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Abstract

This thesis presents experimental investigations on a novel two-stage evaporator integrated
into a transcritical COq refrigeration system. The motivation behind this research is to
improve the energy efficiency of commercial heat pump chillers using CO2 as a refrigerant.
The objective of the thesis is to evaluate the performance of the two-stage evaporator in
single-stage and two-stage modes, as well as to assess the pipe configurations attached to the
gravity stage of the evaporator.

The experimental investigations were conducted using a test facility at the Norwegian Uni-
versity of Science and Technology (NTNU). The results obtained from the experiments were
compared to the original design criteria of the two-stage evaporator.

The experimental results showed that the gravity loop and two-stage evaporator concept is
feasible and has the potential to yield positive results on COq refrigeration systems. However,
there were some areas where further improvement is needed. The gravity loop only achieved
a cooling capacity of approximately half of the expected capacity. This is attributed to the
high pressure drop across the loop causing an insufficient COy mass flow in the evaporator.

The two-stage evaporator concept was shown to be functional, with higher water mass flow
rates providing a more even distribution of cooling capacity in the two stages. Overall, the
results of this thesis demonstrate the feasibility of the gravity loop and two-stage evaporator
concept for COq refrigeration systems, but further optimization is required to improve its
performance.

i



Sammendrag

I denne masteroppgaven er det blitt utfgrt eksperimentelle forsgk péa en ny totrinns fordamper
integrert i et transkritisk COsq-kjgleanlegg. Motivet for forsgkene er & se pa muligheten for a
forbedre energieffektiviteten i kommersielle varmepumpe-/kjsleanlegg ved bruk av COg som
kjslemedie. Oppgavens mal er & evaluere ytelsen i en totrinns fordamper, bade ved bruk av
kun ett fordampningstrinn, og ved bruk av begge fordampningstrinnene. Rgrkonfigurasjonen
til den selvsirkulerende gravitasjonsloopen blir ogsé vurdert.

De eksperimentelle forsgkene ble utfgrt ved et testanlegg ved Norges Teknisk-Naturvitenskapelige
Universitet (NTNU). Resultatene fra forsgkene ble sammenlignet med de opprinnelige de-
signkriteriene for totrinnsfordamperen.

De eksperimentelle resultatene viste at bade gravitasjonsloopen og totrinns fordamperkon-
septet er gjennomfgrbart og har potensiale til & gi positive resultater. Fgr man kommer
dit kreves ytterligere forbedringer pa konseptet. Gravitasjonsloopen oppnadde omtrent halv-
parten av forventet kjglekapasitet. Dette var hovedsaklig grunnet det hgye trykktapet over
kretsen som fgrte til utilstrekkelig COs-massestrgm i fordamperen.

Konseptet med totrinns fordamper viste spesielt positive resultater ved hgye vannmengder
gjennom fordamperen. Dette ga en jevnere fordeling av kjslekapasitet over de to fordamp-
ningstrinnenen. Samlet sett viser resultatene i denne avhandlingen at gravitasjonsloopen og
totrinns fordampning er gjennomfgrbart for COo-kjglesystemer, men videre optimalisering er
ngdvendig for & forbedre ytelsen.
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1 Introduction

1.1 Motivation

The Intergovernmental Panel on Climate Change (IPCC) reported in their sixth assessment
report that the amount of greenhouse gases in the atmosphere is steadily increasing, and is
currently at its highest level for the last two million years [1]. To combat the potentially
devastating effects of climate change, authorities are ordering new laws and regulations to
reduce emissions. One such regulation is the EU F-Gas Regulation from 2015 [2], which will
effectively ban the use of refrigerants with a global warming potential (GWP) of 2,500 or above
by 2020 for certain refrigeration units, as well as initiate the phase-out of hydrofluorocarbons
(HFCs) within 2030 [3].

This incentive has led researchers and engineers to revive their interest in natural refrigerants
such as Ammonia (NHs ), Carbon Dioxide (CO2) and Hydrocarbons. These refrigerants are
cheap, easily available, have a close to negligible GWP, have good thermophysical properties,
and have no risks of future restrictions or environmental taxation [4].

COg is often preferred above other natural refrigerants in sectors such as the retail sector
and hotel sector [5, 6]. This is mainly due to its superior safety features, being not acutely
toxic, non-flammable, and odourless. It also has excellent thermophysical properties in terms
of high-temperature heat rejection and low refrigeration temperatures [4].

COg2 has a very low critical temperature of approximately 31 °C, making it ill-suitable in areas
with ambient temperatures frequently above this point. However, due to recent advancements
in the fields of CO9 systems for high-performance buildings, solutions for overcoming this
hurdle have been developed. The most notable effects of improvement have come from the
introduction of parallel compressors and multi-ejectors to the system layout [6, 7].

The MultiPACK project is a project funded by the EU with the aim of building confidence in
integrated heating, ventilation, air conditioning and refrigeration (HVAC&R) solutions based
on new CO; technologies [8]. The project is primarily focused on Southern Europe where
high ambient temperatures pose a challenge to HVAC&R technologies.

The MultiPACK reversible chiller /heat pump is one of the solutions included in the Multi-
PACK project. It is an integrated unit providing heating, air conditioning (AC), and domestic
hot water production (DHW) for high energy-demanding buildings such as hotels, gyms, and
spas. One of the special features included in the reversible chiller /heat pump is the utilization
of two evaporators where the first evaporator is driven by a self-circulating gravity loop, and
the second is driven by a two-phase multiejector. The evaporators are connected in series
on the waterside to cool down water for AC chilling in two different temperature stages. A
detailed explanation of the concept can be read in Section 2.

Currently, the capacity of such heat pump chillers is limited due to the space requirements for
the plate heat exchangers. A new concept of a single compact two-stage plate heat exchanger
would allow to significantly increase the volume specific cooling capacity of COs heat pump
chillers built in a modular way.




1.2 Research question and objective

In the following thesis, a novel two-stage evaporator able to integrate a natural circulation
loop, and an ejector-assisted circulation loop, is fitted to an existing COs-rig and tested to
further improve the concept of two-stage evaporation.

The main objective of the thesis is to run experimental investigations on the novel two-
stage evaporator. The experimental investigations will involve testing the performance of the
evaporator in single-stage mode and in two-stage mode. Evaluations will also be performed
on the configuration of the self circulating gravity loop. The results will be compared to the
original design criteria of the two-stage evaporator.

Parallel to the writing of this thesis, fellow student Jan Bengsch is writing a thesis on the
simulation of the very same experimental setup called "Investigation and analysis of a COq
heat pump chiller with novel two-stage evaporator" [9]. The simulation study aims to provide
a theoretical analysis and complement the experimental results obtained in this thesis. The
combination of experimental and simulation studies will allow for a comprehensive under-
standing of the performance of the two-stage evaporator.

Successful experimental results have the potential to encourage manufacturers to produce
and promote the product. This, in turn, will contribute to enhancing the energy efficiency of
commercial heat pump chillers utilizing CO2 as an environmentally friendly refrigerant.




2 Theory

In this section, important facts and theories will be provided and explained for the reader to
fully comprehend all relevant concepts.

2.1 Refrigeration principles

The second law of thermodynamics states that heat is naturally transferred in the direction of
decreasing temperature. Therefore, in order to cool a reservoir using a warmer source, energy
must be added to the process. One such process is the closed vapor-compression refrigeration
process, commonly known as the heat pumping process.

The heat pumping process is a system configured with four main components: a compressor,
a condenser, an expansion valve and an evaporator. These components are coupled together
in a closed loop circuit as illustrated in Figure 1.
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Figure 1: A conventional heat pump configuration with a corresponding log(p)-h diagram.

Inside the circuit, a refrigerant is used to extract, carry, and release heat from the cold side
to the warm side of the system. Figure 1 represents a simple conventional refrigeration cycle
and its corresponding log(p)-h diagram. With Figure 1 in mind, the four stages of an ideal
heat pumping process are explained as follows:

e 1 —» 2 Compression:
Low-pressure refrigerant gas is sucked into a compressor in the form of superheated




vapor. The vapor is compressed, increasing the pressure and saturation temperature of
the refrigerant. The vapor exits the compressor with a saturation temperature exceeding
the ambient temperature.

e 2 —» 3 Condensation:
The high-pressure and high-temperature vapor enters a condenser in a superheated state.
The superheated vapor is first cooled down to saturation temperature before starting
the condensation process. During condensation, the refrigerant releases large amounts
of latent heat to the ambient air. The refrigerant leaves the condenser in a liquid state.

e 3 — 4 Expansion:
After condensation, the high-pressure liquid refrigerant flows through a high-pressure
expansion valve, which reduces its pressure and allows it to expand into a mixture of
liquid and low-pressure gas.

e 4 — 1 Evaporation:
The mixture of low-pressure and low-temperature liquid and gas is fed into an evapo-
rator at a pressure corresponding to a saturation temperature lower than the ambient
temperature surrounding the evaporator. Heat is transferred from the ambient to the
refrigerant as it evaporates from low-pressure liquid to low-pressure gas.

To easily evaluate a heat pumping cycle, the log(p)-h diagram is often used. Figure 1 rep-
resents a log(p)-h diagram corresponding to the heat-pumping configuration.. The specific
enthalpy (kJ/kg), the "energy content" of the refrigerant, is plotted on the x-axis, and the
logarithmic pressure (bar) is plotted on the y-axis.

The efficiency of a refrigeration cycle can be calculated using the Coefficient of Performance
(COP). The measure of calculating the efficiency depends on the use case of the unit. It
can be used for heating, cooling, or a combination of both. The corresponding efficiency is
COPgp, COPg, and COP,,,;, respectively, and they are calculated as following [10]:

useful heatpumping capacity — qg  ho —h3

COPyp = = 1

ar total input power Wnet,in ~ ha — M1 W)
usefull refrigerating capacit hy —h

COPy, = WL Telriy gcapacity  qr i —hy 2)
total input power Wpet,in ~ ha — 1

qm t4qL _ (ha — h3) + (h1 — hy)

COPypy = COPyp + COPp =
Wnet,in h2 - hl

(3)

where gy and ¢y, is the specific heating and cooling capacity (kJ/kg) respectively, wpet,in is
the required work input (kJ/kg) to the system, and h,, is the enthalpy, where n refers to the
state points in Figure 1.

2.1.1 Subcritical

The conventional heat pump usually operates in a subcritical process which is a thermody-
namic process that occurs within the two-phase region (between the critical pressure point
and the triple point). In this process, the refrigerant is in the liquid or gas phase, and there is
a clear distinction between the phases. The behavior of the refrigerant in a subcritical process
is similar to an ideal gas, and the properties can be described using the ideal gas law [11].




2.1.2 Transcritical

A transcritical process occurs in a system where the heat rejection of the refrigerant happens at
a pressure higher than the critical pressure. In this process, the fluid does not undergo a phase
change, and there is no clear distinction between the liquid and gas phases. Since the vapor
does not condense, a transcritical system use a gas cooler instead of a condenser. The heat is
rejected at gliding temperatures, causing a big difference in inlet and outlet temperature in
the gas cooler. The gliding temperatures can be beneficial when used to heat water or liquids
from lower to higher temperatures. By using a counter flowing heat exchanger to heat tap
water from 10 °C to 70 °C, the temperature difference (AT') between the refrigerant and the
water stays relatively constant in a transcritical system compared to a subcritical system [11].

Figure 2 illustrates a subcritical and a transcritical process for a COg cycle in a log(p)-h

diagram.
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Figure 2: A log(p)-h diagram of COy where the light blue line illustrate a subcritical process
and the dark blue line illustrates a transcritical process.

2.2 Carbon dioxide as a refrigerant

COg is among the safest refrigerants in use in relation to both environmental and human safety.
As a natural substance, it is known to be harmless to the biosphere. It does not contribute
to ozone depletion (ODP) and its global warming potential (GWP) is per definition equal
to 1. As the COq used in refrigeration is not actively produced but rather extracted from
waste products in various industrial processes, it does not directly contribute to increasing
the existing amount of COs in the atmosphere. It can therefore be argued that CO5 as a

refrigerant has a net GWP = 0 [4].

CO3 is non-flammable and not acutely toxic, earning it the highest possible safety classification




of Al as a refrigerant. As it is 1,5 times heavier than air, the main safety concern is for large
amounts to accumulate in enclosed areas, replacing the oxygen. Contrary to popular beliefs,
CO2 can be highly toxic in high concentrations. A volumetric concentration higher than 10
% can potentially be lethal [4]. However, simple measures like ensuring good ventilation and
adding COs-detection devices will drastically lower the safety risk.

The properties of CO2 are unique and very different compared to other conventional refriger-
ants. A comparison of pressure- and temperature-related properties between carbon dioxide,
ammonia, and the traditional HFC refrigerant R134a is displayed in Table 1. The low critical
temperature in particular has been considered a hindrance compared to competing refriger-
ants. If the condensing temperature rises above the critical temperature (30,98 °C [12]) due to
high ambient temperatures, the system will start operating in transcritical mode, drastically
reducing the efficiency of the system if operated in a conventional configuration. The high
operating pressures have also previously been considered a drawback, with arguments such as
higher potential for leakages and increased hazard levels.

Table 1: Comparison of pressure and temperature properties for CO2, NH3, and R134a

itical Tripl i Tripl i T
Critical Prossure Critica, riple point riple point emperature at

Fluid lbar] temperature pressure temperature atmospheric
[°C [bar] [°C| pressure [°C]|
COq 73,77 30,98 5,18 -56,56 -78,46!
NH; 113,33 132,25 0.0609 -77,65 -33,33
R134a 40,59 101,06 0,0039 -103,3 -26,07

On the other hand, high pressure levels also have their benefits. High pressure levels for rela-
tively small temperature changes mean that the system will tolerate higher internal pressure
drops without considerably affecting the internal temperatures. Thus, smaller pipe dimensions
for a cheaper and more compact system can be used.

The high vapor density ensures a very large volumetric refrigeration capacity (presented in
Table 2). This allows for smaller compressor stroke volumes and mass flow rates, further
increasing the compactness of the COs refrigeration system. Even though the compressors
work at high pressure levels, the pressure ratio is still considered to be very low compared to
systems with traditional refrigerants operating under similar conditions [13].

Table 2: Properties at 3,3 °C evaporation temperature

Pressure Vapor density Latent heat Volumetric capacity

Fluids =) kg /m?] (k.7 /kg] [k /]
CO; 38,00 108,50 220,57 23936
NHsg 4,85 3,88 1250,32 4852

R134a 3,30 16,17 196,07 3171

Properties such as the high specific heat capacity, low kinematic viscosity, relatively high
thermal conductivity, and low surface tension lead to COg having significantly higher heat
transfer coefficients on the liquid refrigerant side of heat exchangers compared to traditional
working fluids [14]. To fully profit on this quality, it is recommended to redesign and adapt
the heat exchanger to take advantage of its full potential.

'Dry ice




2.3 Ejectors

An ejector is a device that uses a high-pressure fluid (motive fluid) to create suction by
exploiting the relationship between pressure and velocity, commonly known as the Venturi
effect. With Figure 3 in mind, the motive fluid enters the ejector and expands through the
motive nozzle. As the motive nozzle is converging, the velocity of the expanded refrigerant
increases vastly, lowering the surrounding pressure in the suction chamber. The low pressure
in the suction chamber causes the suction fluid to be drawn into the ejector. The motive and
suction fluid reaches a common velocity as they mix in the mixing section. As the ejector
diverges in the diffuser section, the velocity decrease, and the static pressure is recovered [15].

Suction

chamber Mixing . Diffuser

Motive
nozzle

Motive
fluid

L

Suction
fluid

Figure 3: The working principle of an ejector illustrated

When evaluating the performance of an ejector, the following indicators are commonly used;
the mass entrainment ratio (®), pressure lift (AP f;), and ejector isentropic efficiency (nejector)
[16].

The mass entrainment ratio indicates the ejector’s capability to entrain or pump mass by
comparing the suction mass flow rate (7ivejsuc) to the motive mass flow rate (1iejmor) using
the following equation:

® — T:nej,suc (4)
Mejmot

The pressure lift indicates the difference in pressure by which the refrigerant at the suction
side is lifted. It is expressed as following:

APlift = Pej,out - Pej,suc (5)

where Pej oyt is the pressure at the ejector outlet, and P suc is the pressure at the suction
inlet.

The ejector work recovery efficiency is commonly calculated using the method presented by
Elbel and Hrnjak [17]. It describes the ratio of the actual amount of work recovered by the




ejector to the maximum amount that could theoretically be recovered. It is determined by
calculating the power required to compress the suction stream isentropically from suction inlet
pressure to ejector outlet pressure. It is then divided by the theoretical maximum amount
that could be recovered by an isentropic expansion of the motive stream from the motive inlet
pressure to ejector outlet pressure [15]. The ejector work recovery efficiency is described by
equation 6:

h(Pej outs Sej suc) - hej suc
7] ect — (p . ) ) ) 6
coector hej,mot - h(Pej,ouh Sej,mot) ( )

where h is the specific enthalpy, and s is the specific entropy.

2.3.1 Multi Ejector

The discharge pressure control is crucial for achieving high energy efficiency in transcritical
COg, systems. However, a single constant-geometry ejector is unable to control the compressor
discharge pressure. To fix this, the concept of a Multi Ejector was introduced. A Multi Ejector
module consists of multiple ejectors of different sizes connected in parallel. Figure 4 shows the
anatomy of a commercial Danfoss Multi Ejector. The configuration allows for better control
of the gas cooler pressure. By varying the number of employed ejectors, the Multi Ejector
system can match the required capacity in any operating condition within its rated capacity.
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Figure 4: The anatomy of a commerical Danfoss Multi Ejector [18]

Figure 5 illustrates how the Multi Ejector regulates its capacity by deploying different numbers
and combinations of ejector modules. Each ejector module has a different capacity, and by
switching on or off modules, the overall capacity of the Multi Ejector can be adjusted. As
shown in the illustration, this particular model switches between five different sized ejectors to
create 32 levels of capacities, allowing for precise control and modulation of the refrigeration
output [18].




Multi Ejector capacity control for high pressure (HP)
4500

4000
3500

3000

2500 ® Ejector 5+6
= Ejector 4
2000 ® Ejector 3
u Ejector 2
15 ® Ejector 1
10
. anll

1234567 89101112131415161718192021222324252627 2829303132
Step

Mass flow [kg/hr @ 90 bar 35C)
8

8

o

Figure 5: Illustration of the modulating steps of a Danfoss Multi Ejector [18§]

2.3.2 The Multi Ejector in a heat pump chiller

Ejectors can be used to directly lift the pressure of the vaporized refrigerant at the evaporator
outlet to an intermediate pressure level, or to remove liquid from the evaporator outlet,
enabling overfeeding. Overfeeding the evaporators allows for higher evaporation pressures for
the same cooling effect. In both cases, energy savings are achieved by increasing the suction
pressure at the compressor inlet, thus reducing the required compressor pressure ratio.

