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Abstract

English

Capillaries are used as throttle devices in rather small heat pump applications.
They meter the refrigerant mass flow in the system and therefore play a decisive
role regarding the heat pump performance. In order to exploit the optimization
potential that lies in the capillary design with respect to the energy efficiency of
the heat pump, computer-aided design is a valuable tool. A valid and predictive
capillary model within a valid overall heat pump model is indispensable for
robust and reliable results of the optimization of the capillary design.

Modelling the capillary inside a heat pump application means modelling the
single liquid and the two-phase flow of refrigerants in a long tube with a small
diameter. Researchers are dealing with the modelling of the two-phase flow of
refrigerants for many decades. Yet, it is not satisfactorily described until now.
Especially, when it comes to natural refrigerants as e.g. the refrigerant propane,
only little experimental data is avaiable against which the flow model can be
validated. Further, it is essential to capture the change of single to two-phase flow
within the flow model as this corresponds to the real operation of the capillary
inside the heat pump. However, there are complex flow phenomena that occur
at phase change. Researchers e.g. have observed a hysteresis effect that leads to
different mass flows or pressure drops in the capillary for the same operating
conditions.

As the database on propane is generally limited and the hysteresis effect is barely
recorded at all in the available literature, this thesis provides an extensive database
on the propane flow in a copper capillary. The database covers a wide range of
operating conditions ranging from 16 to 25bar inlet pressure, subcoolings from



5 to 9K at the capillary inlet and mass flux from 3430 to 4573 kg/m?s. The char-
acteristics of the hysteresis effect are evaluated quantitatively and qualitatively.
The hysteresis effect shows differences in the measured pressure drop of around
20 % for the same flow conditions depending on the previously investigated sub-
cooling at the capillary inlet. Systematic experiments that have been carried out
support the hypothesis that the wetting of the capillary tube entails the hysteresis
effect as it lowers the friction of the two-phase flow along a previously wetted
capillary. These findings were transferred into a mathematical description which
were supplemented to a common homogeneous flow approach. The homoge-
neous flow approach requires a suitable two-phase viscosity correlation. Among
the commonly known correlations, the one that leads to the best match between
the experimental and numerical data is identified and calibrated to improve the
prediction quality of the flow model. The adapted viscosity correlation together
with the extended model approach to capture the hysteresis of the flow leads to
a high prediction quality of the homogeneous flow model. Around 70 % of the
experimental data is predicted within an error band of only 5% resulting in a
mean relative error of 4 %. The basic homogeneous flow model that is not able to
capture hysteresis together with the application of the unmodified viscosity corre-
lation, predicts only around 40 % of the experimental data within an error band of
5% and yields a mean relative error of 7 %. The accuracy of the developed model
could be proven for experimental investigations in a steel capillary. A systematic
procedure for the investigation of refrigerant flow in a capillary tube including a

guideline for the parametrization of the flow model is proposed.

Keywords: two-phase flow; propane flow; hysteresis effect; metastable flow; capillary tube

Deutsch

Kapillare werden in eher kleinen Warmepumpen als Drosselorgane eingesetzt. Da
sie den Kéltemittelmassenstrom im System regulieren, wirken sie sich mafigeblich
auf den Betrieb und die Leistungsfahigkeit der Warmepumpe aus. Eine modell-
basierte Betrachtung stellt eine wertvolle Mdoglichkeit dar, das Optimierungspo-
tenzial des Kapillardesigns hinsichtlich einer gesteigerten Energieeffizienz der



Warmepumpe auszuschopfen. Ein valides und préadiktives Kapillarmodell inner-
halb eines validen Gesamtmodells der Warmepumpe ist dabei unabdingbar, um
sich auf die Ergebnisse der Optimierung bzgl. des Kapillardesigns verlassen zu
konnen.

Die Modellierung der Kapillare in der Literatur entspricht der Modellierung des
einphasigen fliissigen und zweiphasigen Kaltemittels in einem langen Rohr mit
sehr kleinem Durchmesser. Wissenschaftler beschéftigen sich seit Jahrzehten mit
der Modellierung von Kaltemittelstromung durch Kapillare, jedoch wurden bis
zu diesem Zeitpunkt keine zufriedenstellenden Ergebnisse erzielt. Insbesondere
natiirliche Kéltemittel sind weniger umfangreich untersucht. Propan stellt ein Bei-
spiel dar, zu welchem Kaltemittel besonders wenige Experimentaldaten verfiigbar
sind, sodass eine zuverldssige Validierung von Stromungsmodellen schwierig ist.
Uberdies ist es wichtig den Phaseniibergang von fliissig zu zweiphasig in der Ka-
pillare zu erfassen, da dies der gingige Betriebszustand der Kapillare innerhalb
der Warmepumpe ist. Viele Experimente befassen sich jedoch ausschliefslich mit
der zweiphasigen Stromung von Kéltemitteln in Kapillaren. Jedoch treten beim
Phaseniibergang komplexe Stromungsphdnomene, wie z.B. ein Hysterese-Effekt,
auf. Der Hysterese-Effekt bewirkt, dass bei gleichen Stromungsbedingungen in
der Kapillare unterschiedliche Massenstrome oder Druckverluste gemessen wer-
den, abhingig davon welche Zustiande zuvor herrschten.

Da die Datengrundlage von Propan grundsétzlich sehr diinn ist und der Hysterese-
Effekt in der Literatur kaum dokumentiert ist, liefert diese Arbeit umfangreiche
experimentelle Daten von Propanstromen durch eine Kupferkapillare. Die ex-
perimentellen Daten decken einen breiten Bereich an Stromungszustidnden ab,
die von 16 bis 25 bar Eintrittsdruck, Unterkiihlungstemperaturen von 5 bis 9K
am Kapillareintritt und Massenstromdichten von 3430 bis 4573 kg/m?s reichen.
Die charakteristischen Auspriagungen der vermessenen Hysteresekurven wurden
quantitativ und qualitativ bewertet und zusammengefasst. Durch den Hysterese-
Effekt kann es zu einem Unterschied im gemessenen Druckverlust in der Kapillare
von 20 % bei gleichen Eintrittsbedingungen kommen, abhidngig von der Historie
der vermessenen Unterkiithlungstemperaturen im Kapillareintritt. Es wurden sys-
tematische Untersuchungen durchgefiihrt, welche die Hypothese unterstiitzen,
dass eine verdanderte Benetzung der Kapillare einen Hystere-Effekt hervorrufen
kann. Zweiphasige Stromung, die {iber einen zuvor benetzten Teil der Kapillare



stromt, erfadhrt weniger Reibung, wodurch es zu einem geringeren Druckverlust
in der Kapillare kommt. Diese Erkenntnisse wurden in einen mathematischen Mo-
dellansatz tiberfiihrt, durch welchen ein gangiges homogenes Stromungsmodell
weiter entwickelt wurde. Homogene Stromungsmodelle bediirfen einer Korre-
lation zur Berechnung der zweiphasigen Viskositdt des Kéaltemittels. Unter den
gangigen zweiphasigen Viskositdtsansdtzen wurde ermittelt, welcher Ansatz zu-
sammen mit dem homogenen Stromungsmodell die Experimentaldaten am besten
pradiziert. Der identifizierte Ansatz wurde im Vergleich mit den Experimentalda-
ten kalibriert, sodass die Pradiktionsgiite des Modells weiter gesteigert werden
konnte. Das homogenen Stromungsmodell zusammen mit dem adaptierten Vis-
kositdtsansatz und dem Modellansatz zur Beschreibung des Hysterese-Effekts
pradiziert 70 % der Experimentaldaten innerhalb eines Fehlerbandes von 5 % und
resultiert in einem mittleren relativen Fehler von 4 %. Das herkdmmliche homoge-
ne Stromungsmodell, welches den Hysterese-Effekt nicht modelliert, zusammen
mit dem unmodifizierten Viskositdtsansatz, pradiziert verglichen damit lediglich
40 % der Experimentaldaten innerhalb eines Fehlerbandes von 5 % und resultiert
in einem mittleren relativen Fehler von 7 %. Die Pradiktionsgiite des entwickelten
Stromungsmodells konnte im Vergleich mit weiteren Experimentaldaten in einer
Stahlkapillare nachgewiesen werden. Die experimentellen Untersuchungen dieser
Arbeiten wurden in einer systematischen Prozedur fiir die generelle Untersu-
chung von Kiltemittelstromen in Kapillarrohren zusammengefasst und um einen

Leitfaden fiir die Parametrierung des entwickelten Stromungsmodells ergéanzt.

Schliisselworter: zweiphasige Stromung; Propanstromung; Hysterese; Metastabile Stro-
mung; Kapillarrohr
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1 Introduction

The design of modern heat pumps underlies the global environmental trend
of being as resource-saving and having as little impact on the environment as
possible. In terms of energy supply, electricity can be saved by optimizing the
performance of the heat pump and reducing the required compressor power. A
thermostatic or electric expansion valve provides the possibility to implement
control strategies and effectively influence the performance of the heat pump.
However, these throttle devices are rather costly, especially within small heat
pump applications as e.g. heat pump tumble driers. Besides the energy efficiency,
an important sale criteria for those devices is the price efficiency. In order to keep
the costs to a minimum, capillary tubes are preferably applied as throttle device
within smaller heat pump applications.

A capillary is a long tube with a comparably small inner diameter. It can hardly
be generalized, yet, usual diameters range from 0.5 to 2mm and the length from
1 to 6m (Dubba and Kumar, 2017). For space reasons they are often coiled. Being
the counterpart of the compressor in the heat pump, the capillary controls the
refrigerant mass flow in the cooling circuit. Consequently, it has a major influence
on the performance of the heat pump. Capillaries can be operated diabatically,
i.e. exchanging heat with a different medium, or adiabatically, i.e. without heat
exchange. A capillary is not able to react on (changing) operating conditions of
the heat pump as it is a static throttle device. Its design is not modifiable during
the operation. It is therefore all the more important to know how the capillary
behaves within the overall system in order to derive the optimal capillary design
and improve the energy efficiency of the heat pump.

If the capillary design is to be determined via hardware tests, for given operating
conditions of the heat pump (e.g. refrigerant charge, heat loads, heat exchanger
specifications, . ..) the capillary design (inner diameter, material, length, ...) has to
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be iteratively changed and tested within the system. This can be time-consuming
and expensive. A model-based approach is a more economic way to derive the
optimal design of the capillary for given operating conditions. This requires a
predictive capillary model within a predictive overall heat pump model. However,
modelling the refrigerant flow through a capillary is complex and although it is
a subject of research for many decades, researchers have still not come up with
a satisfactorily predictive model. On the one hand, this can be traced back to
insufficient model assumptions - on the other hand, imprecise and not completely
comprehensible experimental data as a validation base can be one reason.

Typically, the refrigerant enters the capillary in a subcooled condition and flashes
downstream the capillary inlet. Hence, the refrigerant flow covers a part of the
capillary tube in liquid and a part in two-phase condition. Obviously, it is more
complex to model the two-phase flow than the single liquid flow of refrigerants.
Many researchers therefore focus on the experimental investigation of two-phase
flow only and are neglecting the liquid phase and phase change effects inside
the capillary. However, complex phenomena are observed when investigating the
liquid refrigerant flow with phase change in a capillary. Cooper, Chu, and Brisken
(1957) discovered the metastable flow phenomena which is referred to as the
"underpressure of vaporization". They observed that refrigerant flow remained
subcooled at pressures that are below the actual saturation pressure. Z. H. Chen,
R. Y. Li, and Z. Y. Chen (1990) developed an empirical correlation to predict the
underpressure of vaporization which is mostly referred to when modelling the
metastable flow. Meyer and Dunn (1998) discovered the presence of a hysteresis
effect that yielded different mass flows for the same flow conditions at the inlet
of the capillary depending on the previous flow conditions. More precisely: they
discovered that the previous subcooling of the refrigerant at the capillary inlet
lead to different measured mass flows depending on whether the subcooling
was increased or decreased. Guobing and Yufeng (2006) indicated that there is
an interrelation between the metastable flow and the hysteresis effect which is
supported by the research of Gao, Eguchi, and Tatara (2015). As the refrigerant
usually enters the capillary in a subcooled condition within the heat pump process,
those flow phenomena may impact the heat pump performance. However, to the
best of the author’s knowledge, so far no model approach that is available in the
literature interrelates both flow phenomena. Instead, applying the correlations



proposed by Z. H. Chen, R. Y. Li, and Z. Y. Chen (1990) and/or Feburie et al.
(1993) which are widely used, the metastable flow is not calculated depending
on any previous flow conditions. Therefore, the hysteresis effect is not captured
within the available model approaches.

