inaccessible.

Canon EOS 600D captures images with maximum frequency of only 3.7 fps at maximum
resolution of 18 megapixels. The classical BOS technique had to be adapted for capturing this
highly transient flow field. The background image was adapted accordingly as explained earlier.
The first image from the sequence of the images obtained was considered as the background
image. It was assured that the video and the data acquisition started simultaneously after
which the flow of water through the tank was switched on. The frequency of the data
acquisition was matched with the frame rate (25 Hz). The drop in the temperature recorded
by the first sensor was considered as starting point of the experiment. The recorded video
was edited and analysed during the same time interval. The sequence of the images obtained
from the video was compared with the background image using cross-correlation to obtain a
flow film.

The tank was pre-conditioned at 40 ◦C. The inlet temperature and the flow rate was varied
between 20 ◦C (i.e. |Ttank − Tinlet| = 20 K) and 35 ◦C (i.e. |Ttank − Tinlet| = 5 K) and 360 lph
and 180 lph respectively. An additional measurement was carried out in which only the inlet
temperature was set to 38 °C keeping the flow rate constant at 180 lph. Fig. 3.15 depicts the
comparison between the measurements after 1 minute. Here both inlet temperature and the
flow rate were varied. Fig. 3.15(a) shows the temperature profile in the tank after 1 minute
of measurement in which the inlet temperature was varied between 20 ◦C and 35 ◦C while
the flow rate was constant at 360 lph. Likewise, Fig. 3.15(b) shows the experimental result
for the same combination of inlet temperatures. Here the flow rate was set to 180 lph.



42 CHAPTER 3. PRELIMINARY INVESTIGATIONS

20 25 30 35 40 45
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Temperature [◦C]

H
ei
g
h
t
[m

]

 

 

Ri=962, Tin=20◦C
Ri=241, Tin=35◦C

(a) V̇=360 lph

20 25 30 35 40 45
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Temperature [◦C]

H
ei
g
h
t
[m

]

 

 

Ri=3848, Tin=20◦C
Ri=962, Tin=35◦C

(b) V̇=180 lph

Figure 3.15: Effect of Ri number on stratification
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The initial temperature profile near the top of the tank after conditioning did not match
exactly for all cases. Therefore a deviation of the order of 0.5–1 K can be observed in each
experiment. The Richardson number considered here is based on the height of the tank. As
discussed earlier in chapter 2, the Richardson number has a decisive effect on the formation
of thermal stratification. Many research works have concluded that higher values of the
Richardson number are beneficial to the thermal stratification [63]. This fact can be observed
in the diagram as well. In both the diagrams it can be observed that for higher Ri numbers,
the change from cold region to the warmer region is rather sharper than for the lower Ri
numbers. In Fig. 3.15(a) the first four temperature sensors and in Fig. 3.15(b) the first three
sensors near the bottom of the tank are relevant for this discussion. The first two sensors
in Fig. 3.15 (a) qualitatively show similar trend of temperature change. The third sensor
and the fourth sensor show considerably higher change in temperature for higher Ri number
(Ri=962) than for lower Ri number (Ri=241). A steeper trend till the fourth sensor in case
of a lower Ri number suggests that the incoming water in the tank has mixed well with
the water in the tank in this region. In other words, the tank is in more stratified state for
higher Ri numbers while it is in a more mixed state for lower Ri numbers. A similar effect
is observed in Fig. 3.15(b). The temperature difference between the first and the second
sensor in case of higher Ri number (Ri=3848) is greater (around 5 K) than in case of lower
Ri number (Ri=962) which is merely 1 K. The positive effect of Ri number on the thermal
stratification is significant at Ri > 1000. At lower Ri numbers the stratification is only
marginally improved.

Once the flow with constant inlet temperature enters the tank, the flow momentum
tends to mix the incoming flow with the fluid in the tank while the buoyancy tends to
make the incoming stream to flow in a gravity current below the warmer tank fluid. The
inlet temperature is constant throughout the experiment. This condition helps to build
a stable thermocline in the tank. If the inlet temperature does not remain constant e.g.
return flow of a solar collector, it would enhance the mixing in the tank and the thermocline
region would be no longer clearly visible. Once the thermocline is formed at the bottom
of the tank during the discharging process, it travels up as the discharging continues [20].
The thickness of the thermocline region is an important indicator of how well the stratified
tank is designed. This thickness is function of several variables like geometry of the tank
and the inlets, hydrodynamic and thermal characteristics of the flow in the tank. Yoo et.
al (1986) estimated the thickness of the thermocline. According to their definition of the
thermocline, the thermocline thickness was found to decrease with increasing Fri number
(or with decrease in the Ri number). Smaller thicknesses are measured at lower Ri number
whereas the thickness of the thermocline increases with increase in Ri number [62]. This
phenomenon can be observed in Fig. 3.16. The thickness of the thermocline is significantly
reduced for lower Ri number values. Here the variations in Ri number were achieved by
varying the inlet temperature to the tank.
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(a) ∆T = 2 K (b) ∆T = 5 K (c) ∆T = 20 K

Figure 3.16: Thickness and position of the thermocline from low Ri number (for ∆T = 2
K) to higher values of Ri number (for ∆T = 20 K) after 30 seconds

As the thermocline region moves upwards, an equal amount of fluid at a constant
temperature fills the tank. The thermocline acts as a physical barrier between the warm and
the cool fluids and thus prevents mixing. Hence the cooler fluid entering underneath the
thermocline has no temperature gradient. Hence the BOS evaluation shows almost no pixel
shift in this region. However a small pixel displacement is observed near the walls of the
tank. This happens due to the fact that the background image was captured when the tank
had been conditioned at 40 °C. Therefore as the fluid with lower temperature fills the tank
the background dots in the curvature region of the tank show a major distortion. Had the
image been taken with the tank conditioned at Tinlet there would be no pixel displacement in
the curvature region below the thermocline, however in the region above the thermocline
where the tank fluid temperature would still be close to the initial temperature (40 °C),
pixel displacement near the wall would be observed. To rectify this effect, two background
images were captured: when the tank was conditioned at Tinlet and when the tank was
conditioned at 40 °C. Using these images the BOS results were rectified and images without
any artefacts near the tank wall were generated. This procedure has been documented in
detail by Feuerstein F. [23]. In Fig. 3.16, this method is implemented for the experiment with
∆T = 20 K. Due to presence of the temperature measurement lance, the region around the
axis of the tank could not be evaluated. Hence a mask with width equal to the diameter of
the temperature lance was used while evaluating the flow field using BOS analysis software.
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3.2.2 Stationary flow field

A Stationary flow field can be achieved when the tank is charged with warmer fluid through
the top diffuser plate and cooler fluid is charged through the bottom diffuser plate at very
low flow rates. Additionally, fluid at an intermediate temperature flowing at a different flow
rate, is introduced into the tank through a porous manifold placed in the middle of the
tank. The fluid is discharged from the tank at about 30% height from the bottom of the
tank. These modifications in the plexiglas tank are shown in Fig. 3.17. A porous manifold
in thermal storage tanks has been used by many researchers and is a standard means of
achieving stratification [63] [10].

Inlet at 30 °C and
180 lph

Flow at 40 °C and
60 lph

Flow at 15.5 °C and
60 lph

OutletOutlet

Perforated pipe
Reticulated foam

A A

42 mm

12.5 mm

Cross section of the porous manifold
at A-A

Figure 3.17: Modifications in the plexiglas tank to achieve stationary flow field

An additional temperature sensor was placed in the discharge plate. As soon as the
temperature recorded by this sensor reached a stationary value, a stationary flow field was
achieved. Detailed experiments were carried out on this set-up during the diploma thesis
by Feuerstein F. [23]. The goal of the diploma thesis was to perform BOS measurements on
the stationary flow field in the thermally stratified tank and qualitative comparison with
ink tests and CFD simulations. The CFD simulations were part of a Masters thesis [8].
Feuerstein F. investigated the effect of change in the inlet flow temperature and flow rate on
the stratification behaviour in the plexiglas tank. Some of these results are shown in Fig.
3.18.
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(a) V̇inlet = 180 lph, Tinlet = 25 °C, Ri = 12.1

(b) V̇inlet = 180 lph, Tinlet = 35 °C, Ri = 6.1

(c) V̇inlet = 120 lph, Tinlet = 30 °C, Ri = 13.6

(d) V̇inlet = 240 lph, Tinlet = 30 °C, Ri = 5.7

Figure 3.18: Effect of variations of the inlet flow temperature and flow rate on the thermal
stratification
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The results are to be identified as results of ink test, BOS measurement and numerical
simulation from left to right for each experimental setting. These results were obtained using
a foam thickness of 12.5 mm mounted on a perforated pipe with internal diameter of 42 mm.
The height at which the flow is inserted into the tank through the perforated pipe and foam
is affected by the inlet temperature and the flow rate. The Richardson number of the flow
leaving the porous manifold is inversely proportional to the square of the velocity of the
flow and directly proportional to the temperature difference between the inlet flow and the
water in the tank. The buoyancy forces are more significant than the inertia forces for higher
temperature differences and low flow velocities resulting in higher values of the Richardson
number. The inlet flow tends to rise in the porous manifold to a height which corresponds
the matching temperature of the fluid surrounding the manifold. This reduces mixing in
the tank as the path of the fluid after leaving the manifold till the outlet is short which is
beneficial to the stratification. This effect can be seen in Fig. 3.18, a & c.
On the other hand, the inertia forces are more significant than the buoyancy forces for higher
inlet velocities and lower temperature differences which results in lower Richardson numbers.
The inlet flow tends to overshoot the height corresponding to the matching temperature of
the fluid surrounding the manifold. This enhances the mixing in the tank as the fluid leaving
the manifold takes a longer path to the outlet which is detrimental to the stratification. This
effect can be seen in Fig. 3.18, b & d.
Here the Ri number is based on the tank radius and the velocity of flow leaving the surface
of the foam. The area for calculation of velocity was estimated from the observations made in
the ink test. The height at which the flow left the foam surface was noted and the temperature
recorded by the sensor at this height was considered for building the temperature difference
term in Ri number estimation.

Thus it can be concluded that the Background Oriented Schlieren technique can be
effectively used for qualitative visualisation of temperature gradients in transient as well as
stationary flow fields. This method of flow visualisation can be made semi quantitative by
inclusion of temperature sensors in the flow field.
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3.3 Experimental set-up for investigation of adsorption
heat pump cycle

A stratified thermal storage is capable of recovering a part of the adsorptive heat released
during adsorption half cycle. For demonstration of the potential of the thermally stratified
storage as an agent for internal heat recovery and its effect on the performance of the
adsorption heat chiller’s cycle, an experimental set-up was designed and built during this
work. This set-up consists of the following essential components.

1. Heating module (Heat source)

2. Cooling module (Heat sink)

3. Adsorber emulator module

4. Adsorption chiller aggregate (Adsorbent: Silica gel)

5. Stratified thermal storage tank

In this work, the experimental investigations were carried out using two main experimental
set-ups using the components listed above. Fig. 3.19 shows the experimental set-up used for
emulation and flow visualisation of the heat pump cycle.

Heating module

Cooling module

Emulator

R1

R2

R3

R4

R5

R6

Tank

Figure 3.19: Experimental set-up used for the emulation and the flow visualisation of the
heat pump cycle

Fig. 3.20 depicts the set-up used for the investigation of the stratisorp cycle. The emulator
used in the flow visualisation experiments was operated as the cooling load (i.e., as low
temperature heat source for the evaporator) for this experimental investigation. Initially,
experiments were carried out in which the emulator fulfilled the role of a medium temperature
heat sink for the condenser during desorption and a low temperature heat source for the
evaporator load during adsorption. It was necessary to operate the emulator in this fashion as
the adsorption chiller contained a common heat exchanger for condensation and evaporation.
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However, it was observed that after switching from desorption to adsorption, the supply
temperature to the evaporator was significantly higher than the setpoint of the emulator
(18 °C). This was caused by the thermal mass of the emulator which had also heated up
during the desorption phase. Hence it became necessary to use different devices for the
adsorption and the desorption half cycles. Two 3-way valves (V1 and V2) were deployed
which did the task of switching the flow between the two half cycles. These valves were so
positioned that the evaporator circulated water with V̇evap only with the emulator during the
adsorption half cycle. The emulator heated the returning chilled water from the evaporator
to the setpoint of 18 °C while the condenser pump remained off. The cooling module cooled
the bottom part of the tank with V̇ctot . An external trigger programmed with LabView and
linked with a relay, switched the condenser pump, V1 and V2 at the same time in order to
switch to desorption half cycle. Simultaneously the emulator stopped circulating water with
the evaporator as the solenoid valve was closed. A bypass mounted in the emulator was
opened at the same time in order to keep the water circulating at 18 °C and to protect the
pump. Here, the evaporator heat exchanger works as condenser. The heat of condensation
is rejected in the cooling module. The cooling module has to cool both the condenser and
the bottom of the tank during the desorption half cycle. V̇ctot was always set higher than
V̇cond thereby assuring that always some flow was circulated through the tank. The cooling
module receives flow at V̇cond from the condenser and the difference i.e. V̇c flows through
the tank. Fig. 3.21 and Fig. 3.22 show the hydraulic connections during the desorption
and the adsorption half cycles. In the following sections, the working and the significance of
the devices or components used as shown in Fig. 3.20 is discussed. These components were
borrowed (partly purchased) from the project partners. Important changes and repairs were
carried out so that these components could be adapted for the current work. The results
obtained using this experimental set-up are discussed in Chapter 4.
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Figure 3.20: Experimental set-up used for investigation of the stratisorp cycle
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Figure 3.21: Hydraulic connections during adsorption half cycle
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Figure 3.22: Hydraulic connections during desorption half cycle
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3.3.1 Heating module

The necessary thermal energy required by the chiller to drive the cycle is provided by the
heating module. In practice, the hot water available from a CHP unit or a gas burner or solar
collectors can be used for this purpose. For the laboratory experiments an electric heater is
preferred. The schematic diagram shown below in Fig. 3.23 reflects on the construction of the
heating module used for this work. A LabView 2 interface was used for the data acquisition,
the temperature and flow rate control and the data visualisation of the different physical
quantities measured by these components.

Electric heaters

Pump V3

Pt-100
Flow controller

Filter

Flow meter

Deareater

To tank

From tank

V1

V2

3 X 7.5 kW
Figure 3.23: Schematic hydraulic circuit diagram of the heating module

Each of the electric heaters has a heating power of 7.5 kW. The electric heaters are
connected in series which makes the maximum heating power of the module to be 22.5
kW. The temperature of the water leaving the 3rd electric heater is measured by a Pt-100
temperature sensor. The temperature control is achieved by a Eurotherm controller which
compares this measured temperature with the setpoint and switches the electric heaters ON
or OFF. The flow rate of the module can be set and regulated by the flow controller (a
proportional controller). As the flow rate of the heating module is kept constant during the
measurements, it was not necessary to regulate the flow rate. Hence the flow rate for the
experiments was set using the bypass valve V3. Closing of the valve V3 would increase the flow
rate of the heating module being circulated through the tank and vice versa. The maximum
volume flow rate is limited by the measurement range of the flow sensor which is 0-840 lph.

3.3.2 Cooling module

The cooling module is necessary for keeping the bottom section of the tank close to the
temperature of the medium temperature heat sink. Additionally, it is used for heat rejection
from the condenser during the desorption half cycle due to absence of a cooling tower. A

2The LabView code was developed by the project partners ITW. In this work, this code was further
adapted to accommodate the changes made in the experimental set-up e.g. the inclusion of additional flow
and temperature sensors, solenoid valves
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cooling module of cooling capacity of approximately 20 kW and accuracy of +/− 0.5 K was
designed and built by project partner SWT Technologie, Stuttgart. The temperature setpoint
was controlled using a Eurotherm 3216 controller. The controller parameters had to be tuned
in order to ensure fast response and accurate control of the cooler output temperature. The
controller tuning is documented in the appendix A.5.
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Figure 3.24: Schematic hydraulic circuit diagram of the cooling module (SV: Solenoid Valve)

The heat exchanger of the cooling module is connected with the cooling network of the
building. The cooling network has supply temperature of 15 °C and volume flow of 500 lph is
available.

3.3.3 Adsorber emulator module

One of the important goals of this thesis was to investigate the different flow phenomena
in the stratified thermal storage independent of the adsorption chiller used. The adsorber
emulator module (or emulator) allows good control over the flow conditions. The emulator is
able to cool and heat the flow streams and control the flow rate as well. The construction of
the emulator is shown in the Fig. 3.25.

Similar to the heater module, the flow rate and the temperature setpoints can be set and
controlled. The return flow from the tank is first sent through a cross flow heat exchanger
and cooled with the maximum cooling power available3.

3This posed a problem during the emulation of the adsorption half cycle. At the start of the half cycle
when the return flow was relatively warm, less cooling power was needed. However, due to the maximum
cooling power available at the heat exchanger the temperature of the flow leaving the heat exchanger was
too low for the heaters to heat it back to the given setpoint at the set flow rate. On the contrary, towards
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Figure 3.25: Schematic hydraulic circuit diagram of the adsorber emulator module

The cooled flow is then pumped through the two electric heaters connected in series. The
electric heaters have total power of 15 kW. The Eurotherm controller controls the temperature
of the water entering the tank by intermittently switching the heaters ON or OFF.

3.3.4 Adsorption chiller aggregate

The adsorption chiller aggregate used in this study was manufactured by SorTech AG, a
leading manufacturer of silica gel adsorption chillers. Fig. 3.26 shows the image of the
adsorber integrated in the test set-up and the schematic of internal arrangement of the
adsorber and the evaporator/condenser heat exchangers.

The same heat exchanger which works as the condenser during the desorption half
cycle, works as the evaporator during the adsorption half cycle. The adsorber and the
evaporator/condenser heat exchangers are mounted in the same vacuum chamber with
spacers in between. The water pool at the bottom of the chamber contains approximately
7 litres of water. The adsorber is connected with the tank while the evaporator/condenser
heat exchanger is connected with the medium temperature heat sink (heating load) or low
temperature heat source (cooling load). The emulator can also be programmed to work as a
heating or cooling load. The designed cooling power of this adsorption chiller is around 4
kW. The adsorber heat exchanger is a finned tube heat exchanger. The fins are covered with
silica gel granules. A special glue assures that the granules are appropriately attached with
the metallic body of the adsorber heat exchanger. This is extremely important to achieve a
good thermal coupling between the granules and the body of the heat exchanger.

the end of the adsorption half cycle, the maximum cooling power was required owing to higher temperature
difference across the emulator. The control over the cooling power was achieved by throttling the cooling
flow to the heat exchanger. Detailed documentation can be in found in [19]
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(b) Schematic internal LHS view of the adsorption chiller

Figure 3.26: Adsorption chiller based on silica gel-water pair

3.3.5 Stratified thermal storage tank

The stratified thermal tank is very important component of the experimental set-up relevant
for the internal heat recovery of the adsorption chiller’s cycle. Two different designs of the
tank were considered for this work.