An example of a heat pump chiller integrated with a vapor Multi Ejector is illustrated in Figure
6. The Multi Ejector serves as a replacement for the high pressure expansion valve (HPV)
and its main function is to maintain the optimal compressor discharge pressure. The ejector
outlet is connected to the low pressure receiver which operates as a separator by separating
the two-phased flow entering from the ejector outlet. The vapor flows to the compressor,
while the liquid is gathered in the receiver. An expansion valve is positioned between the
receiver and the evaporator to maintain a pressure difference between the ejector suction inlet
and ejector outlet by controlling the suction mass flow rate. The liquid is then evaporated
at a lower pressure level and enters the ejector suction inlet as vapor. The ejector recovers
expansion work from the high pressure motive gas, which then elevates the vapor pressure
back to the pressure of the receiver tank.
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Figure 6: Simplified vapor ejector heat pump chiller with hot water production

2.4 Natural circulation loop

As depicted in Figure 7, a natural circulation loop consists of four main components; a
separator tank, a downcomer, an evaporator, and a riser. A mixture of liquid and vapor
enters the separator tank from the high-pressure side of a heat pump. The excess flash gas is
passed on to the compressors to re-enter the high-pressure state, while all liquid is collected
in the bottom half of the separator. The liquid runs down through the downcomer into the
evaporator at the lowermost inlet. The evaporator consists of a brazed plate heat exchanger
using counterflowing water as brine. The refrigerant in the evaporator starts to evaporate as
it absorbs heat from the higher temperature brine and exits in a two-phased state through
the evaporator outlet. The two-phase refrigerant flows through the riser and enters back into
the separator where the process is repeated.
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Figure 7: Simplified drawing of the gravity-fed evaporator loop

Liquid height is the most important variable in a two-phase thermosyphon system like this.
The pressure at the evaporator inlet is higher than in the separator tank due to the liquid leg
in the downcomer. This pressure difference, also known as the pumping pressure, is calculated
by the following equation:

AP=p-g-H (7)

where p is the density of the refrigerant measured in kg/m3, g is the gravitational acceleration
(9,81 m/s?), and H is the liquid height measured in meters [19].

The driving force is caused by the heat exchange between the water and the COs. The
water is hotter than the boiling point of the COs, causing the CO3 to evaporate. As more
liquid CO2 evaporates, the average density of the CO in the evaporator and riser becomes
much lower than the density of the liquid COs2 in the downcomer and separator. This density
difference creates a buoyant force, which pushes the two-phase CO9 upwards through the riser
and back into the separator tank. This cycle continues until the liquid level in the separator
and downcomer becomes too low, or the heat flux from the water in the evaporator becomes
insufficient.

The mass flow rate in the thermosyphon loop depends on the same factors. To increase the
mass flow rate, one must either increase the pumping pressure or increase the heat flux in the
evaporator, causing the liquid to boil more rapidly.
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2.5 Combined natural circulation and ejector

By combining the principles of Section 2.3 and 2.4, a configuration illustrated in Figure
8 can be developed to utilize the benefits of both natural circulation and the reclaim of
expansion work through an ejector. Figure 8 displays a simplified drawing of a COs heat
pump chiller integrated with a gravity loop, a two-stage evaporator, and a Multi Ejector. An
illustrational log(p)-h diagram is shown in Figure 9 to visualize the behavior of the gravity
loop in combination with the Multi Ejector.
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Figure 8: Conceptual drawing of a COsz heat pump chiller integrated with a two-staged
evaporator, a natural circulation loop, and an ejector driven loop.
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Figure 9: Illustrational log(p)-h diagram of a COg heat pump chiller integrated with a two-
staged evaporator, a natural circulation loop, and an ejector driven loop.

2.6 Brazed plate heat exchangers

A heat exchanger is a device that transfers energy in the form of heat from a warm to a cold
medium. The brazed plate heat exchanger (BPHX) consists of several metal plates of high
thermal conductivity brazed together in layers. Between each layer are thin gaps, creating
isolated channels for the medium to pass through. The plates are connected to form separate
circuits with the warm and cold medium flowing in alternating layers as depicted in Figure
10.

Figure 10: Configuration of a brazed plate heat exchanger |20].
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As the warm and cold medium passes through the layers, energy is transferred from the
warm medium to the cold medium through the plates in accordance with the second law of
thermodynamics. The transfer of heat in the heat exchanger can be described by the heat
transfer equation:

Q=U-A-AT (8)

where Q is the energy flow (W) in the form of heat, U is the overall heat transfer coefficient
(W/(m? - K)), A is the heat transfer area (m?), and AT is the temperature difference (K)
between the warm and cold medium.

When the temperature difference between the hot and cold fluids varies throughout the heat
exchanger, the arithmetic temperature difference (AT) is no longer a sufficiently accurate
representation of the overall temperature difference. Instead, the logarithmic mean temper-
ature difference (LMTD) is introduced to provide a more representative value. Equation 8
can therefore be expressed as

Q=U-A-LMTD (9)
where the LMTD (K) is calculated using the following formula:

(AT, — ATy)

In(37¢)

LMTD = (10)

where AT, is the temperature difference (K) between the warm inlet and the cold outlet, and
AT, is the temperature difference (K) between the warm outlet and the cold inlet.

For fluids not undergoing any phase change during the heat transfer, the change in energy,
Q, can be calculated with the following formula:

Q=1-C, AT (11)

where 712 is the fluid mass flow (kg/s), C, is the specific heat capacity of the fluid (J/(kg- K)),
and AT is the temperature difference (K) of the fluid at the inlet and the outlet of the heat
exchanger.

If a refrigerant is undergoing phase change during the heat exchange, the amount of energy
transferred, @), is calculated using the equation:

Q =g - Ah (12)

where, g is the refrigerant mass flow (kg/s), Ah is the enthalpy difference (J/kg) of the
refrigerant at the inlet and outlet of the evaporator.

By assuming no loss to the surroundings, equation 9, 11 and 12 can be combined to the
following expression:

Q=1m-Cp-AT=U-A-LMTD = 1ng - Ah (13)
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The BPHX works perfectly well as an evaporator. The refrigerant is heated by the secondary
medium until the refrigerant reaches its boiling point and starts to evaporate. The total
transfer of energy from the secondary fluid is the sum of the sensible heat and latent heat
added to the refrigerant, minus heat losses to the environment.

2.7 Two-stage evaporation

As mentioned in Section 2.3, lowering the pressure ratio by increasing the suction pressure
decreases the energy input required by the compressors. Raising the evaporation pressure also
increases the density of the vaporized refrigerant. Therefore, the compressor will transport
a greater quantity of refrigerant with each stroke. Reducing electricity usage and increasing
refrigeration capacity enhances the overall efficiency of the system.

Two-stage evaporation is desirable as it enables cooling at lower temperatures without lowering
the suction pressure. It can be achieved by utilizing the pressure lift from an ejector as
illustrated in Figure 8 and 9.

A novel two-stage evaporator has been made by Alfa Laval for this project. A principal sketch
of the evaporator configuration is shown in Figure 11. It is made from two Alfa Laval AXP82-
40M fused together back to back, with a special middle plate for only the water /brine to flow
through, separating the two evaporation stages.

——>» Warm water

—>» Medium pressure CO2 =3 Medium temp. water
—>» Low pressure CO, Cold water
0 N0\ [O\——F0\—0\——

N
>

Figure 11: Plate configuration of a two-stage plate heat exchanger.
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2.7.1 Design criteria of the novel two-stage evaporator

The novel two-stage evaporator provided for the experiment is design in accordance with the

values stated in Table 3.

Table 3: Design requirements of the novel two-stage evaporator.

COg4 side
Gravity fed loop Ejector assisted circulation loop
Inlet Exit Inlet Exit
P (bar) | Vapour fraction | Vapour fraction | P (bar) | Vapour fraction | Vapour fraction
42 0 = liquid 0.7 37 0.1 0.95
Capacity (kW) Capacity (kW)
20 20
CO2 mass flow rate (kg/s) CO2 mass flow rate (kg/s)
0.1378 0.1051
Secondary fluid (water = H20)
Gravity fed loop Ejector assisted circulation loop
Inlet Exit Inlet Exit
T (°C) T (°C) T (°C) T (°C)
13 10 10 7
Capacity (kW) Capacity (kW)
20 20
mass flow rate (kg/s)
1.589

A theoretical P&ID of the low-pressure side of

the experimental setup including the gravity

loop, ejector-assisted loop, and the two-stage evaporator is displayed in Figure 12.
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Figure 12: P&ID of the low-pressure side of the experimental setup including design values.

The values of pressure and temperature at the motive nozzle inlet was agreed upon by the
participants of the experiment previous to the start of the tests. They were chosen as they
were believed to reflect a realistic outcome in a warm temperature climate, or in a poorly
sized but all too common space heating system.

The ejector has previously been tested on the same experimental machine rack by Banasiak
et al. [21], but in a slightly different setup. The experiments indicated an ejector efficiency
of approximately 7ejector = 0,25. By applying equation 4 and 6, and assuming an ejector
efficiency of Nejector = 0,25, the motive nozzle mass flow rate (MF_mot) is calculated to be
8,20 kg/min.

The right-hand side of the evaporator is connected to a gravity loop, making it a gravity-fed
evaporator. The evaporation pressure in the gravity loop is at 42 bar, corresponding to an
evaporation temperature of 7,2 °C. 13 °C water enters the gravity stage and cools down to 10
°C before entering the ejector stage. The ejector stage is at an evaporation pressure of 37 bar,
yielding an evaporation temperature of 2,3 °C. The now 10 °C water is further cooled down
to 7 °C before exiting the evaporator. Both sides of the evaporator are designed to produce
20 kW each, making it a 40 kW evaporator. The full set of design requirements is stated in
Table 3.

A theoretical system COP can be calculated according to the formula presented by Gullo et
al. [22] and illustrated by Pardinas et al. [23]. First, the global efficiency of the compressor
is calculated as follows:

17



psuc,comp psuc,comp

2
Tgtobal.comp = —0, 0788 - (pdi“h’“’mp ) +0,3708 - (pdi“h’“’mp ) +0,2729  (14)

The enthalpy of the compressor discharge can then be calculated using this equation:

hdisch(is),comp - hsuc,comp

hdisch,comp = hsuc,comp (15)
Tglobal ,comp
The COP of the heat pump can finally be calculated thus:
COPH _ hdisch,comp - hGC’,out (16)

hdisch,comp - hsuc,comp

Following the steps mentioned above, the COP of the system is calculated to be COPy = 3,28
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3 Methodology

3.1 System description

At the test facility of NTNU/SINTEF at Glgshaugen, the Multifunctional test-rack (Figure
13) is built as an experimental setup to test innovative components for integrated CO, refrig-
eration systems at freezing (LT), chilling (MT) and air conditioning (AC) temperatures [24].
All experimental results presented in this thesis are obtained from a total of 61 individual
tests, carried out in two intervals on the Multifunctional test rack during the months of March

and April 2022.

Figure 13: The Multifunctional test-rack

The MultiTest-Rack comes with three compressors, one for each level (MT, LT, and parallel).
All three compressors have variable speed drive capabilities. The design cooling capacity is
30 kW at the MT level and 5 kW at the LT level. The rack features an integrated glycol loop
to adjust for accurate operating conditions and demands through several brazed plate heat
exchangers (BPHX) operating as evaporators and condensers. Various measuring equipment
is placed throughout the rack for extensive logging of data. A piping and instrumentation
diagram (P&ID) of the total system can be viewed in Appendix B

3.1.1 Test configuration

In addition to the original test rack, a configuration of a grey water (GW) tank, a multi-
ejector, and a novel two-stage brazed plate heat exchanger was fitted and connected to a
water loop system. The GW tank was utilized as the receiver tank, and the two-stage BPHX
served as a two-stage evaporator. The water loop system was fitted with variable speed pumps
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and electric heating elements to accurately adjust the temperature and mass flow rate of the
water at the evaporator inlet. A picture of the configuration is shown in Figure 14.

Figure 14: Gravity loop configuration

A section of the P&ID from Appendix B is shown in Figure 15. It corresponds to Figure 14
and displays the placements of each measuring equipment used to monitor the gravity loop,
ejector-driven loop, and water loop.
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Figure 15: P&ID of the gravity loop configuration

3.1.2 Measuring equipment

Temperature sensors [25]

PT-100 and PT-1000 sensors were used to measure the temperature on both the water and
COg side. Both temperature sensors are rated Class A by the IEC 60751 standard. The
operational range is between -100 °C to 450 °C [25]. Each specific sensor and its corresponding
tag and accuracy are stated in Table 4.

Table 4: Temperature sensors

Component TAG  Medium Measurement setup area

Pt100 TT3  CO2 Riser gravity loop

Pt100 TT4 COq Ejector suction side

Pt100 TT14 Water Middle junction of two-stage evaporator
Pt1000 TT1  COq9 Ejector motive nozzle

Pt1000 TT10 Water Inlet of the two-stage evaporator
Pt1000 TT11 Water Outlet of the two-stage evaporator

Pressure sensors [26]

The pressure was measured using the E&H CERABAR S PMP71 pressure transmitter. It
is a digital transmitter with a piezoresistive sensor and a welded metallic membrane. It has
a measuring range from 0 mbar to 700 bar, and it can operate within temperatures ranging
from -40 to +125 °C [26]. The pressure sensors were set to measure absolute pressure. The
corresponding tag and accuracy are stated in Table 5.
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Table 5: Pressure sensors

Component TAG Medium Measurement setup area

PMPT71 PT1 COq Ejector motive nozzle
PMP71 PT2 COq Receiver tank
PMPT71 PT3 COq Riser gravity loop
PMPT71 PT4 COq Ejector suction side

Differential pressure sensors [27]

The differential pressure was measured using the E&H DELTABAR S PMD75 differential
pressure transmitter. It has an operational range from 10 mbar to 250 bar, with 1 mbar being
the smallest calibratable span. The process temperature range is -40 to +85 °C [27]. Tags
and accuracy values are stated in Table 6.

Table 6: Differential pressure sensors

Component TAG  Medium Differential pressure between

PMD75 DPT1 COq Ejector suction inlet and ejector outlet

PMD75 DPT2 Water Inlet and outlet of two-stage evaporator, water side
PMD75 DPT3 COq Inlet and outlet of two-stage evaporator, gravity side
PMD75 DPT4 COo Inlet and outlet of two-stage evaporator, ejector side

Mass flow meters [28, 29]

Rheonik RHM 08 and 06 were used to measure the CO5 and water mass flow rate. The RHM
06 can operate in temperatures ranging from -40 °C - 210 °C, and at a maximum pressure
of 150 bar. Its operational range is between 0,1 kg/min - 36 kg/min. The RHM 08 has an
operational range between -45 °C - 210 °C and a maximum pressure of 220 bar. Its operational
range is between 1,0 kg/min - 50 kg/min. Tags and accuracy values are stated in Table 7.
The Rheonik RHM uses the Coriolis effect to accurately measure the massflow. A pressure
drop chart for the RHM 06 is provided in Appendix 77 is provided

Table 7: Mass flow meter

Component TAG Medium Measurement setup area Operating range
RHM 08 MFmot COq Ejector motive nozzle 0,3-50 kg/min
RHM 08 MFn COq Ejector suction side 0,3-50 kg/min

RHM 08 MF1 Water Evaporator water circuit 1 0,3-50 kg/min
RHM 08 MEF2 Water Evaporator water circuit 2 0,3-50 kg/min
RHM 06 MFsuct COq Gravity loop 0,1-36 kg/min

3.1.3 Pipe dimensions

The piping is made of stainless steel and has an internal diameter of 14 mm and an external
diameter of 18 mm. The pipes are completely insulated with 19 mm thick insulation. All
pipe lengths were measured manually using a tape measure after the installation of the rig.
The measured pipe lengths are as follows:

e L1 — 530 mm
e L2 — 958 mm
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L3 = 205 mm

e L4 — 960 mm
e L5 — 651 mm
e L6 — 335 mm

Hevap = 420 mm

H = L1 + measured liquid height in receiver

The placement of each length and height is visualized in Figure 16.
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Figure 16: Length of piping and liquid height in the gravity loop
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3.1.4 Two-stage BPHX

The novel two-stage evaporator is produced and delivered by Alfa Laval. It is made from two
Alfa Laval AXP82-40M fused together back to back with a special middle plate for the water

to pass through.

-

Figure 17: The two-stage evaporator before installation

3.1.5 Receiver tank

The receiver tank (Figure 18) was a repurposed 290 liter graywater tank used in a previous
experiment on the same test rig. The evaporation coil within the receiver was turned off

during all tests.
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Figure 18: Gray water tank functioning as the receiver

The liquid height was a crucial part of the experiment. To read the liquid level inside the
tank, a sight glass was fitted and tagged SG5. The height difference between the inlet of the
evaporator and the bottom of the sight glass was measured. An improvised solution of simply
taping a ruler onto the sight glass was done as shown in Figure 19. The liquid height could
then be calculated by simply adding the constant height between the evaporator and the sight
glass with the height read on the ruler during tests.

Figure 19: Sight glass to read the liquid level within the receiver tank
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3.2 Test procedures

A test matrix was set up in cooperation with co-supervisor Mihir Mouchum Hazarika and
co-student Jan Bengsch. The initial proposal comprised three separate tests: one focusing
only on the operation of the gravity loop, another on the ejector-assisted loop, and a final
combined test in which both the gravity loop and the ejector-assisted loop would operate
simultaneously.