The hysteresis effect leads to ambiguity within the experimental data gathered on
the liquid and two-phase flow of refrigerant in a capillary tube. If this ambiguity
is not particularly worked out in the experimental database, the numerical results
of predicting the flow will at least deviate from the experimental results by the
amount the experimental results deviate due to the hysteresis effect. However,
a systematic documentation on the history of investigated flow conditions in
order to comprehend the hysteresis effect is very rare in the available literature.
If a flow model shall capture the hysteresis effect in order to predict the overall
experimental database including ambiguous data, the prerequisite for that is a
comprehensive experimental database that discloses the hysteresis effect.

Besides unconsidered flow phenomena, imprecise parameters that specify the cap-
illary design within the flow model, such as the inner diameter and the roughness
of the inner surface of the capillary, entail a discrepancy between the prediction
and the experimental results. Ribatski (2013) criticized that many researchers do
not thoroughly specify the design of the investigated capillary tube. Consequently,
wrong conclusions can be drawn concerning the structure or correlations the flow
model is based on when observing a deviation between the experimental and
numerical results.

Referring to Dubba and Kumar (2017) most experimental data on the flow of refrig-
erants in capillary tubes exists on hydrofluorocarbons. However, those refrigerants
are gradually replaced by more environmental-friendly refrigerants in terms of
a lower global warming potential. Consequently, there is a lack of sufficient and
reliable experimental data on natural refrigerants which explicitly document the
history of investigated flow conditions in order to interrelate the metastable flow
and the observed hysteresis effect (see (Meyer and Dunn, 1998) and (Guobing
and Yufeng, 2006)). Further, the experimental databases additionally often lack a
precise capillary specification that is essential for an appropriate parametrization
of a model that describes the flow of the refrigerant in the capillary.
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Against the background of the outlined lack in the research above, this thesis has

the following major targets:

- to generate a comprehensive database on the single liquid and two-phase
flow of propane flow through a capillary tube that captures the hysteresis
effect

— to determine and disclose precise specifications of the inner diameter and
the roughness of the inner surface of the investigated capillary

— to explore the root and the interrelation between the occurrence of metastable

flow and the hysteresis effect

— to develop a flow model that is able to precisely predict the investigated

flow and capture the metastable flow and hysteresis effect, respectively

In chapter 2 the role of the capillary as expansion device is embedded into the
theoretical background of a heat pump operation and the principles of tube flow
are derived as a basis for the development of the flow model that describes the

refrigerant flow in the capillary.

The developed experimental apparatus and the necessary experimental investiga-
tions on the refrigerant flow in order to systematically record the hysteresis effect
are presented in chapter 3. Therefore, it is thoroughly distinguished between in-
creasing and decreasing subcoolings in the pre-defined measurement series of
flow conditions that are to be investigated. Further, specific investigations that
are carried out to explore the root and the characteristics of the hysteresis effect
are shown and discussed. The experimental investigations comprise the propane
flow in a copper and a steel capillary that are specified to an inner diameter of
1.1 mm, a length of 1 m. Both capillary tubes are horizontally applied in the exper-
imental apparatus. After the experiments are accomplished, the inner diameter

and roughness of the capillaries are determined.

In chapter 4 the mathematical model that is used to predict the refrigerant flow
is described in detail. It is based on the homogeneous flow approach in order
to keep the model as simple as necessary and computational effort as low as
possible. The findings concerning the development of metastable flow and the



hysteresis effect in chapter 3 are transformed into a mathematical description and
supplemented to the basic homogeneous model approach.

In chapter 5 the prediction of the flow based on the developed flow model is
compared and evaluated against the gathered experimental data. Common two-
phase viscosity correlations that are applied within the homogeneous flow model
are evaluated against the experimental database concerning the copper capillary
tube. An adapted viscosity correlation is proposed to better predict the experi-
mental database on propane. The flow model requires the determination of three
empirical parameters which are determined via parameter estimation. The param-
eters are related to the entrance pressure drop of the propane flow that enters
the narrow cross-sectional area of the capillary coming from a wider tube, the
proposed viscosity correlation and the modelling of the hysteresis effect and are
determined against the experimental data obtained in the copper capillary. The
fully parametrized flow model is consecutively used to predict the gathered ex-
perimental data in the steel capillary. This serves to verify the prediction accuracy
of the flow model.

Finally, the findings of the thesis are summarized in chapter 6 and future direc-
tions are discussed.






2 Theoretical Background and State of
the Art

As this work deals with the investigation of capillary tubes which are considered
to be part of a heat pump system, the principles of the heat pump technology are
outlined and the role of the capillary is highlighted. The principles of the heat
pump operation in section 2.1 help to comprehend the design of the experimental
apparatus in chapter 3 and the overall background of the capillary application.
Further, it is important to understand the peculiarities of the capillary operation
within a heat pump operation in order to follow the modelling of the capillary in
chapter 4 which is explained in section 2.2. The principles of tube flow are derived
in section 2.3 and serve as a basis for the modelling of refrigerant flow through the
capillary. Section 2.4 reveals the state of the art with regard to experiments of flow
phenomena that influence the capillary operation. Further, the model attempts to
predict these flow phenomena are pointed out. Finally, the determination of the

refrigerant properties needed for the modelling is explained in section 2.5.

2.1 Principles of a Heat Pump Operation

"A heat pump, in the common thermodynamic sense, is a system in which refriger-
ation components (compressors, condensers, evaporators, and expansion devices)
are used in such a manner as to take heat from a source (air, water ground, etc.)
and give it up to a heat sink (air, water, ground etc.) that is at a higher temperature
than the source." (Sauer and Howell, 1983)

Fig. 2.1 depicts the process of the heat pump cycle with its basic components.
The compressor and the throttle are counterparts in the process: the compressor
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generates the refrigerant mass flow in the cycle; it increases the pressure of the
refrigerant as the throttle blocks the refrigerant. Usually, the refrigerant is in gas
phase at the inlet of the compressor. By increasing the pressure of the gas, the
temperature and the specific enthalpy of the refrigerant rise. Hence, the refrigerant
is brought to a higher level of temperature for which the compressor requires the
electrical power Wi _o. Considering the heat loss Q;_» in the compressor, the
energy balance of the compressor results in:

Wi =tit-(ho—h1) +Qp (2.1)

where 71 denotes the mass flow and h the specific enthalpy of the refrigerant
at the specified state in the cycle (see Fig. 2.1). The according change of state
of the refrigerant can be traced in an exemplary heat pump cycle in the p,h-
diagram of propane as an example for natural refrigerants in Fig. 2.2. Upstream
the compressor, the refrigerant enters the condenser in gas phase where it is
liquefied and subcooled and transfers heat (Q,_3) to the heat sink:

Qy_g = t1it- (h3 — hy) (2.2)

Subsequently, the subcooled refrigerant is expanded by the throttle device whereby
the pressure and temperature decrease. The expansion of the refrigerant is re-
garded as adiabatic and isenthalpic, hence it follows:

hy = hs (2.3)

In the last change of state of the heat pump cycle, the two-phase refrigerant
that results from the expansion enters the evaporator where it is evaporated and
superheated. For this it requires the heat Q,_; from the heat source:

Qq 1 = tit- (hy —h1) (2.4)

The coefficient of performance (COP) of a heat pump relates the provided heat
Q,_3 and the required electrical power W;_, and is defined as follows:
Q3

CoP = = (2.5)
Wi
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Fig. 2.1: Basic components of the heat pump process.
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Fig. 2.2: Exemplary simplified and idealized heat pump process in the p,h-diagram of propane.

The superheating and subcooling are reference conditions of the heat pump
process that have an influence on the COP. The superheating ATsy is calculated
subtracting the saturation temperature T, 1 for the present pressure p; at the com-
pressor inlet from the temperature at the compressor inlet T; (compare Fig. 2.2):

ATsy = T — Toarn (2.6)

A safe compressor operation requires refrigerant in gas phase at the suction line,
thus, a certain amount of superheating ATsy is desired within the heat pump
operation.
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The subcooling ATsc is defined by the difference between the saturation temper-
ature Ty, 3 according to the high pressure p3 and the temperature at the inlet of
the expansion valve T3 (compare Fig. 2.2):

ATsc = Topr3 — T3 (2.7)

Other than the superheating, a larger degree of subcooling has a positive effect
on the heat pump performance, as it increases the mass flow rate. As the heat
pump process is a closed cycle, a larger degree of subcooling has an impact on the
superheating, too. Consequently, both properties need to be coordinated within
the heat pump operation. (Dinger and Kanoglu, 2010)

2.2 Peculiarities of the Operation of a Capillary within a Heat
Pump

"The control, expansion, or metering device must match the flow of refrigerant
on the load on the evaporator, the pumping capacity of the compressor, and the
ability of the condenser to reject heat. It determines the capacity of the system,
which is probably the most important function in the entire system." (Sauer and
Howell, 1983)

Capillary tubes are applied as expansion device in rather small heat pump ap-
plications due to cost advantages. Whereas thermostatic or electric expansion
valves dynamically control the mass flow in a heat pump system, the capillary is
a static expansion device. It is therefore designed to perform within a pre-defined
temperature range between the evaporating temperature T and the condensing
temperature T3 (see Fig. 2.2). (Pohlmann, 2010) Hence, the heat pump system and
the influence of the capillary tube on its performance must be very well under-
stood when designing the capillary. With the desired refrigerant condition at the
capillary inlet being subcooled, see section 2.1, the refrigerant is subject to a phase
change from liquid to two-phase (vapour-liquid) flow in the usual operation. The
pressure rapidly drops due to the friction and the acceleration pressure drop of
the two-phase flow. The capillary tube meters the mass flow such that the refrig-
erant at the outlet of the capillary is choked. This means that the Mach-Number

10



2.2 PECULIARITIES OF THE OPERATION OF A CAPILLARY WITHIN A
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Fig. 2.3: Exemplary Fanno line for an exemplary two-phase refrigerant flow subject to friction.

equals 1 in maximum (see (Bansal and G. Wang, 2004)). The Mach-Number is
defined as the fraction of the velocity v and the speed of sound c:

Ma = (2.8)

For the two-phase flow through a capillary with a constant cross-sectional area A
that is regarded to be a one-dimensional, steady-state, compressible and adiabatic

0 p — — StL. 2.9

where p is the density of the refrigerant and v is the flow velocity. Without the
impact of any external forces, neglecting the potential energy and applying the
continuity equation, the energy balance of the above characterized flow results
in:

1 1

L 2_ _
h—l—E-U —h+§ <AP> = e = const. (2.10)

where e denotes the specific energy of the flow. For an exemplary two-phase flow
of propane with Ma<1, the resulting Fanno line is drawn in the h,s-diagram in
Fig. 2.2 which means that the depicted pairs of specific enthalpy and specific
entropy comply with Eq. (2.10). The line in Fig. 2.2 depicts the expansion of a
two-phase propane flow with a constant specific energy of e=359.4k]/kg and a

11
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mass flow of rii=15kg/h in a capillary tube with a diameter of d=1.1799e-3m.
Decreasing the pressure leads to an increase of the entropy until the maximum of
entropy is reached (see Fig. 2.2). At this point, the Mach-Number becomes unity.
Accordingly, the capillary meters the mass flow such that the entropy of the flow
through the capillary reaches its maximum at the outlet of the capillary where

the Mach-Number becomes unity.

2.3 Principles of Tube Flow

In this section, the principles of two-phase flow of a refrigerant through a capillary
tube are derived which serve as a basis for the model described in chapter 4.
The two-phase flow is considered to consist of a vapour phase (denoted by the
subscript v) and a liquid phase (denoted by the subscript I). The void fraction a
of the two-phase flow is the ratio of the cross-sectional area of the tube A that is
occupied by the vapour phase A:

AU

a=— (2.11)

The cross-sectional area that is occupied by the vapour phase A, and the cross-
sectional area that is occupied by the liquid phase A; sum up to the cross-sectional
area of the capillary tube A.