3.3.6 Tank for flow visualisation

The flow visualisation in the thermal storage was very important to investigate the stratifica-
tion mechanism and performance of the stratification system. Hence a tank with windows on
opposite sides was used for this purpose. The windows provided the necessary optical access
for the implementation of the BOS method. A background illumination system similar to
Fig. 3.4 was mounted on the outside of one of the windows. The camera was positioned such
that it focussed on the background image stuck on the outside of this window through the
window on the opposite side. This storage tank contained approximately 500 litres of water.
The tank is made of steel with anti corrosion coating from the inside. Glass wool laminated
with aluminium foil was used to insulate the tank. The details regarding the construction
of the tank and the BOS set-up can be found later in this chapter. This tank was used by
Hampel M. [29] for his research activities. Owing to the limited modifications allowed in the
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original construction of the storage tank, the stratification system had to be inserted from
the top into the tank. This made it almost impossible to close the tank using a lid. Therefore
the tank when filled with water, had a free water surface making the system a pressure-less
(open) system. The fact that the system pressure could not be increased more than 1 bar had
certain shortcomings (discussed in 4.1). The design of this stratification system consisting of
rings is discussed later in this chapter. Figure 3.27 shows the CAD model and the vertical
cross section of this tank along with the stratification system. Here the tank without the
insulation is shown. It was necessary to keep some safety margin (3 cm) from the top edge
of the tank to avoid the danger of water spilling over. One ring was placed just below the
free water surface while another ring was placed at the bottom of the tank. The remaining
four rings were placed equidistantly along the height of the tank. Hence when the tank was
completely filled, the space between adjacent rings contained approximately 100 litres of
water. Each ring could be used for charging or discharging from the tank. This was achieved
by means of a solenoid valve bank shown in Fig. 3.28. This valve bank was placed on the lid
of the tank.

(a) CAD model of the tank
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T15

(b) Arrangement of the rings and the
temperature sensors

Figure 3.27: Tank used for flow visualisation: components and their position
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Figure 3.28: Solenoid valve bank

Figure 3.29 elaborates the hydraulic connections between the valve bank and the stratifi-
cation rings.

R1R2
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R4
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R6

11 12

From heater

3 4

To heater

7 8

To cooler

9 10

From cooler

5 6

1 2

Tank lid

Figure 3.29: Schematic view of the hydraulic connections between the solenoid valve bank
and the rings through the lid of the tank

The switches with even numbers were used to activate the charging flow to the tank
whereas the switches with odd numbers were used to activate the discharging flow from the
tank. As far as the stratisorp cycle was concerned, only adjacent rings were used at any
given point in time for charging or discharging. The heating module was attached to the
tank through ring 1 and ring 2 bypassing the valve bank. Similarly, the cooling module
was attached to the tank through ring 5 and ring 6. Each ring was connected with the
corresponding valves using straight pipe sections through the tank lid. The working of this
stratification system can be understood from Fig. 3.30.
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Figure 3.30: Working of the stratification system using rings

Fig. 3.30(a) shows the situation at the end of the adsorption half cycle. During the
adsorption half cycle, the emulator discharges cooler water from the tank using lower positioned
rings (here from R6) and inserts warmer water returning to the tank in the next higher
positioned ring (here in R5). On the contrary, during the desorption half cycle, the warmer
water is discharged from the tank using the rings positioned higher in the tank (here from
ring R1) and cooler water returning to the tank is inserted in the next lower positioned ring
(here into R2). Fig. 3.30(b) shows the charging and the discharging process at the end of the
desorption half cycle.

3.3.7 Tank for investigation of stratisorp concept

A separate tank was used for the experimental investigation of the adsorption chiller’s cycle
based on the stratisorp cycle. For the investigation of the stratisorp concept, the tank was
connected with the adsorption chiller explained in 3.3.4. This tank differed the tank used
for flow visualisation in some aspects. This tank could be closed with a pressure tight lid as
the supply and return pipes for the stratification system were designed through the walls of
the tank. Moreover, this tank had no glass windows for flow visualisation further improving
the pressure tightness of the tank. Hence it was possible to build a pressurised system with
maximum 3 bar pressure. The details of the design of this tank can be found in appendix
A.4.

Stratification system based on charging lance: As differed to the ring based strati-
fication system, this system makes use of state of the art charging lance manufactured by
SOLVIS (SL96, max.1900 lph, diameter 80 mm, height 1.59 m). Fig. 3.31 shows the stratified
injection by this lance [47]. The charging process of the tank using this charging lance is
buoyancy driven. The water entering the tank rises in the lance to a level determined by
the buoyancy and the inertia of the flow. Hence the charging process is passive. For the
discharging process the solenoid valve bank was used. Fig. 3.32 depicts this stratification
system.
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Figure 3.31: A stratified injection using charging lance by SOLVIS
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Figure 3.32: Working of the stratification system using charging lance [47]

The tank was equipped with a temperature lance made of multi layer composite pipe
carrying Pt-1000 temperature sensors is placed at the axis. These 15 sensors were placed
equidistantly at 11 cm each. The sensors were numbered beginning from the bottom of
the tank. The heating and the cooling module were attached to the tank using separate
connections. Hence the flow rates of the adsorber chiller and heating or cooling modules did
not interact with each other. The outlets were attached with baffle plates in order to reduce
the inertia of the flow leaving the tank thereby reducing the mixing near the outlet region in
the tank. As the charging process was passive, it was relatively difficult to precondition the
tank.
The working of this stratification system is similar to the previous system, the only difference
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being that the position of the water being inserted into the tank is temperature dependent.
Additionally, the area available for the flow to exit from the lance is much smaller than the
rings which causes lower Ri numbers. The adsorption half cycle sees the adsorber chiller
being supplied with water extracted from the tank starting with extraction from the valve 9.
The flow returning to the tank rises above the extraction level as it is at higher temperature
than the flow leaving the tank due to the heat of adsorption. As the adsorption half cycle
continues, the adsorber chiller is supplied with cooler water from the next lower level. The
criteria for switching to the next lower level in the case of adsorption or to the next higher
level in the case desorption half cycle will be discussed in the coming sections. At the end of
the adsorption half cycle, the adsorber chiller receives water stored at the bottom of the tank
through valve 1.
The desorption half cycle starts with extraction of water from valve 3. The flow returning to
the tank during the desorption half cycle is cooler than the flow being extracted from the
tank. Hence the flow entering the tank can rise only to a level lower than the extraction level.
The desorption half cycle continues by extracting warmer water available at the next higher
extraction level. At the end of the desorption half cycle the adsorber chiller receives the
warmest water stored in the tank thereby completing the adsorption chiller’s thermal cycle.
In this work this tank and the stratification system is used to demonstrate an adsorption
heat pump cycle without heat recovery i.e. desorbing the adsorber with maximum desorption
temperature and adsorbing with the lowest adsorption temperature.
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Stratification system based on rings: As the name suggests, this system makes use of
stratification rings for charging and discharging the tank. The stratification rings used in
section 3.3.6 had been fitted in the tank shown in Fig. 3.32. The insertion and the extraction
of the flow from the tank is achieved identically as explained before in section 3.3.6. The only
difference here is that the pipes leading to each stratification ring were connected through
the tank wall. Consequently, the valve bank responsible for loading and unloading of the
tank was attached to the tank wall on the outside as shown in Fig. 3.33. Two way valves
with electric drive were used for this valve bank4. The figure also shows the charging and the
discharging during the adsorption and the desorption half cycles.
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Figure 3.33: Working of the stratification system using rings

The tank was provided with an additional flange coupling to provide access to the inside
of the tank during mounting of the rings. The number of insertion and extraction level
in the tank also have influence on the performance of the adsorption heat pump’s cycle.
However, this effect has not yet been experimentally investigated. Hence, two additional
ports for mounting more rings or flow diffusers were provided for investigation in near future.
For this study, however, the experiments were carried out using six stratification rings. All
investigations on the stratisorp system are performed using this tank and stratification system.

4manufacturer: Belimo, valve type: R425, DN 25, kvs 26, electric drive: LRA-D60 007 T0G, switching
time = 2.5 sec.



62 CHAPTER 3. PRELIMINARY INVESTIGATIONS

3.4 Design and construction of flow diffusers

The most important requirement of the stratification system is to insert or extract the water
from the tank causing minimum perturbation. Hence the flow diffusers should offer outlet area
as large as possible however still maintaining the plug flow inside the tank fluid volume. With
reference to the stratisorp system, the stratification system should be able to insert or extract
from different levels of the tank. The vertical components of the insertion or the extraction
flow velocities are detrimental to the thermal stratification 5. Hence the flow diffuser should
insert the flow as far as possible parallel to the bottom of the tank. Additionally, the flow
diffuser should insert or extract the flow symmetrically from the inner perimeter of the tank 6.
These requirements could be fulfilled using a ring shaped flow diffuser. Various research works
on stratified thermal storage have deployed ring shaped or octagonal shaped flow diffusers
[35]. The maximum diameter of the ring was limited by the window to window distance of
the tank. Multi-layer composite pipe with aluminium layer was used as it provided good
flexibility for bending the pipe.
The momentum of the flow entering the tank is the most important factor which is responsible
for destruction of the thermal stratification. The flow diffuser should introduce water to
the tank uniformly and inhibit mixing so that the buoyancy forces create and maintain the
thermal stratification. Various research works, both experimental and numerical, underlined
the positive impact of using porous material on the thermal stratification, such as [10], [63]
and [8]. Reticulated foam stripes of 5 cm width and 3 cm thickness were wrapped around
the rings and the adjacent passes of the foam stripes were sewn to each other for stability
(refer A.6 for the data).
The number of openings (holes of 5 mm diameter at 10 mm spacing) on the surface of
the diffuser rings and their orientation directly affect the velocity of flow entering the tank.
The dimension and the spacing of the holes was selected such that homogenisation of the
individual jets through the foam layer could be assumed. A simple test was necessary to
approximate the velocity of flow leaving the foam surface. The Richardson number derived
from this velocity could be used to determine the functional effectiveness of the rings. It
was also important to investigate the flow homogenisation offered by the use of foam. Hence
a short study was carried out on small sections of the multi-layer composite pipe in an
aquarium (2.5.2) filled with clear water. Coloured water was introduced through the flow
diffusers for flow visualisation. Fig. 3.34 shows the experimental set-up for this study. The
test was carried out using flow rate of 300 lph (or 6 cm/s) per pipe section. The perforated
pipe sections were mounted in the aquarium such that the drilled sides of the pipes faced
each other. Any vertical temperature gradient inside the aquarium were avoided because the
focus of the experiment was to investigate the flow pattern of flow escaping the foam surface
in absence of buoyancy effects. A short temperature lance mounted with Pt-1000 sensors
was used to monitor the temperature of the water inside the aquarium. The experiment was
carried out with the tap water in the laboratory at 20 °C. A floating plexiglas plate was
placed on the surface of water to suppress any waves generated inside the aquarium. Here it
is worthwhile to mention that the flow entered into the perforated pipe of diameter 42 mm

5Under certain flow conditions occurrence of flow veils was later confirmed. The flow veils, although having
predominantly vertical component of velocity, did not destroy the stratification. Hence this assumption of
detrimental effect of vertical jets is not a general phenomena

6The tank explained in 3.3.6 was used for the flow visualisation experiments with rings
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from the inlet pipe sections of 10 mm internal diameter. This abrupt increase in the cross
section was absent in the stratification system using rings. Hence a small cylindrical piece
of reticulated foam was fitted at the inlet to the perforated pipe section inside the pipe to
homogenise the inlet flow and suppress any secondary flow which might arise.

Aquarium
Temperature sensors

Reticulated foam

Perforated pipe

Inlet

Inlet

Figure 3.34: Experimental set-up to investigate the performance of flow diffuser

Three different types of the perforated pipe sections were tested, namely

I. single row of holes

II. three rows of holes

III. multiple rows of holes (covering whole circumference)

Fig.3.35 and Fig. 3.36 show the snapshots of the front view and the top view of the ink
test after 5 seconds. The air trapped underneath the plexiglas plate can be seen in the top
views (the horizontal line in Fig. 3.36(a)).
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(a) Diffuser I (b) Diffuser II

Figure 3.35: Dye ink test on the perforated pipes without foam

(a) Diffuser I (b) Diffuser II

Figure 3.36: Dye ink test on the perforated pipes with foam
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Initially the experiment was conducted without using the reticulated foam. It was evident
that only after few seconds that the water in the aquarium was significantly mixed. More
number of holes in diffuser II lead to a smaller flow velocity, however due to more number of
jets more surrounding fluid is entrained causing higher mixing as seen in Fig. 3.35(b).
From Fig. 3.36 the effect of using the reticulated foam stripes on the flow pattern is noticeable.
It is evident by comparison that the flow front in the Fig. 3.36 has not even reached the half
distance between the diffusers. This proves that the reticulated foam strips successfully reduce
the inertia of the incoming flow and homogenise the flow such that no individual jets occur.
If the static pressure inside the diffuser piping is uniform, uniform discharge velocity from
the diffuser can be expected. Absolute uniformity is difficult to achieve, however it can be
approximated by making the total opening area in the diffuser branch half the cross sectional
area of the pipe. This approach has been recommended for distributed type diffusers (linear
and radial) [61], [21]. Karim [35] applied this design criterion for two octagonal diffusers with
slots oriented in vertically downward, radially inward and outward directions. Such diffuser
has similarities to a ring shaped diffuser. He concluded that for a diffuser with higher ratio
of flow opening area to pipe cross-sectional area the pressure drop along the diffuser length is
non-uniform. Increasing the opening area would significantly lower the exit velocity of fluid.
However, on the other hand it would lead to unequal pressure drop causing non-uniform
flow velocities leaving the diffuser. In case of a ring diffuser system, where this ratio is much
higher, it would mean a rotationally symmetric fluid entry into the tank would be difficult to
achieve. This was the main motivation behind using the reticulated foam. The foam layer
wrapped around the pipe sections is hence used to homogenise the exiting flow. The total
opening area for the diffuser with single row of holes accounted for 28 % and for three rows of
holes accounted for 84% of the pipe cross sectional area. The significantly increased opening
area caused by the perforated pipe wall reduced the velocity of flow whereas the foam layer
was beneficial towards the homogenisation of the flow. It was observed during the test that
the velocity of the flow along the foam surface was uniform. The coloured water entered the
tank almost at the same time from the whole length of the pipe sections. On the contrary,
when no foam was used, the coloured water entered first through the holes situated near the
fluid entry section and later through the holes further away. Hence it can be stated that the
reticulated foam strips homogenise the flow.
An in depth investigation on exactly how much increase in the total opening area was offered
by the foam is out of the scope of this work. However, efforts were made to approximate the
area of the foam surface from where the flow entered the aquarium. The shape of the flow
front defined by the coloured water was closely observed from the videos recorded. It was
observed that the flow front of the diffuser I had a pointed shape while the flow front of the
diffuser II was much wider as shown in Fig. 3.37. Here only the left sides of the diffusers
are shown. The flow leaving the foam surface of diffuser II covered approximately 10% more
surface area than the flow leaving surface of diffuser I. Consequently the velocity of the flow
in case of diffuser II would be 10% lower.
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(a) Diffuser I (b) Diffuser II

Figure 3.37: Shape and span of flow velocity profiles observed from the ink test

Richardson number would then increase by 21 % for diffuser II as it is inversely proportional
to the square of the flow velocity. Thus the diffuser II would provide favourable conditions
for stable stratification in the tank.
Similar to the diffuser I and diffuser II, the third diffuser was tested in the aquarium. Fig.
3.38 shows the snapshot of the front view after 20 seconds.

(a) Without foam cladding (b) With foam cladding

Figure 3.38: Dye ink test on diffuser III

The flow homogenisation by the foam layer is evident from this result. However, it was
noted that construction of this diffuser was more time consuming and the improvement over
the diffuser II was not significantly high. Hence the design of diffuser II was chosen for the
construction of the stratification rings.
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Chapter 4

Results and Discussion

4.1 Emulation of adsorption heat pump cycle and flow
visualisation

The flow diffusers in the shape of rings were constructed based on the results obtained from
the ink tests. The construction steps are documented in appendix A.3. These diffusers were
mounted in the tank (Fig.3.27). The tank was hydraulically connected with the heating
module (Fig.3.23), cooling module (Fig.3.24) and the adsorber emulator module (Fig.3.25)
where the connecting interface being the solenoid valve bank placed on the lid of the tank
(Fig.3.28, Fig.3.29). The schematic of this experimental set-up along with the temperature
sensors relevant for further discussions is shown in Fig.4.1.

67
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Figure 4.1: Experimental set-up for emulation and flow visualisation of the stratisorp cycle

The goal of this experimental set-up was investigation of the performance of the flow
diffuser rings during a complete stratisorp cycle using BOS technique and various temperature
measurements. The temperature of the flows leaving and entering the tank from different
modules was measured by Pt-100 sensors (Tad,i,Tad,o etc.). The tank temperature was
measured using the Pt-1000 sensors (T1,T2,... etc.) mounted in middle of the tank on a
plexiglas pipe. The sensors were stuck using a water and heat resistant adhesive fluid in holes
drilled on the surface of the pipe and the connecting sensor cables were sewn through. Such
measure assured that the cables remained dry during the experiment and did not affect the
temperature measurement. Moreover, at the entry of each ring diffuser Pt-1000 sensor was
mounted.
The emulator was programmed so that a pseudo stratisorp cycle could be run. Pseudo
adsorption half cycle was carried out by extracting cooler water from the tank, heating it
up to the defined set-point and inserting it back into the tank. Warm water was extracted
by the emulator and inserted back into the tank at lower temperature to demonstrate a
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pseudo desorption half cycle. The emulator extracted or inserted water in the tank using
the stratification mechanism explained previously. The stratisorp cycle based on the silica
gel-water pair offers a good overlap between the differential heats of adsorption and desorption
for the selected temperature conditions (72/27/18 °C, cooling with low temperature lift),
thereby offers a good potential for heat recovery. Only a small amount of heat remains
unrecoverable. A part of the unrecoverable heat is deficit and a part is excess. The heat
deficit should be supplied by the heater whereas the excess heat should be rejected by the
cooler. The integral of the heating and the cooling energies during one adsorption cycle can
be expressed as fraction of the recoverable heat. For the emulation of the thermodynamic
cycle this fraction is set to 3. Hence the flow rates of the heater and the cooling module were
scaled by the same factor with the flow rate of the emulator. The flow rate of the emulator
was set to 300 lph 1. Consequently the flow rate of the heater and the cooling module was
set to 100 lph each. The highest temperature of the cycle was set to 60 °C rather than the
originally planned 70 °C 2. Therefore the lowest temperature in the tank was reduced to 20
°C. The water volume between the adjacent rings was approximately 100 litres. The emulator
circulated water with 300 lph i.e. within 20 minutes the water between two ring would be
completely circulated. Therefore switching time of 15 minutes was chosen. The various
set-points and the time intervals are tabulated in Tab. 4.1. The temperature set-point of the
emulator for the first adsorption step and of the heater for the complete duration of the cycle
was set higher than 60 ◦C to compensate for the heat loss of both modules.