Due to time constraints during the course of testing, it was decided to deprioritize the ejector-
assisted loop test and instead concentrate on the gravity loop and the combined test only.
The duration of each test run ranged from 10 to 20 minutes, with an average duration of
approximately 15 minutes. To minimize measurement uncertainty, data was recorded at one-
second intervals throughout the entire duration of each test. All performed test runs are listed
in Table 8.
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Table 8: Tests performed on gravity loop only and combined ejector assisted loop and gravity

loop
Gravity loop test Combined test
Receiver tank Water side Inlet water | Ejector suction Water side Inlet water
pressure mass flow rate | temperature side pressure mass flow rate | temperature

[bar| |kg/min| [°C] [bar] |kg/min| [°C]
35 24 20 35 16 20
35 24 15 35 16 18
35 24 12 35 16 15
35 24 10 38 12 20
38 12 15 38 12 15
38 12 12 38 12 15
38 12 10 38 16 20
38 16 20 38 16 18
38 16 15 38 16 15
38 16 12 38 16 12
38 16 10 38 18 20
38 18 15 38 18 15
38 18 10 38 18 12
38 24 15 38 24 20
38 24 12 38 24 18
38 24 10 38 24 15
41 16 20 38 24 14
41 16 15 38 24 12
41 16 12 41 16 20
41 16 10 41 16 18
41 24 20 41 16 15
41 24 15 41 24 20
41 24 12 41 24 18
41 24 10 41 24 17
42 16 14 41 24 15
42 16 13
42 16 12
42 16 11
42 16 10
42 16 12
42 18 12
42 20 12
42 22 12
42 24 12
44 16 20
44 16 15
44 16 12
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Before recording each test, the desired parameters in the test matrix needed to be stabilized.
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Figure 20: Interface for configuring machine-related set points

Figure 20 displays the interface used to control the set points related to the original MultiTest-
rack, such as suction and discharge pressure of the compressor, and receiver tank pressure.

Figure 21 is a screenshot of the interface built to control the additional test configuration
added to the MultiTest-rack, including the gravity loop and ejector-assisted loop.
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Figure 21: Interface for adjusting test-related set points

During the first tests, the parallel compressor would automatically shut off when the required
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capacity dropped below 50 % of its rated capacity. This meant that the MT compressor had
to be used instead, as it had a wider range of capacities.

The water pumps P1 and P2 had to be adjusted manually on site to the desired mass flow
rate. The inlet water temperature entering the two-stage evaporator was regulated by the
heat from the gas cooler through heat exchanger HXaux as depicted in Figure 21. Electric
heater 1 and Electric heater 2 (EH1 and EH2) were used to further control and fine tune
the inlet water temperature using a PID controller. The refrigerant temperature entering the
ejector motive nozzle was controlled by adjusting the mass flow rate of cold tap water flowing
through a gas cooler. The desired set point was set at AUX-V-A in Figure 21, then a PID
controller would keep the temperature constant throughout the experiments. The ejector was
operated manually by switching on and off the desired ejector modules.

3.2.1 Test procedures gravity loop

While running tests on the gravity loop only, the electronic expansion valve tagged Veyap was
closed to prevent any refrigerant from flowing through the ejector-assisted loop. The receiver
tank pressure was adjusted using the interface shown in Figure 20. As the ejector simply
worked as an expansion valve, a specific pressure or temperature at the inlet motive nozzle
was not required as long as the receiver tank pressure and the inlet water temperature into
the evaporator were constant. Changing the pressure and temperature entering the motive
nozzle was mainly done to ensure sufficient flash gas for the compressors to run smoothly even
at low evaporation capacities.

3.2.2 Test procedures combined gravity loop and ejector assisted loop

For the tests conducted on the combined configuration, constant pressure on the suction side of
the ejector was of greater interest than the receiver tank pressure. The resulting lift generated
by the ejector would dictate the pressure in the receiver tank. In the tests conducted on the
combined configuration, it was additionally important to maintain a pressure of 80 bar and a
temperature of 35 °C at the entrance of the motive nozzle of the ejector. This ensured similar
testing conditions for the ejector for each test run. Veyap was set to a constant opening degree

of 25 %.

3.3 Flaws and drawbacks

As always when conducting an experiment on a provisional test configuration, flaws and short-
comings are to be expected. For instance, the effect of the liquid height on the performance of
the gravity loop was supposed to be a major part of the thesis. This would include performing
tests with the receiver tank placed at different heights relative to the evaporator to compare
and analyze mass flow rates, pressure drop in the downcomer and riser, and evaporator per-
formances. Changing the height turned out to be a time-consuming constructional operation,
so the plan was scrapped due to time limitations.

Another proposal was to regulate the liquid level in the receiver tank. The tank has an internal
radius of approximately 40 cm, which could have yielded a realistic height difference of ~ 25 -
30 cm. During testing, it was noticed that the ejector interfered with the liquid level displayed
in the sight glass of the receiver (SG5). This was due to the high velocity refrigerant blowing
into the upper part of the sight glass, pushing the liquid down and making the liquid level in
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the receiver tank appear to be lower than it was. The liquid level seemed to immediately sink
or rise according to the opening degree of the ejector.

Figure 22 shows how P2 and the upper inlet of SG5 were coupled together on the receiver
tank. The red arrow leading from the ejector is the ejector outlet blowing into the receiver
tank.

Figure 22: The placement of P2 and upper inlet of SG5

As the inlet of SG5 proved to display a higher pressure than the receiver tank, and P2 was
coupled at the same exact coupling point (see Fig. 22), it follows logically that P2 also would
register a slightly higher pressure than the actual static pressure in the receiver tank. Results
viewed in Section 5.2 support the hypothesis.

An attempt to obtain an approximate liquid height was still carried out. Each time the test
rig was switched on in the morning, the first priority was to relocate all liquid CO2 to the
receiver tank and the test configuration. This was done by evaporating all liquid in the low
pressure (LP) receiver of the MultiTest-rack using the MT-evaporator. Once there was no
more liquid in the lower sight glass on the LP receiver, and no change in glycol temperature
over the MT-evaporator, the ejector would be turned off, and the liquid level in the receiver
tank was measured through SG5. The glycol loop was constantly running through the MT-
evaporator to immediately evaporate any liquid entering the LP receiver and returning it to
the compressor. The liquid height was measured a second time when turning off the test rig
in the evening to see if the liquid height had changed during tests. The liquid height in the
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receiver tank turned out to be very consistent, with results ranging from 26 - 28 ¢cm and an
average height of ~ 27 cm.

3.4 Data collection and calculations

The collected data points were stored in two separate files. All values displayed in Figure
20 were stored in a TDMS file throug LabVIEW, and all sensor values from Figure 21 were
stored in a CSV file using Minilog.

Data points were logged every second for the whole duration of the test rigs run-time. To
retrieve the correct data, the date, time, and duration of each test were noted in the test
matrix. Three python scripts were used to compile the relevant data and to perform the
desired calculations. All python scripts were originally made by Angel Alvarez Pardifias for
previous projects conducted on the MultiTest-rig. The files were edited to fit the layout and
needs of the current test configuration. All scripts are available in Appendix D.

3.4.1 Main.py

Main.py extracts and merges the requested data points from the Minilog and LabVIEW files
into several new CSV files, one for each test run. The newly created CSV files are processed
through accuracyCalculations.py to add the accuracy calculations of each sensor, and system-
Performance.py where additional calculations and accompanying accuracy calculations are
made. The average values for each test run are calculated and merged into a final Excel file
where the average values and errors of all test runs are displayed.

3.4.2 accuracyCalculations.py

The error in the measuring equipment is calculated in accuracyCalculations.py. It is assumed
that the sensors are correctly installed and calibrated according to the operation manual.
The calculation method and stated accuracy of each sensor according to the manufacturer is
displayed in Section 4.

3.4.3 systemPerformance.py

The system performance calculations and their accompanying errors are calculated in system-
Performance.py. Thermodynamic values and properties provided by CoolProp [30] were used
in addition to the measured values.
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4 Uncertainty and sensitivity

Most results presented in this thesis will be calculated using one or more of the measured
values attained by the measuring equiptment described in Section 3.1.2. What must be kept
in mind when processing these values is that the measured value is not necessarily equal to
the true value.

In general, an error will always arise due to miscellaneous imperfections in the measurement.
The error represents the difference between the true value and the measured value. We have no
means of knowing the exact error, but we can calculate an estimated interval based on available
knowledge in which the error is likely to be. This estimate is referred to as the uncertainty, and
can be defined as a “parameter, associated with the result of a measurement, that characterizes
the dispersion of the values that could reasonably be attributed a measurand” [31]. It is
generally understood that given correct installation and handling of the measuring equipment,
the measured result is the best estimate of the value of the measurand.

The uncertainty in measurements will in this thesis be calculated using the methods described
in the Guide to the Expression of Uncertainty in Measurement, also known as the GUM [31].

4.1 Uncertainty

Uncertainty in measurements is expressed as the standard deviation of the measurand. A
measurand is a well defined physical quantity intended to be measured. An example of a
measurand from the experiments is the temperature of the CO2 in °C at the outlet of the
evaporator on the gravity loop side, given a receiver pressure of 41 bar, a water mass flow
rate of 24 kg/min, and an evaporator inlet water temperature of 15 °C.

The GUM supplies two different approaches to calculating the uncertainty of the measurand.
The first approach is called Type A, and is a method for evaluating the uncertainty by the
statistical analysis of a series of observations. The other approach, Type B, is a method
used to evaluate the uncertainty by means other than the statistical analysis of a series of
observations. It is instead evaluated by scientific judgement based on all of the available
information on the possible variability of a measurand.

4.1.1 Type A

During the experimental runs, measurements were logged every second for approximately 10-
15 minutes for each measurand. Some tests were logged for a longer period, while others for
a shorter period depending on the stability of the system. These measured points formed the
intervals to which the Type A method was applied.

The formula for calculating the experimental standard deviation, u(xy), of a series of N
measurements in the same measurand is given as:

u(wy) = N_1 Z(mz —7)? (17)
i=1

where xj, is the result of the kth measurement and T the arithmetic mean of the N results.
This formula was applied to each measurand.
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4.1.2 Type B

All sensors used to collect the measured data provide a certain accuracy in their measure-
ments. The reported accuracy is provided in the datasheet of each component and is noted
in their respective tables. To calculate the effect on the uncertainty provided by these inac-
curacies, the Type B model was applied.

Absolute pressure sensors and differential pressure sensors

The pressure sensors are calibrated according to their set span. The set span ranges from
its lower range value (0 bar) to its upper range value. Since the lower range value is 0 bar,
the set span is represented as the upper range value. The set span for the absolute pressure
sensors (PT) and the differential pressure sensors (DPT) are presented in Table 9 and Table
10 respectively.

Table 9: Accuracy and set span of the absolute pressure sensors

Accuracy Set Span
Component TAG [% of set span| [bar]
Cerabar PMP71 PT1 0,075 70
PT2 0,075 50
PT3 0,075 60
PT4 0,075 60

Table 10: Accuracy and set span of the differential pressure sensors

Accurac Set Span
Component TAG [% of sety span| [bar|
Deltabar S PMD71 DPT1 0,035 10
DPT2 0,035 5
DPT3 0,035 5
DPT4 0,035 5

The accuracy is represented as a percentage of the set span of the sensors. To convert the
provided data to uncertainty represented as the estimated standard deviation, wu(zy), the
following equation is used:

accuracy .
oo - Setspan

kp

u(xpT),u(xDpT) = (18)

The accuracy and setspan for PT and DPT are provided in Table 9 and Table 10 respectively.
k, is the coverage factor representing our level of confidence that the true measured value is
within the chosen distribution. A k, = V3 represent a confidence of 100 % for a rectangular
distribution. This is standard for sensors and measuring equipment unless anything else is
stated.
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Mass flow meters

The uncertainty of the mass flow meters is calculated in a similar fashion to the pressure
sensors. The difference is that the reported accuracy is a percentage of the reading in the
normal operating range. To avoid unnecessary iterations, the arithmetic mean value, T, of the
measurand is used to calculate the estimated standard deviation u(zj) through the formula:

accuracy —

u(xpyp) = % (19)

kp = /3 for the same reasons as mentioned in Equation 18. The accuracy of the two mass
flow meters used in the experiments are specified in Table 11. Uncertainties outside the mass
flow meters’ respective operational rang are neglected, as such mass flows are not expected
to occur during testing.

Table 11: Accuracy and operational range of the mass flow meters

Accurac Operational range

Component TAG [% flow ifate] [kg/min] °
Rheonik RHM 08L MFmot 0,2 1-50

MFn 0,2 1-50

MFg 0,2 1-50

MF1 0,2 1-50

MF2 0,2 1-50
Rheonik RHM 06L.  MFsuct 0,5 0,1 - 36

Temperature sensors
The temperature sensors have a base accuracy of +0, 15 °C at 0 °C, with an added +0, 002 °C

for each degree in a positive or negative direction relative to 0 °C. This is specified in Table
12.

Table 12: Accuracy of the temperature sensors

Component TAG ?(cj(]:uracy

Pt100 TT3  £(0,15+ 0,002 - |¢|)
TT4  +(0,154 0,002 - |¢])
TT14 =4(0,15+ 0,002 - |¢|)

Pt1000 TT1  4(0,15+4 0,002 - |¢|)
TT10 (0,154 0,002 - |¢])
TT11 =4(0,15+ 0,002 - |¢|)

The estimated standard deviation, u(zy), is expressed as following:

0,15+ 0,002 - |¢|
kp

’U,(JZTT) = (20)

where [t| is the measured absolute value of the temperature in °C, and k, = v/3 for the same
reason as mentioned in Equation 18.
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4.2 Sensitivity

Before combining the Type A and Type B uncertainties for each sensor, an overview on how
to combine uncertainties in general is required.

The values measured from the sensors are used in functions and equations to calculate other
values such as heat transfer and temperature differences. To calculate the uncertainties in
these values, a sensitivity analysis has to be implemented. The sensitivity analysis is done by
calculating a sensitivity coefficient (SC) for every input in a function or equation related to
the output. This is done to define how the change in each parameter impacts the calculated
result.

y:f($171:27x37-"xN) (21)

Equation 21 describes an output y as a function of xy parameters. To calculate the magnitude
of change in y produced by a change in x;, the partial derivative of x; is applied using the
following equation:

of _
8.%'2'

Ayi = Axi (22)

where f is the function described in Equation 21, Ax; is the change in the ith input variable,
and Ay; is the corresponding change in the output. If this change is generated by the standard
uncertainty of x;, the corresponding change in y can be expressed as:

Ay; = gf - u(w;) (23)

)

where u(z;) is the standard uncertainty of ;. The combined uncertainty u.(y) of a function
is viewed as a sum of terms, each representing the uncertainty associated with the output y
generated by the uncertainty associated with each input x;. The equation for the combined
uncertainty can thus be expressed as:

ue(y) = i\/@i : u(x1)>2 + (252 : u(@))2 Fot <£j§v -u(xN)>2 (24)

where u.(y) is the combined uncertainty of the function or equation, 0f/0z; represents the
sensitivity coefficient for each x;, and u(z;) is the standard uncertainty of z;.

4.2.1 Combined uncertainty of the sensors

To estimate the combined uncertainty of the values measured by a sensor, the uncertainties
from Type A and Type B needs to be added. As the sources of uncertainty are quantified
in the same units of measurement and simply added together, the partial derivative will be
equal to 1 for both types. Applying the uncertainties and SC = 1 for both types to Equation
24 gives:

uc(y) = V(1 - ua(zn))? + (1- up(ar))? (25)
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where u.(y) is the combined uncertainty of output y, ua(zy) is the Type A uncertainty for
input zx, and up(xy) is the Type B uncertainty for input zy.

Although the combined uncertainty of the measurand has been estimated by applying Equa-
tion 25, there is still no guarantee that the error lies within the confines of the estimated
uncertainty. An incomplete knowledge of the contributors to the error may cause the esti-
mated uncertainty to deviate significantly from the error. Faults such as imperfect calibrations
of sensors and incomplete knowledge of the correct placement of the sensors may cause the
uncertainty to deviate from the error in either direction. However, if not stated otherwise, it is
assumed that the correct procedures regarding calibration and installation has been followed
for all test results.
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5 Results

This section presents the results collected from the experiments conducted on the gravity-loop,
ejector-supported loop, and the two-stage evaporator.

5.1 Gravity loop

All experiments presented in this section were conducted in gravity mode. The inlet of the
ejector stage of the evaporator was closed, preventing any refrigerant from flowing through
the second stage.

5.1.1 Effect of water temperature

The following graphs illustrate the impact of the evaporator inlet water temperature at a
constant water mass flow rate of 16 kg/min.
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Figure 23: Cooling capacity in relation to the inlet water temperature at 16 kg/min water
mass flow rate.

Figure 23 presents the resulting cooling capacity of the gravity-loop at evaporation pressures
of 38, 41, 42 and 44 bar. The tests were performed with a constant water mass flow rate of 16
kg/min and temperatures ranging from 10-20 °C. Equation 11 was used to calculate the cooling
capacity on the water side of the evaporator. Equation 11 shows that the cooling capacity is
proportional to the difference in inlet and outlet water temperature, AT. The outlet water
temperature is highly dependent on the evaporation temperature of the refrigerant. A lower
refrigerant evaporation temperature leads to a lower outlet water temperature, resulting in a
higher water temperature difference. The impact of the different evaporation pressures can be
interpreted by looking at the difference in cooling capacity measured at the same inlet water
temperature depicted in Figure 23.

The impact of the inlet water temperature is read by looking at the gradient of the slopes
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between each measured point. A steeper slope means a higher increase in cooling capacity
for each degree increase in inlet water temperature. As indicated by Figure 23, the rate of
increased cooling capacity is higher at the lower temperatures than at the higher temperatures.
Before examining the reason, it is important to remember the different characteristics of the
heat transfer coefficient for liquid and vapor flow. A higher degree of superheat would imply
that a larger area of the heat exchanger is used to heat vapor instead of liquid. The correlation
between the degree of superheat and the reduction in the positive gradient is noticeable when
comparing Table 13 to the results in Figure 23.

Table 13: Calculated and measured COg9 vapor fraction and superheat at evaporator outlet
at a constant 16 kg/min water mass flow rate

Pressure Inlet water temp. Vapor fraction Superheat

[bar] [°Cl § [°Cl

38 10 0,36 -

38 12 - -0,01

38 15 - 10,86

38 20 - 16,59
41 0 064 -

41 12 0,83 -

41 15 - 0,22

41 20 - 13,50
42 0 059 -

42 11 0.65 -

42 12 0.74 -

42 13 0.83 -

42 14 0.93 -
44 2 050 -

44 15 0,86 -

44 20 - 10,44

Figure 24 illustrates the measured approach temperature of the system. The approach tem-
perature is the difference between the water outlet temperature and the evaporation temper-
ature. A high approach temperature indicates a rising outlet water temperature, leading to
a reduction in the increase of AT. The continued increase in cooling capacity in Figure 23
demonstrates that the increase in outlet water temperature is not higher than the increase in
inlet water temperature. The rising approach temperatures are caused by the lack of capacity
on the refrigerant side of the evaporator, making the refrigerant superheat.
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Figure 24: The approach temperature in re- Figure 25: LMTD in relation to the inlet wa-
lation to the inlet water temperature at 16 ter temperature at 16 kg/min water mass flow
kg/min water mass flow rate. rate.