A=A,+ A (2.12)

The vapour quality x is defined by the ratio of the vapour mass flow 71, of the
total mass flow 7i1: )

x="0 (2.13)

i 3

For the sum of the vapour mass flow 7z, and the liquid mass flow 7, applies:
1 = 1it, + 1y (2.14)
From Eq. (2.9) the mass flux G is defined as follows:

G= (2.15)

(3
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Inserting Eq. (2.13) and the correlation in Eq. (2.14) into Eq. (2.15) it follows:
fy=G-A-x (2.16)

and
m=G-A-(1—x) (2.17)

Eq. (2.9) applies for the vapour mass flow 71, and accordingly the velocity of the
vapour phase v, can be calculated:

1ty
Uy = 2.18
o= (2.18)
and accordingly for the liquid mass flow 7 so that
Ui
v = 2.1
= A (2.19)
With Eq. (2.11), Eq. (2.16), Eq. (2.17), Eq. (2.18) and Eq. (2.19) follows:
Uy = G-x (2.20)
Po- &

the same applies for the liquid mass flow 11, so that the velocity of the liquid
phase v; can be calculateds:

v = M (2.21)

or-(1—a)

The capillary tube is considered to be straight and of a constant diameter d. The
two-phase (i.e. compressible) flow of a refrigerant through the capillary tube
is considered to be one-dimensional in the direction of the capillary length L,
steady-state, adiabatic and subject to friction. The gravitational force is neglected.
Fig. 2.4 depicts the flow of one single phase along a discretized tube element of the
discretized length dz. The refrigerant flow enters the discretized tube element at
the velocity v whereby the pressure drops from p at the inlet of the tube element to
(p —dp) at the outlet of the tube element due to the wall shear stress 7. If the flow
is compressible, the density decreases with decreasing pressure and consequently
the velocity increases to (v + dv) at the outlet of the tube element. For steady-
state flow the continuity equation in Eq. (2.9) applies. Applying the momentum

13
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Fig. 2.4: Schematic flow through a discretized length of a tube AL.

balance for the depicted flow in Fig. 2.4 delivers:
m-v+p-A=v-m+d(m-v)+7 Apgteras +p-A—dp- A (2.22)

For a two-phase flow, the impulse of the total mass flow sums up from the impulse
of the liquid and the gas flow. Eq. (2.22) is transformed to:
1

. . 1
dP = Z -d (mv “ Uy +my - Ul) + Z T+ Alateral (2-23)

Inserting Eq. (2.16), Eq. (2.17), Eq. (2.20) and Eq. (2.21) results in:

2

2
_ 2 x 1—x 1
dp =G"-d <Pv'lX + 0; - (1 —Dc)) + A T - Alateral (2-24)

with Ajierar, the lateral area of the discretized tube element:
Aluteml =7m-d-dz (2.25)
and the cross-sectional area of the tube A:

A=m-d*/4 (2.26)
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Eq. (2.24) transforms to:

2 2
_graf X (1-x) 4
dp=G d(Pv’DC+Pz'(1—04))+d T-dz (2.27)

The Darcy friction factor f is used in order to describe the wall shear stress 7:
1 2
ng-f-p-v (2.28)

with f the Darcy friction factor, Eq. (2.27) turns into:

2 2
— 2. X (1-x) f 2
=G d(Pv-a+Pl'<1—Dc)>+2-d prv-dz (2:29)

For laminar flows in circular pipes the friction factor f is calculated depending
on the Reynolds-Number Re as follows:

= (2:30)

For hydraulic rough pipes in turbulent flow regimes the friction factor is calculated
solving the implicit Colebrook-White equation (Schade and Kunz, 2007a):

1 2.51 e

where e corresponds to the sand grain roughness (see (Colebrook, 1939)). In this
work, the average roughness value Ra and the average roughness depth Rz are
applied in order to substitute the sand grain roughness e. The average rough-
ness value Ra comes closest to the definition of the sand grain roughness e by
Nikuradse (1933). However, Rz is considered in order to investigate if the mea-
sure which determines a rougher tube surface better predicts the refrigerant flow
and the observed flow phenomena. The definition of both roughness measures is
attached in section 3.3.4.

When it comes to modelling the refrigerant flow through a capillary tube, it
is significantly simpler to describe the liquid than the two-phase flow as most
thermodynamic and transport properties are available for single phase conditions
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(see section 2.5). There are two elementary model approaches for modelling the
two-phase flow in pipes which are of a comparably low calculation effort but
still deliver reliable results: the separated and the homogeneous flow approach.
(Collier and Thome, 1994b) There are further modelling approaches that describe
the two-phase flow in more detail but involve increasing computational effort.
Since the flow model that is derived in this work shall be applicable in overall
heat pump models, the computational effort is to be kept at a low level in order to
afford the simulation of the overall heat pump model. Consequently, the attempt
is to start with a simple model that is complex enough to capture relevant flow
phenomena that may influence the operation of the heat pump.

The homogeneous flow model considers the two-phase flow as a single flow with
properties that follow certain averaging correlations depending on the vapour
fraction. For the two-phase density p;, of the vapour-liquid flow applies:

1 X 1—x

PTP_Pv o1

(2.32)

which satisfies the consistency conditions of p,=p; for x=0 and p;,=p, for x=1. The
vapour and liquid phase are assumed to be in thermodynamic equilibrium and
the vapour and liquid phase are assumed to travel at the same velocity, hence:

V=0, =7} (2.33)

From Eq. (2.20), Eq. (2.21) and Eq. (2.3) follows the correlation for the homoge-
neous void fraction a:
X0

N = 2.

The calculation of the friction factor f follows defined correlations for the single-
phase friction factor. One possible option is to regard the flow as total liquid
flow and obtain the according liquid friction factor fi;;. Another option is to
calculate the friction factor for the homogeneous flow of vapour and liquid f;,
by using e.g. Eq. (2.31) and calculating the Reynolds-Number Re;, assuming a
homogeneous two-phase dynamic viscosity is,. (Collier and Thome, 1994b) There
a various correlations available in the literature that determine the homogeneous
two-phase dynamic viscosity p;p which are summarized by Awad and Muzychka
(2008). The correlations follow different analogies and averaging methods. For the
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Fig. 2.5: Two-phase flow patterns in horizontal tubes (evaporation) (Source: (Collier and Thome,
19944)).

homogeneous viscosity correlations the same consistency conditions as for the
homogeneous density apply. At the saturation conditions the two-phase viscosity
ptp therefore has to equal the liquid viscosity y; for x=0 and the vapour viscosity
Uy for x=1.

In contrast, in the separated model approach, the two-phase flow is separated
into a vapour and a liquid stream that travel at mean velocities. If the velocities
are considered to be the same, the separated model is equal to the homogeneous
model. The separated flow approach can become complex since, compared to the
homogeneous flow approach, more parameters need to be identified (see (Collier
and Thome, 1994b) for more detailed description).

For two-phase flow in horizontal tubes, the flow patterns illustrated in Fig. 2.5 are
observed. However, the flow patterns for high flow velocities rather correspond
to those observed in vertical tubes (see Fig. 2.6). (Collier and Thome, 1994a) The
separated flow approach is regarded to better predict the two-phase flow at higher
void fractions which is reasonable regarding the observed flow patterns where
the two-phase flow can be regarded as two segregated streams of vapour and
liquid. However, Collier and Thome (1994b) state that the homogeneous approach
is more suitable for mass fluxes higher than 2000 kg/ms? which applies for the
experimental data considered in this paper. Finally, in this work, the homogeneous
flow approach is chosen due to its simplicity. If simulation results indicate that
the simpler approach is not able to predict the experimental data, the logical
consequence is to apply a more precise (and complex) approach.
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Fig. 2.6: Flow patterns in a vertical evaporator tube (Source: (Collier and Thome, 1994a))
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2.4 Experimental Investigations and Modelling of
Two-Phase Flow in a Capillary Tube

This section deals with the experimental investigations and the modelling at-
tempts of two-phase flow of refrigerants in capillary tubes. It focuses on the
research that has been done on straight and adiabatic capillary tubes. The exper-
imental database of (two-phase) refrigerant flow is discussed whereby the focus
lies on experimental data that include occurring flow phenomena concerning the
phase change inside the capillary tube.” Researchers have been striving to predict
the two-phase flow of refrigerants through capillary tubes for many decades, as
reviewed by Ribatski (2013). Up to now, the predictions are still unsatisfactory,
which the author attributes to many reasons. Inaccurate experimental data and
imprecise capillary specifications are two examples. Furthermore, it is discussed
how far the available models of the refrigerant flow in capillary tubes are able
to capture the observed flow phenomena. The negligence of the mentioned flow
phenomena are a further reason for the deviation of predictions and experiments
as elaborated in this work (see e.g. chapter 3).

When it comes to natural refrigerants there is a lack of experimental data espe-
cially with respect to propane (see (Dubba and Kumar, 2017)). Sempértegui-Tapia
and Ribatski (2017) found that most predictive methods that describe the flow
through capillaries have been proposed for hydrofluorocarbons, but the appropri-
ateness for natural refrigerants is still not proven. However, the interest in natural
refrigerants has increased due to global environmental goals which results in the
gradual replacement of hydrofluorocarbons due to their global warming potential.
For this reason, the experimental and numerical investigations of this work focus

on the natural refrigerant propane.

Complex flow phenomena occur at the phase change from liquid to two-phase
flow of the refrigerant in the capillary tube. So-called "metastable flow" can be
developed at certain operating conditions that can grow up to the previous point
of nucleation where originally it would be two-phase for the current inlet condi-
tion. Hence, the flow is liquid at pressures below the actual saturation pressure
as researchers have investigated experimentally (see e.g. (R.-Y. Li et al., 1990),

Parts of this section are adopted from (Gabrisch and Repke, 2020) and (Gabrisch and Repke, 2021)
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(Chang and Ro, 1996), (Meyer and Dunn, 1998) and (Guobing and Yufeng, 2006)).
A further flow phenomenon that has been discovered, is the occurrence of a hys-
teresis effect: for the same inlet conditions of the refrigerant flow through the
capillary tube, different outlet conditions are observed (e.g. different resulting
mass flows or pressure drops). The difference in the outlet condition depends on
the history of inlet conditions (see (Meyer and Dunn, 1998) and (Guobing and
Yufeng, 2006)).

The two-phase flow of refrigerants in capillary tubes has been subject of exper-
imental investigations for many decades, as Dubba and Kumar (2017) reflect in
their work. However, very little research exists that include the above mentioned
flow phenomena. Up to now, it is not well understood how exactly both phenom-
ena are interrelated. Further, the cause for the development of metastable flow
and the root of the hysteresis effect is not clarified to the best of the author’s
knowledge. Therefore, this section highlights the work that has previously been
done on the examination of the metastable flow and the hysteresis effect.

Research on the metastable flow of refrigerants has been done before 1990 as
R.-Y. Li et al. (1990) have summarized and was discovered by Cooper, Chu, and
Brisken (1957). The metastable flow phenomenon is characterized by a delay
on vaporization. The refrigerant does not flash at the actual saturation pressure
psat but further downstream the capillary at Poap- The difference (psgt — pwp) is
referred to as the underpressure of vaporization (R.-Y. Li et al., 1990). The length of
the capillary that corresponds to this pressure difference is referred to as metastable
length. R.-Y. Li et al. (1990) investigated the flow of R12 through a capillary tube
and highlighted the presence of metastable flow. They conclude their experimental
investigations on R12 with the findings that the metastable length decreases for
increasing inlet subcoolings (i.e. the inlet temperature, see Eq. (2.7)) and increasing
diameter of the capillary tube and increases for increasing mass flux.

Z. H. Chen, R. Y. Li, and Z. Y. Chen (1990) proposed a correlation that predicts
the underpressure of vaporization. The correlation is fitted to the experimental
investigations of R.-Y. Li et al. (1990) and, hence, is limited in its range of appli-
cation. The correlation by Z. H. Chen, R. Y. Li, and Z. Y. Chen (1990) is often
used when modelling the flow of refrigerants through capillary tubes considering
the metastable flow (see (Dirik et al., 1994), (Melo et al., 1998), (Garcia-Valladares,
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2007), (Mittal, Kumar, and Gupta, 2009), (Kim et al., 2011), (Rasti and Jeong, 2018)
and (Lee and Jeong, 2019)). Although Melo et al. (1998) already indicated that it is
not appropriate for other refrigerants than R12 and a wider operation range than
the correlation was fitted to.

Feburie et al. (1993) developed a model to predict the metastable flow which is
divided into a metastable liquid and a metastable two-phase flow. The metastable
liquid flow, i.e. the actual vaporization pressure py,; is calculated using a simple
correlation. The metastable two-phase flow is regarded to consist of a superheated
liquid flow, a saturated liquid and a saturated vapour flow. Feburie et al. (1993)
proposed a correlation to calculate the ratio of the saturated flow depending on
the pressure.

Chang and Ro (1996) set up a correlation to predict the underpressure of vaporiza-
tion that depends on the subcooling at the inlet of the capillary and the mass flux.
The correlation is fitted by parameters derived from experiments they carried out
with HFC mixtures.