1The selection of this flow rate was dependent mainly on the test conditions from section 3.4. The flow
diffusers were tested at 300 lph per diffuser. Therefore it was essential to evaluate working of the rings at
this flow rate

2Initial tests with 70 °C highlighted the drawback of using open hydraulic system. The maximum pressure
of this system was little over 1 bar (Atmospheric pressure plus the hydrostatic pressure of the water column
inside the tank) because of the open water surface in the tank. The circulation pumps in the emulator and
the heater were fitted with single lip radial seals. These seals offer sealing action from inside of the pump to
the outside with the prerequisite of pressurised system. That meant any local pressure drop near the pump
shaft sucked air in the pump therefore in the module which obviously led to flow rate fluctuations. This effect
was even graver at higher temperatures as the sealing material gets softer with increase in temperature
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Module Time (min) Tsetpoint (◦C) V̇ (lph) Extraction Insertion

Heater 150 63 100 R2 R1

Cooler 150 20 100 R5 R6

Emulator
15

63

300

R2 R1

55 R3 R2

53 R4 R3

(Adsorption) 43 R5 R4

33 R6 R5

Emulator
15

20

300

R5 R6

30 R4 R5

40 R3 R4

(Desorption) 50 R2 R3

55 R1 R2

Table 4.1: Set-points and time intervals of various modules during emulation

Water was extracted from next lower or next upper ring after every 15 minutes during
the adsorption or the desorption half cycles respectively. Naturally the duration of both
half cycles was 75 minutes each. Initially the water in the tank was at uniform temperature.
It has been hypothesised that a quasi stationary stratisorp cycle has a linear temperature
profile in the tank. Such profile leads to low mixing [53]. It would take very long to reach a
quasi stationary linear temperature profile in the tank. Hence, it was crucial to precondition
the tank before the actual measurement started. The preconditioning of the tank was aimed
at achieving a linear temperature profile.
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Figure 4.2: Preconditioning of the tank zones

A temperature profile between the
warmest zone at the top (at 60 °C) and lowest
temperature at the bottom (20 °C) would be
an ideal preconditioned tank for the strati-
sorp application. The first zone (Z1) shown
in Fig. 4.2 was preconditioned using the
heater. The heater extracted water from the
tank through R2 and inserted heated water
through R1. Similarly the last zone (Z5) was
preconditioned using the cooling module. It
extracted water from the tank through R5

and inserted it back through R6 after cool-
ing it to the set-point. The emulator was
deployed for preconditioning of the remain-
ing zones after Z1 and Z5 were completely
conditioned. Each zone is bordered by two
rings. The water from lower lying ring was
extracted and the conditioned water at the
set-point was reinserted in the next upper
ring. The zones from Z2 to Z4 were sequen-
tially preconditioned starting with Z2 after
Z1 had reached the set-point. The tank temperature was constantly monitored over the
LabView interface. The preconditioning of each zone lasted 20 minutes with 300 lph.
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Figure 4.3: Temperature profile after the conditioning
sequence

At the end of the precondition-
ing sequence i.e. when the zone Z4

was completely preconditioned, the
adsorption half cycle could be ini-
tiated. The sequence of switching
between different rings during the
adsorption and the desorption half
cycle is shown in the Tab. 4.1. The
temperature at different positions
along the height of the tank imme-
diately after preconditioning of the
tank is shown in Fig. 4.3. It can
be seen that the temperature pro-
file along the height of the tank is
nearly linear. The flat plateaus in
the profiles show that an approx-
imately uniform temperature had

been reached in different zones between the rings.

4.1.1 Results of the thermodynamic cycle

Fig. 4.4 depicts temperatures in the heating, cooling and emulator loops as well as the
temperatures of flows entering or exiting the tank from the stratification rings.
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Figure 4.4: Emulated stratisorp cycle: temperatures in the heating, cooling and emulator
loops

As seen before from Fig. 4.1, the temperature sensors Tad,i, Tad,o, Th,i, Th,o, Tc,i, Tc,o are
on the outside of the tank while the sensors TR1 ,...,TR6 are located inside the tank. Before the
adsorption half cycle started, the emulator had been preconditioning Z4. Hence at the start
of the adsorption cycle, the sensor Tad,o recorded the temperature of the water in the tubes
between the tank and the emulator. The emulator then heats the extracted water to set-point
of 63 ◦C with maximum available power. The control loop of the emulator overshoots the
set-point by 2 ◦C. However the steady state is immediately achieved and the supply water
temperature Tad,i reaches the set-point. Thus the heated water being inserted into the tank at
temperature Tad,i emulates the return flow from the adsorber chiller after it had absorbed the
heat of adsorption. However, during the real adsorption half cycle, Tad,i would continuously
drop as Tad,o i.e. supply temperature to the chiller, would gradually increase causing a drop
in the heat of adsorption released. Hence Tad,i would not remain constant in case of a real
adsorption chiller like seen in Fig. 4.4. The rise in Tad,o is caused by the plug flow moving in
the zones from the upper rings to the lower rings e.g. from R2 to R3 in Z2. More and more
warmer water returning to the tank is pushed down after initial mixing causing rise in Tad,o.
Exactly opposite effects are observed during the desorption half cycle. The water returning
to tank is cooler. During each desorption step between the adjacent rings, the cooler water
returning to the tank is pushed upwards in a plug flow after initial mixing and formation
of thermocline. Hence Tad,o gradually drops. In case of the real desorption half cycle, Tad,i
would gradually increase during each desorption step. This experiment is basically aimed
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at evaluating the functional effectiveness of the ring stratification system and not at exact
reproduction of the adsorber chiller-stratified tank system behaviour. Hence these functional
differences are not crucial in this experiment.
The adsorption half cycle continues by extracting water from the lower rings and inserting
heated water into the upper rings. After every 15 minutes, the water is extracted from
the next lower ring as explained earlier. The straight pipe sections connecting the solenoid
valve bank with the rings pass through the thermally stratified field. Hence the water being
extracted from the tank at temperature TRi warms up continuously till it reaches to the sensor
Tad,o. It can be noticed that Tad,o is always higher than the temperature of water leaving the
corresponding ring. This effect was observed even though the straight pipe sections were
insulated. The identical effect is seen during the desorption half cycle. After the switching to
the next lower ring takes place, the warm water in the tubes between the emulator and the
tank is still at the previous temperature set-point which is higher than the new set-point.
This warmer water enters the new ring at elevated temperature causing a peak in TRi . The
sharp rise in TR6 immediately after switching to the desorption half cycle after 75 minutes
happens due to the same reason. On the contrary, during the desorption half cycle after
switching to the next upper ring, the water at temperature lower than the new set-point
first enters the ring causing sharp fall in TRi . Another important effect can also be observed
namely Tc,o and TR5 differ considerably (∼ 5 K) although the temperature of the water being
extracted from R5 is measured by the sensor Tc,o. The cooling module extracts water from
R5 with 100 lph. Heating power of 584 W is delivered by the warmer fluid layers situated
above as the residence time is significantly long (∼ 1 min). This effect is observed until
the start of the fourth adsorption step. During the fourth adsorption step the flow rates of
the emulator and the cooling module overlap and as a consequence, the water is extracted
through R5 at 400 lph. The higher flow-rate reduces the residence time and the difference
Tc,o − TR5 reduces. A similar effect is identified during the desorption half cycle. The flow
returning to the tank from the cooler is at Tc,i which is seen slightly fluctuating. These fluctua-
tions were completely removed by properly tuning the controller as explained in appendix A.5.

Fig.4.5 shows the temperatures along the axis of the tank during the emulated thermody-
namic cycle. The temperature near the water surface (T15) does not seem to remain constant
for the duration of the cycle. The cause for this effect being the uninsulated tank lid leading
to significant heat loss through the lid. The level in the tank where the flow from the heater
and the cooler enter and leave the tank is also shown3.

It can be easily noticed that during each adsorption step, only the temperature sensors
located in the corresponding zones show rise in temperature while the temperature outside of
this zone remains relatively unaffected e.g. during the second adsorption step which takes
place in Z2, only T12, T11 and T10 increase while T13 and T9 remain relatively unaffected. The
slight drop in T13 is due to cooling of Z1. An opposite effect is seen during the desorption half
cycle owing to the change in the direction of flow insertion and extraction. Here the sensors in
the corresponding zones show drop in temperature as plug of cooler water entering the tank
moves from lower ring to the upper ring. These flow phenomena were closely investigated
using flow visualisation based on BOS technique.

3FH-From Heater,TH-To Heater, TC-To Cooler,FC-From Cooler
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Figure 4.5: Temperatures along the height of the tank

4.1.2 Flow visualisation for investigation of stratification mecha-
nism

Fig. 4.6 shows the experimental set-up used for this study.
The sensitivity of this experiment could be increased by decreasing the ratio of the

distance of camera to the density field (b) and to the background (a) (i.e. the density field
moves closer to the camera and away from the background) [30]. As the background was
stuck to the rear window on the outside, any change in distance b (i.e. moving camera closer
or farther from the tank) would change a and thereby the sensitivity of the measurement.
The distance a was limited by the dimension of the room. For this experiment, b/a =
0.82 was used. The background used in the present experiment was composed of randomly
distributed black squares on a white background of 0.34 x 0.8 m. The resolution of the image
was kept the same as used in the other experiment (i.e. 20 pixel/dot for the video mode).
This resolution resulted in very high resolution (180 pixels/dot) for the photo mode of the
camera which recorded images at every 3 seconds with external trigger at full resolution
of 18 megapixels. This resolution was chosen as for some experiments two cameras were
simultaneously deployed: one camera operating in video mode and the other operating in
photo mode with external trigger.
Fig. 4.7 shows the unmasked and the masked image of the background. The region covered
by the rings and the temperature lance has been masked and excluded from the BOS analysis.
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(a) Experimental arrangement

Illumination box

Tank

Ring

Background

Window
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(b) Optical arrangement

Figure 4.6: BOS set-up for evaluating the performance of the ring stratification system

Additionally a horizontal temperature lance was installed between R3 and R4 for evaluating
the horizontal temperature field. The sensors on this lance were numbered from TH1 near
the front window to TH9 near the rear window. From Fig. 4.7 it is clear that the flow
visualisation was carried out in Z3 and Z4. The observable section of the adsorption half
cycle is between 30 and 60 minutes and for the desorption half cycle is between 90 and 120
minutes.

The temperature sensors T5, T6, T8 and T9 lying in these zones can be seen while the
sensors T10, T7 and T4 are concealed by the rings R3, R4 and R5 respectively. The back-
ground picture was recorded at the start of the experiment i.e. immediately after the tank
was preconditioned to a nearly linear temperature profile as explained before.4 The data
acquisition running under LabView and recording of the images using external trigger was
simultaneously commenced.

Fig.4.8 shows the contour plot of the resultant pixel displacements during the adsorption
half cycle and the downward movement of the thermocline through the zones Z3 and Z4. The
position of the thermocline at various points in time is shown. The warmer water entering
the rings mixes with the water in the tank and forms this thermocline. The temperature
gradient within the thermocline region is almost entirely vertical (refer appendix A.3). As

4In the classical BOS method, the background image is recorded when no temperature gradient in the
fluid domain exist. i.e. when the tank was at a uniform temperature before the start of the conditioning
process. However, it was not possible due to practical difficulties e.g. limited battery charge, camera prone to
shaking during simultaneous lab activities during preconditioning process etc.
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(a) Unmasked image of the background (b) Masked background image

Figure 4.7: Image preprocessing before the BOS analysis

the thermocline moves through the zones towards the ring lying below, the next plug of warm
water enters the tank. The thermocline prevents the mixing of the warm water entering at
the top and the cooler water leaving from below. The rings insert the flow into the tank in
rotationally symmetric fashion. It can be seen that the region above the thermocline, which
has higher temperature than before, has negligible temperature gradient.
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(a) 35 min (b) 40 min (c) 45 min

(d) 50 min (e) 55 min (f) 60 min

Figure 4.8: Downward movement of the thermocline through Z3 and Z4 during the adsorp-
tion half cycle

This effect can also be seen in Fig. 4.9. The flow enters Z3 at temperature Tad,i and
leaves at temperature Tad,o. As soon as the thermocline passes by T9 at 35 min., T9 attains
the elevated temperature close to Tad,i and remains approximately constant thereafter. The
trend of T8 as well is fairly parallel to Tad,i and T10 after the thermocline has passed by. The
slight drop in the temperature is caused by heat lost to the ambient through the uninsulated
glass windows. Similar trends are observed for the T6, T5 and T4 as the adsorption half cycle
continues through Z4.
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Figure 4.9: Change in the temperatures in the zones Z3 and Z4 during the adsorption half
cycle

Fig. 4.10 shows the upward movement of the thermocline during the desorption half cycle
using the contour plot of the resultant pixel displacement at various points in time.5 The
thermocline moves upwards towards the upper lying ring and passes by T5, T6, T7 in Z4 and
then by T8, T9, T10 in Z3. These sensors show drop in temperature as cooler water moves
upwards after the thermocline (Fig. 4.11).6

5The bright dots in the contour plot are the residual outliers of the BOS post processing
6Refer appendix A.3 for additional plot
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(a) 95 min (b) 100 min (c) 105 min

(d) 110 min (e) 115 min (f) 120 min

Figure 4.10: Upward movement of the thermocline through Z4 and Z3 during the desorp-
tion half cycle

When the thermocline region passes in front of the background image, the light rays
passing through it bend differently depending upon the temperature gradient perpendicular
to the direction of viewing. The temperature gradient is steeper in the middle of the
thermocline and is flatter near the thermocline-hot water interface as well as thermocline-cool
water interface. This gives rise to darker contours in the middle and lighter contours near
the edges of the thermocline. However, the temperature gradient within each slice of the
thermocline remains constant giving rise to uniform temperature contours along the thickness
of the thermocline. The refractive index of water is dependent on the temperature and
the wavelength of light passing through [31]. The dependence of refractive index on the
wavelength of light used does not affect the quality of the BOS results significantly [23]. As
the background was recorded when the tank had been linearly stratified, the contour plots
of the resultant pixel displacement for the subsequent images show differences in the colour
depth. These plots serve the purpose of only qualitative illustration of the thermocline. A
quantitative information about the flow phenomenon in the tank can be achieved when these
contour plots are considered together with the temperature plots.

The water entering the tank is nearly at the same temperature as that of the water at
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Figure 4.11: Change in the temperatures in the zones Z4 and Z3 during the desorption
half cycle

the level of the corresponding ring. It happens due to the preconditioning of the tank as
seen from Fig. 4.2. All stratified layers above this level are warmer and below this level
are cooler. Hence the incoming water mixes strongly with the water in the tank at the
corresponding level. Hence the plug flow movement of the thermocline is predominantly seen
in this experiment. This flow phenomenon would take place during the initial adsorption
heat pump cycles i.e. when the cycle has not reached the quasi steady state. After each
cycle the tank temperature profile is expected to change gradually to a linear profile. The
final temperature profile in the tank need not always be linear. However for this specific
cycle condition a linear temperature profile has been predicted by the simulation studies.
Therefore a further experiment was carried out to investigate the stratification behaviour
when the tank is linearly stratified.

A linear temperature profile was achieved by preconditioning the tank using the adsorption
chiller as shown in the Fig. 4.12. Instead of carrying out the complete adsorption heat pump
cycle only one of the desorption steps, namely extraction at R3 and insertion at R4 across
Z3, was performed.

It was important to test the performance of the stratification rings at a significantly higher
flow rate. Hence, the flow rate of the adsorption chiller was set to 680 lph. Consequently
the duration of the experiment was reduced to 9 minutes from 15 minutes per extraction
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Figure 4.12: Preconditioning for the stratification test

level. The temperature of the flow returning to the tank from the adsorption chiller varied
during this desorption step. This was another difference between both experiments. Due to
short measurement time the video mode of the camera was used along with the photo mode.
The progressive BOS analysis method was used to investigate the stratification behaviour 7.
Fig. 4.13 shows the change in the tank temperature at different levels in Z3. The desorption
step can be roughly divided into three distinctive phases. When temperature of the water
entering the tank from the adsorption chiller,TR4 , is :

a) TR4 < T7

b) T7 < TR4 < TR3

c) TR4 > TR3

The state c would not appear during a real desorption half cycle as the extraction level
would be switched to the next upper ring as soon as the temperature difference between the
supply and the return flows (|TR3 − TR4|) would be lower than a certain threshold. Here such
switching criterion was not implemented in order to investigate the flow field.

7As differed to the classical BOS, the progressive BOS compares each image with each “neighbouring”
image. The background image used for the analysis hence progresses forward through the sequence of images
and every next image is regarded as background. Very small pixel displacements can be captured with this
method. Therefore the flow front can be made visible
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Figure 4.13: Change in the temperatures with in Z3

Phase a : As the water entering the tank at R4 is cooler than the surrounding water, the
buoyancy force is directed downwards. It can be seen that T6, which is located marginally
below R4 in Z4, shows drop in temperature. This phenomenon can be observed very well
in the BOS observations (Fig. 4.15(a)). The sensor T7 which is located exactly behind
the stratification ring R4 also shows drop in temperature. The temperature drop in T7 is
relatively lower than in T6. At the set flow rate of 680 lph, the stratification function of the
rings is thus fulfilled as they cause low mixing in the tank.

Phase b : The temperature of the water being extracted from the tank gradually lowers
(drop in TR3) thereby TR4 gradually rises. As soon as TR4 rises above T6, the buoyancy is
gradually directed upwards. It can be observed that T6 does not change after the end of
phase a. At the start of the phase b, the flow tends to stratify at the point of entry behind
the ring. Hence very little pixel displacement is observed (Fig. 4.15(b)).

Phase c : The adsorber chiller receives further cooler water towards the end of the
desorption step. Soon after the start of phase c, TR3 drops below TR4 , which means that the
adsorber chiller would start adsorbing. Consequently TR4 rises above TR3 and the buoyancy
force acting on the flow is directed upwards.
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R3

R4

Flow veils

Window

Figure 4.14: Schematic description of the flow veils

The flow entering in R4 is warmer than the surrounding water. The flow leaves the surface
of the ring diffuser in the form of veils forming a kind of curtain (Fig. 4.14 and Fig. 4.15(c)).
The water in the middle of the tank remains relatively undisturbed as suggested by very slow
change in T7, T8 and T9. This change in temperature shows a completely different pattern
than observed previously in Fig. 4.9 and Fig. 4.11.