Figure 25 depicts the increasing LMTD for each pressure level. Equation 10 shows that the
rise in LMTD can be explained by the increase of inlet water temperature in relation to the
outlet water temperature and the refrigerant evaporation temperature.
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Figure 26: UA in relation to the inlet wa- Figure 27: Refrigrant mass flow rate in re-
ter temperature at 16 kg/min water mass flow lation to the inlet water temperature at 16
rate. kg/min water mass flow rate.

The UA (W/K) is a parameter used to determine the heat-transferring abilities of the evap-
orator. It is a combination of the heat transfer coefficient, U, and the heat transferring area,
A, of the BPHX. It was chosen as the parameter to show the heat-transferring abilities as
the area of the heat exchanger was unknown during calculations. By assuming no heat loss
to the surroundings, it can be calculated using Equation 13. The main factors influencing
the UA are the temperature difference between the two heat-exchanging media, the internal
turbulence, and the phase of the media (liquid, two-phased, or gas).

Figure 26 illustrates the change in UA in relation to the increased water inlet temperature.
Comparing the results to Table 13 suggests that the optimal UA independent of evaporation
pressure is achieved at a vapour fraction in the range of 0,8 - 1, no superheat. Once the
refrigerant starts superheating, the UA drops drastically. The presence of superheat indicates
some of the heat transferring area is being used to heat gas instead of boiling liquid. The heat
transfer coeflicient for gas is significantly lower than the heat transfer coefficient for liquid,
reducing the overall heat transfer coefficient of the evaporator.
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Figure 27 presents the refrigerant mass flow rate. The mass flow rate rises with the increase
of water inlet temperature. Figure 27 is fairly similar in shape to Figure 23, which can be
explained through Equation 12, Q = rg - Ah. As shown by the equation, the refrigerant
mass flow rate is directly related to the cooling capacity and the change in enthalpy of the
refrigerant.
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5.1.2 Effect of water flow rate

The following graphs illustrates the impact of the water mass flow rate in the evaporator at
a constant inlet water temperature.
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Figure 28: Cooling capacity in relation to the water mass flow rate at 12 °C inlet water
temperature.

Figure 28 presents the cooling capacity of the gravity-loop at 38, 41, and 42 bar evaporation
pressure. The tests were performed with a constant 12 °C inlet water temperature and water
flow rates ranging from 12-24 kg/min. The cooling capacity was calculated using Equation 11
on the water side of the evaporator. Equation 11, Q = m-C,- AT, shows that the difference in
cooling capacity between the pressure levels at the same mass flow is caused by the difference
in AT. The difference in AT is due to the different evaporation temperatures between the
respective evaporation pressures.

As illustrated in Figure 28, increasing the water mass flow rate, r, leads to an increased
cooling capacity. As rh increases, the outlet water temperature also rises, causing a reduction
in AT. Figure 29 depicts the change in the approach temperature. As the evaporation tem-
perature is constant, the increasing approach temperature clearly illustrates the rising outlet
water temperature. The reduction of AT contributes to slowing down the initial increase of
cooling capacity caused by the increasing m.
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Figure 29: The approach temperature in rela- Figure 30: LMTD in relation to the water
tion to the water mass flow rate at 12 °C inlet mass flow rate at 12 °C inlet water temper-
water temperature. ature.

Figure 30 depicts the increasing LMTD for each pressure level. By looking at Equation 10,
the rise in LMTD can be explained as a consequence of the increased outlet water temperature
in relation to the constant inlet water temperature and refrigerant evaporation temperature.
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Figure 31: UA in relation to the water mass Figure 32: Refrigrant mass flow rate in rela-
flow rate at 12 °C inlet water temperature. tion to the water mass flow rate at 12 °C inlet
water temperature.

Figure 31 illustrates the change in UA in relation to the increased water mass flow rate. At 38
bar evaporation pressure, the slope shows a negative gradient. The steep gradient between 12-
16 kg/min water flow rate is likely to be caused by the transition from two-phased refrigerant
flow to superheated vapour at the evaporator outlet for the respective mass flow rates. As
stated earlier, the transition from two-phased refrigerant flow to superheated refrigerant flow
has a significant effect on the heat transfer abilities of the evaporator.

At 42 bar evaporation pressure, the slope shows a positive gradient between each interval. The
highest gradient slope lies between 16-18 kg/min water mass flow rate. A plausible explanation
might be the increase in refrigerant mass flow rate depicted in Figure 32. Increasing mass
flow increases the heat transfer rate in an evaporator by introducing more turbulence.

Another explanation might be found in the fact that the measured point of 42 bar evaporation
pressure, 12 °C inlet water temp and 16 kg/min water flow rate was measured on a separate
day than the following four points of 18, 20, 22 and 24 kg/min water flow rate. Minor changes
in one or more conditions might have occurred, causing the measured result at 16 kg/min to
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deviate somewhat from the expected trend set by the other four measurements. A similar
deviation at the same measured point can be seen in Fig. 28, 29, 30 and 32.

Table 14: Calculated and measured COs vapor fraction and superheat at evaporator outlet
for constant 12 °C inlet water temperature

Pressure Water mass flow rate Vapor fraction Superheat

[bar| kg/min| § °Cl

38 12 0,90 -

38 16 - -0,01

38 24 - 7,88
41 6 083 -

41 24 - -0,01
42 6 074 -

42 18 0.80 -

42 20 0.84 -

42 22 0.89 -

42 24 0.92 -

Table 14 provides an overview of the amount of vapor fraction or superheat for each measure-
ment provided in section 5.1.2 at a constant water temperature of 12 °C.
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5.1.3 Running the two-stage evaporator in gravity mode only
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Figure 33: Cooling capacity at 42 bar evaporation pressure and 16 kg/min water mass flow
rate. The capacities are measured on the gravity side, ejector side, and combined. The ejector
assisted loop is inactive.

The cooling capacity was measured on the water side for each stage in the evaporator using
temperature and water mass flow rates. The water temperature was measured at the inlet,
middle, and outlet of the evaporator by the temperature sensors TT10, TT14, and TT11
respectively. Figure 36 displays the cooling capacities measured during a gravity only-test at
42 bar evaporation pressure and 16 kg/min water mass flow rate.

44



5.2 Measured differential pressure in the downcomer and riser

Figure 34 shows the measured differential pressure in the downcomer and riser for tests per-
formed during only gravity mode.
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Figure 34: Differential pressure in the downcomer and the riser as a function of ejector outlet
mass flow rate at gravity mode.

Figure 35 shows the measured differential pressure in the downcomer and riser for tests per-
formed during combined mode.
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Figure 35: Differential pressure in the downcomer and the riser as a function of ejector outlet
mass flow rate at combined mode. The receiver tank pressure is ~ 42,2 bar.
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The differential pressure over the riser was calculated as follows:

dPyiser = P3 — P2 (26)

where P3 is the pressure at the evaporator outlet, and P2 is the pressure in the receiver tank.

The pressure at the evaporator inlet is simply the pressure at the evaporator outlet, P3,
plus the differential pressure between the evaporator inlet and outlet, DP3. The differential
pressure over the downcomer is therefore calculated as:

deowncomer = (P3 + DPT3) — P2 (27)

According to equation 26 and 27, the resulting differential pressure in both the riser and
downcomer should always be positive, as both P3 and P3 + DP3 should in theory always be
greater than P2.

As mentioned in Section 3.3, it is suspected that the placement of pressure sensor P2 is such
that the dynamic pressure from the ejector outlet flow affects the measured values. During
the gravity test runs, the ejector motive mass flow rate was equal to the outlet ejector mass
flow rate, as the suction side of the ejector was shut.

Correlations in Figure 34 and 35 seem to support the claim that the ejector outlet mass flow
rate affects the differential pressure measurements, with the exception of the results for the
downcomer at 41 bar for gravity mode, where the results seem to be randomly scattered.
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5.3 Ejector and gravity loop combined

All experiments presented in this section were conducted in combined mode, meaning both
the gravity loop and ejector assisted loop were active. The evaporation pressure at the ejector
stage was 38 bar, while the evaporation pressure in the gravity stage was approximately 42.2
bar.
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Figure 36: Combined cooling capacity in relation to inlet water temperature at four different
water mass flow rates.

Figure 36 displays the overall cooling capacity at various water mass flow rates as a function
of water inlet temperature. The different mass flow rates are 12, 16, 18, and 24 kg/min. The
temperatures were measured at the evaporator’s inlet and outlet.
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Figure 37: Gravity stage cooling capacity in Figure 38: KEjector stage cooling capacity in
relation to inlet water temperature at four dif- relation to inlet water temperature at four dif-
ferent water mass flow rates. ferent water mass flow rates.

Figur 37 og Figur 38 shows the distribution of cooling capacity in each of the two evaporation
stages.
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Figure 39: The CO2 mass flow rate through the gravity stage and the ejector stage of the
two-stage evaporator at their respective inlet water temperatures.

Figure 39 shows the distribution of CO2 mass flow rate in the gravity loop and the ejector-
assisted loop.
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6 Discussion

In this section, the results will be presented, compared to, and discussed, in relation to the
reference values provided in Table 3 in Section 2.7.

6.1 Gravity loop

The initial phase of the experiments focused solely on the gravity loop. As outlined in Table
3, the gravity loop was designed with specific parameters: 20 kW cooling capacity, 42 bar
evaporation pressure, a COy mass flow rate of 0.1378 kg/s (8.27 kg/min), an outlet vapor
fraction of 0.70 kg/kg CO , a water mass flow rate of 1.589 kg/s (95.34 kg/min), an inlet
water temperature of 13 °C, and an outlet water temperature of 10 °C.

6.1.1 Low flow rate and high pressure losses

When examining the test results, the most notable observation is that the highest achieved
cooling capacity is only about half of the expected cooling capacity based on reference values.
Both Fig. 23 and Fig. 28 illustrate a maximum cooling capacity of approximately 11 kW at
an evaporation pressure of 38 bar. In these instances, a superheat of 16.59 °C and 7.88 °C is
recorded, as per Table 13 and Table 14, respectively. Low cooling power and high superheat
suggest that the CO5 mass flow rate is insufficient to meet the cooling demand. This is further
confirmed in Fig. 27 and Fig. 32, where the highest measured mass flow is 2.66 kg/min, 68
% lower than the designed value.

The cause of the low CO2 mass flow rate is attributed to excessive pressure drop compared
to the pumping pressure provided by the liquid leg in the downcomer. The solution lies in
increasing pumping pressure and /or reducing the pressure drop in the loop. To boost pumping
pressure, one would need to increase the elevation difference between the receiver tank and
the evaporator. However, since one of the primary objectives of implementing this type of
evaporator is to maintain system compactness, this solution may need to be considered after
exploring other alternatives. A more viable approach is to attempt to reduce the pressure
drop. Aside from the pressure drop across the evaporator, it is likely that there is some
unnecessary pressure drop through the riser and the COg mass flow meter (MFsuct). Early
assumptions suggested that the riser’s pipe dimension is too small, a notion validated by
simulations conducted by Jan Bengsch in his master’s thesis [9]. Figure 40 in Appendix A
indicates that the CO5 mass flow meter is expected to contribute to an increase in pressure
drop. The figure demonstrates that an increasing mass flow results in an exponentially rising
pressure drop across the measuring instrument, which would, in turn, pose greater resistance
to potential improvements at other points in the loop. Removing the mass flow meter would
mean sacrificing the ability to collect valuable data, but may be necessary to achieve the
desired effect.

6.1.2 The effect of vapor fraction

The experiments conducted at 42 bar primarily aimed to achieve a design vapor fraction of
0.70 at the design pressure and to investigate how vapor fraction influences heat transfer
internally within the evaporator. The experiment was initially carried out by maintaining a
constant water flow rate of 16 kg/min while varying the incoming water temperature into the
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evaporator between 10-14 °C. The subsequent experiment involved maintaining a constant
water temperature of 12 °C at the evaporator inlet and varying the water flow rate between
16-24 kg/min into the evaporator.

A vapor fraction of 0.74 was achieved at a mass flow rate of 16 kg/min and an incoming
water temperature of 12 °C. Under these conditions, a CO2 mass flow rate of 1.84 kg/min
and a cooling capacity of 4.7 kW were recorded. The highest achieved cooling capacity at 42
bar evaporation pressure and a vapor fraction < 1.0 was 6.8 kW. This was attained with an
incoming water temperature of 12 °C, a water mass flow rate of 24 kg/min, a CO2 mass flow
rate of 2.15 kg/min, and a vapor fraction of 0.92. The cooling capacity would likely have been
higher if the water mass flow rate had been allowed to increase further.

The highest measured UA value was 3.15 kW /K and was achieved at 42 bar evaporator
pressure, a water inlet temperature of 12 °C, a water flow rate of 22 kg/min, and a vapor
fraction of 0.89. Comparing Fig. 26 and Table 13 reveals that UA starts to decrease rapidly
once the evaporator produces superheat. This is expected since heat transfer in a plate heat
exchanger between a gas and a liquid is significantly lower than that between two liquids.

6.1.3 Differential pressure in the downcomer and riser

An essential aspect of the experiment was the measurement of pressure drops across the
downcomer, the evaporator, and the riser. These values would have provided valuable insights
for optimizing the loop itself and simulating two-phase COq flow in pipes. Unfortunately, due
to the unfavorable placement of pressure sensor P2 and sight glass SG5 at the ejector outlet,
the measurements based on these parameters carry significant uncertainty. In practice, P2
likely measures the total pressure, including static, hydrostatic, and dynamic pressure from the
ejector, whereas the remaining pressure sensors only measure static and hydrostatic pressure
in the pipelines.

In theory, the differential pressure measured across the riser and the downcomer should have
a positive sign due to the arrangement of equations 26 and 27. In the downcomer, the total
pressure should be higher at the evaporator inlet than the static pressure in the receiver tank.
This is attributed to the additional hydrostatic pressure at the evaporator inlet provided by
the liquid leg. A negative sign in the downcomer indicates that the dynamic pressure from
the ejector exceeds the hydrostatic pressure of a 0.7 m liquid leg.

For the refrigerant to flow from the evaporator outlet, up through the riser, and back to
the receiver tank, the total pressure must be slightly higher at the evaporator’s exit than
at the receiver tank’s inlet. According to Figures 34 and 35, the measured pressure in the
receiver (P2) is consistently higher than the measured pressure at the evaporator’s exit (P3)
in all measurements. This pressure difference appears to increase with the rise in ejector
outlet mass flow rate. As long as P3 only measures static and hydrostatic pressure in the
riser, and P2 includes the dynamic pressure from the ejector, these measurements will remain
inconclusive.

6.1.4 Loss of cooling capacity in the ejector stage of the evaporator

Figure 36 shows an unexpected loss in cooling capacity through the ejector stage during tests
with the gravity loop. As the ejector stage of the evaporator was inactive and closed off on
the CO, side, the expected outcome was for the total cooling capacity to roughly equal the
cooling capacity produced by the gravity stage. However, the graph shows a considerable loss
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in cooling capacity through the ejector stage. This trend applied to all tests conducted in
gravity mode. The reason for the losses is that the water heats up as it flows through the
inactive stage. The temperature increase ranges from 0.16 K to as high as 0.87 K, which far
exceeds the expected difference between the temperature sensors.

One plausible explanation is that heat may be "leaking" through the central divider plate
within the heat exchanger. Figure 11 shows how hot water enters the heat exchanger from
the top and gradually cools while descending towards the bottom. Within this second stage,
water ascends and exits from the top on the opposite side of the entrance. As cooling is not
active in the second stage, the water is solely subjected to warming by the central divider
plate.

The placement of the temperature sensors might also be a contributing factor, especially the
sensor placed in the middle of the evaporator. Given that this sensor is installed in such a
manner that it cannot be visually inspected, as opposed to the entrance and exit tempera-
ture sensors, it remains challenging to determine its influence on the registered temperature
difference.

6.2 Two-stage evaporator

The results of the combined test show that the concept works. Figures 36, 37 and 38 show
that a higher water mass flow rate provides a more even distribution of cooling capacity in
the two stages of the evaporator. Figure 39 clearly emphasizes how the gravity loop does not
achieve a high enough CO2 mass flow rate.
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7 Conclusion

The main objective of the thesis was to run experimental investigations on a novel two-stage
evaporator in a transcritical COs system. The thesis aimed to investigate the performance of
the evaporator in single-stage and in two-stage, as well as evaluating the performance of the
gravity loop configuration.

This is the first time that this type of testing has been conducted on the rig with an inte-
grated two-stage evaporator. Due to the lack of experience, several significant obstacles were
encountered along the way, greatly affecting the scope of the thesis.

The tests that were planned and carried out did not prove to be the most suitable for the
thesis. Several of the results from specific experiments have been excluded from discussion
due to their limited relevance. They are, however, included in the attachments.

The gravity loop was able to achieve a cooling capacity of approximately 11 kW at an evap-
oration pressure of 38 bar. This is approximately half of the expected cooling capacity. The
low cooling capacity is attributed to low CO2 mass flow rate through the gravity loop, caused
by the high pressure drop across the loop compared to the pumping pressure provided by the
liquid leg.

The unfortunate placement of the P2 pressure sensor made the measurement of pressure drop
across the downcomer and the riser invalid. This made it hard to identify what part of the
gravity loop contributed most to the pressure loss.

Another challenge is the loss of cooling capacity in the ejector stage of the evaporator during
gravity mode tests. This is likely due to heat leakage through the central divider plate or the
positioning of the temperature sensors.

The two-stage evaporator concept was shown to be functional. Figures 36, 37 and 38 show
that a higher water mass flow rate provides a more even distribution of cooling capacity in
the two stages of the evaporator.

Overall, the results of this thesis show that the gravity loop and two-stage evaporator concept
is feasible for CO2 transcritical refrigeration. However, further work is needed to optimize
the design and improve the performance of the system.
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8 Further Work

The most critical part of making the concept work optimally is to reduce the pressure loss
in the gravity loop. This can be done by increasing the pipe diameter in the riser and by
removing the mass flow meter in the downcomer.

The second thing that needs to be done is to relocate the pressure sensor P2 and the connection
to SGH to a new point at the top of the receiver tank. This will allow for the measurement
of the liquid height in the tank, as well as accurate pressure measurements. With accurate
pressure measurements, it will be possible to see the pressure difference between the riser and
the downcomer, and to analyze the effect of the measures taken to reduce pressure loss.

Additional experiments should be conducted to investigate the liquid distribution in the ejector
stage and the gravity stage more closely. A more even distribution equal to the mass flow in
the design criteria should be a goal.

The experiments must be carefully planned in advance, and the goal of the task must be
clearly defined from start to finish.
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Appendix

A Pressure drop over the CO; mass flow meter
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Figure 40: Pressure drop for water provided by the manufacturer [28]

Figure 40 is the pressure drop over the RHMO06 mass flow meter provided by the manufacturer.