Meyer and Dunn (1998) investigated the refrigerant R22, as they found the existing
database on the metastable flow to be unsatisfactory. They discovered that the
metastable length grew for decreasing inlet subcoolings. The increased metastable
length results in lower pressure drops than expected (and higher mass fluxes,
respectively). At a certain point, however, the metastable region can collapse
and the pressure drop increases (or the mass flux decreases). They expected a
hysteresis effect due to the development of the metastable flow and performed
experiments with the refrigerant R134a in order to verify. The inlet pressure was
kept constant while the subcooling was changed from 13.9°C to 0°C and back.
Experimental results proved the presence of a hysteresis on the resulting mass
flow through the capillary depending on the previous flow through the capillary.
Meyer and Dunn (1998) strongly advised further research on the hysteresis of the
flow through a capillary which requires a systematic measurement technique to
capture the history of measurements and, thus, be able to document the hysteresis

course.

Bittle, Carter, and Oliver (2001) conducted experiments on the mass flow hysteresis
of R134a and concluded that the direction of the performed operating conditions
(increasing and decreasing subcooling) has an influence on the metastable flow
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and, hence, entails a hysteresis effect. They modified the capillary by inserting
a thin wire or thrilling holes into the capillary wall and showed that thereby
the metastability of the flow is reduced and the flow behaviour becomes better
predictable.

Guobing and Yufeng (2006) examined the mechanism of the mass flow hysteresis
of R22 in coiled capillary tubes. They repeated the measurements of increasing
and decreasing subcooling paths with different initial flow conditions. They recog-
nized that, in general, the metastable length is longer for the decreasing subcooling
paths and that the length depends on the initial flow condition. For the increasing
subcooling paths, however, the metastable flow length is remarkably shorter and

may even disappear.

The findings of Guobing and Yufeng (2006) allow the conclusion that there may
not even be a metastable flow at all for increasing subcooling paths. If that is
true, metastable flow is developed when changing the direction from increasing
to decreasing inlet subcooling.

The correlations by Z. H. Chen, R. Y. Li, and Z. Y. Chen (1990) and Chang and Ro
(1996) calculate a constant underpressure of vaporization for specific operating
conditions, regardless of how the current condition was reached (e.g. increasing
or decreasing subcooling). With these correlations it is not possible to distinguish
between increasing and decreasing subcooling. The history of previous inlet con-
ditions needs to be considered within the flow model in order to predict hysteresis
effects.

Gao, Eguchi, and Tatara (2015) conducted experiments on the hysteresis effect
of the flow of R134a through a capillary. They showed that being able to predict
the underpressure of vaporization that is different for increasing and decreasing
subcooling paths, a homogeneous flow model can predict the flow very well. Yet,
they did not present a correlation to predict the underpressure of vaporization
but referred to the experimental data.

Although Guobing and Yufeng (2006) indicated that the underpressure of vapor-
ization can not be predicted without the knowledge of previous flow conditions,
researchers still applied the correlation by Z. H. Chen, R. Y. Li, and Z. Y. Chen
(1990) or similar ones (see (Garcia-Valladares, 2007),(Kim et al., 2011), (J. Wang
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et al., 2012), (Fiorelli, Silva, and Huerta, 2013), (Rasti and Jeong, 2018), (Lee and
Jeong, 2019)). To the best of the author’s knowledge, no research has been done to
predict any experimental hysteresis curves presented by researchers, such as by
Meyer and Dunn (1998) or Guobing and Yufeng (2006). Hence, up to now, there is
no correlation available that predicts the metastable flow depending on previous

flow conditions.

Additionally, to the best of the author’s knowledge, all investigations on the
metastable flow are based on the experimental data of hydrofluorcarbons. How-
ever, nowadays, natural refrigerants are of major importance for environmental
reasons as stated before. There is research done on the flow of propane through
capillaries (see (Pamitran et al., 2010), (Magbool, Palm, and Khodabandeh, 2013),
(Del Col, Bortolato, and Bortolin, 2014), (S. Wang et al., 2014), (Longo et al., 2017),
(Novianto et al., 2018), (Lillo et al., 2018),(Simon Fries, Severin Skusa, 2019)); yet,
it does not treat metastable flow phenomena and hysteresis.

This work aims to thoroughly examine the root and the interrelation of the
metastable flow and hysteresis occurrence observed for the flow of refrigerants
in capillary tubes. The discoveries are consecutively transferred into a mathe-
matical model and supplement the common homogeneous flow model in order
to predict the propane flow in a capillary tube. Special attention is further paid
to the determination of the capillary geometry and material characteristics (i.e.
the inner diameter and the roughness of the inner surface of the capillary) as
Ribatski (2013) attributes unsatisfactory prediction, among others, to inaccurate
capillary specification. Consequently, the research of this work contributes to a
reliable and extensive experimental database of propane flow through capillary
tubes capturing the metastable flow and hysteresis phenomena experimentally

and numerically.

2.5 Refrigerant Properties

For the calculation of the refrigerant flow through a capillary tube, refrigerant
properties are needed. Within this work, the NIST Standard Reference Fluid Ther-
modynamic and Transport Properties Database (REFPROP) is used (see (Lemmon,
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Bell, et al., 2013)). REFPROP is a program that is based on three models for the
calculation of thermodynamic and transport properties, which are: equation of
state explicit in Helmholtz energy, the modified Benedict-Webb-Rubin equation
of state, and an extended corresponding states model. In this work, the following
thermodynamic and transport properties (accordingly within the sketched area
of temperature and pressure) of the pure vapour and liquid state are needed for
the calculation of propane flow through a capillary tube:

— temperature T (0-100°C)

— pressure p (2-40 bar)

specific enthalpy h

— density p

specific entropy s

— the speed of sound ¢

the dynamic viscosity u

REFPROP provides an interface for MATLAB that works via a function call. The
single phase thermodynamic properties are calculated given two thermodynamic
properties of the first five properties of the list above using the equation of state
provided by Lemmon, McLinden, and Wagner (2009). The single phase dynamic
viscosity u is calculated using the viscosity model by Quifiones-Cisneros and
Deiters (2006). As REFPROP does not provide the calculation of most two-phase
properties, the two-phase dynamic viscosity needs to be self-implemented follow-

ing chosen correlations (see section 4.1).
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3 Experimental Investigations

In this chapter, the propane flow through a copper and a steel capillary tube is
examined. The experimental set-up that serves to carry out the investigations is
explained in section 3.1. In section 3.2, the measurement procedure is described in
detail. Section 3.3 and section 3.4 then outline the design on experiments, discuss
the experimental results and refine the capillary specifications of both - the copper
and steel capillary tube.

3.1 Experimental Set-Up

Fig. 3.1 depicts the experimental apparatus which was developed to investigate
the single and two-phase pressure drop of refrigerants in a capillary tube with
a designated inlet condition of the flow at the capillary inlet. The purpose is
to independently adjust the temperature (TRC-1), the pressure (PRC-1) and the
mass flow (FIRC-1) at the inlet of the capillary and measure the resulting pressure
drop (DPR-1) in the capillary. The thermodynamic condition is fully defined by
the specification of PRC-1 and TRC-1 in case that the refrigerant is liquid, i.e.
subcooled or saturated. Thus, the specification of TRC-1 follows the specification
of a desired subcooling. The resulting temperature is determined via calculation
of the saturation temperature according to the desired inlet pressure PRC-1 and
subtracting the specified subcooling. The calculation of the desired temperature
TRC-1 is executed in the process control system that refers to the REFPROP
database and is implemented using the software LabVIEW.

The apparatus represents a heat pump in terms of the operation principle. A rotary
compressor transports the refrigerant through the closed cycle and increases the
pressure as the refrigerant is blocked at the capillary inlet. Depending on the
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Fig. 3.1: Experimental apparatus (Source: (Gabrisch and Repke, 2020)).

refrigerant charge in the system and the operating condition of the heat pump,
the pressure on the high-pressure side reaches a maximum of about 36 bar (see
sensor accuracies in Tab. 3.1). The gas at the outlet of the compressor flows through
a coriolis mass flow meter, where the mass flow (FIRC-1) is registered and then
passes the condenser where the refrigerant is fully liquefied. The reheater is
used to control the designated refrigerant temperature (TRC-1) at the capillary
inlet. The designated inlet pressure (PRC-1) is achieved by manipulating Control
Valve 1 and thereby lowering the pressure on the high-pressure side to the desired

value.

Within a conventional heat pump cycle without any addition pressure valves, the
capillary outlet is directly affecting the inlet of the compressor. Together with the
evaporator it determines the thermodynamic condition of the refrigerant at the
compressor inlet and is thereby influencing the mass flow of refrigerant that is
transported by the compressor. In the experimental apparatus, shown in Fig. 3.1,
downstream the capillary tube a second control valve (Control Valve 2) is installed
in order to decouple the capillary outlet from the compressor inlet and adjust mass
flows independently from the capillary outlet condition. However, this control
concept is restricted to the pressure difference between the pressure at the outlet
of the capillary and the pressure at the inlet of the compressor which is needed to
adjust the desired mass flow. Fig. 3.2 illustrates this relation. In the left diagram
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in Fig. 3.2, a flow condition at the inlet of the capillary tube is given (with PRC-1!,
TRC-1!, FIRC-1!). It results in a pressure at the outlet of the capillary (PRC-1!-
DPR-1') which is assumed to equal the pressure at the inlet of the compressor
PRC-3! when the Control Valvez is fully opened. PRC-3! causes the mass flow
FIRC-1!. At this point, the manipulated variable (opening of Control Valve 2) can
not effect any higher mass flow. It can only lower the mass flow by reducing
the cross-sectional area of the valve and adjust a lower PRC-3!. On the right
diagram in Fig. 3.2 the desired temperature TRC-19¢2 is lower than TRC-1' and,
consequently, the pressure drop DPR-1? is lower than DPR-1. In this scenario,
Control Valve 2 is able to adjust the desired mass flow FIRC-19%2 by reducing
the cross-sectional area so that a pressure drop of Apcontrol varve2 is induced. The
maximum mass flow at the desired inlet conditions PRC-19¢52 and TRC-19¢52
would be the mass flow that results from the pressure at the capillary outlet
(which equals the pressure at the compressor inlet) when the Control Valve 2 is
fully opened.

As oil is likely to circulate within the refrigerant cycle due to the compressor
design, an oil separator is installed upstream the compressor to prevent oil dis-
torting the pressure drop experiments of the refrigerant in the capillary. The oil
seperator (manufacturer: ESK Schultze, type: OS-16-CD) is specified to work with
a separation ratio of 97-99 %. Remaining oil residues are neglected.

Preliminary model-based investigations of the pressure drop of propane in a cap-
illary tube by Gabrisch, Grunert, and Repke (2017) revealed a high sensitivity of
the calculated pressure drop especially depending on the inner diameter. Conse-
quently, within the experimental setup specific attention has been paid to keep
the impact of the sensor installation on the change in capillary geometry as low as
possible. Fig. 3.3 sketches the measuring section of the capillary tube within the
experimental apparatus in Fig. 3.1. Custom-built ferule fittings have been used
in order to install the pressure (PRC-1) and differential pressure (DPR-1) with
marginal flow disturbance. At the inlet of the capillary the ferule fitting connects
the capillary tube with the high-pressure side. The pressure tab is located in the
middle of the ferule fitting where the inner diameter is 6 mm which corresponds
to the connection tube between reheater and capillary (see Fig. 3.1 ). At the outlet
of the capillary it connects the capillary with the low-pressure side. The through-
hole of the ferule fitting at the capillary outlet has an inner diameter of 1.1 mm
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Tab. 3.1: Sensor accuracies.

Sensor Name PRC-1, PRC-3 TRC-1 FIRC-1 DPR
Manufacturer Keller TCdirect Endress&Hauser Endress&Hauser
piezoresistive  thermocouple coriolis piezoresistive differential
Type of Sensor
pressure sensor type T flow meter pressure sensor
Measurement Range 0-40 bar -200-400 °C o-100 kg/h 0-30 bar
Accuracy 0.28 bar o5 K 0.3 % 0.03 bar

Desired Flow Condition 2:
p? Flow Condition 1: p#4 | PRC1%°?=PRC 1%°*, TRC 1*?<TRC 1%*
PRC1', TRC 1%, FIRC 1" FIRC 1°°*?=FIRC 1%*
PRC 1" PRC1%2 F—————
DPR 17
PRC3' | PRC3Z N s DPcontral valve 2 .
(s.t FIRC 1Y) (st FIRC 1%°?)
h h

Fig. 3.2: Limit of the mass flow control in the experimental apparatus.

which equals the inner diameter of the capillary tube. Consequently, the measure-
ment of the pressure drop in the capillary (DPR-1) includes the entrance pressure
drop due to sudden contraction at the inlet of the capillary. However, it excludes
the influence of the cross-sectional widening at the outlet of the capillary as the

sensor taps at the inner diameter of the capillary tube.