(a) 1 min (b) 3 min (c) 6 min

Figure 4.15: Stratification behaviour observed during the different phases of the desorption
step

The occurrence of the veils of flow can be additionally confirmed by assessment of
temperatures in the horizontal plane. Fig.4.16 shows the temperatures recorded by the
sensors mounted on horizontal lance. During the phase c which starts after approximately
3.5 minutes, the sensors near the window (TH1 and TH2) show higher temperature than
the other seven sensors (TH3 to TH9) lying in the same plane. Being near the window i.e.
directly above the ring perimeter, TH1 and TH2 fall in the path of the flow veils and hence
show rise in temperature.
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Figure 4.16: Temperature in the horizontal plane in Z3

4.1.3 Conclusion of flow visualisation experiments

The stratification rings constructed for loading and unloading provide rotational symmetry
to the flow and reduce the mixing in the tank. The rotational symmetry of the flow was
confirmed by visualisation of a well defined thermocline. The reduction in mixing was however
confirmed at low flow rate (300 lph). At higher flow rate (680 lph) and using the adsorption
chiller it was found that the flow leaves the ring in the shape of flow veils before stratifying
in the layer whose temperature is close to the temperature of the inlet flow. Although the
vertical jets are generally considered detrimental to stratification, in this case their existence
in the form of flow veils was proved to be beneficial to the stratification in the tank. However,
this effect was not tested at higher flow rates due to the limitations on the adsorption chiller
flow rate.
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4.2 Experimental investigation of the stratisorp concept

In the following section a series of different experiments which demonstrate different possibil-
ities of realising the stratisorp concept are discussed.

4.2.1 Thermal cycle without internal heat recovery

A good basis of comparison can be formed when the stratisorp cycle is compared with a
cycle without heat recovery (reference cycle). The tank with SOLVIS charging lance with the
experimental set-up shown in Fig. 3.20 in Chapter 3 was used. The adsorber is supplied with
the lowest temperature of adsorption (Tc = 27◦C) during the adsorption half cycle. As soon
as the half cycle time is reached (thalfcycle) water with maximum desorption temperature
(Th = 72◦C) is pumped through the adsorber. Here the tank works only as an interface which
connects the heater and the cooler with the adsorber. The water contained in the hot and
the cold zones at the top and at the bottom of the tank is used for desorption and adsorption
half cycles respectively. The tank is preconditioned for this experiment by heating up the
top zone (between sensors T12 and T15) to 72 ◦C and by cooling the bottom zone of the tank
(between sensors T1 and T5) to 27 ◦C. The low temperature heat source was set to 18 ◦C.
The experimental settings used in the reference experiment carried out by the manufacturer
(SorTech AG) of the silica gel module are entered in Tab. 4.2. The tank with the position of
the temperature sensors relative to different inlets and outlets of the tank is shown in Fig.
4.17.

Component Flow rate (lph) thalfcycle (min)

Adsorber Adsorption 2600

9.7Desorption 1600

Condenser 1600

Evaporator 2000

Table 4.2: Experimental settings used by manufacturer for experiment without heat recov-
ery (reference experiment)

Tab. 4.3 shows the maximum flow rates achievable in different hydraulic circuits.

Component Flow rate (lph)

Adsorber 1700

Condenser 800

Evaporator 2000

Heater 1300

Cooler 866

Table 4.3: Maximum flow rates of different hydraulic circuits



86 CHAPTER 4. RESULTS AND DISCUSSION

T12

T11

T9

T7

T5

T4

Th,o

Tc,o

Th,i

Tc,i Tad,o

Tad,i

Figure 4.17: Positions of the temperature sensors in the tank with charging lance

Stationary cycle condition has to be reached for estimation of COP of the cycle. Reliable
experimental results can be achieved only if many consecutive cycles are carried out as it
leads to a stationary cycle condition. The experimental settings had to be selected such that
for each subsequent cycle enough hot and cold water was available. It can be seen from
Tab. 4.2 and Tab. 4.3 that the maximum achievable adsorber flow rate was 65% of the
reference flow rate. Naturally the half cycle time could be increased by 35% (i.e. thalfcycle=15
min) so that the equal amount of water as the reference measurement (≈ 420 litres) is sent
through the adsorber in each half cycle. This adoption would change the adsorber flow rate to
V̇adadsorption to 1700 lph and V̇addesorption to 1046 lph. During desorption half cycle this change
in V̇addesorption would not cause any problem as V̇h − V̇addesorption > 0 i.e. net loading of the top
zone of the tank. As a result, enough hot water would be available for the next desorption
half cycle. However, as V̇c− V̇adadsorption < 0 i.e. net unloading of the bottom zone of the tank
with 834 lph, within the duration of half cycle time of 15 min. approx. 200 litre water would
be extracted from the cold zone. As a results, no more cool water would be available for the
subsequent cycle. Hence the half cycle time had to be adapted properly8. From Fig. 4.18 it

8although the cooling module operates continuously during the desorption half cycle, only the difference
(Vctot − Vcond = 66 lph) could be circulated through the bottom section of the tank. This low flow rate was
insufficient to refill the chilled water in the bottom zone of the tank
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can be seen that the cold water volume available (140 litre corresponding to deep blue region)
is less than the maximum volume which could be circulated through the adsorber (200 litre
corresponding to addition of light blue and deep blue regions).

T5

T1

To adsorber

From adsorber

From cooler

To cooler
60 litre

Figure 4.18: Flow scenario at the bottom of the tank during the adsorption half cycle

The half cycle time must be set such that the net volume of water ∆V , unloaded from the
cold zone due to flow rate V̇adadsorption − V̇c is not more than 140 litre. If this condition is not
fulfilled then towards the end of the adsorption half cycle not enough cold water would be
available for continuing the adsorption. Consequently the supply temperature to the adsorber
would rise and the experiment would deviate from the reference experiment.
The following equations can be written to fulfil the above mentioned condition :

(V̇adadsorption − V̇c) · thalfcycle ≤ ∆V (4.1)

Substituting values of V̇c and ∆V ,

(V̇adadsorption − 866)

60
· l

min
· thalfcycle ·min ≤ 140 · l (4.2)

thalfcycle and V̇adadsorption should also fulfil the condition of circulating equal volume of
water through the adsorber as the reference experiment. Therefore,

V̇adadsorption
60

· l

min
· thalfcycle ·min = 420 · l (4.3)

Solving Eq. 4.2 and Eq. 4.3 : thalfcycle ≥ 20 min.
To ensure the availability of chilled water thalfcycle = 24 min. was chosen. Consequently,

V̇adadsorption = 1050 lph and V̇addesorption = 640 lph. The COPcool and COPheat are computed
as :

COPcool =
Qev

Qdes

and COPheat =
Qcond +Qads

Qdes

(4.4)
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The energy supplied or rejected in different hydraulic circuits is calculated as :

Qads =

thalfcycle∫
0

dQads =

thalfcycle∫
0

ṁad · cp · (Tad,i − Tad,o) · dt

Qh =

tend∫
0

dQh =

tend∫
0

ṁh · cp · (Th,i − Th,o) · dt

Qc =

tend∫
0

dQc =

tend∫
0

ṁc(t) · cp · (Tc,i − Tc,o) · dt

Qev =

thalfcycle∫
0

dQev =

thalfcycle∫
0

ṁev · cp · (Tev,o − Tev,i) · dt

Qcond =

tend∫
thalfcycle

dQcond =

tend∫
thalfcycle

ṁcond · cp · (Tev,o − Tev,i) · dt

Qdes =

tend∫
thalfcycle

dQdes =

tend∫
thalfcycle

ṁad · cp · (Tad,i − Tad,o) · dt

(4.5)

The warm water returning to the tank during the adsorption half cycle would be extracted
by the cooler. The heat of adsorption would then be rejected in the cooler which forms a
part of useful energy for heating. Qcond is also rejected in the cooler and hence forms the
other part of the useful energy for heating. Fig. 4.19 shows the thermodynamic cycle during
this experiment. This cycle was obtained after 10 consecutive adsorption-desorption cycles,
hence it represents a stationary cycle.

At the start of the adsorption half cycle, it can be observed that the supply temperature
to the evaporator Tev,i takes a while to reach the setpoint of 18 ◦C. As the heat exchanger
was at approximately 27 ◦C at the end of previous desorption half cycle, the thermal mass
of the heat exchanger must be first cooled to the setpoint. Hence the return flow to the
emulator is warmer than the setpoint. The control loop of the emulator controls the power
of the emulator and tries to achieve the setpoint. Therefore the supply temperature to the
evaporator is reached after a short delay. Hence owing to Eq. 4.5, the magnitude of Qev

would be reduced due to the measurements for which Tev,o > Tev,i causing lower COPcool. On
the contrary, at the end of the adsorption half cycle the evaporator heat exchanger would be
at approximately 18 ◦C. Due to the thermal mass of the evaporator exchanger the control
action of the cooler temperature controller is slower. The same effect can be observed in
Fig. 4.20. The positive peak in Q̇ev till approximately 1 min. mark and the negative peak in
Q̇cond till the 25 min. mark arise due to the thermal mass of the evaporator/condenser heat
exchanger. Due to these peaks in power lower cooling and heating power are computed.
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Figure 4.19: Thermodynamic cycle for the experiment without heat recovery
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Q̇cooling= 1.36 kW
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Figure 4.20: Power associated with different components during the experiment without
heat recovery
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The peak in the cooling power (Q̇ev) is initially on the positive side suggesting that the
temperature of water returning from evaporator to be higher than the supply temperature.
The condenser power (Q̇cond) has initially peak on the negative side. It means the water
returning from the condenser is cooler than the supply temperature.
A COPcool = 0.36 obtained for the experiment was lower than the COPcool = 0.41 calculated
for the reference experiment. The discrepancy in COPcool is attributed to the lower flow rates
of the adsorber set for the experiment. At higher flow rates (e.g. V̇adadsorption = 2600 lph)
the heat transfer coefficient at the water-heat exchanger interface is higher. Therefore the
heat transfer during each half cycle would be much better for the reference experiment than
the adapted experiment. It also means that by keeping quantity of fluid passing through
the adsorber in each half cycle the same as in the reference experiment the change in the
adsorber loading would be higher and the higher ratios of Qev/Qdes could be expected.

4.2.2 Experiments with the stratisorp cycle

Measurement of heat loss coefficient: The evaluation of performance of the stratified
TES in context of the stratisorp cycle is essential. The heat loss characteristics namely the
overall heat transfer coefficient of the tank (U -value) is needed for the estimation of the
entropy generation caused by the heat lost to the ambient in one cycle. Moreover, the U -value
is also important for a one dimensional numerical model of the stratified TES. The cool down
test was carried out according to SRCC protocol [2] mentioned by Cruickshank [17].
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Figure 4.21: Evaluation of the tank temperature during the cool down test
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Fig.4.21 shows the evaluation of the tank temperature during the timespan of the experi-
ment. The tank with ring stratification system (Fig. 3.33) was used for this experiment. The
tank was heated uniformly to above 65 ◦C and cooled down over a period of 66 hours. The
temperature of the tank was recorded every minute using 15 equally distributed temperature
sensors placed along the axis of the tank. The room temperature was simultaneously recorded.

The U -value can be calculated by different approaches. The tank can be imagined as a
stack of 15 cylindrical slices. The thickness of each slice equals the spacing between the sensors.
Each slice is assumed to possess the same temperature as recorded by the corresponding
sensor. This assumption can be consolidated by the flow visualisation results and by referring
to the cool down test results seen in Fig. 4.21. The U -value of each slice (or zone) at each 6
hour interval can be determined using energy balance as :

Uzone =
Qloss6hr

A · (Tzone − Tamb6hr) · 6 · 3600
where Qloss6hr = mzone · cp ·∆Tzone6hr (4.6)

Fig.4.22 shows the plot of the Uzone and an area weighted average, Utankavg .
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Figure 4.22: U -value of each zone and area weighted average

The area of heat transfer considered in Eq. 4.6 is different for the top and the bottom
zones (Aends) than other zones (Asurface). The heat transferred to the ambient from the top
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and the bottom zones of the tank not only takes place through the cylindrical surface but
also through the ends of the tank.

Aends = Asurface + Atop (4.7)

U -value can also be computed based on the a log mean temperature difference (UtankLMTD
)

according to SRCC [2] as:

UtankLMTD
=

mtank · cp
Atotal · ttotal

· ln Ttankinit
− Tambinit

Ttankfinal
− Tambfinal

(4.8)

The method is called as “standard decay method”. This method requires an environment
with nearly constant temperature. Variation of 10% in the ambient temperature is allowed in
this method. This condition was not achieved in the laboratory for initial 16 hours of the
experiment. In such cases, it is recommended to use an alternative test method.
The alternative test method, known by “real time measurement method”, applies energy
balance to the whole tank for the duration of the test. The U -value is calculated as:

Utank =
Qlosstotal

Atotal · ttotal · (Ttankinit
− Tamb)

(4.9)

where
Qlosstotal = mtank · cp · (Ttankinit

− Ttankfinal
) (4.10)

Tab. 4.4 summarises the results of the cool down test.

U -value (W/m2◦C)

Utankavg 0.92

UtankLMTD
0.70

Utank 0.72

Table 4.4: U -value computed using different approaches

The area weighted average value overestimates the U -value as compared to the “standard
decay method” and the “real time measurement method”. This value lies between typical
U -values for hot water storage documented by Votsis et al. [59] (0.937 W/m2◦C) and by
Kleinbach et al. [36] (0.59 W/m2◦C).
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Description of the experiment and results: The experimental procedure and results
for the stratisorp-experiment with cycle condition 72/27/18 ◦C using the ring stratification
system are discussed in the following section. This cycle has been discussed in detail in the
following section.
Fig.4.23 shows the position of different temperature sensors and the ring inside the tank.
The tank was equipped with 8 possible locations for mounting the rings. The available 6
rings were placed so that the maximum potential of the stratisorp concept could be utilised.
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Figure 4.23: Positions of the temperature sensors in the tank with rings

Towards the end of the adsorption half cycle a major change in the loading of the adsorber
takes place which causes a peak in cooling power. It is therefore beneficial for the performance
of the cycle if enough cold water is available at the end of the adsorption cycle 9. Hence
the 5th ring was placed by skipping one mounting location. The tank temperature profile of
the stationary cycle is governed by many factors such as flow rate, distribution of the rings,
heating and cooling module temperature setpoints. The positioning of the rings definitely has
a high impact on the final temperature profile in the tank. From the differential heat curves
(Fig. 2.5) it can also be seen that the maximum overlap occurs when the adsorber temperature

9This is valid if ˙Vad > V̇c
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lies between 45-60 ◦C. The central section of the tank corresponds to this temperature range.
In this region also one position for mounting was skipped. This measure leads to a flatter
temperature profile in the corresponding zone and thereby reduces the temperature spread
across the adsorber and lowers the mixing in the tank.
Tab. 4.5 shows the flow rates used in different hydraulic circuits for this experiment.

Component Symbol Flow rate (lph)

Adsorber V̇ad 1000

Condenser V̇cond 800

Evaporator V̇evap 2000

Heater V̇h 600

Cooler V̇ctot 866

Table 4.5: Flow rates used in different hydraulic circuits during the stratisorp experiment

The heat supplied to the adsorber during the complete cycle should only be sufficient to
cover the difference of the differential heat curves (light orange area in Fig. 2.5). Similarly the
heat rejected by the cooler during the cycle should only be enough to cover the unrecoverable
or surplus heat of adsorption (light blue area in Fig. 2.5). The temperature spread across the
heating and the cooling loop is much higher than the average temperature spread across the
adsorber loop. Hence the heating and the cooling modules were operated at a much lower
flow rates than the adsorber flow rate.

Selecting V̇ctot higher than V̇cond following flow rates were achieved:

V̇c = V̇ctot (as V̇cond = 0 during adsorption half cycle)

V̇c = V̇ctot − V̇cond (during desorption)

V̇c would always be circulated through the tank during the desorption half cycle. This
assured that the bottom of the tank was cooled to Tc before the next adsorption cycle started10.

A temperature based criterion was chosen for switching between the adsorption and
desorption half cycle. As soon as the absolute value of difference between temperature of the
supply and the return flow to the adsorber (|∆Tad|) dropped below certain value then the
water from the tank would be extracted from the next lower ring during the adsorption half
cycle or the next upper ring during the desorption half cycle. The Tab. 4.6 summarizes the
criterion for switching implemented for the stratisorp cycle.

The fact that the differential loading curve of the silica-gel water pair shows higher change
in the loading of the adsorber at the lowest adsorption temperature, a lower temperature
switching criterion was used at the end of the adsorption cycle. The last step of the adsorption
was therefore prolonged which assured that the adsorber would reach a near saturation state

10refer appendix A.3 for the plot of the flow rates in all hydraulic circuits
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Half cycle Extraction Insertion while |∆Tad| is...

Adsorption

R2 R1 > 1

R3 R2 > 1

R4 R3 > 1

R5 R4 > 1

R6 R5 > 0.5

Desorption

R5 R6 > 1

R4 R5 > 1

R3 R4 > 1

R2 R1 > 1

R1 R2 > 1

Table 4.6: Switching criteria used during the stratisorp cycle

at the end of the adsorption half cycle.
The tank was preconditioned by heating the top zone of the tank to 72 ◦C and the bottom
zone of the tank was cooled to 27 ◦C. The flow rates of different devices were set according
to Tab. 4.5. When the tank top zone reached the set temperature of 72 ◦C the last step of
desorption half cycle was carried out namely extraction from R1 and insertion into R2. The
adsorber should be in complete desorbed state before starting the first adsorption cycle. This
was ensured by achieving the criterion for switching to the next adsorption cycle i.e the last
entry in Tab.4.6. Thermodynamic cycles of the silica gel-water adsorption chiller were run
by repeating the switching sequence from Tab. 4.611. Fig. 4.24 shows the plot of ∆Qtank

at the end of each cycle. Fig. 4.25 shows the temperature profile in the tank at the end of
each cycle. When the tank is far from the quasi steady state at the end of the first cycle
∆Qtank has a relatively higher value as compared to later cycles. As the tank approaches
the quasi steady state, the magnitude of ∆Qtank rapidly drops and after 5th cycle ∆Qtank is
seen to be oscillating around 0. The magnitude of ∆Qtank reached below 50 kJ for the last
cycle. The same effect is seen in Fig. 4.25. The tank temperature profile changes from cycle
to cycle as the central section of the tank warms up due to heat of adsorption and after the
5th cycle only minor changes in the tank temperature profile are observed. The last 5 cycles
were considered for the estimation of COP and power by averaging.
The region of the steepest gradient in the tank is the region between R3 and R4. The
temperature sensors T9 and T10 separated by 11 cm differ 15 ◦C in temperature. It is evident
that the ring flow diffuser functions efficiently even at higher flow rate (1000 lph) than they
had been tested for (700 lph). Other distinct temperature zones can be identified as well.
The flatter temperature profiles at the bottom and at the top of the tank show that the
cooler and the heater fulfil their functions as well.