B P&ID of the Multifunctional test-rig
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C Risk assessment

The following risk assessment was written by Krzysztof Banasiak and Helene Langeng for
SINTEF Energi AS, and was available in the lab by the Multifunctional test-rack. It was
thoroughly read before the first test runs to gain a proper understanding of the possible risks,
their consequences, and the actions to reduce their likelihood or prevent them from happening.

Additionally, a practical demonstration of emergency procedures was performed by Angel
Alvarez Pardifias from SINTEF.
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D Python codes

D.1 Main

nnn

Created on Wed October 13 2021
Qauthor: Angel Alvarez Pardinas

Edited by Johan Hafsaas and Mihir Hazarika

nnn

import numpy as np
import pandas as pd

import accuracyCalculations as aC
import systemPerformance as sP

import os
import matplotlib.pyplot as plt

import CoolProp
from CoolProp.CoolProp import PropsSI

from nptdms import TdmsFile

def importLabVIEW(filename):
#Function that imports a LabVIEW file (tdms) and formats it.

tdms_file = TdmsFile.read(filename)
group = tdms_file["Data"]
selected_data = tdms_file['Data'].channels () [:]
df = pd.DataFrame(selected_data[0].data, columns=[selected_data[0].namel)
for j in range(1,len(group)):
df [jl=pd.DataFrame (selected_datal[j].data)
df=df .rename (columns={j:selected_datal[j].name})

# df ['Time'] = df['Time'].apply(lambda x: pd.to_datetime(x.tz_localize('
UTC') .tz_convert ('CET'), errors='coerce', format='YY-%m-%d %H:%M:%S"'))

df ['Time'] = df['Time'].apply(lambda x: pd.to_datetime(x.tz_localize('UTC
') .tz_convert ('CET'), errors='coerce'))

df ['Time'] = pd.to_datetime(df.Time).dt.tz_localize (None)

return df # df = data frame

; def importMinilog(filename):
#Function that imports a Minilog file and formats it.

# df = pd.read_csv(filename, sep = ';', decimal= '.', dtype = str)
df = pd.read_csv(filename, sep = ';', decimal= ',"')
df ['Time'] = pd.to_datetime(df['Time'], errors='coerce')

# df ['Time'] = df['Time'].apply(lambda x: pd.to_datetime(x.tz_localize('
UTC') .tz_convert ('CET'), errors='coerce'))

return df

def tableStats (df):
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def

def

def

#Creates dataframes with statistical values

all_columns = df.columns[1:].to_numpy(dtype = str) #all column names
except 'Time'

df = df[all_columns].astype('float64') #all columns except 'Time' is now
converted to floats (objects -> string -> float)

print ('All columns: \n',all_columns)

#Dataframe with mean, standard deviation, maximum and minimum

df _stats = pd.DataFrame ([df.mean(numeric_only=True), df.std(numeric_only=
True), df .max(numeric_only=True), df.min(numeric_only=True)],index=['Mean'
,'Std', 'Max', 'Min'], columns=all_columns)

df _stats = aC.accuracySensors (df_stats)

return df_stats

writeExcel (df, df _stats, filename):
#Converts all interesting information from one measurement to a excel
file.
#df = merged df, dfl = 1abVIEW, df2 = minilog, df_stats, df_corrections,
df _corrected from function tableStats.
with pd.ExcelWriter(filename) as writer:

df .to_excel (writer, sheet_name='Synchronized data')

# dfl.to_excel (writer, sheet_name='LabVIEW data')

# df2.to_excel(writer, sheet_name='Minilog data')

df _stats.to_excel (writer, sheet_name='Statistical data')

# df _corrections.to_excel (writer, sheet_name='Corrections')

# df _corrected.to_excel (writer, sheet_name='Corrected statistical
data')
return

createExcel (filename ,df_sP,df_sP_u):
#Creates a new file for systemPerformance values.
with pd.ExcelWriter(filename) as writer:
df _sP.to_excel(writer, sheet_name='main', index=False)
df _sP_u.to_excel (writer, sheet_name='uncertainty', index = False)
return

appendToExcel (filename ,df_sP,df_sP_u):

#Appends systemPerformance to an existing excel file.

df _old = pd.read_excel(filename,sheet_name='main')

df _old_u = pd.read_excel(filename,sheet_name='uncertainty')

df _new = df_old.append(df_sP,ignore_index=True)
df _new_u = df_old_u.append(df_sP_u,ignore_index=True)

with pd.ExcelWriter (filename) as writer:

df _new.to_excel (writer, sheet_name='main', index = False)
df _new_u.to_excel (writer, sheet_name='uncertainty', index = False)
return

measurements_gravity = {'filename_LabVIEW': ['Log_01_24.03.2022_08.33.44. tdms

','Log_01_24.03.2022_08.33.44.tdms"', 'Log_01_24.03.2022_08.33.44. tdms"', "'
Log_01_24.03.2022_08.33.44. tdms"',

'Log_01_24.03.2022_08.33.44. tdms'
,'Log_01_25.03.2022_08.39.58.tdms"', 'Log_01_25.03.2022_08.39.58.tdms"',"'
Log_01_25.03.2022_08.39.58. tdms"',

'Log_01_25.03.2022_08.39.58. tdms'
,'Log_01_25.03.2022_08.39.58.tdms"', 'Log_01_28.03.2022_11.05.05.tdms"',"'
Log_01_28.03.2022_11.05.05. tdms "',

'Log_01_28.03.2022_11.05.05. tdms'
,'Log_01_29.03.2022_08.12.36.tdms"', 'Log_01_29.03.2022_08.12.36.tdms"',"'
Log_01_29.03.2022_08.12.36. tdms"',

'Log_01_29.03.2022_08.12.36. tdms'
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,'Log_01_29.03.2022_08.12.36.tdms"', 'Log_01_29.03.2022_08.12.36.tdms"',"'
Log_01_30.03.2022_08.25.36. tdms "',

104 'Log_01_30.03.2022_08.25.36. tdms'
,'Log_01_30.03.2022_08.25.36.tdms"', 'Log_01_30.03.2022_08.25.36.tdms"',"
Log_01_30.03.2022_08.25.36. tdms "',

105 'Log_01_30.03.2022_08.25.36. tdms'
,'Log_01_31.03.2022_08.29.07.tdms"', 'Log_01_31.03.2022_08.29.07.tdms"',"
Log_01_31.03.2022_08.29.07.tdms '],

106 'filename_MiniLog': ['202109
_MultiTest_HeatJet_20220324_001.csv','202109
_MultiTest_HeatJet_20220324_001.csv','202109
_MultiTest_HeatJet_20220324_001.csv',

107 '202109
_MultiTest_HeatJet_20220324_001.csv','202109
_MultiTest_HeatJet_20220324_001.csv','202109
_MultiTest_HeatJet_20220325_001.csv',

108 '202109
_MultiTest_HeatJet_20220325_001.csv','202109
_MultiTest_HeatJet_20220325_001.csv','202109
_MultiTest_HeatJet_20220325_001.csv',

109 '202109
_MultiTest_HeatJet_20220325_001.csv','202109
_MultiTest_HeatJet_20220328_002.csv', '202109
_MultiTest_HeatJet_20220328_002.csv',

110 '202109
_MultiTest_HeatJet_20220328_002.csv','202109
_MultiTest_HeatJet_20220329_001.csv','202109
_MultiTest_HeatJet_20220329_001.csv',

111 '202109
_MultiTest_HeatJet_20220329_001.csv','202109
_MultiTest_HeatJet_20220329_001.csv','202109
_MultiTest_HeatJet_20220329_001.csv',

112 '202109
_MultiTest_HeatJet_20220329_001.csv','202109
_MultiTest_HeatJet_20220330_001.csv','202109
_MultiTest_HeatJet_20220330_001.csv',

113 '202109
_MultiTest_HeatJet_20220330_001.csv','202109
_MultiTest_HeatJet_20220330_001.csv','202109
_MultiTest_HeatJet_20220330_001.csv',

114 '202109
_MultiTest_HeatJet_20220330_001.csv','202109
_MultiTest_HeatJet_20220331_001.csv','202109
_MultiTest_HeatJet_20220331_001.csv','202109
_MultiTest_HeatJet_20220331_001.csv'],

115 'start': ['2022-03-24 11:27:00','2022-03-24 10:47:00"',"
2022-03-24 13:25:00','2022-03-24 15:21:00','2022-03-24 15:54:00"',"
2022-03-25 14:56:19','2022-03-25 14:14:00"',

116 '2022-03-25 10:44:00','2022-03-25 11:20:00"',"'
2022-03-25 13:15:00','2022-03-28 12:51:00','2022-03-28 13:51:00"',"
2022-03-28 15:01:00','2022-03-29 09:55:00"',

117 '2022-03-29 10:42:00','2022-03-29 11:40:00"',"
2022-03-29 12:45:00','2022-03-29 14:12:00','2022-03-29 14:52:00"',"
2022-03-30 11:41:00','2022-03-30 12:10:00"',

118 '2022-03-30 13:50:00','2022-03-30 14:18:00"',"'
2022-03-30 15:13:00','2022-03-30 16:18:00','2022-03-31 11:08:00"',"
2022-03-31 12:17:00','2022-03-31 13:10:27"',1]1,

119 'end': ['2022-03-24 11:42:00','2022-03-24 11:02:00"',"
2022-03-24 13:45:00','2022-03-24 15:36:00','2022-03-24 16:09:00"',"
2022-03-25 15:22:38"','2022-03-25 14:29:00"',

120 '2022-03-25 10:59:00','2022-03-25 11:35:00"',"'
2022-03-25 13:30:00','2022-03-28 13:06:00"','2022-03-28 14:06:00"',"
2022-03-28 15:16:00"','2022-03-29 10:10:00"',
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121

122

123
124

129

130

131

132

133

134

136

137

138

139

140

141

'2022-03-29 10:57:00','2022-03-29 11:55:00"',"
2022-03-29 13:00:00','2022-03-29 14:27:00','2022-03-29 15:07:00"',"'
2022-03-30 11:57:00"','2022-03-30 12:25:00"',
'2022-03-30 14:05:00','2022-03-30 14:34:00"',"'
2022-03-30 15:28:00','2022-03-30 16:33:00','2022-03-31 11:23:00"',"'
2022-03-31 12:32:00','2022-03-31 13:17:02'],
'Mode': 'Gravity',

'T_gw,in [ C ]':

[|15|,|15|’|15|’|12|,|10|’|20|’|10|,|10|

,'10',"'15','20',"'15"','10"',"'15"',"'12"','12"',"'12"','12"','10"','20"','15"',"'12"','10

|’I20l,l15l’I20|’I15l’l12I]’

'p_evap [bar]':

’|41|’|41|’|44|’|44|’|44|]’

'"flow_water [kg/min]':

['36','24','12','12','12','24','2

['38','38','38','38','38','35','35','38',
'3g','38','41','41','41','35"','35','38"','41','41','41','38"','38','38"','38"

4

|’I24l,l18|,I18|’I24l’l24l,I24|’|24l,l24l’I24|,|24l,l16|’I16|’|16I,l16I’I

i6','16','16"','16"','16"',"'16"'
tdms', 'Log_01_07.04.2022_08.
'Log_01_06.04.2022_14.52.32.

tdms', 'Log_01_07.04.2022_08
'Log_01_06.04.2022_14.52.32.

tdms', 'Log_01_08.04.2022_09
'Log_01_08.04.2022_09.22.47.

tdms', 'Log_01_08.04.2022_09
'Log_01_08.04.2022_09.22.47.

tdms', 'Log_01_11.04.2022_08
'Log_01_11.04.2022_08.22.10.

tdms', 'Log_01_11.04.2022_08

'filename_MiniLog':
_MultiTest_HeatJet_20220407_001

,'16'1}

s measurements_combined = {'filename_LabVIEW': ['Log_01_07.04.2022_08.26.23.

26.23.tdms', 'Log_01_07.04.2022_08.26.23. tdms

tdms ',

.26.23. tdms

tdms ',

.22.47. tdms

tdms ',

.22.47. tdms

tdms ',

.22.10. tdms

tdms ',

'Log_01_07.04.2022_08.26.23.
'Log_01_05.04.2022_09.41.40. tdms

'Log_01_06.04.2022_08.53.24.
'Log_01_08.04.2022_09.22.47. tdms

'Log_01_08.04.2022_09.22.47.
,'Log_01_12.04.2022_08.39.28. tdms

'Log_01_11.04.2022_08.22.10.
,'Log_01_11.04.2022_08.22.10. tdms

'Log_01_11.04.2022_08.22.10.

.22.10.tdms '],
['202109
.Csv','202109

_MultiTest_HeatJet_20220407_001.Csv','202109
_MultiTest_HeatJet_20220407_001.Csv',

'202109

_MultiTest_HeatJet_20220406_003.Csv', '202109
_MultiTest_HeatJet_20220407_001.Csv','202109
_MultiTest_HeatJet_20220407_001.Csv',

'202109

_MultiTest_HeatJet_20220405_001.Csv','202109
_MultiTest_HeatJet_20220406_003.Csv','202109
_MultiTest_HeatJet_20220406_002.Csv',

'202109

_MultiTest_HeatJet_20220408_001.Csv','202109
_MultiTest_HeatJet_20220408_001.Csv','202109
_MultiTest_HeatJet_20220408_001.Csv',

'202109

_MultiTest_HeatJet_20220408_001.Csv','202109
_MultiTest_HeatJet_20220408_001.Csv','202109
_MultiTest_HeatJet_20220412_001.Csv',

'202109

_MultiTest_HeatJet_20220408_001.Csv','202109
_MultiTest_HeatJet_20220411_001.Csv','202109
_MultiTest_HeatJet_20220411_001.Csv',

'202109

_MultiTest_HeatJet_20220411_001.Csv','202109
_MultiTest_HeatJet_20220411_001.Csv','202109
_MultiTest_HeatJet_20220411_001.Csv',

'202109
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_MultiTest_HeatJet_20220411_001.Csv'],

142 'start': ['2022-04-07 13:43:00','2022-04-07 14:14:00"',"
2022-04-07 11:48:00','2022-04-06 16:04:00','2022-04-07 9:55:00"',"'
2022-04-07 10:22:00','2022-04-05 15:52:00"',

143 '2022-04-06 15:32:00','2022-04-06 11:15:00"',"'
2022-04-08 11:25:00','2022-04-08 10:45:00','2022-04-08 12:10:00"',"
2022-04-08 13:28:00','2022-04-08 13:01:00"',

144 '2022-04-12 14:13:00','2022-04-08 15:25:00"',"'
2022-04-11 11:38:00','2022-04-11 10:45:00','2022-04-11 12:36:00"', "'
2022-04-11 14:25:00','2022-04-11 13:31:00"',

145 '2022-04-11 15:50:00'1],

146 'end': ['2022-04-07 13:58:00','2022-04-07 14:29:00"',"'
2022-04-07 12:03:00','2022-04-06 16:25:00','2022-04-07 10:10:00"',"
2022-04-07 10:41:00','2022-04-05 16:10:00"',

147 '2022-04-06 15:47:00','2022-04-06 11:30:00"',"'
2022-04-08 11:45:00','2022-04-08 11:05:00"','2022-04-08 12:30:00"',"'
2022-04-08 13:44:00','2022-04-08 13:21:00"',

148 '2022-04-12 14:33:00','2022-04-08 15:40:00"',"'
2022-04-11 11:53:00','2022-04-11 11:00:00"','2022-04-11 12:51:00"',"'
2022-04-11 14:45:00','2022-04-11 13:51:00"',

149 '2022-04-11 16:10:00'],

150 'Mode': 'Combined',

151 'T_gw,in [ C ]': ['20','17.7"','156"','20"',"'17.7"',"'16"',"'12",
'20','16','20','20"','20','15"',"'15"','12"',"12"','17.5"','15"',"'12"','20','17.5",
'156'1,

152 'p_evap [bar]': ['35','35','35','38','38','38"','38"',"'41",
'41','38','38','38','38','38','38"','38','38"','38"','38"',"'41"','41"','41"'],

153 'flow_water [kg/min]': ['16','16','16"','16',"'16"',"'16"','16
','16','16"',"'12"','18"','24"','12','18"','12"','18"','24"','24"','24"','24"','24"' "'
24'1}

154

155

156 # ========================================S========S==========================

157 # Which measurement or measurements the for-loop runs

158 # S==================S=SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSsS=S=S=s==s===s====

159 measurements = measurements_gravity

160

filename_exportExcel

= 'SystemPerformance_gravity.xlsx'

161 write_excel = True

162 new_excel = True

163 SM = False

164

Il S S e e S S e I e e e e i
166 # For-loop analysing the measurements

167 e e e e e e e e b Eets

168
169 for i in range(len(measurements['start'])):

170
171 HHHHAHAH AR HAH RS HA A B HH AR SRR SR A A B HH AR AR B A HH AR HH R B AR AR B SRR SRS AR HH A RS HHS
172 #

173 #

174 # Import .csv-files, merge and interpolate with nearest value.

175 #

176 #

177 HAHHAHAHHAHAHBHHAHBH B HAH BB HAH AR B AR AR RS HAH RSB AR AR BB AR RSB AR RSB HAH BB R HH
178

179 filenamel = measurements['filename_LabVIEW'][i]

180 filename2 = measurements['filename_MiniLog'][i]

181

182 os.chdir(r'C:\Users\johan\Desktop\Experimental _Python')

183

184 dfl1 = importLabVIEW(filenamel)

185 df2 = importMinilog(filename2)

186
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188

189
190

191

192

193

194

195

196

234

235

H O OH HF B OH H

#0nly use for the first files which did not have all the channels up to
date

df1 = dfl.rename(columns={'AI11': 'RHE_MFn', 'AI12': 'PT4', 'AI13': 'DPT3
', 'AI14': 'DPT4', 'RTDO2':'TT4', 'RTDO3':'TT14'})
dfl1 = dfil.rename(columns={'RTDO2':'TT4', 'RTDO3':'TT14'})

# #Merge the two dataframes with respect to 'Time' column and fill NaN
values with nearest value.

# #Should be similar to MATLAB's synchronize(tablel, table2, 'union', '
nearest ') function.

# df = pd.merge_asof (dfl, df2, on="Time", tolerance=pd.Timedelta("1ms"))
df = pd.merge_asof (dfl, df2, on="Time", direction='mnearest')

#Converts datatypes in dataframe to a prefered datatype. Convert_integer=
False means it does not convert anything to integers.