Tab. 3.1 lists the installed sensors for the pressure at the capillary inlet (PRC-1),
the temperature at the inlet of the capillary (TRC-1), the mass flow through the
capillary (FIRC-1) and the pressure drop in the capillary (DPR-1) and further

specifies their measurement range and accuracy.

3.2 Measurement Procedure

The homogeneous flow model that is presented in chapter 4 aims to be represen-
tative for the operation of a capillary tube in overall heat pump simulations. In
order to validate the model, an experimental database is needed that comprises
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Fig. 3.3: Dimensions of the capillary tube and distances of pressure taps to inlet and outlet of the
capillary tube.

a large operational range that is typical for capillaries within heat pump applica-
tions. The chosen refrigerant that is investigated in this work is propane due to its
relevance in terms of environmental compatibility. As Dubba and Kumar (2017)
have outlined there is also the general desire of more data on natural refrigerants.
It is decided to choose the refrigerant condition at the inlet of the capillary to be
subcooled in order to capture phase change effects inside the capillary tube. For
inlet pressures that range from 16 to 25 bar, the subcooling is to be varied from 5
to 9 K; mass flows are investigated from 13.5 to 18 kg/h. Experiments are carried
out using a copper capillary first. In a second experimental phase a steel capillary

with the same geometry specification is investigated.

Guobing and Yufeng (2006) have indicated that the metastable length of the flow
in a capillary is longer for decreasing subcoolings and shorter for increasing
subcoolings where it may even fully disappear depending on the initial subcooling.
It is reasonable to conclude that the occurence of metastable flow is negligible for
measurement series of increasing subcoolings starting with a very low subcooling.
Hence, for the start-up of the experimental apparatus shown in Fig. 3.1 a target
subcooling of 2K is specified at the capillary inlet. Subcoolings that are too low
result in very high pressure drops in the capillary followed by very low realizable
mass flows. It is difficult to drive the heat pump process towards the desired
inlet pressures and mass flows from this condition. Hence, 2K subcooling is a
compromise of having a low subcooling and keeping the operation in a stable
condition.
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For investigating the range of the desired flow conditions at the capillary inlet,
measurement series are defined. One measurement series comprises the subse-
quent investigation of one increasing subcooling path and a directly followed decreas-
ing subcooling path while keeping the inlet pressure and mass flow at a constant
level. It is necessary to define these series since the measured pressure drops
depend on the previous flow condition in the capillary. One measurement series,
thus, corresponds to one hysteresis curve depending on the series of investigated
subcoolings. The increasing subcooling path is specified by the sequence of 5
to 9K in 1K-steps whereas the decreasing subcooling path is specified by the

backward sequence. One measurement series is carried out as follows:

1. start up the process in the experimental apparatus until it reaches the desired
inlet pressure at 2 K subcooling and the desired mass flow

2. drive towards the first subcooling of the increasing subcooling path (here: 5 K)
3. remain steady-state for at least 10 minutes
4. proceed to the next subcooling of the increasing subcooling path

5. repeat 2. and 3. until the last subcooling of the increasing subcooling path
is reached (here: 9 K which is likewise the first subcooling of the decreasing

subcooling path) and remain steady-state for at least 10 minutes)
6. proceed to the next subcooling of the decreasing subcooling path
7. remain steady-state for at least 10 minutes

8. repeat 5. and 6. until the first subcooling of the increasing subcooling path
is reached (here: 5K) and remain steady-state for at least 10 minutes

Steady-state conditions are determined by analysing the time-resolved measure-
ment data. The following requirements need to be fulfilled in order to obtain
steady-state conditions for PRC-1, TRC-1, FIRC-1 and DPR-1:

— for each sensor: steady-state duration must last for a certain period of time;
here it is set to at least 3 minutes

30



3.3 EXPERIMENTS ON THE PROPANE FLoOw THROUGH A COPPER
CAPILLARY TUBE

— one sensor is in steady-state if within the defined period of time the de-
viation around the mean value is not larger than the sensor accuracy (see
Tab. 3.1). The accuracy of FIRC-1 is set to £1 % as the mass flow fluctuation
in the closed cycle is generally too large to reach a steady-state condition for
FIRC-1 that deviates by only +0.3 %.

— steady-state condition for all four sensors must be given at the same time

Before start-up, the capillary may be fully wetted by the refrigerant. Accordingly,
the very first initial condition of the capillary may be regarded as very high sub-
cooling so that metastable flow may occur for the increasing subcooling path
already. Section 4.2 explains in more detail the assumption for the occurence
of metastable flow, namely the wetting of the capillary tube. It is assumed that
a wetted capillary evokes a lower pressure drop than a dry capillary tube. By
starting-up the process with 2K subcooling the purpose is to reduce the length of
the capillary that is fully wetted to a low level. As the measurement series of the
experimental data start at the lowest subcooling of 5K, the start-up condition of
2K ensures an initial wetting of the capillary that is lower than the first recorded
operating condition of the series. It is therefore assumed that the increasing sub-
cooling paths do not (or only to a small extend) entail a metastable flow. However,
deviations in the redundant measurements of the measured hysteresis curves,
especially concerning the increasing subcooling paths, may be explained by the

presence of metastable flow.

3.3 Experiments on the Propane Flow Through a Copper
Capillary Tube

This section treats the experimental investigation of the propane flow through
the copper capillary tube that is specified to an inner diameter of 1.1 mm and
a length of 1 m. The design on experiments is presented and the results on the
measured pressure drops is shown and discussed. The presence of the hysteresis
effect depending on the subcooling is highlighted and a thesis for the cause of the
hysteresis effect is derived based on systematic experiments.
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Tab. 3.2: Investigated flow conditions at the (copper) capillary inlet with liquid flow through
capillary tube.

PRC-1 FIRC-1 Subcooling
inbar inkg/h in K

16 12 20
16 15 20
16 18 20
20 13 30
20 14 30
20 15 30
20 16 30
20 17 30
24 12 39
24 18 33
24 22 33

As preliminary sensitivity studies by Gabrisch, Grunert, and Repke (2017) based
on the homogeneous flow model have shown, the sensitivity of the inner di-
ameter is immense. Consequently, the inner diameter of the investigated capil-
lary is refined by measurements using a light microscope which is elaborated
in section 3.3.4. Additionally, the roughness of the inner surface of the capillary
tube is determined. Both - the inner diameter and the roughness - are needed to

parametrize the homogeneous flow model that is presented in chapter 4.

3.3.1 Design on experiments

Tab. 3.2 displays the investigated flow conditions of propane at the capillary
inlet that result in pure liquid flow through the capillary. The liquid flow experi-
ments are used in section 5.1.1 for the parametrization of the homogeneous flow

model.

Tab. 3.3 contains the investigated inlet conditions of propane that result in a liquid
and two-phase flow in the capillary. Each flow condition is investigated twice in
order to check on the reproducibility of the measured pressure drops.

As described in section 3.2, one measurement or one hysteresis curve is performed
for each listed combination of inlet pressure (PRC-1) and mass flow (FIRC-1) of
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capillary tube.

PRC-1 FIRC-1 Subcooling

inbar inkg/h in K
16 13.5 56,7,8,9
16 14 56,7,8,9
16 14.5 5,6,7,8,9
16 15 5,6,7,8,9
17 15 56,789
18 15 5,6,7,8,9
19 15 5.6,7,89
20 15 56,7,8,9
20 16.5 56,7,8,9
21 15 56,7,8,9
21 16.5 56,7,8,9
23 15 56,7,89
23 16.5 5,6,7,8,9
23 18 56,7,8,9
25 16 56,7,8,9
25 16.5 5,6,7,8,9
25 18 56,7,8,9

CAPILLARY TUBE

Tab. 3.3: Investigated flow conditions at the (copper) capillary inlet with phase change inside the
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propane and the according subcoolings from 5 to 9 K. Fig. 3.4 depicts an exemplary
measurement series at a constant inlet pressure of 25bar and constant mass flow
of 18kg/h. For the validation of the homogeneous flow model in chapter 5, only
steady-state conditions of the inlet conditions of the propane flow (i.e. PRC-1,
TRC-1 and FIRC-1) are needed as input variables of the flow model, as well as the
resulting steady-state pressure drop (DPR-1) for the comparison with the pressure
drop that is predicted by the flow model. For all measurement series in Tab. 3.3
steady-state conditions are determined. In the further course of this work it will
be referred to the steady-state conditions when referring to experimental results
in general. The results are listed in Tab. A.2 and Tab. A.3 in the appendix. For the
liquid flow experiments in Tab. 3.2 the steady-state conditions are determined in
the same way. The experimental results are attached in Tab. A.1. For all conditions
in Tab. 3.3 the entrance condition of the refrigerant flow is highly turbulent,
ranging from approximately Re=47400 (at PRC-1=16bar, FIRC-1=13.5kh/h, 9K
Subcooling) to Re=80400 (at PRC-1=23 bar, FIRC-1=18 kh/h, 5K Subcooling).

3.3.2 Results and discussion

In this section, the general findings on the pressure drop of propane in the in-
vestigated copper capillary tube as well as the findings on the characteristics of
the hysteresis curve depending on the subcooling are analysed and discussed.

Fig. 3.5 depicts the gathered pressure drops for the performed increasing and
decreasing subcooling paths within the measurement series at a constant mass
flow of 15kg/h and different constant inlet pressures. Only the mean values of
the double measured measurement series are depicted in the figure for a clearer
appearance of the results. The presence of a hysteresis effect is visible for all
shown measurement series: the measured pressure drop depends on the previ-
ous measured operating condition (here: subcooling). It can be seen that for all
increasing subcooling paths, the measured pressure drop is higher than for the
decreasing subcooling paths. Generally, the experimental results in Fig. 3.5 show
that the lower the inlet pressure the higher the pressure drop for the same degree
of subcooling. This can be explained with the pressure difference from the inlet
pressure and the saturation pressure - which is smaller for lower inlet pressures
and higher for higher inlet pressures. Hence, for higher inlet pressures a larger
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Fig. 3.4: Exemplary time-resolved measurement series at a constant inlet pressure (PRC-1) of
25 bar and a mass flow (FIRC-1) of 18 kg/h further displaying the change of subcooling
at the capillary inlet and the resulting pressure drop (DPR-1).
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different inlet pressures (PRC-1) in the copper capillary tube depicting the resulting
pressure drop (DPR-1) over the change of the subcooling at the capillary inlet (mean
values of the redundant measurements).
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Fig. 3.6: Experimental results of the measurement series including the increasing (Incr.) and
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values of the redundant measurements).
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CAPILLARY TUBE

part of the capillary tube is occupied with liquid refrigerant and consequently the
pressure drop is lower. The flow of propane with a subcooling of 5K at the inlet
of the capillary entails a larger two-phase pressure drop than 9K subcooling. The
higher ratio of two-phase flow in the capillary is the reason why the pressure drop
at lower subcoolings is larger than at higher subcoolings. The difference between
the pressure drop at 5K and 9 K subcooling of the increasing subcooling is larger,
the lower the inlet pressure is. The decreasing subcooling paths in Fig. 3.5 follow
linear courses, approximately. It is remarkable that the slope of the approximated
linear graphs is slightly higher for higher inlet pressures.

For an inlet pressure of 20 bar and a subcooling of 5K the pressure drop is around
47 % higher when increasing the mass flow from 15kg/h to 16.5kg/h (increase
by 10 %), see Fig. 3.6. For an inlet pressure of 23bar the pressure drop is even
increased by 53 %. Both pressure drop relations refer to the increasing subcooling
path. Concerning the decreasing subcooling paths, the slope of the approximate
linear correlation is higher in Fig. 3.6 than in Fig. 3.5. The difference between the
pressure drop at 5 K and 9 K subcooling is way lower at the decreasing subcooling
paths compared to the increasing subcooling paths.