11a Matlab code to process the results acquired from the LabView code for the calculation of COP and
power and generating plots is documented in appendix A.7
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Figure 4.24: Change in tank ∆Qtank at the end of each cycle
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Figure 4.25: Tank temperature profile at the end of each cycle and the position of the rings
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Fig.4.26 to Fig. 4.33 belong to the same experiment being discussed here. Fig. 4.26
depicts the last thermodynamic cycle of the adsorption chiller. A very low magnitude of
∆Th and ∆Tc occur except for the times when adsorber extracts water from the top and the
bottom zones, suggests that the top and the bottom zones of the tank were maintained at the
respective required temperature. Distinct “jumps” in the supply temperature to the adsorber
are observed both in the adsorption and the desorption half cycles. These jumps or steps in
Tad,o occur as soon as the criterion for switching is reached and the next available extraction
ring is selected.
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Figure 4.26: Temperature profile of the three hydraulic circuits of the adsorption chiller for
the cycle condition 72/27/18 °C

As the top zone of the tank is at a uniform temperature a very flat temperature gradient
exists across it. As a result at the start of the adsorption half cycle the return temperature
to the adsorber is lower than the supply temperature (due to heat lost to the surroundings)
and the adsorber goes through a short desorption phase. The return temperature from the
evaporator is therefore warmer than the supply temperature and no cooling power is available.
It can be seen that the first peak in Q̇ads is on the negative side (owing to Eq. 4.5) due to
the effect discussed here. This effect can be rectified by choosing a higher value of switching
criterion (|∆Tad|). Choosing a lower flow rate of the heating module can also rectify this
effect. The lower values of V̇h lead to a temperature gradient in the top zone of the tank.
Hence cooling power would then be available even during the first adsorption step.
The adsorber starts to adsorb as soon as the cycle is switched to the second adsorption step
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at around 10 minutes after the start. From this point onward until the end of adsorption
continuous cooling power is available. A peak in Tev,o occurs as soon as the cycle switches to
the next adsorption step. Similarly peaks in the condenser return temperature can be seen
during desorption.

An interesting observation can be made about the second last adsorption step. The time
required to switch is 45% of the half cycle time although the volume of water contained
between the rings is the same as for the second adsorption step. The other adsorption steps
are shorter. The reason for this effect is seen in Fig. 4.27. The plot shows the change
in evaporator pressure (Pevap) and the saturation pressure (Psaturation) during the complete
cycle. Pevap was measured by externally mounted pressure sensor. It was found that in spite
of evacuating the adsorption chiller’s vacuum chamber a small amount of inert gases were
present which gave rise to the pressure offset of approximately 2 mbar. As there was no
information about the surface temperature of the evaporator heat exchanger available, it was
assumed that the return temperature from the evaporator very closely represents the surface
temperature. Hence Psaturation is computed based on Tev,o.
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Figure 4.27: Evaporator/Condenser and saturation pressure

After initial rapid sinking in Tad,o at the start of the 4th adsorption step the rate of change
in ∆Tad is very low. The difference between Pevap and Psaturation almost vanishes suggesting
that the adsorber has nearly reached equilibrium loading corresponding to Tad,i and Psaturation.
Only marginal heat of adsorption is released as the change in the adsorber loading would
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be very low. Moreover, during this adsorption step, the flow rates of the chiller and the
cooling module overlap. The warmer water being pushed from R4 towards R5 mixes with the
cooler water being pushed towards R5 from the cooler bottom zone of the tank. Hence the
temperature spread across the adsorption chiller remains higher than the switching value for
a longer time than the previous adsorption steps. Hence the switching to the next adsorption
step is delayed as compared to the other steps.

Fig. 4.28 shows the plot of power of different components. The energy supplied and
rejected was calculated using Eq. 4.5 except for Qc. The heat rejected in the cooler in the
complete cycle is considered for the calculation of COPheat. Hence,

Qc =

tend∫
0

dQc =

tend∫
0

ṁc · cp · (Tc,i − Tc,o) · dt (4.11)

The peaks of the adsorber power during adsorption and in desorption half cycles are of
equal heights as the flow rate of the adsorber was constant throughout the cycle as differed
to the experiment without heat recovery. The occurrence of the peaks in adsorber power
correspond to the events at which the next ring is selected for extraction.
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Figure 4.28: Power of different components during the stratisorp cycle for cycle condition
72/27/18 ◦C

Mixing in the top zone of the tank takes place at the start of adsorption half cycle and
at the end of desorption half cycle. Hence water being extracted from the tank becomes
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cooler. The heating module heats the extracted water. The heating operation of the heating
module can be confirmed in this adsorption/desorption step from Fig. 4.28. ∆Th drops close
to zero for rest of the cycle and the heater operates with low power. Similarly mixing in
the bottom zone of the tank occurs at the end of adsorption and at the start of desorption
which increases the supply temperature to the cooler (Tc,o). The cooler operates during these
phases in which the extracted warm water is cooled and reinserted into the tank through the
lowest ring (R6). The maximum cooling power required is 5 kW. During the desorption half
cycle only a small amount of cooling power is required (Q̇c < 1 kW) as only the difference
between Vctot and V̇cond flows through the tank. Additionally, the bottom zone of the tank is
already significantly cold.

The heater power momentarily drops to 0 at the start of the adsorption half cycle. It
is due to switching from the second to the third adsorption step. The difference between
V̇ad − V̇h flows into the tank during the second adsorption step as seen in Fig. 4.29(a). Hence
Tad,i and Th,o overlap during the second adsorption step as seen in Fig. 4.26.

R2 V̇ad − V̇h

V̇ad
(a) 2nd adsorption step (b) 3rd adsorption step

V̇h R2 V̇h

R1
V̇h

Figure 4.29: Flow scenario during the second and the third adsorption step

Immediately after switching to the third adsorption step the heater extracts already
preheated water from the top zone of the tank (Fig. 4.29(b)). ∆Th becomes zero and
consequently Q̇h drops to zero (Fig. 4.28). As the supply temperature to the heater increases
rapidly the supply temperature to the tank overshoots the set-point before the controller
initiates the control action by switching off the electric heaters. Although the second ad-
sorption step is finished after 10 minutes the heating module continues to heat the top zone
of the tank for the next 20 minutes as seen from Fig. 4.28. It means that during the first
two adsorption steps mixing had taken place in the top zone leading to significant drop in
temperature of this zone.

Another interesting observation is made with regards to the stratification behaviour. Two
representative scenarios are discussed here in order to shed light on the functioning of the
stratification rings during a stationary stratisorp cycle. These two scenarios are shown in Fig.
4.30.
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Figure 4.30: Flow scenario during the 4th adsorption and desorption step

The water being extracted by the cooler and by the adsorber leaves the tank from the
stratification ring R5 during the 4th adsorption step. Similarly the total flow leaving the tank
from stratification ring R2 during the 4th desorption step gets divided into V̇ad and V̇h. The
stratification rings handle a higher flow rate (1866 lph during adsorption and 1600 lph during
desorption) during these steps. Fig. 4.31 shows the evolution of the tank temperature with
focus on the scenarios shown in Fig. 4.30.
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Figure 4.31: Change in the tank temperature during the stratisorp cycle. Blue and red
dotted rectangle show the change in tank temperatures for the sensors be-
tween R4-R5 during 4th adsorption and between R2-R3 during 4th desorption
step respectively

The flow entering the tank through R4 at Tad,i is lower than the tank temperature T7 at
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the same level. Tad,i is rather closer to T6 i.e. the next lower layer in the tank. The flow sinks
to this fluid layer although causes mixing in the layer where it entered the tank as suggested
by the drop in T7. The flow veil effect is probably not predominant at this flow rate (1000
lph). If the flow veils are predominant in the flow then theoretically no change in T7 would
be observed.
Exactly opposite flow phenomenon takes place during the 4th desorption step. The temperature
of the return flow to the tank (Tad,i) is higher than the surrounding water at T10. The return
flow to the tank mixes with the surrounding fluid in the tank causing rise in T10 and T11.
Here as well the absence of the flow veils can be confirmed. From this discussion it is evident
that the ring stratification system would work efficiently at lower flow rates (V̇ad < 1000 lph).
It is also evident that although T12 lies at the same level as R2, no change in T12 is recorded.
This shows that a sharp temperature gradient exists at the the level of R2.
At the start of the adsorption half cycle the flow rates of the adsorber and heating module
overlap. Hence R2 handles 1600 lph flow in the first adsorption step causing mixing near the
extraction zone in the tank. This strong mixing can be confirmed by rise in T11 and drop in
T12 and T13. It can also be seen that although the cooling module and the adsorber extract
water from the same ring (R5) during the fourth adsorption step, the temperatures Tad,o and
Tc,o differ from each other. The respective temperature sensors were located approximately
50 cm from each other as seen from Fig. 4.23 which was responsible for this difference.

Fig. 4.32 and Fig. 4.33 shown below elaborate the energy balance calculated for the
stratified storage tank and the adsorption chiller for the stationary cycle (last cycle). The
integral input and output energies over the cycle are shown in red and in blue, respectively.
The fraction of the input energy lost to the environment is negligible.
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Figure 4.32: Energy balance of the tank for the stationary cycle
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Qcondenser=6.88 MJ
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Figure 4.33: Energy balance of the adsorption chiller for the stationary cycle

The driving temperature (Th) and the temperature of heat rejection (Tc) was varied
keeping the other experimental settings unchanged and the trend of COPcool Vs. Th and
Q̇cooling Vs. Th at different Tc was generated.
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Figure 4.34: Plot of the COPcool and cooling power of the stratisorp cycle with variations
for different driving temperatures (Th=72/78/85 °C) and different medium
temperatures (Tc=27/30/35 °C) and keeping the temperature of low temper-
ature heat source constant (Te=18 °C). The flow rates were set according to
Tab. 4.5

At least 10 consecutive cycles were measured and the average COPcool and Q̇cooling over
the last 5 cycles were calculated to achieve each data point in the plot. Total duration of
approx. 24 hours was required per experiment. Maximum COPcool ≈ 0.42 for the cycle with
condition 72/27/18 °C was obtained. This cycle condition was chosen for further investigation.
The reproducibility of the results is documented in appendix A.3.
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4.3 Control strategies for stratisorp cycle

The basic stratisorp cycle discussed until now (72/27/18 °C) offered only 16% improvement
in COPcool as compared to the cycle without heat recovery. Two probable measures which
have potential to increase the COPcool and cooling power of the original stratisorp cycle are
discussed in the following sections.

4.3.1 Variation in switching criteria

Detailed investigations based on the differential heat curves for water-silica gel 127B revealed
that the overlap between the differential curves is large between the temperature range 40-65
°C (Fig. 2.5). When the stratisorp cycle is underway within this temperature range the
potential for heat recovery is significantly higher than in other temperature ranges. This
temperature range corresponds to the central section of the tank. It is also evident from
the vertical temperature profile in the tank that between the stratification rings R3 and
R4 a steep temperature gradient exists (Fig. 4.25). Such steep gradient means that while
switching from R3 to R4 momentarily a peak in the adsorber power occurs. This effect is
reversed during the desorption half cycle while switching back from R4 to R3.

Half cycle Extraction Insertion while |∆Tad| is...
modified original

Adsorption

R2 R1 > 3 1

R3 R2 > 3 1

R4 R3 > 0.75 1

R5 R4 > 3 1

R6 R5 > 1 0.5

Desorption

R5 R6 > 3 1

R4 R5 > 3 1

R3 R4 > 0.75 1

R2 R1 > 3 1

R1 R2 > 2 1

Table 4.7: Modified and original switching criteria

As a result the driving temperature difference at the adsorber increases which in turn
decreases the overlap between the differential heat curves. Hence the fraction of recoverable
portion of the sorption heat decreases and adversely affects the COP . This adverse effect can
be rectified by either reducing flow rate for the adsorption/desorption step in discussion or
by changing the switching criterion to a lower value thereby effectively extending the time to
switch to the next step. In the current LabView code the adsorber flow could not be changed
for the temperature based switching cycle. Therefore the second option was used. Moreover,
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it was also intended to achieve a higher cooling power by reducing the cycle time. Hence the
switching criterion was increased for the remaining steps (Tab. 4.7).

It is clear from the Fig. 4.35 that the third peak in the adsorption or desorption half
cycle is reduced by 48% as compared to Fig. 4.28 as a result of this measure. The cooling
power is increased by almost 39% by reducing the cycle time by 35%. The comparison of
Fig. 4.28 and Fig. 4.35 shows a very important difference in both cycles. The cycle with
variable switching criteria show hardly any negative peaks in the adsorber power during the
first adsorption step. A steeper tank temperature profile across the top zone of the tank
causes this effect. Due to such temperature profile, there exists a temperature spread across
the adsorber even during the first adsorption step as differed to the standard cycle. Hence
the cooling power is much earlier available than the standard cycle. A detailed comparison
revealed that the energy required for the sensible cooling of the evaporator (area under the
magenta curve on the positive side) is reduced by 21% which led to increase in the COPcool
by the same factor.
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Figure 4.35: Power achieved during a stratisorp cycle with variable switching criteria

An interesting fact can be observed in Fig. 4.35 regarding Q̇c. The cooling module
operates with a very low power towards the end of the desorption cycle (586 W). However,
after switching to the adsorption half cycle it operates with a significantly higher power (5.78
kW) which is almost 10 times more. This happens due to the fact that the temperature profile
in the bottom zone of the tank for the stationary cycle is steeper than the standard stratisorp
cycle discussed before. Hence the power of the cooling module scales with V̇c i.e. the flow
rate being circulated by the cooling module through the tank. V̇c is also approximately 10
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times higher during adsorption half cycle than during the desorption half cycle owing to the
construction of the test set-up (see page 94).
Fig. 4.36 shows the evolution of various temperatures during the stratisorp cycle with variable
switching. Comparison with the standard stratisorp cycle based on Fig. 4.31 shows that
for the cycle with variable switching the tank temperature profile matches better with the
temperature spread across the adsorption chiller. This can be confirmed by the trend of
different temperature sensors, especially the trends of T7 and T10.
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Figure 4.36: Plot of the tank temperatures at different heights of the storage for the strati-
sorp cycle with variable switching

The temperature of the return flow from the adsorption chiller to the tank (Tad,i) during
the fourth adsorption step and during the fourth desorption step is much closer to T7 and
T10, respectively. It causes less mixing at the point of entry into the tank and hence the
temperature change in T7 and T10 is much lower than seen before in Fig. 4.31. Here it can
also be seen that the duration of the relevant adsorption and desorption steps is shorter
than before as higher value (Tab. 4.7) of switching criterion was chosen. This measure not
only shortens the duration but also avoids the negative impact of cooler operation on the
adsorption step. A faster cycle led to increase in the cooling power.
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4.3.2 Intermittent heating and cooling

The modified stratisorp cycle with intermittent heat supply and heat rejection was originally
proposed by Schmidt.et at. [51] in a simulation study but it had never been experimentally
validated. From the previous experiment on the standard cycle it was observed that the
heating and the cooling module caused significant mixing in the respective tank zones due to
continuous operation. Hence is was important to investigate the performance of the cycle
when these modules do not interfere with the stratified tank. When the driving heat is only
intermittently available as in the case of CHP unit, solar hot water storage, the silica gel
adsorption chiller with the control strategy discussed below can be used.
At the end of the desorption half cycle when the temperature of water being extracted
becomes too low for continuing desorption, the heater is activated. On the other hand, when
the adsorption half cycle approaches the end by taking water from the lowest section of
the tank and if not enough cool water is available for further adsorption then the cooler is
switched on. The heater and the cooler are thus intermittently active i.e. only at the end of
each half cycle. For the rest of the cycle the bypass valve V1 (Fig. 3.23) in the heater is open
thereby assuring that the water at Th is circulated in the heating module.

adsorption start

A B C D E

desorption end

cooler on
(bypass closed)cooler off (bypass open)

half cycle

heater off (bypass open)

cooler off (bypass open)
heater off (bypass open)

heater on
(bypass closed)

Figure 4.37: Sequence of operation of heater and cooler in the modified stratisorp cycle

The same operation can not be implemented for the cooler as the cooler needs to be
operating during the complete desorption half cycle in order to reject the heat of condensation.
Hence the cooler bypass is activated from the start of the adsorption half cycle till the cooling
action is needed at the end of the adsorption half cycle. An external 3-way valve was hence
connected between the inlet and outlet of the cooling module (Fig. 3.24). The operation of
this cycle is shown on a qualitative timeline in Fig. 4.37.

The basic idea behind this type of the cycle operation is to utilise the tank solely for
storing the sorption heat released during adsorption phase and utilising it for the desorption
half cycle. The tank is decoupled from the heating and cooling module. Hence equal flow
rates of the heating module, cooling module, condenser and adsorption chiller were chosen.
The flow scenarios arising at the timestamps A,B,C,D,E due to equal flow rates in different
hydraulic circuits are shown in Fig. 4.38. The flow rate was set to 800 lph in all hydraulic
circuits connected to the tank. This lower flow rate would mean a lower power available and
poor heat transfer properties in the adsorber heat exchanger. However, it also means that
the temperature spread across the adsorption chiller would be higher. A higher temperature
spread would match better to the stationary tank temperature profile and could lead to lower
mixing in the tank. Accordingly the modified switching criteria are tabulated in Tab. 4.8.
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Figure 4.38: Flow scenarios at the occurrence of events A to E. The net flow through the
tank in events B and D is zero

Half cycle Extraction Insertion while |∆Tad| is...

Adsorption

R2 R1 > 1

R3 R2 > 1

R4 R3 > 1

R5 R4 > 1

R6 R5 > 2

Scenario B (using cooler) > 0.5

Desorption

R5 R6 > 1

R4 R5 > 1

R3 R4 > 1

R2 R1 > 1

R1 R2 > 3

Scenario D (using heater) > 1

Table 4.8: Switching criteria used for cycle with intermittent heating and cooling

The tank was preconditioned exactly as for the basic stratisorp cycle. As the heater had
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been decoupled from the tank, the warm water contained in the top zone of the tank was
exhausted for desorbing the adsorber in the 5th desorption step. This zone could now only be
heated up by the heat of adsorption and not by the heater.
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Figure 4.39: The tank temperature during the stratisorp cycle with intermittent heating
and cooling

On the other hand, the cooled preconditioned bottom zone of the tank was almost
completely exhausted for cooling the adsorber during the 5th adsorption step. The warm
water returning to the tank carrying the heat of adsorption increases the temperature of this
zone. This zone was not cooled down again to the medium temperature (Tc) of the cycle as
the cooling module was decoupled from the tank. Fig. 4.39 shows how the tank temperature
evolved over the cycles. Fig. 4.40 confirms that the bottom section of the tank warms up over
initial 6 cycles. The starting temperature profile for this experiment was the temperature
profile obtained at the end of the experiment with variable switching criteria explained earlier.
Had the tank temperature been uniform (say at room temperature) it would have taken
extremely long to achieve a stationary state. However, although after starting with linear
temperature profile nearly 20 cycles were needed to reach to a stationary state.