#Used mainly to convert any objects to 'string' (and later to float). (
objects -> string -> float)
df = df.convert_dtypes(convert_integer=False)

HARHHAABHBAAHRBAFHBAAHBBAAH B AR B BABHBARAHHBASHBRAHHBAAH B AR B BAAHHBR AR RS

#
#
# Load calculations
#
#
#

HERABHHARHHBAABHBARAAHBASHBRAH B AR R BAAHBBARBH B AR R BASHBRA SR BA SR BRAHHBH RS S

#Choose measurement part to look at:

start = pd.to_datetime (measurements['start'][i], errors='coerce')
end = pd.to_datetime (measurements['end'][i], errors='coerce')
condition = (df['Time'] > start) & (df['Time'] <= end)
measurement = df.loc[condition]

#Include uncertainties in the DataFrame

df _stats = tableStats (measurement)
measurement_info = {'Date': str(start.date()),
'Time_start': str(start.time()),
'Time_end': str(end.time()),
'Mode': measurements['Mode'],
'T_gw,in [ C ]': str(measurements['T_gw,in [ C ]'I1[i]),
'p_evap [bar]': str(measurements['p_evap [bar]'][il),
'flow_water [kg/min]': str(measurements['flow_water [kg/min]'][i
DN
df _systemPerformance = pd.DataFrame (measurement_info ,index=[0])
df _uncertainty_systemPerformance = pd.DataFrame (measurement_info,index
=[01)

#Most important data
df _systemPerformance, df_uncertainty_systemPerformance = sP.getData(
df _stats, df_systemPerformance, df_uncertainty_systemPerformance)

#Q evaporators Water Side / C02 side / Velocity pipe / Superheat plate HX
/ Ejector calculations

df _systemPerformance, df_uncertainty_systemPerformance = sP.getlLoadsWater
(df_stats, df _systemPerformance, df_uncertainty_systemPerformance)
df __systemPerformance, df_uncertainty_systemPerformance = sP.

getLoadC02_ejector (df _stats, df_systemPerformance,
df_uncertainty_systemPerformance)

df _systemPerformance, df_uncertainty_systemPerformance = sP.
getlLoadC02_gravity (df _stats, df_systemPerformance,
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240

df _uncertainty_systemPerformance)

df _systemPerformance, df_uncertainty_systemPerformance = sP.getSuperheat(
df _stats, df_systemPerformance, df_uncertainty_systemPerformance)

df _systemPerformance, df_uncertainty_systemPerformance = sP.getLMTD (

df _stats, df_systemPerformance, df_uncertainty_systemPerformance)

df _systemPerformance, df_uncertainty_systemPerformance = sP.getUA(

df _systemPerformance, df_uncertainty_systemPerformance)

df _systemPerformance, df_uncertainty_systemPerformance = sP.ejector_calc(
df _stats, df_systemPerformance, df_uncertainty_systemPerformance)

df _systemPerformance, df_uncertainty_systemPerformance = sP.

getVapourFraction_gravity (df _stats, df_systemPerformance,
df _uncertainty_systemPerformance)
df _systemPerformance = sP.getDPT(df_stats, df_systemPerformance)

HAHRAHAHBARARBHBA R AR B R AR BA B AR AR B AR AR BB ABRH B AR AR B AR AB BB AR AR B R B AR BH B HHH

#
#
# Export data to excel (if True).
#
#
#

HAHAHHARAHBH R AR BHBAR AR BB AR BB AH B BA R AR BB AH BB A B RH B AR AH BB AH BB A B RS HHH

filename_export = r'{}_{}_{}_{}_{}C_{}_{}.xlsx'.format (measurement_infol['
Date'] ,measurement_info['Time_start'].replace(':','-"'),measurement_infol['
Time_end'].replace(':','-"'), measurement_info['Mode'], measurement_infol['
T_gw,in [ C ]1'], measurement_info['p_evap [bar]'], measurement_infol['
flow_water [kg/min]'])

if write_excel == True:
writeExcel (measurement, df_stats, filename_export)

if new_excel == True and i == O0:
createExcel (filename_exportExcel ,df _systemPerformance,
df_uncertainty_systemPerformance)
else:
appendToExcel (filename_exportExcel ,df _systemPerformance,
df_uncertainty_systemPerformance)
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D.2 accuracyCalculations

nnn

Created on Wed October 13 2021

Qauthor: Angel Alvarez Pardinas

Edited by Johan Hafsaas

nnn

import numpy as np
import pandas as pd

def

def

def

def

def

eliminatingMissing(df_corrected, variables, variables2 = []):
#Find logical array with the values that are in the array
notMissing = np.inld(variables, df_corrected.columns.to_numpy())
variables = variables[notMissing]

# print(variables)

if len(variables2) != O0:

variables2 = variables2[notMissing]
# print(variables2)
return variables, variables2

diffPressEH_PMD75 (df _corrected, set_span, variables, rect) :
#Differential pressure Deltabar PMD75
MME = 0.035 # Max. measurement error 0,035} of set span
for i in range(len(variables)):

typeA = df _corrected.loc['Std'].at[variables[i]]

typeB = MME/100*set_span[i]/rect

df _corrected.at['Uncertainty',variables[i]] = np.sqrt(typeA**2 +
typeB*%2)
return df_corrected

pressPMP71(df_corrected, set_span, variables, rect):
#Endress+Hauser Absolute and gauge pressure Cerabar PMP71
Accuracy = 0.075 #Percentage of the set_span for the standard version
for i in range(len(variables)):

typeA = df _corrected.loc['Std'].at[variables[i]]

typeB = Accuracy/100*set_span[il/rect

df _corrected.at['Uncertainty',variables[i]] = np.sqrt(typelA**2 +
typeB**2)
return df_corrected

massFlowRheonik08 (df _corrected, variables, rect):
#Mass flow meters Rheonik

RHM_mass = 0.2 #Percentage of the reading in the normal operation range

#We neglect the different uncertainty for very low values
for i in range(len(variables)):
typeA = df _corrected.loc['Std'].at[variables[i]]

typeB = df _corrected.loc['Mean'].at[variables[i]]*RHM_mass/100/rect

df _corrected.at['Uncertainty',variables[i]] = np.sqrt(typeA**2 +
typeB*%2)

return df_corrected

massFlowRheonik06 (df _corrected, variables, rect):
#Mass flow meters Rheonik

RHM_mass = 0.5 #Percentage of the reading in the normal operation range

#We neglect the different uncertainty for very low values
for i in range(len(variables)):
typeA = df _corrected.loc['Std'].at[variables[i]]

typeB = df_corrected.loc['Mean'].at[variables[i]]*RHM_mass/100/rect

df _corrected.at['Uncertainty',variables[i]] = np.sqrt(typeA**2 +
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def

def

typeB**2)
return df_corrected

tempRTD (df _corrected, variables, rect):

#PT100 and PT1000 Class A = PT_factor*(a+b*xTdegC)
PT_factor = 1 #Due to class

PT_a = 0.15

PT_b = 0.002

#We are conservative and not reduce the uncertainty due to correction

for i in range(len(variables)):
typeA = df _corrected.loc['Std'].at[variables[i]]

typeB = PT_factor*(PT_a+PT_b*df_corrected.loc['Mean'].at[variables[i

11)/rect

df _corrected.at['Uncertainty',variables[i]] = np.sqrt(typeA**2 +

typeB**2)
return df_corrected

accuracySensors (df _corrected):

all_columns = df_corrected.columns

#Add a new row to df_corrected with the uncertainty

df _uncertainty = pd.DataFrame ([np.zeros(len(all_columns))], index [
Uncertainty '], columns = all_columns)

df _corrected = df_corrected.append(df_uncertainty)

#Rectangulat approximation of measurements. Uncertainty of sensor is '
error' divided by factor sqrt(3)

rect = np.sqrt(3)

#PMD75

variables = np.array(['DPT1', 'DPT2', 'DPT3', 'DPT4'])

set_span = np.array([10, 5, 5, 5]) #bar

df _corrected = diffPressEH_PMD75(df_corrected, set_span, variables, rect)
#Pressure sensors Endress+Hauser PMP21

variables = np.array(['PT2', 'PT1', 'PT3', 'PT4'])

set_span = np.array([50,70,60,60]) #bar

df _corrected = pressPMP?l(df_corrected, set_span, variables, rect)

#Mass flow meters Rheonik RHLOS8

variables = np.array(['RHE_26472_MFoil', 'RHE_24722_MF1', 'RHE_24721_MF2'
, 'RHE_33612_MFmot', 'RHE_33708_MFG', 'RHE_MFn'])

variables, param = eliminatingMissing(df_corrected, variables)

df _corrected = massFlowRheonikO8 (df_corrected, variables, rect)

#Mass flow meters Rheonik RHLOG6

variables = np.array(['RHE_09109_MFsuct'])

variables, param = eliminatingMissing(df_corrected, variables)

df _corrected = massFlowRheonikO6 (df_corrected, variables, rect)
#Temperature sensors RTD

variables = np.array(['TTO', 'TT3', 'TT1', 'TT10', 'TT11', 'TT12', 'TT13'
, 'TT22', 'TT21', 'TT4', 'TT14'])

variables, param = eliminatingMissing(df_corrected, variables)

df _corrected = tempRTD(df_corrected, variables, rect)

return df_corrected
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D.3 systemPerformance

nnn

Created on Wed October 13 2021
Qauthor: Angel Alvarez Pardinas

Edited by Johan Hafsaas and Mihir Hazarika

nnn

import numpy as np
from CoolProp.CoolProp import PropsSI
import CoolProp.CoolProp as CP

# CP.set_config_string(CP.ALTERNATIVE_REFPROP_LIBRARY_PATH, r'C:\Programfiler
(x86) \REFPROP\REFPRP64 .d11"')
# print (CP.get_global_param_string ("REFPROP_version"))

fluidl = 'CarbonDioxide'
fluid2 = 'Water'
#Example

#PropsSI('T','P',1e5%35,'Q"',1,fluidl)

def tempDiff (templ, u_templ, temp2, u_temp2):
#Difference of max two temperatures
temp_diff = (templ - temp2)
SC_temp = 1 #Sensitivity coefficient of templ and temp2
u_temp_diff = np.sqrt(np.power (SC_temp*u_templ,2) + np.power (SC_tempx*
u_temp2,2))
return temp_diff, u_temp_diff

def addMassFlow(massflowl, u_massflowl, massflow2, u_massflow2):
#Addition of two mass flowrates for water

massflow = massflowl + massflow2
SC_massflow = 1
u_massflow = np.sqrt(np.power (SC_massflow*u_massflowl ,2) + np.power (

SC_massflow*u_massflow2,2))
return massflow, u_massflow

; def tempAv(templ, u_templ, temp2, u_temp2):

#Average of max two temperatures

temp_av = (templ + temp2)/2

SC_temp = 0.5 #Sensitivity coefficient of templ and temp2

u_temp_av = np.sqrt(np.power (SC_temp*u_templ ,2) + np.power (SC_tempx*
u_temp2,2))

return temp_av, u_temp_av

def densWater (temp, u_temp):
#Properties water from CoolProp
temp = temp + 273.15#To Kelvin
dens_water = PropsSI('D','P',1e5,'T',temp,fluid2)
#Uncertainty density due to temperature measurement type B
u_dens_water_temp = PropsSI('T','P',1e5,'T',temp + u_temp,fluid2) -
PropsSI('T','P',1e5,'T',temp,fluid2)
SC_temp = 1 #Sensitivity coefficient of the temperature on the combined
uncertainty
#Percentage due to uncertainty of the properties of water from CoolProp.
#Assumed same as REFPROP, i.e. 0.00001% at latm, 0.001% at other
pressures
correlation_diff = 0.001
u_dens_water_corr = correlation_diff/100*dens_water #Uncertainty density
due to correlation type B
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SC_corr = 1 #Sensitivity coefficienct is assumed to be 1
#Uncertainty type B

u_dens_water = np.sqrt(np.power (SC_temp*u_dens_water_temp ,2) + np.power (
SC_corr*u_dens_water_corr ,2))
return dens_water , u_dens_water

def cpWater(temp, u_temp):
#Properties water from CoolProp
temp = temp + 273.15 #To Kelvin
cp_water = PropsSI('C','P',1e5,'T', temp, fluid2) #Actual cp in J/kgK;
#Uncertainty cp due to temperature
u_cp_water_temp = PropsSI('C','P',1e5,'T', temp + u_temp, fluid2) -
PropsSI('C','P',1e5,'T', temp, fluid2) #Uncertainty cp due to temperature
measurement
SC_temp = 1 #Sensitivity coefficient of the temperature on the combined
uncertainty
#Percentage due to uncertainty of the properties of water from CoolProp
#Assumed same as REFPROP, i.e. 0.1% in the liquid

correlation_diff = 0.1 #Percentage for the uncertainty of the tabled data
u_cp_water_corr = correlation_diff/100*cp_water #Uncertainty cp due to
correlation

SC_corr = 1 #Sensitivity coefficienct is assumed to be 1

#Uncertainty type B

u_cp_water = np.sqrt(np.power (SC_temp*u_cp_water_temp ,2) + np.power (

SC_corr*u_cp_water_corr ,2))
return cp_water, u_cp_water

#Calculate loads and uncertainties water side
def loadWaterSide(temp_in, u_temp_in, temp_out, u_temp_out, massflow,
u_massflow):
#Function for the load in the water side, any HX.
#Assume properties at average temperature.
#Call function of average temperature
temp_av ,u_temp_av = tempAv(temp_in,u_temp_in,temp_out,u_temp_out)
#Call function of temperature difference
temp_diff ,u_temp_diff = tempDiff (temp_in,u_temp_in,temp_out,u_temp_out)
#Call functions for the properties needed.
cp_Water ,u_cp_Water = chater(temp_av,u_temp_av) #cp is calculated with
the average temperature, J/kgK
#Calculate the load at the water side

load_Water = temp_diff * cp_Water * massflow #mass flow originally in kg/

S

#Calculate the uncertainty of the load at the glycol side

SC_temp_diff = cp_Water*massflow #Sensitivity coefficient of the
temperature difference on the combined uncertainty

SC_cp_Water = temp_diff*massflow #Sensitivity coefficient of the cp on
the combined uncertainty

SC_massflow = temp_diff*cp_Water #Sensitivity coefficient of the volflow
on the combined uncertainty

u_load_Water = np.sqrt(np.power (SC_temp_diff*u_temp_diff ,2) + np.power(
SC_cp_Water*u_cp_Water ,2) + np.power (SC_massflow*u_massflow,2))

return load_Water, u_load_Water

def getLoadsWater (df_stats, df_sP, df_sP_u):

# Plate HX. 3 possibilities, only gravity loop, only ejector loop,
gravity loop and ejector loop in series

temp_in = df_stats.loc['Mean'].at['TT10']

u_temp_in = df_stats.loc['Uncertainty'].at['TT10"']
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temp_mid = df_stats.loc['Mean'].at['TT14"']
u_temp_mid = df_stats.loc['Uncertainty'].at['TT14"']
temp_out = df_stats.loc['Mean'].at['TT11']
u_temp_out = df_stats.loc['Uncertainty'].at['TT11"']

# Mass flow for gravity loop and ejector loop in series
massflowl = df_stats.loc['Mean'].at['RHE_24722_MF1']/60 #kg/s

u_massflowl = df_stats.loc['Uncertainty'].at['RHE_24722_MF1']/60 #kg/s
massflow2 = df_stats.loc['Mean'].at['RHE_24721_MF2']/60 #kg/s
u_massflow2 = df_stats.loc['Uncertainty'].at['RHE_24721_MF2']/60 #kg/s
massflow, u_massflow = addMassFlow(massflowl, u_massflowl, massflow2,
u_massflow2)
load_Water_gravity, u_load_Water_gravity = loadWaterSide(temp_in,
u_temp_in, temp_mid, u_temp_mid, massflow, u_massflow)
df _sP.loc[0,'Q_Water_gravity [W]'] = load_Water_gravity
df _sP_u.loc[0,'Q_Water_gravity [W]'] = u_load_Water_gravity
load_Water_ejector, u_load_Water_ejector = loadWaterSide(temp_mid,
u_temp_mid, temp_out, u_temp_out, massflow, u_massflow)
df _sP.loc[0,'Q_Water_ejector [W]'] = load_Water_ejector
df _sP_u.loc[0,'Q_Water_ejector [W]'] = u_load_Water_ejector
load_Water_combined, u_load_Water_combined = loadWaterSide (temp_in,
u_temp_in, temp_out, u_temp_out, massflow, u_massflow)
df _sP.loc[0,'Q_Water_combined [W]'] = load_Water_combined
df _sP_u.loc[0,'Q_Water_combined [W]'] = u_load_Water_combined
return df_sP, df_sP_u

#Superheat PlateHX

def Superheat(temp, u_temp, pres, u_pres):
#Properties C02 from CoolProp
temp = temp + 273.15 #To Kelvin
#Calculate saturation temperature and uncertainty for the saturation
temperature
sat_temp = PropsSI('T','P',leb*pres,'Q',1,fluidl) #In Kelvin;
SC_sat_temp_CoolProp = 1
sat_temp_CoolProp = 0.2 #In percentage, from REFPROP
u_sat_temp_CoolProp = sat_temp_CoolProp/100*sat_temp
SC_sat_temp_upres = 1
u_sat_temp_upres = PropsSI('T','P',1eb*x(pres + u_pres),'Q',1,fluidl) -

PropsSI('T','P',leb*pres,'Q',1,fluidl)

u_sat_temp = np.sqrt(np.power (SC_sat_temp_CoolProp*u_sat_temp
+ np.power (SC_sat_temp_upres*u_sat_temp_upres ,2))

#Calculate superheat and uncertainty of superheat

superheat = temp - sat_temp

SC_temp = 1

_CoolProp,2)

u_superheat = np.sqrt(np.power (SC_temp*u_temp,2) + np.power (SC_temp*

u_sat_temp,2))
return superheat, u_superheat

def getSuperheat (df_stats, df_sP, df_sP_u):
# Superheat for plate HX in ejector
temp_out = df_stats.loc['Mean'].at['TT4"']
u_temp_out = df_stats.loc['Uncertainty'].at['TT4"']
pres_vap = df_stats.loc['Mean'].at['PT4"']
u_pres_vap = df_stats.loc['Uncertainty'].at['PT4"']

superheat_ejector , u_superheat_ejector = Superheat(temp_out,
pres_vap, u_pres_vap)
df _sP.loc [0, 'Superheat_ejector [K]'] = superheat_ejector

u_temp_out,
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df _sP_u.loc [0, 'Superheat_ejector [K]'] = u_superheat_ejector