At some point in the decreasing subcooling paths the linear correlation seems
to be suddenly disrupted - see e.g. Fig. 3.6 for 20bar inlet pressure from 6 to
5K subcooling. The redundant measurements of this specific measurement series
is depicted in Fig. 3.7. Two rendundant measurements of the increasing and de-
creasing subcooling paths are shown. Following the black graph of the decreasing
subcooling path it can be seen that there are two measured pressure drops at a
subcooling of 5K. Meyer and Dunn (1998) interpreted the presence of two, or
more, possible steady-state pressure drops at the same degree of subcooling as
a "collapse of a metastable flow". Such a collapse results in a higher pressure
drop or lower mass flow depending on the investigated subject. Fig. 3.8 shows the
time-resolved measurement of the black measurement series in Fig. 3.7. Fig. 3.8
represents the time section of measuring the subcooling of 5K of the decreasing
subcooling path. The first three diagrams show the flow condition at the capillary
inlet - the inlet pressure, the subcooling and the mass flow of propane - whereas
the last diagram plots the course of the resulting pressure drop in the copper
capillary. It can be seen that the operation is in steady-state in the time from 218-
224 min with a pressure drop of 7bar. Then suddenly the pressure drop increases
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Fig. 3.7: Experimental results of two redundant measurement series including the increasing
(Incr.) and decreasing (Decr.) subcooling path at the constant inlet pressure (PRC-1) of
20 bar and mass flow (FIRC-1) of 16.5kg/h in the copper capillary tube depicting the
resulting pressure drop (DPR-1) over the change of the subcooling at the capillary inlet.

whereupon the inlet condition of the propane flow is affected and the desired
condition of the propane flow at the capillary inlet needs to be adjusted again. At
the time of 227 min a new steady-state condition is reached with a pressure drop
of around 7.6 bar. The collapse of a metastable flow is assumed to be responsible
for the sudden increase in the pressure drop shortly before the time of 225 min. As
such collapses of metastable flow only occured in the decreasing subcooling paths,
it strengthens the hypothesis that primarily the decreasing subcooling paths entail
metastable flow. As after such a collapse, the pressure drops of the decreasing sub-
cooling path approximate the pressure drops of the increasing subcooling paths,
it can reasonably be concluded that the metastable flow causes the hysteresis
effect. If, however, the metastable flow collapses, the hysteresis effect is lowered
in terms that the difference between the increasing and decreasing subcooling
path is reduced. Whenever two steady-state pressure drops have been traceable
within the measurements, both pressure drops are documented and marked in
the experimental results in Tab. A.3.

We may assume that metastable flow is developed when changing from increasing
to decreasing subcooling at g K in the investigated measurement series in Tab. 3.3.
However, it is hard to track within the measurements if a metastable collapse took
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place. Presumably, it does not have to be the case that it is as obvious as in Fig. 3.8
where there are two steady-state conditions. In contrast, metastable flow can col-
lapse when changing from one investigated subcooling of the measurement series
to another while waiting for the process to become steady-state. Consequently, it
may be possible that some of the decreasing subcooling paths (e.g. at 23 bar inlet
pressure and 16.5kg/h in Fig. 3.6) may be subject to a metastable collapse which
could explain sudden changes in the slope of the linear courses of the decreasing
subcooling paths. Following this assumption, comparing Fig. 3.5 and Fig. 3.6,
metastable flow is more likely to collapse at higher mass flows.

Generally, it can be observed that the hysteresis effect is higher (i.e. the difference
between the pressure drops of the increasing and decreasing subcooling path for
the same degree of subcooling is higher) for lower inlet pressures and for higher
mass flows (compare Fig. 3.6 and Fig. 3.5). This statement is valid for low sub-
coolings (5 and 6 K). The difference in the pressure drop for a subcooling of 5K,
the inlet pressure of 16 bar and mass flow of 15kg/h is around 22 % comparing
the increasing and decreasing subcooling path (see Fig. 3.5). Whereas it is 9.5 %
for the same conditions at 17bar inlet pressure. For higher subcoolings (7-9 K)
the increasing and decreasing subcooling curves tend to overlap. The findings
on the characteristics of the hysteresis effect can be seen more clearly in Fig. 3.9.
Comparing the measurement series at 23 bar and 25 bar for the same mass flow of
16.5kg/h, it becomes obvious that a lower inlet pressure implies a higher hystere-
sis effect. This complies with the comparison of the measurement series at 23 bar
and 25bar for the higher mass flow of 18kg/h. Comparing the measurement
series with the mass flow of 16.5kg/h and the mass flow of 18kg/h at 23 bar, it
is noticeable that for the measurement series with 18 kg/h the linear relation of
the decreasing subcooling paths is disrupted at 6 K subcooling. Presumably, there
has been a collapse of metastable flow. Concerning the measurement series with
16.5 kg /h mass flow, the disruption takes place at 5K subcooling. Consequently,
the metastable flow /hysteresis effect at higher mass flows seems to be less stable
which also corresponds to the measurement series at 25bar (see Fig. 3.9). The
findings on the effects on the charateristics of the hysteresis effect depending
on the refrigerant flow condition at the inlet of the capillary is summarized in
Tab. 3.4. The observed characteristics are valid for the range of experiments listed
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Fig. 3.8: Extracted time-resolved measurement of the measurement series at a constant inlet pres-
sure (PRC-1) of 20 bar and a mass flow (FIRC-1) of 16.5 kg/h in the copper capillary tube
further displaying the subcooling at the capillary inlet and the pressure drop (DPR-1)
showing a collapse of a metastable flow (increase in pressure drop).
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Tab. 3.4: Summarized effects on the hysteresis effect depending on the refrigerant flow condition at
the capillary inlet. Valid for the investigated range of flow conditions in Tab. 3.3 for the
copper capillary. (*difference between the pressure drops of the increasing and decreasing

subcooling paths).
Refrigerant flow condition Effects on the hysteresis effect evoked by the change in subcooling
Inlet pressure | Mass flow | Subcooling | Quantitative characteristics* | Stability
low moderate moderate-high
low . .
high low high
low .
hich low high low
& high moderate low-moderate
low low low-moderate high
. high low high
high .
high low high low
& high low-moderate moderate

in Tab. 3.3 and are to be regarded relatively distinguishing between the investi-

gated flow conditions.

3.3.3 Investigation on the cause of the development of metastable
flow/hysteresis effect

The metastable flow occurs when changing from high subcoolings to low sub-
coolings as was seen and discussed at Fig. 3.5 and Fig. 3.6 in the section before.
Apparently, some circumstance causes the pressure drop to decrease when chang-
ing the direction of the subcooling and going from high to low subcooling. In
this section, systematic measurements shall give an answer to which circumstance
might cause the development of metastable flow so that a hysteresis effect on the

pressure drop appears.

When changing the degree of subcooling while keeping the mass flow and pres-
sure at the inlet of the capillary to a constant level, two obvious changes arise in

the flow through the capillary:

— the inlet temperature is changed

— the ratio of the capillary length that is covered by liquid flow is changed

When changing from low subcoolings to high subcoolings, the ratio of the capil-
lary length that is covered by liquid flow is enlarged. This ratio is hereby desig-
nated as "wetting ratio". As also experienced by Guobing and Yufeng (2006), the
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Fig. 3.9: Comparison of the characteristics of the hysteresis curves including the increasing (Incr.)
and decreasing (Decr.) subcooling path at mass flows (FIRC-1) of 16.5 and 18 kg/h and
inlet pressures (PRC-1) of 23 and 25 bar in the copper capillary depicting the resulting
pressure drop (DPR-1) over the change of the subcooling at the capillary inlet (mean
values of the redundant measurements).
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assumption is that metastable flow is negligible for increasing subcooling paths if
the initial subcooling is low. Hence, the cause for the development of metastable
flow lies in the changing from high to low subcoolings. Consequently, the two
possible causes for the development of metastable flow are considered:

1. the change in the inlet temperature from lower to higher temperature

2. the change from a higher wetting ratio to a lower wetting ratio

In order to exclude one of the listed causes, a systematic experiment is carried
out. The experiment consists of two parts. In the first experiment, an exemplary
measurement series at a constant inlet pressure of 16 bar and mass flow of 16 kg/h
is performed. The increasing and decreasing subcooling paths are performed con-
secutively from 5 to 9 K and back to 5K in 1 K-steps. The second experiment is
exactly alike in terms of inlet pressure, mass flow and the increasing and decreas-
ing subcooling paths. The difference is that after (and before) each steady-state
operation of one adjusted subcooling the capillary is flushed with fully liquid flow.
The liquid flow is realized by increasing the pressure at the inlet of the capillary.

Fig. 3.10 shows a time section of the second experiments which highlights the
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Fig. 3.10: Representative extract from the time-resolved recordings of the propane flow conditions
at the inlet of the copper capillary - flushing the capillary by increasing the inlet pressure
(PRC-1). Showing the inlet pressure (PRC-1), the subcooling and the temperature (TRC-
1) at the capillary inlet (source: (Gabrisch and Repke, 2021)).

flushing of the capillary after each steady-state condition of the measurement
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series. It can be seen that when the inlet pressure is increased, the subcooling is
increased, too. However, the inlet temperature remains constant. This is due to
the approximate incompressibility of the refrigerant. It follows that the second
experiment includes the temperature change impact of the first experiment but, in
contrast, the wetting ratio is not changed. In the second experiment, the capillary
is always fully flushed as a precondition for each steady-state measurement point
of the increasing and decreasing subcooling path. Thus, in the second experiment,
there is no change in the wetting ratio as it remains constant for the whole mea-
surement series. If the wetting ratio does not cause the metastable flow, we expect
to not see any difference compared to the first experiment. As the inlet conditions
of the flow remain the same in the second experiment, we then could conclude
that the temperature change causes the development of the metastable flow and
thereby evokes the hysteresis effect on the gathered pressure drop.

Fig. 3.11 depicts the results of the two experiments. The left diagram shows the
results of the first experiment. The measurement series results in the expected
hysteresis curve of the pressure drop with the recorded pressure drops of the
decreasing subcooling path being below the pressure drops of the increasing sub-
cooling path. The right diagram in Fig. 3.11 presents the results of the second
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Fig. 3.11: Left: Performing increasing (Incr.) and decreasing (Decr.) subcooling paths without
flushing; Right: Performing increasing and decreasing subcooling paths with flushing.
Both at 15 bar inlet pressure (PRC-1) and a mass flow (FIRC-1) of 16 kg/h in the copper
capillary depicting the resulting pressure drop (DPR-1) over the change of the subcooling
at the capillary inlet (source: (Gabrisch and Repke, 2021)).
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experiment. The following observations are striking about the second experi-

ment:

— the overall pressure drops in the second experiment are below the pressure

drops of the first experiment

— the pressure drops of the decreasing subcooling path lie above those of the
increasing subcooling path

— metastable collapse took place at both - the increasing and decreasing sub-
cooling paths

The listed observations suggest that metastable flow was developed not only at
the decreasing but also at the increasing subcooling path. Assuming that the
increasing subcooling path of the first experiment entails (almost) no metastable
flow, the increasing subcooling path of the second experiment has to since the
pressure drops are much lower. The observed ambiguous pressure drops at 6 K
subcooling of the increasing subcooling path of the second experiment support
this assumption. It is an indicator for the collapse of metastable flow - hence, there
should have been metastable flow before it collapsed. It is reasonable to conclude
that the flushing of the capillary evoked the development of metastable flow
and thereby a lower pressure drop.

It can be assumed that the higher the wetting ratio the longer the metastable
flow and, thus, the lower the measured pressure drop. In the first experiment, the
lowest pressure drop is 5bar at an inlet pressure of 16bar and a subcooling of
9K. The according inlet enthalpy can be determined by means of the REFPROP
database for propane. Assuming an isenthalpic throttling, the vapour quality
at the capillary outlet can be calculated given the outlet pressure (11bar) and
the calculated inlet enthalpy. The calculated vapour quality is at 6.12 %. Hence,
within the first experiment, the capillary is never fully flushed if the wetting of the
capillary is regarded of the part of the capillary that is covered by pure liquid flow.
In the second experiment, in contrast, the capillary is fully flushed before each
recording of the pressure drop. As the pressure drops in the second experiments
are lower or equal to the first experiment, it is reasonable to assume that the
degree of the wetting ratio enhances the development of metastable flow and
thereby evokes a lower pressure drop.
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3 EXPERIMENTAL INVESTIGATIONS

As the influence of the change in the inlet temperature in the second experiment
is the same as in the first experiment, it is concluded that the wetting of the
capillary tube entails the development of metastable flow. In the first experiment,
the highest wetting ratio of the capillary tube is reached at 9 K subcooling. Before,
it is assumed that there is no metastable flow present and, hence, the pressure drop
is as high as possible for the given capillary design and flow condition. Metastable
flow is developed when changing back to lower subcoolings. Regarding the 5K
subcooling of the decreasing subcooling path of the first experiment, the capillary
tube is partly wetted where it was not wetted at 5K subcooling for the increasing
subcooling path. Consequently, the wetted capillary surface affects the two-phase
flow of the refrigerant and lowers the pressure drop.