The intermittent operation of the heater and cooler is easily identified in the plot of power
(Fig. 4.41)12. Cooling power at the evaporator is much earlier available as compared to the
standard stratisorp cycle (Fig. 4.28) owing to a steeper temperature gradient in the hot zone

12refer appendix A.3 for different flow rates
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Figure 4.40: The tank temperature profile at the end of each cycle during the stratisorp
cycle with intermittent heating and cooling

of the tank. The energy supplied or rejected during the cycle is computed as per Eq. 4.5
except for Qh and Qc as :

Qh =

tend∫
theater′ON′

dQh =

tend∫
theater′ON′

ṁh · cp · (Th,i − Th,o) · dt

Qc =

thalfcycle∫
tcooler′ON′

dQc =

tend∫
tcooler′ON′

ṁc · cp · (Tc,i − Tc,o) · dt

(4.12)
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Figure 4.41: Plot of power obtained for the last cycle for the stratisorp cycle with intermit-
tent heating and cooling

The driving heat required by the cycle is reduced by 30% leading to an increase by
34% in COPcool as compared to the standard stratisorp cycle operating under the same
temperature condition13. The stratisorp cycle with intermittent heating and cooling thus
offers a significant increase in the COPcool as compared to the standard stratisorp cycle
(continuous operation of heater and cooler) in case of the silica gel adsorption chiller operating
under these temperature conditions (72/27/18 °C). There are of course further possibilities of
implementing efficient control strategies which could also lead to improvement in the COPcool.
e.g. combination of both approaches (variable switching criteria and intermittent heating and
cooling), reduction of the adsorber flow rate during the valve switching interval (to reduce
mixing during switching interval). These approaches are not investigated in this work.

4.4 Discussion
In the following discussions the stratisorp cycle with intermittent heating and cooling is
compared with the standard cycle operating with V̇ad = 800 lph on the basis of evolution of
the tank temperature profile.

13additional experiment with V̇ad = 800 lph was carried out in order to have a fair comparison with the
experiment with intermittent heating and cooling which was also operated at the same flow rate
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(a) Tank temperature for the standard stratisorp cycle (V̇ad = 800 lph)
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(b) Tank temperature for the stratisorp cycle with intermittent heating and
cooling (V̇ad=800 lph)

Figure 4.42: Effect of intermittent heating and cooling the tank temperature
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From Fig. 4.42(b) it is clear that the tank temperature profile suits better to the
temperature spread across the adsorber if the heater and the cooler are operated intermittently.
Here again the comparison of the trends of T7 and T10 confirms that the mixing in the tank
is drastically reduced as the temperature spread across the rings matches very good to
the temperature spread across the adsorption chiller. The heights of the “jumps” in Tad,o,
caused due to extraction of water from the next lower ring or from the next upper ring, are
significantly lower. This assures that the adsorption chiller is operated with a lower driving
temperature difference and the overlap between the differential heat curves is higher (Fig.
2.5). The temperature of each zone in the tank increases during the adsorption half cycle as
the warmer return flow to the tank stratifies at the position of the rings. The temperature
of the zones does not change significantly until the desorption steps commence. This effect
is attributed to lower mixing in the tank compared to the standard cycle (Fig. 4.42 (a)).
Hence the degree of internal heat recovery for this modified cycle is higher which clearly is
the reason for higher COPcool. The decoupling of the cooling and the heating module from
the tank also avoids mixing. Moreover, the fourth adsorption step and the fourth desorption
step are faster than before causing faster cycle and higher power.
Tab. 4.9 compares the results of the experiments described until now.

Experiment (72/27/18 °C) COPcool Cooling power (kW) Cycle time (min)

Without heat recovery 0.36 1.35 48
V̇adadsorption=1050 lph
V̇addesorption=640 lph

S
t
r
a
t
is

o
r
p V̇ad=1000 lph 0.42 0.72 110

Variable switching criterion 0.50 1 72
V̇ad=1000 lph

V̇ad=800 lph 0.41 0.61 137

Int. heating and cooling 0.55 0.67 114
V̇ad=800 lph

Table 4.9: Summary of all results obtained

Fig. 4.43 shows the tank temperature profile of the stationary cycles for different
experiments discussed till now. As seen before the central section of the tank bears importance
as far as the heat recovery is concerned. The temperature range of 40-65 °C is of much
interest for the stratisorp cycle as the overlap between the heat curves is significant between
these temperatures. The relevant temperature range lies across the span of 3 rings i.e. from
R2 to R4. The tank temperature gradient is much flatter in the experiment with intermittent
heating and cooling than in the other experiments. Clearly a flatter temperature gradient
is beneficial to the cycle. The adsorber is cooled or heated with a smaller temperature
difference (blue curve), especially between 40-65 °C, as compared to other experiments (red,
magenta and green curve). A flatter temperature profile suits also well to the temperature
spread across the adsorption chiller as seen before in Fig. 4.42(b). A trend between the tank
temperature gradients, especially in the zone between R3 and R4, and improvement in the
COPcool is generally observed here.
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Figure 4.43: Comparison of final tank temperature profiles for a stationary cycle during
different experiments with identical cycle conditions (72/27/18 °C) and the positions of the
rings

Thus the stratified thermal storage fulfils its role of storing the heat of adsorption and
utilising it for the desorption half cycle more efficiently than for the standard stratisorp cycle
and cycle with variable switching criterion. This led to increase in COPcool of the improved
stratisorp cycle (intermittent heating and cooling). The tank temperature profiles for the
standard stratisorp cycles (red and magenta curves) can also lead to improvement in COPcool
if the spatial resolution of the extraction rings in central section of the tank is increased. In
that case the adsorber return flow into the tank would get stratified near to the correct height
corresponding to the “matching“ fluid layer and consequently the mixing would be reduced.
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Chapter 5

Conclusion and future work

5.1 Conclusion

The experimental proof of concept for the stratisorp system concept was presented in this
work. A silica gel module used for adsorption chiller eCOO 2.0 was successfully operated
according to the stratisorp concept and the potential of improvement in the coefficient of
performance for cooling applications was demonstrated in the course of this work. The
experimental set-up which included a storage tank, a heating module, a re-cooler (cooling
module), an adsorber emulator module and the adsorption chiller was built. The stratified
thermal storage is a central component for the stratisorp system concept. The mixing in the
storage tank seriously hampers performance of the cycle. In this work, a novel stratification
system consisting of stratification rings placed at different heights of the tank was developed.
It facilitated insertion and extraction of fluid from the tank while causing minimal mixing in
the stored fluid provided that the temperature spread across the adsorption chiller matches
close to the temperature spread across the adjacent rings. The fluid flow was controlled
by opening or closing of two way valves attached to the supply and return flow sides. The
stratification rings were manufactured during this work (see appendix A.3). These rings
incorporated a number of holes drilled on the inside of the inner perimeter of the rings. The
inertia of the flow was reduced by wrapping reticulated foam strips around the rings. The
effectiveness of the foam towards reduction in mixing and flow inertia was tested using an
ink test on short sections of pipes. The rings were deployed into a tank (volume ≈ 500 litres)
that provided optical access. The insertion and extraction from the tank was carried out
using a stratification system based on solenoid valves. The ink test could not be used for
the characterisation of flow in the tank. Hence a non invasive flow visualisation technique,
the Background Oriented Schlieren (BOS), was used. The BOS method used in this work
can only be used for qualitative characterisation of the flow field and the stratification
rings. A unique use of this method along with the temperature sensors in the tank meant
that quantitative information about the flow field could be achieved. The method was first
thoroughly studied and its applicability for the stratisorp cycle was scrutinised. The BOS
method was successfully tested on a small plexiglas tank (volume ≈ 10 litres) with rotationally
symmetric fluid entry. The BOS method was then implemented on the tank with optical
access. Initially an emulated stratisorp cycle was executed by operating the emulator similar
to the operation of an adsorption chiller. However, as only the supply temperature to the tank
was controlled by the emulator and not the power, the cycle did not exactly replicate the real

116
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cycle conditions. Moreover, only low flow rates and low Th could be set (V̇ad = 300 lph and
Th = 63 °C). This cycle condition was less interesting for the stratisorp system concept not
only due to lower flow rate, but also due to the lower desorption temperature. Hence the sole
aim of this test was to visualise the flow and qualitatively confirm the functional effectiveness
of the stratification rings. From the flow visualisation tests it could be confirmed that the
rings fulfilled their role of inlet flow distributors by inducing minimal mixing and assuring a
rotationally symmetric flow. A stable thermocline region was formed giving rise to a plug
flow. A much more realistic flow condition was later set (V̇ad ≈ 700 lph) using the adsorption
chiller and operating the emulator as a cooling or heating load. Due to an unstable flow rate
achieved in an unpressurised system the flow visualisation test was carried out during only
one of the adsorption steps rather than for the whole cycle. In a linearly stratified thermal
storage tank, it was observed that as soon as the fluid possessing higher temperature than the
surrounding fluid entered the tank, it rose to the next layer in the tank whose temperature
matched the inlet temperature. The flow formed veils before stratifying in that layer. Their
existence was confirmed by the BOS method. However, the adsorption chiller flow rate used
(V̇ad = 1000 lph) in the stratisorp experiments had not been tested in a BOS experiment. It
is hence unclear if the flow veils occur at this flow rate. It was also confirmed that the fluid in
the central cylindrical section bordered by the inlet perimeter of the rings remained relatively
undisturbed. It could be concluded that the stratification rings, developed in this work, insert
and extract fluid from the tank causing minimal perturbations and also maintain rotational
symmetry. This fact makes this stratification system easier to model (CFD or mathematical
model) as compared to state of the art stratification systems readily available (SOLVIS lance).
A stratification lance developed by a German manufacturer Sailer also facilitates the ease of
modelling, however this lance tends to entrain the surrounding fluid into the main flow inside
the lance. This effect has been proven to be detrimental to the thermal stratification [57].
The adsorption chiller was initially operated in a cycle without heat recovery by adapting
the cycle conditions according to the available test set-up. The experimental results achieved
by the adsorption chiller manufacturer were replicated with some deviation in COPcool of
the cycle. The differences in the adsorption chiller flow rate and presence of an inert gas in
the vacuum chamber of the chiller were attributed to be the cause of the deviations in the
results. The stratification rings were then mounted in another tank (volume ≈ 750 litres)
and the stratification system was constructed. The adsorption chiller was then operated
using the stratisorp system concept and a clear improvement in COPcool was obtained. In
this work a method of estimation of COP of the stratisorp cycle has been introduced and the
experimental data was processed accordingly. It was observed that for the given size of the
storage approximately 10-15 consecutive cycles were necessary in order to reach a stationary
state. The stratisorp cycle was operated for different driving temperatures (Th) and re-cooling
temperatures (Tc) keeping the temperature of the low temperature heat source constant
(Te =18 °C) and the trend of COPcool Vs. Th and cooling power (Q̇cooling) at different Tc was
generated. These curves are not to be confused with the characteristic curves of the module
given by the manufacturer. The trend curves are only valid for the given silica gel adsorber
module operated according to the stratisorp concept using the specific set of parameters.
The basic stratisorp cycle was modified by changing the switching criterion for different
adsorption and desorption steps, specifically by elongating the adsorption step within the
temperature range 40-65 °C. The overlap between the differential heats of adsorption and
desorption is found to be at a maximum in this temperature range for the silica gel-water
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pair. It was found that the COPcool increased by 21% while the cooling power increased by
39% as compared to the standard stratisorp cycle operating at the same flow rate (V̇ad = 1000
lph). Another modification in the stratisorp cycle was demonstrated where the heater and
the cooler are switched on only at the end of the desorption and the adsorption half cycles
respectively (intermittent heating and cooling). This mode of operation offered the maximum
improvement in COPcool as compared to the previous two cycle modes (standard stratisorp
and with variable switching criterion). The COPcool was found to have increased by 34%
as compared to the standard mode of operation where V̇ad was set to 800 lph. These three
different modes of operation were compared based on the tank temperature profile for the
steady state condition. It was concluded that a flatter temperature gradient in the zones of
the tank where the temperature range corresponded to the range in which maximum overlap
of the differential heat curves exists, is beneficial to the stratisorp cycle. This works in favour
of operating the cycle with lower driving temperature differences and thereby improving the
overlap of the differential heat curves.
The theoretical investigations of the stratisorp cycle by the simulations has proven that
significant improvement in the adsorption chiller’s COPcool by implementation of a stratified
thermal storage tank is possible, provided that ideal insertion and extraction from the storage
is available [53]. However, the experimental investigations in this work have identified that the
mixing caused due to the limited number of rings available for fluid extraction and insertion
is the most important factor affecting the COPcool of the stratisorp cycle. This is the main
reason why the stratisorp cycle although having a good potential for COP improvement
has lower COPcool than the state of the art heat recovery systems readily available on the
market.e.g. the heat recovery system invented by SorTech (explained in Chapter 2). In this
work it has also been shown that lower mixing in the central section of the tank lead to
significant improvement in COPcool. An improved stratification system can be realised by
increasing the spatial resolution of the rings in the central section of the tank. This measure
would assure that within the region of maximum overlap of the differential heat curves,
the adsorption chiller is operated at very low driving temperatures and the COPcool would
improve. For the current system with the available number of rings (six rings) the adsorber
heat exchanger design needs to be adapted. The temperature spread at the set flow rate across
the adsorber heat exchanger used in this work does not match to the temperature spread
across the adjacent rings. Lower temperature spread across the adsorber heat exchanger leads
to severe mixing in the tank and the heat of adsorption is not efficiently stored. An adsorber
heat exchanger with higher UA-value would be well suited to the current stratisorp system
with six rings. The adsorption chiller from SorTech is a standard chiller used for cooling
applications based on the heat recovery system invented by SorTech. The chiller had not
been developed aiming at the dynamics of the stratisorp cycle. Hence any modifications on
the current chiller are a matter of future projects. However, using two or even three chillers
connected in series, a wider temperature spread across the first and the last chiller can be
achieved. Such a temperature spread would then adapt to the temperature spread across
adjacent rings and cause less mixing than a single adsorber stratisorp system.

5.2 Future work

For the current experimental set-up with the given number of the stratification rings, a
combination of the proposed controlled strategies would be very beneficial to the cycle
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performance. The jump in the temperature of fluid extracted for the adsorber during the
adsorption half cycle clearly has an adverse effect on the COP . This can be rectified by
introducing additional rings in those zones of the tank where the temperatures correspond to
the temperature range with a maximum overlap of the heat curves. This would flatten the
temperature gradient in this zone and could improve the cycle performance.
Delaying the return flow to the tank at the start of each adsorption and desorption step
can also lead to a small improvement in COPcool (analogous to the SorTech heat recovery
cycle) as the mixing in the tank would be lowered by this measure. An additional 3-way
valve operating as a bypass at the adsorber inlet would be needed for this measure.
It was also observed that lower heater or cooler flow rates are beneficial to the cycle as they
cause a steeper gradient in the top and the bottom zones of the tank. The effect of varying
these flow rates on the performance of the cycle would also be interesting to investigate.
The production of the stratification rings was complicated and time consuming. A far simpler
design with less intricate details can be used to replace the present stratification rings. e.g.
an octagonal inlet distributor made from short pipe sections with holes on the side facing the
tank axis and connected by readily available bends.
The regeneration temperature corresponds also to the hot water temperature available from
a medium scale CCHP unit. This makes the application of the stratisorp system very
interesting. The tank can be conditioned to the maximum desorption temperature of 72 °C.
The conditioned tank represents a fully charged buffer tank of a CCHP system. Using this
tank some stratisorp cycles can be carried out. The initial cycles would be very fast and much
less cooling power would be available. After a few cycles a vertical temperature gradient
would develop in the tank and more cooling power for later cycles would be available.
In general the stratisorp system would be suited for cooling applications where heat is
available close to the regeneration temperature of the adsorbent (e.g. waste heat, solar heat)
and where the temperature spread across the low temperature heat source and the medium
temperature heat sink is not significantly large. The stratified storage works not only as heat
storage but also as means of coupling the external heat source to the adsorption chiller.e.g.
warm return flow from the solar collector can be connected to the top zone of the tank. The
stratisorp system concept can be extended to a zeolite adsorption chiller operating at higher
desorption temperatures. The potential of improvement in COP can also be demonstrated
for the zeolite chiller.
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Appendix A

Appendices

A.1 Calibration of temperature sensors
Calibration of temperature sensors for plexiglas tank: The temperature was mea-
sured using Pt-1000 resistance temperature detectors (RTD) and recorded on the computer
based data acquisition system. Data acquisition was carried out using NI USB Box 6211 , a
signal converter for converting temperature dependent resistance into voltage signal (0-10
V) and LabView 2012 software installed on Win XP system. The corresponding LabView
code can be found in appendix A.2. For achieving maximum precision and accuracy, all
temperature sensors were calibrated by comparing against a precision reference sensor Pt-25.
A circulation thermostat was used to prepare water at different temperatures. A copper
block with drilled holes for adapting the sensors and the reference sensor Pt-25 was used in
order to homogenise the temperature field and to assure high precision. The experimental
arrangement can be seen in Fig. A.1.

Thermosta

Thermostat
Copper block

Figure A.1: Set-up for the calibration of Pt-1000 temperature sensors

The sensors along with the copper block were immersed into the circulation thermostat
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and temperature recording commenced starting with 25 °C in the steps of 5 °C till 90 °C.
The set point of the circulation thermostat was changed manually. The temperature of the
reference sensor displayed, was carefully observed and noted down after it settled to a constant
value. After reaching a steady temperature, it was maintained for at least 10 minutes before
changing the set point of the thermostat. The absolute time for each reading was noted down.
This procedure was continued till the last set point i.e. 90 °C. The temperature recorded by
LabView was then processed. This temperature recorded by LabView was derived from the
characteristic curve of temperature against resistance according to DIN EN 60751 shown in
the Fig. A.2.
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Figure A.2: Resistance characteristic for Pt-1000 sensors according to DIN EN 60751

The average value for each time interval for all the sensors has been tabulated in table
A.1).