# Superheat for plate HX in gravity loop

temp_out_gravity = df_stats.loc['Mean'].at['TT3']

u_temp_out_gravity = df_stats.loc['Uncertainty'].at['TT3']
pres_vap_gravity = df_stats.loc['Mean'].at['PT3']

u_pres_vap_gravity = df_stats.loc['Uncertainty'].at['PT3']
superheat_gravity, u_superheat_gravity = Superheat (temp_out_gravity,
u_temp_out_gravity, pres_vap_gravity, u_pres_vap_gravity)

df _sP.loc [0, 'Superheat_gravity [K]'] = superheat_gravity

df _sP_u.loc [0, 'Superheat_gravity [K]']l = u_superheat_gravity

return df_sP, df_sP_u

# Pressure drop in riser and downcomer
def getDPT(df_stats, df_sP): # Missing uncertainty calculations

PT2 df _stats.loc['Mean'].at['PT2']

PT3 df _stats.loc['Mean'].at['PT3"']

DPT3 = df_stats.loc['Mean'].at['DPT3']

# Downcomer gravity side

p_evap = PT3 + DPT3

DPT_downcomer = p_evap - PT2

df _sP.loc [0, 'dp_Downcomer_gravity [bar]'] = DPT_downcomer
# Riser gravity side

DPT_riser = PT3 - PT2

df _sP.loc[0, 'dp_Riser_gravity [bar]']l] = DPT_riser

return df_sP

# Estimate cooling load through ejector on CO02 side when superheated

; def getLoadC02_ejector (df_stats, df_sP, df_sP_u):

PT4 = df_stats.loc['Mean'].at['PT4']

u_PT4 = df_stats.loc['Uncertainty'].at['PT4"']

DPT4 = df_stats.loc['Mean'].at['DPT4"']

u_DPT4 = df_stats.loc['Uncertainty'].at['DPT4"']

p_evap = PT4 + DPT4

SC_PT4 = 1

SC_DPT4 = 1

u_p_evap = np.sqrt(np.power (SC_PT4*u_PT4,2) + np.power (SC_DPT4*xu_DPT4,2))

#Enthalpy from REFPROP:

#Inlet evaporator

h_in = PropsSI('H','P', p_evapx*le5,'Q', 0,fluidl)

SC_h_in_pres =1

u_h_in_pres = PropsSI('H','P', (p_evap + u_p_evap)*1le5,'Q', 0,fluidl) -
PropsSI('H','P', p_evap*1le5,'Q', 0,fluidl)

SC_h_in_CoolProp =1

h_in_CoolProp = 1.5 #J from REFPROP (heat capacity liquid)
u_h_in_CoolProp = h_in_CoolProp/100*h_in

u_h_in = np.sqrt(np.power (SC_h_in_pres*u_h_in_pres,2) + np.power (
SC_h_in_CoolProp*u_h_in_CoolProp ,2))

#0utlet evaporator

pres_out = df_stats.loc['Mean'].at['PT4']

u_pres_out = df_stats.loc['Uncertainty'].at['PT4"']

temp_out = df_stats.loc['Mean'].at['TT4'] + 273.15 # In Kelvin

u_temp_out = df_stats.loc['Uncertainty'].at['TT4"']

h_out = max(PropsSI('H','P', pres_out*le5,'T', temp_out,fluidl) ,PropsSI('
H','P', pres_outx*1le5,'Q', 1,fluidl))

SC_h_out_pres = 1

u_h_out_pres = PropsSI('H','P', (pres_out+u_pres_out)*1e5,'T', temp_out,
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fluidl) - PropsSI('H','P', pres_out*leb,'T', temp_out,fluidl)
SC_h_out_temp = 1

u_h_out_temp = PropsSI('H','P', pres_out#*le5,'T', temp_out + u_temp_out,
fluidl) - PropsSI('H','P', pres_out*leb,'T', temp_out,fluidl)
SC_h_out_CoolProp = 1

h_out_CoolProp = 0.15 #) from REFPROP (heat capacity vapour)
u_h_out_CoolProp = h_out_CoolProp/100*xh_out

u_h_out = np.sqrt(np.power (SC_h_out_pres*u_h_out_pres,2) + np.power (
SC_h_out_temp*u_h_out_temp,2) + np.power(SC_h_out_CoolPropx*
u_h_out_CoolProp,2))

#Enthalpy difference

delta_h = h_out - h_in

SC_h =1

u_delta_h = np.sqrt(np.power (SC_h*u_h_out,2) + np.power (SC_h*u_h_in,2))

#Mass flow meter
massflow = df_stats.loc['Mean'].at['RHE_MFn']/60 #kg/s
u_massflow = df_stats.loc['Uncertainty'].at['RHE_MFn']/60 #kg/s

#Calculation load

load_C02 = massflow * delta_h

SC_load_C02_dh = massflow

SC_load_C02_massflow = delta_h

u_load_C02 = np.sqrt(np.power (SC_load_C02_dh*u_delta_h,2) + np.power (
SC_load_C02_massflow*u_massflow,2))

df _sP.loc[0,'Q_C02_ejector [W]'] = load_CO02

df _sP_u.loc[0,'Q_C02_ejector [W]'] = u_load_CO02

#0utlet vapor frac

Q_Water_ejector = df_sP.loc[0,'Q_Water_ejector [W]']

u_Q_Water_ejector = df_sP_u.loc[0,'Q_Water_ejector [W]']

SC_h_real_hin = 1

SC_h_real_Q = 1/massflow

SC_h_real_mass = Q_Water_ejector/np.power (massflow,2)

h_out_real = Q_Water_ejector/massflow + h_in

u_h_out_real = np.sqrt(np.power(SC_h_real_ Q*u_Q_Water_ejector ,2) + np.
power (SC_h_real_mass*u_massflow,2) + np.power(SC_h_real_hin*u_h_in,2))

vapour_frac_out = PropsSI('Q', 'P', p_evap*leb, 'H', h_out_real, fluidl)
u_vapour_frac_out = PropsSI('Q', 'P', (p_evap + u_p_evap)*leb, 'H', (
h_out_real + u_h_out_real), fluidl) - PropsSI('Q', 'P', p_evapx*leb5, 'H',
h_out_real, fluidil)

df_sP.loc[O,'vapour_frac_ejector'] = vapour_frac_out

df _sP_u.loc [0, 'vapour_frac_ejector'] = u_vapour_frac_out

return df_sP, df_sP_u

# Estimate cooling load through gravity loop on C02 side when superheated
def getLoadC02_gravity(df_stats, df_sP, df_sP_u):

PT3 = df_stats.loc['Mean'].at['PT3']

u_PT3 = df_stats.loc['Uncertainty'].at['PT3']

DPT3 = df_stats.loc['Mean'].at['DPT3']

u_DPT3 = df_stats.loc['Uncertainty'].at['DPT3']

p_evap = PT3 + DPT3

SC_PT3 1

SC_DPT3 = 1

u_p_evap = np.sqrt(np.power (SC_PT3*u_PT3,2) + np.power (SC_DPT3*u_DPT3,2))

#Enthalpy from REFPROP:

#Inlet evaporator

h_in = PropsSI('H','P', p_evap*le5,'Q', 0,fluidl)

SC_h_in_pres = 1

u_h_in_pres = PropsSI('H','P', (p_evap + u_p_evap)x*le5,'Q', 0,fluidl) -
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PropsSI('H','P', p_evap*1le5,'Q', 0,fluidl)

SC_h_in_CoolProp = 1

h_in_CoolProp = 1.5 #J from REFPROP (heat capacity liquid)
u_h_in_CoolProp = h_in_CoolProp/100*h_in

u_h_in = np.sqrt(np.power (SC_h_in_pres*u_h_in_pres,2) + np.power (
SC_h_in_CoolProp*u_h_in_CoolProp ,2))

#0utlet evaporator

pres_out = df_stats.loc['Mean'].at['PT3']

u_pres_out = df_stats.loc['Uncertainty'].at['PT3']

temp_out = df_stats.loc['Mean'].at['TT3'] + 273.15 # In Kelvin
u_temp_out = df_stats.loc['Uncertainty'].at['TT3"']

h_out = max(PropsSI('H','P', pres_out*le5,'T', temp_out,fluidl) ,PropsSI('
H','P', pres_outx*1le5,'Q', 1,fluidl))

SC_h_out_pres = 1

u_h_out_pres = PropsSI('H','P', (pres_out+u_pres_out)*1e5,'T', temp_out,
fluidl) - PropsSI('H','P', pres_out*1e5,'T', temp_out,fluidl)
SC_h_out_temp = 1

u_h_out_temp = PropsSI('H','P', pres_out*1e5,'T', temp_out + u_temp_out,
fluidl) - PropsSI('H','P', pres_out*1le5,'T', temp_out,fluidl)
SC_h_out_CoolProp = 1

h_out_CoolProp = 0.15 #J from REFPROP (heat capacity vapour)
u_h_out_CoolProp = h_out_CoolProp/100*h_out

u_h_out = np.sqrt(np.power (SC_h_out_pres*u_h_out_pres ,2) + np.power (
SC_h_out_temp*u_h_out_temp ,2) + np.power (SC_h_out_CoolProp*
u_h_out_CoolProp,2))

#Enthalpy difference

delta_h = h_out - h_in

SC_h =1

u_delta_h = np.sqrt(np.power (SC_h*u_h_out ,2) + np.power (SC_h*u_h_in,2))

#Mass flow meter
massflow = df_stats.loc['Mean'].at['RHE_09109_MFsuct']/60 #kg/s
u_massflow = df_stats.loc['Uncertainty'].at['RHE_09109_MFsuct']/60 #kg/s

#Calculation load

load_C02 = massflow * delta_h

SC_load_C02_dh = massflow

SC_load_C02_massflow = delta_h

u_load_C02 = np.sqrt(np.power (SC_load_C02_dh*u_delta_h,2) + np.power(
SC_load_C02_massflow*u_massflow,2))

df _sP.loc[0,'Q_C02_gravity [W]'] = load_CO02

df _sP_u.loc[0,'Q_C02_gravity [W]'] = u_load_CO02

#0utlet vapor frac

Q_Water_gravity = df_sP.loc[0,'Q_Water_gravity [W]']

u_Q_Water_gravity = df_sP_u.loc[0,'Q_Water_gravity [W]']

SC_h_real_hin = 1

SC_h_real_Q = 1/massflow

SC_h_real_mass = Q_Water_gravity/np.power (massflow,2)

h_out_real = Q_Water_gravity/massflow + h_in

u_h_out_real = np.sqrt(np.power(SC_h_real Q*u_Q_Water_gravity,2) + np.
power (SC_h_real_mass*u_massflow,2) + np.power(SC_h_real_hin*u_h_in,2))
vapour_frac_out = PropsSI('Q', 'P', p_evapx*le5, 'H', h_out_real, fluidl)
u_vapour_frac_out = PropsSI('Q', 'P', (p_evap + u_p_evap)*leb, 'H', (
h_out_real + u_h_out_real), fluidl) - PropsSI('Q', 'P', p_evapx*le5, 'H',
h_out_real, fluidil)

df_sP.loc [0, 'vapour_frac_gravity'] = vapour_frac_out

df _sP_u.loc [0, 'vapour_frac_gravity']l = u_vapour_frac_out

return df_sP, df_sP_u
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324 # Estimate the the vapour fraction at outlet gravity HX
325 def getVapourFraction_gravity(df_stats, df_sP, df_sP_u):

326 PT3 = df_stats.loc['Mean'].at['PT3"']

327 u_PT3 = df_stats.loc['Uncertainty'].at['PT3']
328 DPT3 = df_stats.loc['Mean'].at['DPT3']

329 u_DPT3 = df_stats.loc['Uncertainty'].at['DPT3"']
330 p_evap = PT3 + DPT3

331 SC_PT3 =1

332 SC_DPT3 = 1

333 u_p_evap = np.sqrt(np.power (SC_PT3*u_PT3,2) + np.power (SC_DPT3xu_DPT3,2))
1

335 #Enthalpy from REFPROP:

336 #Inlet evaporator

337 h_in = PropsSI('H','P',p_evapx*leb5,'Q',0,fluidl)

338 h_lat = PropsSI('H','P',p_evap*le5,'Q',1,fluidl)

339 SC_h_in_pres =1

340 u_h_in_pres = PropsSI('H','P', (p_evap + u_p_evap)*le5,'Q', 0,fluidl) -
PropsSI('H','P', p_evap*1le5,'Q', 0,fluidl)

341 SC_h_in_CoolProp =1

342 h_in_CoolProp = 1.5 #J from REFPROP (heat capacity liquid)

343 u_h_in_CoolProp = h_in_CoolProp/lOO*h_in

344 u_h_in = np.sqrt(np.power (SC_h_in_pres*u_h_in_pres,2) + np.power (

SC_h_in_CoolProp*u_h_in_CoolProp ,2))

346 #Mass flow meter

347 massflow = df_stats.loc['Mean'].at['RHE_09109_MFsuct']/60 #kg/s

348 u_massflow = df_stats.loc['Uncertainty'].at['RHE_09109_MFsuct']/60 #kg/s
349

350 #0utlet vapour fraction

351 Q_Water_gravity = df_sP.loc[0,'Q_Water_gravity [W]']

352 h_out = Q_Water_gravity/massflow + h_in

353 # vapour_frac_out = PropsSI('Q', 'P', p_evapx*le5, 'H', h_out, fluidl)
354 vapour_frac_out_lin = (h_out-h_in)/(h_lat-h_in)

355 # df _sP.loc [0, 'vapour_frac,gravity'] = vapour_frac_out

356 df _sP.loc [0, 'vapour_frac_lin,gravity'] = vapour_frac_out_lin

357

358 return df_sP, df_sP_u

361 def LMTD(templ_a, u_templ_a, templ_b, u_templ_b, temp2_a, u_temp2_a, temp2_b,
u_temp2_b):
362 diff_a = templ_a - temp2_a
363 SC_temp = 1
364 u_diff_a = np.sqrt(np.power (SC_temp*u_templ_a,2) + np.power (SC_temp*
u_temp2_a,2))
365 diff_b = templ_b - temp2_b
366 u_diff_b = np.sqrt(np.power (SC_temp*u_templ_b,2) + np.power (SC_temp*
u_temp2_b,2))
367 LMTD = (diff_a - diff_b)/np.log(diff_a/diff_b)
368 SC_LMTD_diff_a = (np.log(diff_a/diff_b)-(diff_a-diff_b)/diff_a)/np.power(
np.log(diff_a/diff_b) ,2)
369 SC_LMTD_diff_b = (-np.log(diff_a/diff_b)+(diff_a-diff_b)/diff_b)/np.power
(np.log(diff_a/diff_b),2)
370 u_LMTD = np.sqrt(np.power (SC_LMTD_diff_a*u_diff_a,2) + np.power (
SC_LMTD_diff_b*u_diff_b,2))
1 return LMTD, u_LMTD

373 def getLMTD(df_stats, df_sP, df_sP_u):
1 #Plate HX in gravity loop

temp_water_in = df_stats.loc['Mean'].at['TT10'] + 273.15 # In Kelvin
6 u_temp_water_in = df_stats.loc['Uncertainty'].at['TT10']

7 temp_water_out = df_stats.loc['Mean'].at['TT14'] + 273.15 # In Kelvin

ot
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389
390
391
392
393
394
395
396
397
398
399
100
401
402
103
404

105

4106

u_temp_water_out = df_stats.loc['Uncertainty'].at['TT14"']

p_evap = df_stats.loc['Mean'].at['PT3"']

u_p_evap = df_stats.loc['Uncertainty'].at['PT3']

temp_evap = PropsSI('T','P',leb*p_evap,'Q',1,fluidl) #In Kelvin;
SC_temp_evap_CoolProp = 1

temp_evap_CoolProp = 0.2 #In percentage, from REFPROP
u_temp_evap_CoolProp = temp_evap_CoolProp/100*temp_evap
SC_temp_evap_upres = 1

u_temp_evap_upres = PropsSI('T','P',leb*(p_evap + u_p_evap),'Q',1,fluidl)
- PropsSI('T','P',leb*p_evap,'Q',1,fluidl)

u_temp_evap = np.sqrt(np.power (SC_temp_evap_CoolProp*u_temp_evap_CoolProp
,2) + np.power (SC_temp_evap_upres*u_temp_evap_upres ,2))

LMTD_HX _gravity, u_LMTD_HX_gravity = LMTD(temp_water_in, u_temp_water_in,
temp_water_out, u_temp_water_out, temp_evap, u_temp_evap, temp_evap,

u_temp_evap)

df _sP.loc[0, 'LMTD_HX_gravity [K]'] = LMTD_HX_gravity

df _sP_u.loc [0, 'LMTD_HX_gravity [K]'] = u_LMTD_HX_gravity

#Plate HX in ejector loop

temp_water_in = df_stats.loc['Mean'].at['TT14'] + 273.15 # In Kelvin
u_temp_water_in = df_stats.loc['Uncertainty'].at['TT14']

temp_water_out = df_stats.loc['Mean'].at['TT11'] + 273.15 # In Kelvin
u_temp_water_out = df_stats.loc['Uncertainty'].at['TT11"']

p_evap = df_stats.loc['Mean'].at['PT4"']

u_p_evap = df_stats.loc['Uncertainty'].at['PT4"']

temp_evap = PropsSI('T','P',l1eb*p_evap,'Q',1,fluidl) #In Kelvin;
SC_temp_evap_CoolProp = 1

temp_evap_CoolProp = 0.2 #In percentage, from REFPROP
u_temp_evap_CoolProp = temp_evap_CoolProp/100*temp_evap
SC_temp_evap_upres = 1

u_temp_evap_upres = PropsSI('T','P',leb*(p_evap + u_p_evap),'Q',1,fluidl)
- PropsSI('T','P',leb*xp_evap,'Q',1,fluidl)

u_temp_evap = np.sqrt(np.power (SC_temp_evap_CoolProp*u_temp_evap_CoolProp
,2) + np.power (SC_temp_evap_upres*u_temp_evap_upres ,2))

LMTD_HX_ejector, u_LMTD_HX_ejector = LMTD(temp_water_in, u_temp_water_in,
temp_water_out, u_temp_water_out, temp_evap, u_temp_evap, temp_evap,

u_temp_evap)

df _sP.loc[0,'LMTD_HX_ejector [K]'] = LMTD_HX_ejector

df _sP_u.loc [0, 'LMTD_HX_ejector [K]'] = u_LMTD_HX_ejector

return df_sP, df_sP_u

def UA (Qevap, u_Qevap, LMTD_evap, u_LMTD_evap):

UA = Qevap/LMTD_evap

SC_Qevap = 1/LMTD_evap

SC_LMTD_evap = Qevap/np.power (LMTD_evap ,2)

u_UA = np.sqrt(np.power (SC_Qevap*u_Qevap ,2) +np.power (SC_LMTD_evap*
u_LMTD_evap ,2))

return UA, u_UA

def getUA(df_sP, df_sP_u):