The following hypotheses conclude the investigations on the cause of the develop-
ment of metastable flow and the presence of the hysteresis effect on the pressure
drop, respectively:

— a wetted capillary lowers the pressure drop of the (two-phase) flow or re-
frigerant through the capillary

— the higher the previous wetting ratio of the capillary the lower the resulting

pressure drop

The hypotheses will be introduced in model assumptions in section 4.2.

3.3.4 Refining measurements of the inner diameter and roughness

In order to precisely determine the inner diameter and the roughness of the inner
surface of the capillary, the capillary is excluded from the experimental apparatus
after the measurements in the copper capillary tube are accomplished. Five test
samples of 1cm length and are cut out of the capillary tube for the investigation
of the inner diameter and 4 test samples of 2cm length for the investigation of
the roughness. In the following, the measurement methods and techniques are

explained.
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Measuring the inner diameter

The inner diameter of the capillary is measured using a light microscope (Nikon
SMZ-U stereo microscope). The test samples that have been cut out of the capillary
for the investigation of the inner diameter consist of the outer parts of the capillary
(inlet and outlet) and three inner parts that are taken from evenly distributed parts
over the capillary length. The 1 cm long tube samples are vertically placed in a
PVC cuboid with holes which is shown in Fig. 3.12 and Fig. 3.13. The outer parts
of the capillary tube are placed in such way that the inlet and outlet of the capillary
tube (as it was installed within the experimental apparatus) are pointing outward
of the PVC cuboid. The outer parts of the capillary remain unprepared compared
to the application within the experimental apparatus. However, the inner parts of
the capillary have been cut out of the capillary tube at both sides. Consequently,
both ends of the test samples are deformed compared to the installation within the
experimental apparatus. The test samples require a treatment in order to measure
the undistorted inner diameter which is described in the following. For the inner
test samples it is insignificant in which direction they are put inside the PVC
cuboid. The cuboid that contains the inner test samples is framed with tape and
the cuboid is poured over with epoxy resin so that the epoxy resin encloses, fills
and covers the test samples. After the epoxy resin is hardened, the epoxy surface of
the cuboid is grinded with increasingly finer sandpaper until finally it is polished.
In this manner, the deformation by the cutting process is eliminated while the
epoxy resin prevents burr to arise. The progress is continuously observed under
the light microscope until the resulting cross-sectional area of the tube samples
appears to be free from burr and the inner diameter is clearly standing out from
the filled cross-sectional area of the samples. The inner diameter of the outer and
inner parts of the capillary are analysed using an imaging software (Olympus,
Stream 2.0) in which circles are drawn via three points that are set at the contour
of the inner diameter. The software determines the diameter of the drawn circles.
Since the cross-sectional area of the test samples is not perfectly round, five circles
are drawn with the three points distributed at different locations on the contour
(see Fig. B.1 in the appendix). For each test sample the mean of the diameter
of the five circles and the standard deviation is determined and corresponds to
the indicated inner diameter of one test sample. For the total capillary the mean
inner diameter of all investigated test samples as well as the standard deviation
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3 EXPERIMENTAL INVESTIGATIONS

Fig. 3.12: Unembedded test samples of the  Fig. 3.13: Unembedded test samples of the in-
outer parts of the capillary. ner parts of the capillary.

(of the outer and the inner test samples) is averaged. The detailed results are
included in the appendix (see Tab. B.1). In this way, the averaged inner diameter
of the investigated copper capillary results in dcypper=1.1799€-3 m with a standard
deviation of 0, cpper=0.01€-3m.
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Fig. 3.14: Illustration of the average roughness depth Rz (source: DIN EN ISO 4287).

Measuring the roughness

The roughness is measured using a white light interferometer (Axio Imager.Z2m
with Laser Scanning Module LSM800). The four test samples (R1-R4) that have
been cut out of the capillary for the purpose of measuring the roughness of the
inner surface of the capillary are evenly distributed over the length of the capil-
lary. The test samples are prepared for the measurement using the white light
interferometer by grinding them longitudinally and thereby create half-pipes (see
Fig. B.2). The test samples are cleaned in ethanol in an ultrasonic bath for ten
minutes and investigated under the white light interferometer using the software
ZEN 2.3 blue edition (Lens: 20x/ NA 0,7, Mastergain 185 VI). The analysis is
done using the analysis tool ConfoMap 7.4. The investigation and analysis was
carried out by the company BSH Home Appliances Group. 77 to 85 profile curves
of the inner surface of the prepared half-pipes are analysed with respect to the
average roughness value Ra and average roughness depth Rz which are chosen
to be considered for the parametrization of the roughness e in the flow model
presented in chapter 4. According to the DIN EN ISO 4287, the average roughness
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3 EXPERIMENTAL INVESTIGATIONS

value Ra is defined as follows:
. I
Ra = T/IZ(x)]dx (3.1)

0

where Z(x) is the height of a measured profile line at any position x. The average
roughness depth Rz is defined as the sum of the largest profile valley Z, and the
largest profile peak Z,(see Fig. 3.14). The mean values and the standard deviations
of the profile curves for each test stample are listed in Tab. B.2.

For the determination of the roughness measures Ra and Ra and the accord-
ing standard deviations, the mean values and standard deviations of the test
samples are averaged and result to: Racoppe,=0.101€-6 M, ORs,Copper=0-016€-6m ,
Rzcopper=1.285e-6 mand 0g;,copper=0.391€-6m .

3.4 Experiments on the Propane Flow Through a Steel
Capillary Tube

In this section, the propane flow through a steel capillary tube that has the same
manufacturer specification as the copper capillary tube in section 3.3 is examined
using the test apparatus in Fig. 3.1. Consequently, the steel capillary is 1 m long
and the inner diameter is specified to 1.1 mm. However, the inner diameter is re-
fined in section 3.4.3 after the experiments on the propane flow are accomplished.
The experiments on the steel capillary serve as a further validation base in order
to check whether the flow model that is adapted based on the experimental results
of the capillary tube is valid for the steel capillary as well.

3.4.1 Design on experiments

The roughness of the inner surface of the capillary tube is not specified by the
manufacturer. In order to estimate the roughness of the investigated steel capillary
(see section 5.2.1), experiments that result in pure liquid flow are performed. The
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Tab. 3.5: Investigated flow conditions at the (steel) capillary inlet with liquid flow through capillary
tube.

PRC-1 FIRC-1 Subcooling
inbar inkg/h in K

15 8 9
15 9 9-5
16 11 11.5
16.5 13 12
18 15 16.5
18.5 17 18
19 18 19

test plan is shown in Tab. 3.5 * and the according experimental results of the
steady-state conditions are presented in Tab. A.4 in the appendix.

The experiments of the two-phase pressure drop of propane in the steel capillary
are designed to result in comparable pressure drops as in the copper capillary. As
a consequence, the experiments result in the same validation range for the flow
model as the experiments of the propane flow through the copper capillary. In
order to not perform the complete test plan of the experiments that have been
carried out in the copper capillary, representative inlet conditions of the propane
flow from the test plan related to the copper capillary are chosen. The chosen inlet
conditions are listed in Tab. 3.6 and investigated for the propane flow through the
steel capillary. The shown conditions result in pressure drops that range from the
lowest to the highest achieved pressure drop in the copper capillary tube (compare
the experimental range of the experiments in the copper capillary in Tab. A.2).
Therefore, the resulting operation range is considered to be comparable with the
experiments of the copper capillary if the throttling behaviour is comparable. The
listed inlet conditions in Tab. 3.6 result in a liquid and two-phase flow in the capil-
lary. The inlet conditions are performed in increasing subcooling paths which are
directly followed up by the decreasing subcooling path as explained in section 3.2.
The steady-state conditions are determined as described in section 3.3.1 and the
experimental results are listed in Tab. A.5 and Tab. A.6 in the appendix.

' It was decided do increase the range of inlet conditions in terms of the mass flow as the inlet
pressure and the subcooling for pure liquid flow is rather insensitive with respect to the liquid
pressure drop.
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Tab. 3.6: Investigated flow conditions at the (steel) capillary inlet with phase change inside the
capillary tube.

PRC-1 FIRC-1 Subcooling
inbar inkg/h in K

16 13.5 56,7,8,9
20 15 5,6,7,8,9
20 16.5 56,7,8,9
23 16.5 56,7,8,9
23 18 5,6,7,8,9
25 16.5 5,6,7,8,9
25 18 56,7,8,9

3.4.2 Results and discussion

Fig. 3.15 depicts all gathered measurement series that are listed in Tab. 3.6. Only
the mean values of the double measured measurement series are depicted in the
figure for a clearer appearance of the results. It can be seen that the general effects
of the input variables (mass flow, inlet pressure and subcooling) is the same as
observed in the copper capillary (see section 3.3.2): the higher the mass flow and
the lower the subcooling and inlet pressure, the higher the resulting pressure
drop in the capillary. The highest pressure drop is observed for the increasing
subcooling path at 23 bar inlet pressure and 18 kg/h mass flow. However, it is to
note that at 5K the mass flow of 18 kg/h is not properly reached. Consequently,
the pressure drop should be higher here. At 6 and 7kg/h the mass flow is slightly
above 18kg/h (see experimental data in Tab. A.5), so the pressure drop should
be slightly lower for the the desired 18kg/h. Consequently, the course of the
pressure drop for the increasing subcooling path at 23 bar and 18kg/h is slightly

misleading.

Tab. A.7 in the appendix contains the mean values of the measurement series
of the listed flow conditions in Tab. 3.6 comparing the resulting pressure drops
gathered in the copper and steel capillary. It becomes visible that the pressure
drop in the steel capillary is significantly higher for all compared flow condi-
tions. The difference between the measured pressure drop in the copper and steel
capillary tube increases for decreasing inlet pressures and increasing mass flows.
The largest difference is reached for the measurement series ar 23 bar inlet pres-
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Fig. 3.15: Experimental results of the measurements series in Tab. 3.6 in the steel capillary tube

comprising all increasing (Incr.) and decreasing (Decr.) subcooling paths. The legend
displays the measurements at different inlet pressures (PRC-1) and different mass flows
(FIRC-1). The diagram shows the resulting pressure drop (DPR-1) over the change of
the subcooling at the capillary inlet (mean values of the redundant measurements).
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Fig. 3.16: Comparison of the characteristics of the hysteresis curves including the increasing (Incr.)
and decreasing (Decr.) subcooling path at different mass flows (FIRC-1) for an inlet pres-
sure (PRC-1) of 25 bar referring to the experiments in the copper and steel capillary. The
diagram shows the resulting pressure drop (DPR-1) over the change of the subcooling
at the capillary inlet.

sure and 18kg/h mass flow. The difference between both capillary tubes marks
a maximum of about 35 % concerning the evoked pressure drop. Generally, the
discrepancy between the pressure drops in the two capillaries increases for in-
creasing two-phase flow of the refrigerant which is plausible since the effect of
the capillary design (e.g. inner diameter or roughness) is larger for the two-phase
flow as for the pure liquid flow due to the acceleration of the flow induced by
the friction. The difference in the pressure drop concerning the liquid flow is
significantly lower (compare Tab. A.1 and Tab. A.4). As the inner diameter of
the steel capillary is specified to be equal to the copper capillary, the difference
has to be attributable to the difference of the roughness of the tubes. The inner
diameter of the steel capillary is measured in section 3.4.3 in order to confirm
the comparability of the inner diameters of the copper and steel capillary. The
roughness of the steel capillary is determined based on a model-based approach

in section 5.2.1.
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Fig. 3.16 compares the pressure drops gathered in the copper and steel capillary
tube for the measurement series at 25bar inlet pressures and the mass flows of
16.5kg/h and 18kg/h. Only the mean values of the double measured measure-
ment series are depicted in the figure for a clearer appearance of the results. It
can be seen that the steel capillary evokes a clearly higher pressure drop for the

depicted measurement series.

Except the measurements at 25 bar inlet pressure and 18 kg/h, the hysteresis effect
in the steel capillary appears to be more stable than in the copper capillary tube,
which means that the decreasing subcooling paths follow mostly linear graphs
without any presumable collapses of metastable flow (see Fig. 3.15).

Fig. 3.16 shows that for a mass flow of 16.5kg/h the hysteresis effect is higher
in the steel capillary than in the copper capillary - i.e. the difference between the
pressure drops of the increasing and decreasing subcooling path is larger for the
steel capillary. At the mass flow of 18 kg/h both measurement series indicate a
collapse of metastable flow as the linear course of the decreasing subcooling paths
is disrupted at 6 K (see section 3.3.2 for the classification of an instable hysteresis
effect). Consequently, it is not reasonable to compare the quantity of hysteresis
effect for these measurement series. However, for all other measurement series
the difference between the increasing and decreasing subcooling paths is larger in
the steel capillary than in the copper capillary which is obvious when comparing
the data in Tab. A.7. Hence, it can be stated that the hysteresis effect has a larger
impact in the steel capillary than in the copper capillary. As presumably, the inner
diameters of the capillaries are within the same dimension, the reason for that
can be related to the different surface structure of both tubes.