For the sake of depiction the values till second decimal places have been shown. The
calibration procedure was carried out using values till four decimal places. A linear curve
for each sensor was fit to the data tabulated above by the method of least-squares. The
corrected measurements with their residual errors are shown in Fig. A.3
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Temperature S 0 S 1 S 2 S 3 S 4 S 5 S 6
20.035 20.28 20.38 20.34 20.37 20.45 20.48 20.31
25.025 25.34 25.43 25.36 25.34 25.43 25.50 25.33
30.015 30.27 30.32 30.28 30.34 30.38 30.43 30.37
35.084 35.37 35.39 35.33 35.39 35.48 35.47 35.37
40.043 40.32 40.32 40.26 40.31 40.43 40.44 40.31
45.022 45.26 45.24 45.18 45.30 45.39 45.44 45.28
50.088 50.36 50.34 50.29 50.39 50.47 50.48 50.31
55.063 55.32 55.31 55.24 55.31 55.47 55.48 55.31
60.042 60.31 60.24 60.17 60.27 60.38 60.41 60.22
65.005 65.21 65.34 65.36 65.29 65.22 65.28 65.29
70.077 70.38 70.28 70.25 70.35 70.51 70.48 70.28
75.053 75.31 75.20 75.15 75.26 75.39 75.38 75.20
80.025 80.27 80.14 80.11 80.24 80.37 80.35 80.13
85.085 85.38 85.20 85.20 85.32 85.47 85.43 85.20
90.155 90.40 90.21 90.18 90.29 90.45 90.44 90.21

Table A.1: Temperature recorded by Pt-25 and average values for each temperature sensor
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Figure A.3: Residual plot of corrected errors for the sensors used in the plexiglas tank
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Calibration of temperature sensors for the stratisorp tank A data acquisition switch
unit by Agilent (34972 A) along with 20 channels multiplexer (34901 A) were connected to a
PC working on Windows 7 operating system using LAN connection.
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Figure A.4: Residual plot of corrected errors for sensors used in the tank

It can be noticed that the magnitude of the residual absolute error is strongly temperature
dependent. Hence the measurement uncertainty expressed in standard deviation is plotted as
function of temperature and a linear fit by the method of least-squares is used
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Figure A.5: Standard deviation as function of the reference sensor’s temperature

The error in the tank temperature measurement is propagated to the calculation of energy
contained in the tank.
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Pt-100 sensors and flow meters: The following plots show the dependency of the residual
errors in Pt-100 temperature sensors used in the experimental set-up. The calibration had
been carried out at Forschungs- und Testzentrum für Solaranlagen in Stuttgart.
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Figure A.6: Residual plot of corrected errors for Pt-100 sensors

Flow meters

Adsorber Heater Cooler Evaporator Condenser

Relative error (%) ±1.25 ±0.5 ±1.25 ±0.5 ±1.25

Table A.2: Relative error in the flow rate measurement

Depending upon the inlet and outlet temperatures and the flow rate in each hydraulic
circuit the values of δTi, δTo and δṁ are selected and inserted in the equations of propagation
of uncertainty (such as Eq. A.4).
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A.2 LabView VI for calibration procedure

Figure A.7: LabView VI used for the calibration procedure and for the temperature data
acquisition in the flow visualisation experiments
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A.3 Miscellaneous results

Heater

Camera

Cooler

Tank

Solenoidvalves

Emulator

Figure A.8: Experimental arrangement for BOS measurements

Figure A.9: Steps taken in the production of the flow diffuser rings-drilling holes, pipe
bending, cladding with foam
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Figure A.10: Change in the temperatures in the zone Z3 during both half cycles

Fig. A.10 shows the trend of the temperature recorded by the horizontal temperature
lance which was mounted within Z3. All temperature sensors show simultaneous rise and fall
in the temperatures during the adsorption and the desorption half cycles. It can be inferred
from Fig. A.11 that the temperature gradient inside the thermocline is mainly composed of
vertical gradients. Negligible temperature gradient is seen in the X direction.

(a) X displacement (b) Y displacement

Figure A.11: Horizontal and vertical pixel displacement
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Figure A.12: Reproducibility of COPcooling and COPheating for the stratisorp cycle with
condition 72/27/18 °C
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Figure A.13: Flow rate in various hydraulic circuits for the stratisorp cycle with condition
72/27/18 °C
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Figure A.14: Flow rate in various hydraulic circuits for the stratisorp cycle with intermit-
tent heating and cooling with condition 72/27/18 °C

Although the cooler flow rate was recorded throughout the length of the cycle the cooler
interacted with the adsorber place only at the end of the adsorption half cycle. The flow
meter in the cooling module was built inside the module. Hence the flow rate was recorded
irrespective of whether or not the bypass was open. In case of the heating module, the flow
meter was mounted externally. As a result, no flow rate measurement was possible as soon
as the bypass of the heating module was opened.
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A.4 Technical drawings of the tanks

NameDatum
Bearb.
Gepr.
Norm

Änderung Datum Name Urspr.: Dateipfad :Zust.

Blatt

Blätter

Gewicht :

Maßstab 1:15

Werkstoff :

30.04.13 W.Pink

ca. 150 kg

1

S 235 JRG

p750-Stratisorb

Diese Zeichnung ist unser geistiges und materielles 
Eigentum. Sie ist ein Betriebsgeheimnis, darf nur
im Rahmen unserer Weisung verwendet werden 
und ist auf Verlangen jederzeit zurückzugeben.

max. zul. Betriebsdruck :

Kaltwasserprüfdruck :

max. zul. Betriebstemperatur : 95°C

4,5 bar

3,0 bar

P:\CAD Tenado\Sonderpuffer\p890-Wölzing

Baujahr :

Volumen :

Fabr. Nr. : xxxx
750 Liter

2013

750 Liter Sonderpufferspeicher
Benennung : 

Zeichnungs Nr. :

4 Stk. Bohrungen

Durchm. 70mm für

Isolierungseinbringung

1/2" IG Entlüftung

ø790

Restentleerung 1"IG 

?x6/4" IG Heizer

?x6/4" IG Entnahme

?x6/4" IG Rückkühlung

1x5/4"IG SL96

Flanschdaten: 
Durchmesser 260mm
Lichte Weite 190mm
Teilkreis 230mm

~815

Lage der Anschlüsse 
nur im Grundriss gültig!

SL, Muffen korr. 07.05.13 WEPb

M40

Figure A.15: Tank used for the experiments without heat recovery
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NameDatum
Bearb.
Gepr.
Norm

Änderung Datum Name Urspr.: Dateipfad :Zust.

Blatt

Blätter

Gewicht :

Maßstab 1:15

Werkstoff :

18.09.2014 G.Florian

ca. 150 kg

1

S235JRG

p750-Stratisorb 

Diese Zeichnung ist unser geistiges und materielles 
Eigentum. Sie ist ein Betriebsgeheimnis, darf nur
im Rahmen unserer Weisung verwendet werden 
und ist auf Verlangen jederzeit zurückzugeben.

max. zul. Betriebsdruck :

Kaltwasserprüfdruck :

max. zul. Betriebstemperatur : 95°C

4,5 bar

3,0 bar

P:\CAD Tenado\p750-Stratisorb-KIT 2014

Baujahr :

Volumen :

Fabr. Nr. : 3238
750 Liter

2014

1 / A3

KIT 2014

Benennung : 

Zeichnungs Nr. :

Anschl. 7 und 3 geändert 23.09.2014 GRFA

ø790

Fa. Sortech AG
Kom.: KIT
FA.Nr.: 3238
LT.: KW44

S
L 96 m

ax. 1800 l/h

A

B
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B

A-A B-B
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1 ... 6/4" AG (hinten und vorne)

2 ... 6/4" IG  (6/4" AG Beladelanze 

                      max. 7m²/h lose beigelegt)

3 ... 6/4" IG (innen mit Prallblech)

4 ... 6/4" AG (Schichtbeladelanze max. 1800 l/h)

5 ... ø260 Blindflansch

6 ... 1" IG Entleerung

7 ... 6/4" IG (im Speicher 6/4" AG)
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Figure A.16: Tank used for validation of the stratisorp concept
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A.5 Eurotherm controller tuning

The Eurotherm controller tuning was carried out in order to optimise the controller parameters.
During the adsorption half cycle, the cooler is connected only with the tank as the condenser
flow rate is 0 (refer Fig. A.17).

Tank
Tc,o

Tc,i
Cooler

Figure A.17: Experimental arrangement during initial tuning with step change in the
setpoint

Tank
Tc,o

Tc,i
Cooler

Tev,o

Tev,i

From condenser

To condenser

Figure A.18: Experimental arrangement during final tuning (desorption)
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It cools the bottom part of the tank during which the cooling load does not change much.
However, during the desorption half cycle, the cooler not only extracts water from the tank
but also receives water from the condenser outlet(refer Fig. A.18).The condenser outlet
water is relatively warmer than the water being extracted by the cooler from the tank. This
warm water then mixes with the colder water extracted from tank and flows together to
the cooler. The inlet temperature signal to the cooler is noisy as the cooler receives water
at a mixed temperature. When the input signal is noisy, it is generally preferred to use PI
controller instead of PID controller as the derivative action of the controller further enhances
the disturbances. The tuning of the PI controller was carried out intuitively keeping in mind
that :

• Too high proportional gain (Kp) leads to higher steady state error while too low
proportional gain causes too small control action.

• Too high values of integral time (Ti) reduce oscillations in the process value (PV) while
too low values of integral time offer faster control. However smaller values of integral
time are linked with oscillations in the PV and hence overshooting from the target set
point.

The integral time term eliminates offset in the output. Moreover, a dead band of 1% was
chosen which means that the controller action is off when the PV is within 0.05% on either
side of the set point. The controller tuning was carried out in 2 steps :

Step 1: Initially the auto-tuning of the controller was carried out which returned values
of Kp = 23 and Ti = 70. During this initial tuning procedure the cooler circulated water only
with the tank with 750 l/h. The performance of these parameters was checked by inducing
step change in the set point of the cooler. The integral time seemed to be too high as the
approach towards PV was slow. The integral time was reduced by 75% in two steps and it
was observed that it offered better control of PV (i.e Tc,i). Moreover, it was found that the
temperature sensor Tc,i had an offset of 0.3 K with respect to the temperature sensor used as
feedback for the controller. Fig. A.19 explains the initial tuning procedure.

Step 2: The controller parameters set in step 1 were tested for their performance during
the desorption half cycle. Here, the PV was both Tev,i and Tc,o. However the change in Tev,i
was faster owing to significantly higher flow rate of the condenser (600 lph) than the flow
rate through the tank (150 lph). As explained before in Fig. A.18 the cooler receives mixture
of warm and cool water. It can be seen from Fig. A.20 that the controller parameters from
step 1 were no more efficient as the PV oscillated drastically about the set point of 27 °C.
This was caused due to lower value of integral time. Hence the integral time was raised by
100% in two steps thereby increasing Kp by 50% in order to offer more control action. The
effect of this change is clearly seen in Fig. A.20.
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Figure A.19: Eurotherm 3216 temperature controller tuning - step change set point
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Figure A.20: Eurotherm 3216 temperature controller tuning during desorption
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With the controller parameters Kp = 34 and Ti = 35, the setpoints of 27 °C and 25 °C
were reached comfortably without much oscillation in the PV. However this was achieved
towards the end of the desorption half cycle i.e. when Tev,o and Tc,o were relatively close
to each other. Further tests showed that these controller parameters were not efficient at
the start of the desorption i.e. when Tev,o and Tc,o differed significantly from each other.
Oscillations similar to those seen in Fig. A.20 were observed. Further tuning of the controller
parameters at the start of the desorption half cycle was carried out. It was found that with
Kp = 42 and Ti = 63 very satisfactory controller performance was achieved. Figure A.21
shows the control action using these parameters.
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Figure A.21: Eurotherm 3216 temperature controller output after corrected tuning param-
eters (Kp = 42 and Ti = 63)
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A.6 Properties of the reticulated foam

Figure A.22: Properties of the reticulated foam used

A.7 MATLAB code for data evaluation
MATLAB code for evaluation of COP , power and plotting functions :

% Program to estimate the COP of the adsorption heat pump

mkdir Last_Cycle ;
main_path = pwd ;
plots_path=cat(2,main_path,'/Last_Cycle');

rho=1000; % Density of water (kg/m^3)
c_p = 4200; % Sp. heat of water (J/Kg.K)
D_sp = 0.790 ; % Diameter of the tank (m)
A_sp = pi()* D_sp^2 /4 ; % Area of cross section (m^2)
H = 1.56 ; % Distance between the first and the last sensor (m)
z = 0.111 ; % Distance between adjacent sensors (m)
sensor_pos = [0:z:H]'; % Vector for the position of the temperature ...
sensors (m)

B = importdata('Stratisorp_72_27_18.txt');
Messergebnisse = B.data;
min = Messergebnisse(:,1)./60; %Umrechnung von s in min

dt = zeros(length(min),1);

137



138

for i=2:length(dt)-1,
dt(i)=(min(i+1)-min(i))*60; % Vector of all delta time

end

V_cond = Messergebnisse(:,35);
Tank_Temp = Messergebnisse(:,11:25); % Vector of tank temperature for ...
the complete measurement

ind_ads = find(V_cond < 5); % Index of all measurement points during ...
adsorption half cycles

ind_des = find(V_cond > 5);

adsorp_start = ind_ads(1); % This section of the code locates the starts ...
and the ends of each cycle

for i=1:length(ind_ads)-1,
if ind_ads(i+1)-ind_ads(i) > 1,

adsorp_start=cat(1,adsorp_start,ind_ads(i+1)); % Index of all ...
measurement points for start of adsorption

end
end

desorp_end = adsorp_start(2:end)-1 ;
desorp_end=cat(1,desorp_end,ind_des(end));

desorp_start = ind_des(1);

for i=1:length(ind_des)-1,
if ind_des(i+1)-ind_des(i) > 1,

desorp_start=cat(1,desorp_start,ind_des(i+1)); % Index of all ...
measurement points for end of desorption

end
end

ts = adsorp_start(end) ; % Time stamp-start of the last cycle
tswitch = desorp_start(end)-1 ; %Time stamp-switch between the half cycles

last_cycle = Messergebnisse(ts:end,:); % Last cycle
cycle_timestamps = min(ts:end);
half_cycle = tswitch -ts ;

T_ev_out = last_cycle(:,33);
Psat = XSteam_m('psat_T',T_ev_out);

for i = 1:length(cycle_timestamps),
if i==1,

temp = 0;
else

temp = cycle_timestamps(i)-cycle_timestamps(1);
end
if i==1,

cycle_time = temp;
else

cycle_time = cat(1,cycle_time,temp);
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end

end

t_cycles = zeros(adsorp_start,1);
for i=1:length(adsorp_start),

t_cycles(i) = (min(desorp_end(i))-min(adsorp_start(i)))*60;
end

t_cycle = (min(end)-min(ts))*60 ;% Duration of the last cycle (s)
Ttank_start_lc = last_cycle(1,11:25)';
Ttank_end_lc = last_cycle(end,11:25)';

m_ad = Messergebnisse(:,30)/3600; %Messergebnisse(:,30)=V_ad
m_h = Messergebnisse(:,5)/3600; %Messergebnisse(:,5)=V_h
m_c = Messergebnisse(:,34)/3600; %Messergebnisse(:,34)=V_c
m_ev =Messergebnisse(:,8)/3600; %Messergebnisse(:,8)=V_ev
m_cond = Messergebnisse(:,35)/3600;

dT_ad = Messergebnisse(:,9) - Messergebnisse(:,10); % (T_ad,i-T_ad,o)
dT_h = Messergebnisse(:,6) - Messergebnisse(:,7); % (T_h,i-T_h,o)
dT_c = Messergebnisse(:,4) - Messergebnisse(:,3); % (T_c,i-T_c,o)
dT_ev = Messergebnisse(:,33) - Messergebnisse(:,32); % (T_ev,o-T_ev,i)

P_h = c_p * m_h .* dT_h;
P_c = c_p * m_c .* dT_c;

P_ev = zeros(length(min),1);
Q_evaporator = zeros(length(adsorp_start),1);

P_cond = zeros(length(min),1);
Q_condenser = zeros(length(adsorp_start),1);

P_ads = zeros(length(min),1);
Q_adsorption = zeros(length(adsorp_start),1);

P_des = zeros(length(min),1);
Q_desorption = zeros(length(desorp_start),1);

P_heat = zeros(length(min),1);
Q_heater =zeros(length(adsorp_start),1);

P_cool = zeros(length(min),1);
Q_cooler =zeros(length(adsorp_start),1);

cooling_power = zeros(length(adsorp_start),1);
heating_power = zeros(length(adsorp_start),1);
adsorption_power = zeros(length(adsorp_start),1);
desorption_power = zeros(length(adsorp_start),1);

for i=1:length(adsorp_start),

P_ev(adsorp_start(i):desorp_start(i)-1)=...
c_p * m_ev(adsorp_start(i):desorp_start(i)-1)...
.*dT_ev(adsorp_start(i):desorp_start(i)-1) ;
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Q_evaporator(i)=sum(P_ev(adsorp_start(i)+1:desorp_start(i)-1)...
.*dt(adsorp_start(i)+1:desorp_start(i)-1));% Q_evap (J)

P_cond(desorp_start(i):desorp_end(i))=...
c_p*m_cond(desorp_start(i):desorp_end(i))...

.*dT_ev(desorp_start(i):desorp_end(i));
Q_condenser(i)=sum(P_cond(desorp_start(i)+1:desorp_end(i))...

.*dt(desorp_start(i)+1:desorp_end(i))); % Q_cond (J)
P_ads(adsorp_start(i):desorp_start(i)-1)=...

c_p*m_ad(adsorp_start(i):desorp_start(i)-1)...
.*dT_ad(adsorp_start(i):desorp_start(i)-1);

Q_adsorption(i)=sum(P_ads(adsorp_start(i)+1:desorp_start(i))...
.*dt(adsorp_start(i)+1:desorp_start(i)));% Q_ads (J)

P_des(desorp_start(i):desorp_end(i))=...
-1*c_p*m_ad(desorp_start(i):desorp_end(i))...

.*dT_ad(desorp_start(i):desorp_end(i));
Q_desorption(i)=sum(P_des(desorp_start(i)+1:desorp_end(i))...

.*dt(desorp_start(i)+1:desorp_end(i)));% Q_des (J)
P_heat(adsorp_start(i):desorp_end(i))=...

c_p*m_h(adsorp_start(i):desorp_end(i))...
.*dT_h(adsorp_start(i):desorp_end(i));

Q_heater(i)=sum(P_heat(adsorp_start(i)+1:desorp_end(i))...
.*dt(adsorp_start(i)+1:desorp_end(i)));% Q_h (J)

P_cool(adsorp_start(i):desorp_end(i))=...
c_p*m_c(adsorp_start(i):desorp_end(i))...

.*dT_c(adsorp_start(i):desorp_end(i));
Q_cooler(i)=sum(P_cool(adsorp_start(i)+1:desorp_end(i))...