#Plate HX in ejector loop

Qevap = df_sP.loc[0,'Q_Water_ejector [W]']

u_Qevap = df_sP_u.loc[0,'Q_Water_ejector [W]']

LMTD_evap = df_sP.loc[0,'LMTD_HX_ejector [K]']

u_LMTD_evap = df_sP_u.loc[0,'LMTD_HX_ejector [K]']

UA_HX, u_UA_HX = UA(Qevap, u_Qevap, LMTD_evap, u_LMTD_evap)
df _sP.loc[0,'UA_HX_ejector [W/K]'] = UA_HX

df _sP_u.loc[0,'UA_HX_ ejector [W/K]']l] = u_UA_HX

#Plate HX in gravity loop
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446

448

449

450

460

161

462

163

164

465

166

468

469

def

Qevap = df_sP.loc[0,'Q_Water_gravity [W]']

u_Qevap = df_sP_u.loc[0,'Q_Water_gravity [W]']

LMTD_evap = df_sP.loc[0,'LMTD_HX_gravity [K]']

u_LMTD_evap = df_sP_u.loc[0,'LMTD_HX_gravity [K]']

UA_HX, u_UA_HX = UA(Qevap, u_Qevap, LMTD_evap, u_LMTD_evap)
df_sP.loc[0,'UA_HX_gravity [W/K]'] = UA_HX

df _sP_u.loc [0, 'UA_HX_gravity [W/K]'] = u_UA_HX

return df_sP, df_sP_u

getData (df_stats, df_sP, df_sP_u):

df _sP.loc[0, 'p_motive [bar]'] = df_stats.loc['Mean'].at['PT1']

df _sP_u.loc[0, 'p_motive [bar]'] = df_stats.loc['Uncertainty'].at['PT1']
df _sP.loc[0, 'p_tank [bar]'] = df_stats.loc['Mean'].at['PT2']

df _sP_u.loc [0, 'p_tank [bar]'] = df_stats.loc['Uncertainty']l.at['PT2']

df _sP.loc [0, 'p_HX_gravity [bar]'] = df_stats.loc['Mean'].at['PT3']

df _sP_u.loc [0, 'p_HX_gravity [bar]']l] = df_stats.loc['Uncertainty'].at['PT3
"]

df _sP.loc[0,'p_HX_ejector [bar]']l = df_stats.loc['Mean'].at['PT4']

df _sP_u.loc[0, 'p_HX_ejector [bar]'] = df_stats.loc['Uncertainty'].at['PT4
"]

df _sP.loc [0, 'p_receiver [bar]']
+ 1

df _sP_u.loc[0, 'p_receiver [bar]'] = df_stats.loc['Uncertainty'].at['Prec
[bargl ']

df _sP.loc[0,'dp_ej,lift [bar]'] df _stats.loc['Mean'].at['DPT1']

df _sP_u.loc[0,'dp_ej,lift [bar]'] = df_stats.loc['Uncertainty'].at['DPT1"
]

df _sP.loc[0, 'dp_wat ,HX [bar]']l] = df_stats.loc['Mean'].at['DPT2']

df _sP_u.loc [0, 'dp_wat ,HX [bar]'] = df_stats.loc['Uncertainty'].at['DPT2']
df _sP.loc [0, 'dp_C02_gravity ,HX [bar]'] = df_stats.loc['Mean'].at['DPT3']
df _sP_u.loc[0, 'dp_C02_gravity ,HX [bar]'] = df_stats.loc['Uncertainty'].at
['DPT3"']

df _sP.loc[0,'dp_CO02_ejector ,HX [bar]'] = df_stats.loc['Mean'].at['DPT4']
df _sP_u.loc[0, 'dp_C02_ejector ,HX [bar]'] = df_stats.loc['Uncertainty'].at
['DPT4 ']

df _sP.loc[0, 'MF_wat ,MF1 [kg/min] ']
RHE_24722_MF1']

df _sP_u.loc[0, 'MF_wat ,MF1 [kg/min]'] = df_stats.loc['Uncertainty'].at['
RHE_24722_MF1']

df _sP.loc [0, 'MF_wat ,MF2 [kg/min]']
RHE_24721_MF2']

df _sP_u.loc[0, 'MF_wat ,MF2 [kg/min]"']
RHE_24721_MF2']

df _sP.loc [0, 'MF_gascooler [kg/min]"']
RHE_33708_MFG ']

df _sP_u.loc[0, 'MF_gascooler [kg/min]'] = df_stats.loc['Uncertainty'].at[’
RHE_33708_MFG ']

df _sP.loc[0, 'MF_oil [kg/min]'] = df_stats.loc['Mean'].at['RHE_26472_MFoil
"]

df _sP_u.loc[0, 'MF_o0il [kg/min]'] = df_stats.loc['Uncertainty'].at['
RHE_26472_MFoil']

df _sP.loc [0, 'MF_ej,mot [kg/min]'] = df_stats.loc['Mean'].at["'
RHE_33612_MFmot ']

df _sP_u.loc [0, 'MF_ej,mot [kg/min]'] = df_stats.loc['Uncertainty'].at[’
RHE_33612_MFmot ']

df _sP.loc[0, 'MF_gravity [kg/min]'] = df_stats.loc['Mean'].at['
RHE_09109_MFsuct ']

df _sP_u.loc[0, 'MF_gravity [kg/min]'] = df_stats.loc['Uncertainty'].at['
RHE_09109_MFsuct ']

df _sP.loc [0, 'MF_ejector [kg/min]'] = df_stats.loc['Mean'].at['RHE_MFn']
df _sP_u.loc[0,'MF_ejector [kg/min]'] = df_stats.loc['Uncertainty'].at['
RHE_MFn ']

df _sP.loc[0, 'T_wat ,HX,in [\N{DEGREE SIGN}C]'] = df_stats.loc['Mean'].at['

df _stats.loc['Mean'].at['Prec [barg]']

df _stats.loc['Mean'].at['

df _stats.loc['Mean'].at['

df _stats.loc['Uncertainty'].at['

df _stats.loc['Mean'].at["
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TT10']

df _sP_u.loc[0,'T_wat ,HX,in [\N{DEGREE SIGN}C]'] = df_stats.loc['
Uncertainty'].at['TT10']

df _sP.loc[0, 'T_wat ,HX,mid [\N{DEGREE SIGN}C]'] = df_stats.loc['Mean'].at[
"TT14']

df _sP_u.loc[0, 'T_wat ,HX,mid [\N{DEGREE SIGN}C]'] = df_stats.locl['
Uncertainty'].at['TT14"']

df _sP.loc[0, 'T_wat ,HX,out [\N{DEGREE SIGN}C]'] = df_stats.loc['Mean'].atl[
"TT11']

df _sP_u.loc[0, 'T_wat ,HX,out [\N{DEGREE SIGN}C]'] = df_stats.locl['
Uncertainty'].at['TT11']

df _sP.loc[0,'T_ej,mot [\N{DEGREE SIGN}C]'] = df_stats.loc['Mean'].at['TT1
"]

df _sP_u.loc[0,'T_ej,mot [\N{DEGREE SIGN}C]'] = df_stats.loc['Uncertainty'
J.at['TT1']

df _sP.loc[0,'T_ej,suct [\N{DEGREE SIGN}C]'] = df_stats.loc['Mean'].at['
TT4']

df _sP_u.loc[0,'T_ej,suct [\N{DEGREE SIGN}C]'] = df_stats.loc['Uncertainty
'].at['TT4"']

df _sP.loc[0,'T_gravity,out [\N{DEGREE SIGN}C]'] = df_stats.loc['Mean'].at
['TT3']

df _sP_u.loc[0, 'T_gravity,out [\N{DEGREE SIGN}C]'] = df_stats.loc['
Uncertainty'].at['TT3']

return df_sP, df_sP_u

def ejector_calc(df_stats, df_sP, df_sP_u):

#A11 LabVIEW values

p_outlet = df_stats.loc['Mean'].at['PT2']

p_suction = df_stats.loc['Mean'].at['PT4"']

p_motive = df_stats.loc['Mean'].at['PT1']
u_p_outlet = df_stats.loc['Uncertainty'].at['PT2']
u_p_suction = df_stats.loc['Uncertainty'].at['PT4']
u_p_motive = df_stats.loc['Uncertainty'].at['PT1']

p_lift_calc = p_outlet - p_suction

u_p_lift_calc = np.sqrt(np.power (u_p_outlet ,2)+np.power (u_p_suction,2))
df _sP.loc[0,'p_lift_calc [bar]']l] = p_lift_calc

df _sP_u.loc[0, 'p_lift_calc [bar]'] = u_p_lift_calc

p_lift_dp = df_stats.loc['Mean'].at['DPT1']
u_p_lift_dp = df_stats.loc['Uncertainty'].at['DPT1']
df _sP.loc[0,'p_lift_dp [bar]'l = p_lift_dp

df _sP_u.loc[0,'p_lift_dp [bar]']l = u_p_lift_dp

sp_ratio = p_outlet/p_suction

SC_outlet = 1/p_suction

SC_suction = p_outlet/np.power (p_suction,2)

u_sp_ratio = np.sqrt(np.power (SC_outlet*u_p_outlet ,2)+np.power (SC_suction
*u_p_suction,2))

df _sP.loc [0, 'suction_pressure_ratio [-]'] = sp_ratio

df _sP_u.loc [0, 'suction_pressure_ratio [-]'] = u_sp_ratio




mdot_motive = df_stats.loc['Mean'].at['RHE_33612_MFmot ']
u_mdot_motive = df_stats.loc['Uncertainty'].at['RHE_33612_MFmot']
mdot_suction = df_stats.loc['Mean'].at['RHE_MFn']

u_mdot_suction = df_stats.loc['Uncertainty'].at['RHE_MFn']

me_ratio = mdot_suction / mdot_motive

SC_mdot_motive = mdot_suction/np.power (mdot_motive ,2)

SC_mdot_suction = 1/mdot_motive

u_me_ratio = np.sqrt(np.power (SC_mdot_motive*u_mdot_motive ,2)+np.power (

SC_mdot_suction*u_mdot_suction,?2))

df _sP.loc[0, 'mass_entrainment_ratio [-]'] = me_ratio
df _sP_u.loc[0, 'mass_entrainment_ratio [-]'] = u_me_ratio

temp_suction = df_stats.loc['Mean'].at['TT4"']
u_temp_suction = df_stats.loc['Uncertainty'].at['TT4"']
temp_motive = df_stats.loc['Mean'].at['TT1']
u_temp_motive = df_stats.loc['Uncertainty']l.at['TT1']

#Enthalpy motive

h_A = PropsSI('H','P', p_motivexle5,'T', temp_motive+273.15,fluidl)
SC_h_A_pres =1

u_h_A_pres = PropsSI('H','P', (p_motive+u_p_motive)*1e5,'T', temp_motive
+273.15,fluidl) - PropsSI('H','P', p_motivex*le5,'T', temp_motive+273.15,
fluidl)

SC_h_A_temp = 1

u_h_A_temp = PropsSI('H','P', p_-motivex*xle5,'T', temp_motive+u_temp_motive
+273.15,fluidl) - PropsSI('H','P', p_motivex*le5,'T', temp_motive+273.15,
fluidil)

SC_h_A_CoolProp = 1

h_A_CoolProp = 1.5 #J, from REFPROP (heat capacity liquid)

u_h_A_CoolProp = h_A_CoolProp/lOO*h_A

u_h_A = np.sqrt(np.power (SC_h_A_pres*u_h_A_pres ,2)+np.power (SC_h_A_temp*
u_h_A_temp ,2)+np.power (SC_h_A_CoolProp*u_h_A_CoolProp,2))

#Entropy motive nozzle

s_A = PropsSI('Smass','P', p_motivexleb5,'T', temp_motive+273.15,fluidl)
SC_s_A_pres =1

u_s_A_pres = PropsSI('Smass','P', (p_motive+u_p_motive)*1le5,'T',

temp_motive+273.15,fluidl) - PropsSI('Smass','P', p_motivexleb5,'T',

temp_motive+273.15,fluidl)

SC_s_A_temp =1

u_s_A_temp = PropsSI('Smass','P', p_motivexleb5,'T', temp_motive+

u_temp_motive+273.15,fluidl) - PropsSI('Smass','P', p_motivexleb5,'T',

temp_motive+273.15,fluidl)

SC_s_A_CoolProp = 1

s_A_CoolProp = 1.5 #J, from REFPROP (heat capacity liquid). No better info
for the entropy..

u_s_A_CoolProp = s_A_CoolProp/100*s_A

u_s_A = np.sqrt(np.power(SC_s_A_pres*u_s_A_pres ,2)+np.power (SC_s_A_tempx*

u_s_A_temp,2)+np.power (SC_s_A_CoolProp*u_s_A_CoolProp,2))

#Enthalpy motive after isentropic expansion to outlet pressure

h_ B = PropsSI('H','P', p_outletx*1le5,'Smass', s_A,fluidl)

SC_h_B_pres =1

u_h_B_pres = PropsSI('H','P', (p_outlet+u_p_outlet)*1e5,'Smass', s_A,
fluidl) - PropsSI('H','P', p_outlet*leb,'Smass', s_A,fluidl)

SC_h_B_s =1
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u_h_B_s = PropsSI('H','P', p_outletx*1leb5,'Smass', s_A + u_s_A,fluidl) -
PropsSI('H','P', p_outlet*leb5,'Smass', s_A,fluidl)
SC_h_B_CoolProp = 1
h_B_CoolProp = 1.5 #J, from REFPROP (heat capacity 1liquid)
u_h_B_CoolProp = h_B_CoolProp/lOO*h_B

h_ B = np.sqrt(np.power (SC_h_B_pres*u_h_B_pres ,2)+np.power (SC_h_B_s*

u
u_h_B_s,2)+np.power (SC_h_B_CoolProp*u_h_B_CoolProp,2))

#Enthalpy difference isentropic expansion

delta_h_exp = h_A - h_B

SC_h =1

u_delta_h_exp = np.sqrt(np.power (SC_h*u_h_A,2) + np.power (SC_h*u_h_B,2))

#Enthalpy suction

h_ D = max(PropsSI('H','P', p_suction*leb5,'T', temp_suction+273.15,fluidl)
, PropsSI('H','P', p_suction*le5,'Q', 1,fluidl))

SC_h_D_pres =1

u_h_D_pres = PropsSI('H','P', (p_suction+u_p_suction)x*leb5,'T',
temp_suction+273.15,fluidl) - PropsSI('H','P', p_suctionx*le5,'T"',
temp_suction+273.15,fluidl)

SC_h_D_temp = 1

u_h_D_temp = PropsSI('H','P', p_suction*1e5,'T', temp_suction+
u_temp_suction+273.15,fluidl) - PropsSI('H','P', p_suctionx*1le5,'T',
temp_suction+273.15,fluidl)

SC_h_D_CoolProp = 1

h_D_CoolProp = 0.15 #% from REFPROP (heat capacity vapour)

u_h_D_CoolProp = h_D_CoolProp/100*h_D

u_h_D = np.sqrt(np.power (SC_h_D_pres*u_h_D_pres ,2)+np.power (SC_h_D_temp*
u_h_D_temp,2)+np.power (SC_h_D_CoolProp*u_h_D_CoolProp,2))

#Entropy suction nozzle

s_D = max(PropsSI('Smass','P', p_suctionx*le5,'T', temp_suction+273.15,
fluidl), PropsSI('Smass','P', p_suctionx*le5,'Q', 1,fluidl))

SC_s_D_pres =1

u_s_D_pres = PropsSI('Smass','P', (p_suction+u_p_suction)x*leb5,'T',
temp_suction+273.15,fluidl) - PropsSI('Smass','P', p_suctionx*leb5,'T',
temp_suction+273.15,fluidl)

SC_s_D_temp = 1

u_s_D_temp = PropsSI('Smass','P', p_suction*le5,'T', temp_suction+
u_temp_suction+273.15,fluidl) - PropsSI('Smass','P', p_suctionx*1e5,'T',
temp_suction+273.15,fluidl)

SC_s_D_CoolProp = 1

s_D_CoolProp = 0.15 #J from REFPROP (heat capacity liquid). No better
info for the entropy..

u_s_D_CoolProp = s_D_CoolProp/100*s_D

u_s_D = np.sqrt(np.power(SC_s_D_pres*u_s_D_pres ,2)+np.power (SC_s_D_tempx*
u_s_D_temp,2)+np.power (SC_s_D_CoolProp*u_s_D_CoolProp,2))

#Enthalpy suction after isentropic compression to outlet pressure

h_C = PropsSI('H','P', p_outletx*leb5,'Smass', s_D,fluidl)

SC_h_C_pres =1

u_h_C_pres = PropsSI('H','P', (p_outlet+u_p_outlet)*1e5,'Smass', s_D,
fluidl) - PropsSI('H','P', p_outlet*1leb, 'Smass', s_D,fluidl)

SC_h_C_s =1

u_h C_s = PropsSI('H','P', p_outlet*leb5,'Smass', s_D + u_s_D,fluidl) -
PropsSI('H','P', p_outlet*leb5,'Smass', s_D,fluidl)

SC_h_C_CoolProp = 1

h_C_CoolProp = 0.15 #J from REFPROP (heat capacity vapour)
u_h_C_CoolProp = h_C_CoolProp/100*h_C

u_h_C = np.sqrt(np.power (SC_h_C_pres*u_h_C_pres,2)+np.power (SC_h_C_s*
u

h_C_s,2)+np.power (SC_h_C_CoolProp*u_h_C_CoolProp,2))

#Enthalpy difference isentropic compression

83



delta_h_comp = h_C - h_D
SC_h =1

u_delta_h_comp = np.sqrt(np.power (SC_h*u_h_C,2) + np.power (SC_h*u_h_D,2))

#Ejector efficiency

nj_ejector = me_ratio * delta_h_comp/delta_h_exp

SC_nj_me_ratio = delta_h_comp/delta_h_exp

SC_nj_delta_h_comp = me_ratio /delta_h_exp

SC_nj_delta_h_exp = me_ratio * delta_h_comp/np.power (delta_h_exp,2)
unj_ejector = np.sqrt(np.power (SC_nj_me_ratio*u_me_ratio ,2)+np.power (
SC_nj_delta_h_comp*u_delta_h_comp ,2)+np.power (SC_nj_delta_h_exp*
u_delta_h_exp,2))

nj_ejector

df _sP.loc[0,'ejector_efficiency [-]'] =
[-1'] = unj_ejector

df _sP_u.loc[0,'ejector_efficiency
return df_sP, df_sP_u
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