.*dt(adsorp_start(i)+1:desorp_end(i)));% Q_c (J)

end

for i=1:length(adsorp_start),
cooling_power(i)=abs(mean((P_ev(adsorp_start(i):desorp_end(i)))))/1000;
heating_power(i)=(mean(P_cond(adsorp_start(i):desorp_end(i)))+...

abs(mean((P_cool(adsorp_start(i):desorp_end(i))))))/1000;
adsorption_power(i)=mean(P_ads(adsorp_start(i):desorp_start(i)-1))/1000;
desorption_power(i)=mean(P_des(desorp_start(i):desorp_end(i)))/1000;

end

% Last Cycle
Q_start=(A_sp*z*rho*c_p).*trapz(sensor_pos,Ttank_start_lc);%Q_tank_start

Q_end=(A_sp*z*rho*c_p).*trapz(sensor_pos,Ttank_end_lc) ; %Q_tank_end

dQtank_lc=(Q_end-Q_start)

% Last Cycle

Q_tank_start = zeros(length(adsorp_start),1);

for i=1:length(Q_tank_start),
Q_tank_start(i)=(A_sp*z*rho*c_p)...

.*trapz(sensor_pos,Tank_Temp(adsorp_start(i),:));
end

Q_tank_end = zeros(length(desorp_end),1);
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for i=1:length(Q_tank_end),
Q_tank_end(i)=(A_sp*z*rho*c_p)...

.*trapz(sensor_pos,Tank_Temp(desorp_end(i),:));
end

dQtank = zeros(length(adsorp_start),1);
for i=1:length(dQtank),
dQtank(i)=Q_tank_end(i)-Q_tank_start(i);
end

Q_balance = zeros(length(adsorp_start),1);
for i=1:length(Q_balance),
Q_balance(i)=(Q_heater(i)+Q_cooler(i)...

+Q_adsorption(i)-Q_desorption(i))-dQtank(i) ;
end

Q_balance_module=Q_desorption(end)+abs(Q_evaporator(end))...
-Q_condenser(end)-Q_adsorption(end);

E_module=cat(1,Q_desorption(end),abs(Q_evaporator(end))...
,Q_condenser(end),Q_adsorption(end),Q_balance_module);

% Calculation of COP_heat and % COP_cool , avg. cooling and heating power

COP_heat=(Q_condenser + abs(Q_cooler))./(Q_heater-dQtank);
COP_cool=abs(Q_evaporator)./(Q_heater-dQtank);

COP_cycles=cat(2,COP_heat,COP_cool);

COP_heat_lc=COP_heat(end)
COP_cool_lc=COP_cool(end)

COP_avg=cat(2,...
mean(COP_heat(length(adsorp_start)-4:length(adsorp_start))),...
mean(COP_cool(length(adsorp_start)-4:length(adsorp_start))));

COP_cycles = cat(1,COP_cycles,COP_avg);
Power_cycles =cat(2,...
heating_power,cooling_power,adsorption_power,desorption_power);

Power_avg=cat(2,...
mean(heating_power(length(adsorp_start)-4:length(adsorp_start))),...
mean(cooling_power(length(adsorp_start)-4:length(adsorp_start))),...
mean(adsorption_power(length(adsorp_start)-4:length(adsorp_start))),...
mean(desorption_power(length(adsorp_start)-4:length(adsorp_start))));

heating_power_lc=heating_power(end)
cooling_power_lc=cooling_power(end)
adsorption_power_lc=adsorption_power(end)
desorption_power_lc=desorption_power(end)

Power_cycles = cat(1,Power_cycles,Power_avg);

save('Power','Power_cycles','-ascii');
save('COP','COP_cycles','-ascii');
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save Wspace.mat
% Calculation of COP_heat and COP_cool
cycle_numbers=(linspace(1,length(adsorp_start),length(adsorp_start)));
E=cat(2,Q_heater,Q_cooler,Q_adsorption,-1*Q_desorption,dQtank,Q_balance);
cs=jet(length(adsorp_start));
figure()
h=bar(cycle_numbers,E/1e6,'grouped');
hold on
for i=1:length(adsorp_start),

if i>length(E(1,:)),
break
end

set(h(i),'FaceColor',cs(length(adsorp_start)+1-i,:));
end
hold off
xlabel('Cycles','FontSize',12,'interpreter','latex');
ylabel('Energy [MJ]','FontSize',12,'interpreter','latex');
l = legend(gca, 'string', {'Heater','Cooler','Adsorption',...

'Desorption','dQtank','Loss'},...
'Location','NorthEastOutside','interpreter','latex');

print('-depsc', '-loose','energy_balance_Tank.eps');

%Pie Chart

figure()
h = pie(E_module);
hText = findobj(h,'Type','text'); % text handles
percentValues = get(hText,'String'); % percent values
labels = {'Desorption: ','Evaporator: ','Condenser: '...

,'Adsorption: ','Loss: '}';
combinedstrings = strcat(labels,percentValues); % text and percent values
oldExtents_cell = get(hText,'Extent'); % cell array
oldExtents = cell2mat(oldExtents_cell); % numeric array
set(hText,{'String'},combinedstrings);
newExtents_cell = get(hText,'Extent'); % cell array
newExtents = cell2mat(newExtents_cell); % numeric array
width_change = newExtents(:,3)-oldExtents(:,3);
signValues = sign(oldExtents(:,1));
offset = signValues.*(width_change/2);
textPositions_cell = get(hText,{'Position'}); % cell array
textPositions = cell2mat(textPositions_cell); % numeric array
textPositions(:,1) = textPositions(:,1) + offset; % add offset
set(hText,{'Position'},num2cell(textPositions,[5,2])) % set new position
print('-depsc', '-loose','energy_balance_module_Last.eps');

figure(); %plot dQ_Tank
plot(dQtank(1:length(adsorp_start),1)/1e3,'bd');
grid('on');
xlabel('Cycles','FontSize',16,'interpreter','latex');
ylabel('$\Delta Q_{tank}$ [kJ]','FontSize',16,'interpreter','latex');
set(gca, 'XTick', 0:1:length(adsorp_start));
%set(gca, 'YTick', -1*Q_tank_start(end)/1e3:-1*1e2:0);
l = legend(gca, 'string', {'$\Delta Q_{tank}$'},'interpreter','latex');
set(l,'FontSize',16);
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set(gca,'FontSize',16);
print('-depsc', '-loose','dQ_tank.eps');
figure();
hold on
for i=1:length(adsorp_start),

if i==length(adsorp_start),
plot(sensor_pos,Tank_Temp(desorp_end(i),:),'rd','Linewidth',1);

else
plot(sensor_pos,Tank_Temp(desorp_end(i),:),'Color',cs(i,:),'Linewidth',1);

end
end
hold off
grid('on');
xlabel('Height [m]','FontSize',16,'interpreter','latex');
ylabel('Temperature [$^{\circ}$C]','FontSize',16,'interpreter','latex');
xlim([0,1.60])
set(gca, 'XTick', 0:2*z:H);
ylim([25,75])
set(gca, 'YTick', 25:5:75);
l1=legend(gca,'string',{'Cycle 1','Cycle 2','Cycle 3','Cycle 4',...

'Cycle 5','Cycle 6','Cycle 7','Cycle 8','Cycle 9','Cycle 10',...
'Cycle 11','Cycle 12','Cycle 13','Cycle 14','Cycle 15'},...
'Location','NorthEastOutside','interpreter','latex');

set(l1,'FontSize',16);
set(gca,'FontSize',16);
print('-depsc', '-loose','Tank_temp_profiles.eps');

figure(); %plot T_adi und T_ado
cooling_cop = ['$COP_{cool}$= ', num2str((COP_cycles(end,2)))];
heating_cop = ['$COP_{heat}$= ', num2str((COP_cycles(end,1)))];
plot(cycle_time,last_cycle(:,9),'--b','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,10),'--r','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,6),'--m','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,7),'--y','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,4),'--c','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,3),'--g','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,33),'-.b','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,32),'-.r','Linewidth',1);hold('on');
plot([cycle_time(half_cycle,1),cycle_time(half_cycle,1)],[10,75],...

'--k','LineWidth',1);
grid('on');
xlabel('Time [min]','FontSize',16,'interpreter','latex');
ylabel('Temperature [$^{\circ}$C]','FontSize',16,'interpreter','latex');
xlim([0,ceil(cycle_time(end))])
set(gca, 'XTick', 0:12:cycle_time(end));
ylim([10,75])
set(gca, 'YTick', 10:5:75);
l1 = legend(gca,'string',{'$T_{ad,i}$','$T_{ad,o}$','$T_{h,i}$',...

'$T_{h,o}$','$T_{c,i}$','$T_{c,o}$','$T_{ev,o}$','$T_{ev,i}$'}...
,'Location','NorthEastOutside','interpreter','latex');

set(l1,'FontSize',16);
set(gca,'FontSize',16);
print('-depsc', '-loose','Thermal_Cycle_Last.eps');
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figure();%plot V_ad, V_h, V_c, V_evap,, V_cond
plot(cycle_time,last_cycle(:,30),'g','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,5),'r','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,35),'c','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,8),'m','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,34),'b','Linewidth',1);hold('on');
plot([cycle_time(half_cycle,1),cycle_time(half_cycle,1)],[0,2000],...

'--k','LineWidth',1);
grid('on');
xlabel('Time [min]','FontSize',16,'interpreter','latex');
ylabel('Flow rate [l/h]','FontSize',16,'interpreter','latex');
xlim([0,ceil(cycle_time(end))])
set(gca, 'XTick', 0:12:cycle_time(end));
ylim([0,2000])
set(gca, 'YTick', 0:200:2000);
l2=legend(gca,'string',{'$\dot V_{ad}$','$\dot V_{h}$','$\dot V_{cond}$',...
'$\dot V_{evap}$','$\dot V_{c}$'},...
'Location','NorthEastOutside','interpreter','latex');

set(l2,'FontSize',12);
set(gca,'FontSize',12);
print('-depsc', '-loose','Flow_rate_Last.eps');

figure(); %plot Q_ad
cooling_pow = ['$\dot{Q}_{cooling}$= ', num2str((Power_cycles(end,2))),' ...
kW'];

heating_pow = ['$\dot{Q}_{heating}$= ', num2str((Power_cycles(end,1))),' ...
kW'];

plot(cycle_time,P_ads(ts:end)/1000,'g','Linewidth',1);hold('on') ;
plot(cycle_time,P_h(ts:end)/1000,'r','Linewidth',1);hold('on')
plot(cycle_time,P_c(ts:end)/1000,'b','Linewidth',1);hold('on')
plot(cycle_time,P_ev(ts:end)/1000,'m','Linewidth',1);hold('on')
plot(cycle_time,P_cond(ts:end)/1000,'c','Linewidth',1);hold('on')
plot(cycle_time,-1*P_des(ts:end)/1000,'--r','Linewidth',1);hold('on')
plot([cycle_time(half_cycle,1),cycle_time(half_cycle,1)],[-30,30],...

'--k','LineWidth',1);
grid('on');
xlim([0,ceil(cycle_time(end))])
set(gca, 'XTick', 0:12:cycle_time(end));
ylim([-30,30])
set(gca, 'YTick', -30:5:30);
xlabel('Time [min]','FontSize',16,'interpreter','latex');
ylabel('Power [kW]','FontSize',16,'interpreter','latex');
l = legend(gca, 'string', {'$\dot Q_{ads}$','$\dot Q_{h}$',...
'$\dot Q_{c}$','$\dot Q_{ev}$','$\dot Q_{cond}$','$\dot Q_{des}$'},...
'Location','NorthEastOutside','interpreter','latex');

set(l,'FontSize',16);
set(gca,'FontSize',16);
print('-depsc', '-loose','Power_Last.eps');

figure(); %plot T15 to T1
plot(cycle_time,last_cycle(:,25),'r','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,24),'m','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,23),'y','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,22),'g','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,21),'c','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,20),'b','Linewidth',1);hold('on');
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plot(cycle_time,last_cycle(:,19),'k','Linewidth',1);hold('on');
plot(cycle_time,last_cycle(:,18),'--r','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,17),'--m','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,16),'--y','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,15),'--g','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,14),'--c','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,13),'--b','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,12),'--k','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,11),':b','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,7),'-.m','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,3),'-.g','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,9),'-.b','Linewidth',1);hold('on')
plot(cycle_time,last_cycle(:,10),'-.r','Linewidth',1);hold('on');
plot([cycle_time(half_cycle,1),cycle_time(half_cycle,1)],[25,75],...

'--k','LineWidth',1);
grid('on');
xlabel('Time [min]','FontSize',16,'interpreter','latex');
ylabel('Temperature [$^{\circ}$C]','FontSize',16,'interpreter','latex');
xlim([0,ceil(cycle_time(end))])
set(gca, 'XTick', 0:12:cycle_time(end));
ylim([25,75])
set(gca, 'YTick', 25:5:75);
l1 = legend(gca,'string',{'$T_{15}$-FH','$T_{14}$','$T_{13}$',...

'$T_{12}$-TH','$T_{11}$','$T_{10}$','$T_{9}$','$T_{8}$','$T_{7}$',...
'$T_{6}$','$T_{5}$-TC','$T_{4}$','$T_{3}$','$T_{2}$','$T_{1}$-FC',...
'$T_{h,o}$','$T_{c,o}$','$T_{ad,i}$','$T_{ad,o}$'},...

'Location','NorthEastOutside','interpreter','latex');
set(l1,'FontSize',16);
set(gca,'FontSize',16);
print('-depsc', '-loose','Storage_temperature_vertical_Last.eps');

figure(); %plot P_evap
plot(cycle_time,last_cycle(:,31)-2,'g','Linewidth',1); hold('on');
plot(cycle_time,Psat*1e3,'r--','Linewidth',1); hold('on');clear
plot([cycle_time(half_cycle,1),cycle_time(half_cycle,1)]...

,[15,85],'--k','LineWidth',1);
grid('on');
xlabel('Time [min]','FontSize',16,'interpreter','latex');
ylabel('Pressure [mbar]','FontSize',16,'interpreter','latex');
xlim([0,ceil(cycle_time(end))])
set(gca, 'XTick', 0:12:cycle_time(end));
ylim([15,85])
set(gca, 'YTick', 15:5:85);
l = legend(gca, 'string', {'$P_{evap/cond}$','$P_{saturation}$'},...

'Location','NorthEastOutside','interpreter','latex');
set(l,'FontSize',16);
set(gca,'FontSize',16);
print('-depsc', '-loose','P_evap_Last.eps');

figure();
plot(sensor_pos,Ttank_start_lc,'bs-','Linewidth',2);hold('on');
plot(sensor_pos,Ttank_end_lc,'ro-','Linewidth',2);hold('on');
grid('on');
xlabel('Height [m]','FontSize',12,'interpreter','latex');
ylabel('Temperature [$^{\circ}$C]','FontSize',12,'interpreter','latex');
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xlim([0,1.60])
set(gca, 'XTick', 0:z:H);
ylim([25,75])
set(gca, 'YTick', 25:5:75);
l1 = legend(gca,'string',{'Start','End'},...

'Location','NorthEastOutside','interpreter','latex');
set(l1,'FontSize',12);
print('-depsc', '-loose','Tank_temp_profile_Last.eps');

movefile('*_Last.eps',plots_path);

A.8 Error estimation

Error estimation: The heat transferred to an incompressible flow within one measurement
timestep ∆t seconds flowing with mass flow rate ṁ , specific heat capacity Cp and undergoing
temperature change ∆T can be written as [55] :

Q = ṁ · Cp ·∆T ·∆t (A.1)

The COPcool and COPheat of the adsorption heat pump cycle is given by Eq. 2.9. As
seen from these equations, the COP s are dependent on Qh, Qc, Qev, Qcond, ∆Qtank. These
different energy terms are determined by the temperature and the flow rate measured by the
relevant sensors. Naturally the accuracy of these sensors affects the accuracy of calculation of
the energy terms and there by affects the accuracy with which the COP s can be estimated.
Consequently a detailed investigation of the propagation of uncertainty (systematic errors)
to the calculated COP values is necessary. Using the rules of propagation of uncertainty, the
uncertainly δCOPcool can be calculated as [44],[1]:

δCOPcool = |COPcool| ·

√
(
δQev

Qev

)2 + (
δQh

Qh

)2 + (
δ∆Qtank

∆Qtank

)2 (A.2)

Moreover, the uncertainty in the calculation of Qev in Eq. A.2 can be written as :

δQev =
√

(δQevstart)
2 + · · · (δQevi)

2 · · ·+ (δQevhalfcycle)
2 (A.3)

Each term inside the square root is the square of error in the calculation of the energy
absorbed by the evaporator per measurement timestep. δQev is calculated from the measure-
ment uncertainties of the flow sensor (δṁev), the inlet temperature sensor (δTev,i) and the
outlet temperature sensor (δTev,o) using :

δQevi = |Qev| ·
√

(
δṁev

ṁev

)2 + (
δTev,i
∆Tev

)2 + (
δTev,o
∆Tev

)2 (A.4)

The uncertainties of the sensors used in the Eq. A.4 have been documented in appendix
A.1. Similar procedure can be used for the estimation of δQh and δ∆Qtank. The propagation
of uncertainties in the flow and the temperature measurements to the calculated energy terms
is depicted in Fig. A.23.
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Tev,i Tev,o ṁevtstart δQev

δTev,i,δTev,o,δṁev

δTev,i,δTev,o,δṁev

Tev,i Tev,o ṁevthalfcycle δQev

δQevaporator

Figure A.23: Propagation of error in the calculation of Qev

Time used for the calculation of Qev corresponds to the half cycle time as Qev is absorbed
only during the adsorption half cycle. On the contrary, for the calculation of Qcond, the
measurement timesteps during the desorption half cycle were considered.

This procedure was used to calculate the propagated uncertainty for all four experiments.
The summary of this analysis is tabulated in Tab. A.3.

Uncertainties (%)

COPheat COPcool

Without internal heat recovery ±2.63 ±2.33

With internal heat recovery Standard ±3.41 ±4.43
Variable switching ±2.95 ±3.19

(stratisorp) Int. heating/cooling ±2.93 ±3.73

Table A.3: Uncertainties in the calculation of COP s for different experiments

A.9 Entropy change rate

Fig. A.24 and Fig. A.25 shown below depict the rate of change of entropy of the relevant
zones of the tank i.e. zones where rings are located and the zones where the supply and
return flow of the heating and the cooling module is connected. These figures compare the
experiments discussed in the section 4.4 on the basis of rate of change of entropy of the tank
zones.
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(a) Entropy change rate of the storage for the standard stratisorp
cycle (V̇ad = 1000 lph)
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(b) Entropy change rate of the storage for the stratisorp cycle with
variable switching criteria (V̇ad = 1000 lph)

Figure A.24: Effect of variable switching on the entropy change rate in the tank
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(a) Entropy change rate of the storage for the standard stratisorp
cycle (V̇ad = 800 lph)
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(b) Entropy change rate of the storage for the stratisorp cycle with
intermittent heating and cooling (V̇ad = 800 lph)

Figure A.25: Effect of intermittent heating and cooling on the entropy change rate in the
tank
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