3.4.3 Refining measurements of the inner diameter

For the refinement of the steel capillary specification, five test samples are pre-
pared from the investigated steel capillary and the inner diameter is measured
analogously as described in section 3.3.4. The detailed statistical results of the
measurement of the equivalent five test samples of the steel capillary under the
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light microscope is attached in the appendix (see Tab. B.3). The investigation re-
sults in an average inner diameter of the steel capillary of dgs,;=1.1749e-3 mand

a standard deviation of ¢ g,,j=0.01e-3m.

The roughness measures Rag,, and Rzg,. are not measured. A model-based
approach to determine both values is applied which is described in section 5.2.1
and is a cost-effective alternative based on the equal inner diameters of the copper

and steel capillary.
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4 Mathematical Model of the Refrigerant
Flow Through A Capillary Tube

In this chapter, the mathematical model that describes the single and two-phase
flow of a refrigerant through a capillary tube is presented. This chapter basically
consists of the published content from (Gabrisch and Repke, 2020) and (Gabrisch
and Repke, 2021).

4.1 Homogeneous Flow Model

The modelling of the single phase liquid and two-phase refrigerant flow through
the capillary is divided into the calculation of the liquid flow and the two-phase
flow. The two-phase flow is considered to be homogeneous. It is a common
assumption to predict the overall pressure drop in a capillary by dividing it into
the calculation of liquid and two-phase pressure drop where the two-phase flow
is considered to be homogeneous (e.g. (Dirik et al., 1994) and (Gao, Eguchi, and
Tatara, 2015)). For a detailed derivation of the homogeneous flow approach see

section 2.3.

In the following, the applied solution algorithm in terms of the homogeneous
flow model is described in detail since different researchers apply different as-
sumptions. A high level of detail is targeted in the description for reproducibility
of the numerical data.

The pressure drop in the capillary Ap is calculated as the sum of the pressure
drop due to the sudden contraction Ap,.,:. when the refrigerant flow enters the
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capillary, the pressure drop of the liquid phase Ap;;; and the pressure drop of the
two-phase flow Ap;, of the refrigerant:

Ap = Apentr. + Apliq + APtp (4.1)

The pressure drop at the exit of the capillary tube is not regarded as the pressure
at the capillary outlet is measured inside the capillary tube (see Fig. 3.3). The
pressure drop that arises due to the sudden contraction at the entrance of the
capillary tube is calculated using a simple pressure drop correlation depending
on the entrance pressure drop coefficient ¢, the mass flux G and the density at the
capillary inlet pj;; (compare (Schade and Kunz, 2007b)) :

GZ

A =C-
Pertr. g Oinlet

(4-2)

G denotes the mass flux which is the mass flow i1 per cross-sectional area of the
capillary A and equal to the product of density p and flow velocity v:

G=7=p0 (4.3)

Paentr. is the pressure after the entrance of the capillary, i.e. the inlet pressure pjy .t

subtracted by the entrance pressure drop Apep:

Pa.entr. = Pinlet — Apentr. (44)

In case pg.entr. is still larger than ps; — the saturation pressure according to ;e
assuming an isenthalpic throttling — the length of the capillary that is occupied
with liquid flow ALy is calculated next. If puentr. is lower or equal to ps the
two-phase pressure drop is calculated (Eq. (4.13) and following). ALy, is explicitly
calculated by setting the pressure drop of the liquid flow Ap;, in the capillary to
the difference (pa.entr. — Psat):

Apliq = Paentr. — Psat (4.5)
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The liquid pressure drop Apj;, is described by the Darcy-Weisbach correlation for
the frictional pressure drop (see derivation in section 2.3):

fiig G*

Apliq = ALliq : 2.d : 0

(4.6)
lig

where d denotes the inner diameter of the capillary and p;;, and ﬁiq represent
the mean values of the friction factor and density for the liquid pressure drop
defined by Eq. (4.5) and constant enthalpy, see Eq. (4.7). This is a simplification
that follows the assumption that for the liquid flow the refrigerant is considered
to be nearly incompressible and the pressure drop is almost isothermal.

7Ziq _ finlet;‘fsat and ﬁuq _ Pinlet;‘ Osat (4.7)

Single phase properties are determined using the REFPROP database.

Eq. (4.5) assumes that the liquid flashes inside the capillary. If, for this assumption,
the calculation of the liquid length AL;;, exceeds the actual capillary length L,
Eq. (4.6) is used to calculate the pressure drop Apy;, that is evoked by fully liquid
flow in the capillary. In this case, ALj;, is set to the capillary length L.

The friction factor f follows, in each case, the correlation developed by Serghides
(1984), described in the equations below, which approximates the implicit correla-
tion by Colebrook (1939) (see Eq. (2.31)):

1 (B — AA)?
M T e B AA (45)
e/d 12
AA = —2-logy, <37 + Re> (4-9)
e/d 251-AA
B = —2 . loglo (37 + 1{6) (4.10)
e/d 251-B
C=-2. loglo <37 + Re) (4.11)

The correlation by Serghides was found out to be appropriate for the given re-
lation of the considered relative roughness e and the diameter d of the capillary
(generally investigated by Asker, Turgut, and Coban (2014); for the given geome-
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try investigated by Gabrisch, Grunert, and Repke (2017)). The Reynolds-Number
Re is calculated by the means of the dynamic viscosity p:

v-d-p
H

Re = (4.12)

The two-phase pressure drop Ap;, in Eq. (4.1) splits into the acceleration pressure
drop Apacctp and the frictional pressure drop Apyics, (compare Eq. (2.29) and
derivation in section 2.3):

Aptp = Dpacctp + BPfric,tp (4.13)

The two-phase pressure drop calculation is conducted pressure-discretized, where
dp;, the discretized pressure drop, is a function of the iteration step i:

dp; = 10° - exp (—0.2 - i) + 500 (4.14)

APipi = Pipi — Pipiv1 = dp; (4.15)

The pressure is reduced incrementally, beginning from the saturation pressure:

P1 = Psat (4.16)

Subsequently, the two-phase capillary length AL;;; that corresponds to the pres-
sure drop in Eq. (4.15) is calculated. This requires the calculation of the accel-

eration pressure drop Apgcp, and the frictional pressure drop Apfictip,i, See

Eq. (4.13):

G?-x2 G- (1—x;)?
A s = ! : -
Pacctpi (az- o () p, > (1.17)
417
< G* -7, N G* - (1 —xi41)? )

Wip1 - Poiv1 (1 —aip1) - priva

where x is the vapour quality. The void fraction «; is calculated using the homo-
geneous definition (as in Beattie and Whalley (1982)):
Xi

;= .18
: Xi+ (1= x;) - pvi/p1i (4-18)
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The frictional pressure drop Apyyic tp,i is calculated as follows:

Apfrictpi = DLy~ 575 - =—— (4.19)

The pressure drop in the two-phase region is regarded as non-isenthalpic, which
derives from energy conservation for adiabatic and stationary flow with friction,
neglecting the potential energy of the flow (see Eq. (2.10) and derivation in sec-
tion 2.2):

" +1 (m)z 1
t’. -_— R— " —
P 2 A p%p,i

1 (m\? [ 1 I
1i+1 + Xit1 lv,i+1 + 2 (A> <Pl,i+1 T Xit1 Aplv,i+1>

where h is the liquid enthalpy and p; the liquid density, Ahy, the enthalpy of

(4.20)

vaporization and Apy, the difference of liquid and vapour density, accordingly.
As the kinetic energy of the refrigerant flow rises due to the density drop of the
refrigerant, the enthalpy must decrease. Knowing the current condition of the
refrigerant at discretization state 7, the vapour quality x;;; can be calculated.

For Eq. (4.19), the mean value ﬁp,i is calculated as follows:

- fipi+ frpita
ftp,i = 5 - (4.21)

Analoguously to Eq. (4.21) follows the calculation for Pip,i The friction factor
fip,i follows the correlation of Serghides in Eq. (4.8) to (4.11). This requires the
two-phase Reynolds-Number Re;, ;, which in turn requires the two-phase density
Ptp,i, the two-phase velocity vy,; and the two-phase dynamic viscosity ;. The
two-phase density p;,; of the refrigerant is determined by the arithmetic mean of
the vapour quality x; corresponding to the homogeneous flow approach:

1 _£+1—xi

. (4.22)
1Y tp,i Ov,i 01

For the homogeneous two-phase dynamic viscosity p4);, several correlations exist
that specifically average the vapour viscosity y,; and the liquid viscosity p;;,
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Tab. 4.1: Considered two-phase viscosity correlations (homogeneous two-phase flow).

Author

Two-phase viscosity correlation

McAdams, Woods, and Heroman (1942)
Cicchitti et al. (1959)
Dukler, Wicks III, and Cleveland (1964)

Beattie and Whalley (1982)
Lin et al. (1991)

Fourar and Bories (1995)

Awad and Muzychka (2008)

o ( X +1x,-)1
Hipd Mo,i Mii

Hipi = Xi - o+ (1 —x;) - py
Ho,i Hi,i
. — P TS S P W 7
ﬂtp,z Ptp,l i Pv' ( 1) Pl,i
Hepi = i (1= Bi) - (1+2.5-B;) + poi - Bi

1
2
: Ml,i)

Bi= ;
SR el

n _ 1i" Po,i
tpi —
PR i+ x4 (i - i)

Xi* Ho,i
Hipi = Ptpi* (

(1—x;)
P

2 pyi+pri =2 (poi — pi) - (1=

Pv,i
fpi = Hoi- { 2 o iy (o — i) - (1=

o1

see Tab. 4.1. The listed viscosity correlations are taken into consideration for the

validation of the overall capillary model.

The capillary length ALy, ; that is needed for the current two-phase pressure drop

Apip,i is calculated by solving Eq. (4.13) for ALy applying Eq. (4.14), Eq. (4.15),

Eq. (4.17), and Eq. (4.19).

In order to solve for the unknown pressure p,,,+ and enthalpy h,,,.; at the capil-

lary outlet, the pressure is incrementally reduced by dp; as long as the following

two conditions are fulfilled:

— The cumulatively calculated length L, ; is lower than the real capillary

length L:

Lsum,i =

ALjg+Y ALy < L
i

(4-23)

— The Mach-Number at the current outlet condition is lower than 1 (choked

condition: Ma = 1,):

Matp,i-i—l (ptp,i+1/htp,i+l) <1

(4.24)

The Mach-Number is calculated following Eq. (2.8). The speed of sound is calcu-

lated as the square root from the fraction of the differential of the pressure ép and
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the differential of the density Jp while the entropy is constant and in the limit of
d0p — 0, which is a generally applicable approach for any medium (Schade and
Kunz, 2007a):

¢ = lim op

op30 % (4.25)

s=const.

Consequently, a solution is found when the cumulative length corresponds to the
actual capillary length while the Mach-Number is lower or equal to 1. The calcu-
lation also terminates when Eq. (4.24) is violated, which can lead to a resulting
cumulative length lower than the actual capillary length. This means that there
is no physical solution for the given inlet condition of the flow and the capillary
design as this is no possible scenario in reality.

4.2 Modelling the Hysteresis Effect on the Pressure Drop

In this section, the findings of the investigations in section 3.3.3 are introduced
into model assumptions. The flow model from section 4.1 is extended by the

mathematical description of these assumptions.

As concluded in section 3.3.3 the wetting of the capillary tube affects the two-
phase flow of the refrigerant through the capillary such that the pressure drop
is decreased. It is hypothesised that the roughness of the inner surface of the
capillary is decreased when overflowed with liquid. The hypothesis and its con-
sequence on the refrigerant flow through the capillary for changed subcoolings
at the inlet of the capillary is depicted in Fig. 4.1. Fig. 4.1 illustrates the changing
of the subcooling of a refrigerant flow through a capillary from a low to a high to
a low subcooling while the inlet pressure and the mass flow remain the same for
all three depicted flows. The first depicted flow condition presupposes that the
capillary was dry before or the previous flow condition had a lower subcooling
than SC; so that the wetting ratio of the capillary was lower than the current.
The depicted flow results in a liquid flow and a two-phase flow in the capillary
and the outlet pressure P,,; 1. The second illustrated flow condition has a higher
subcooling SC, and, therefore, the liquid flow occupies a larger part of the cap-
illary compared to the first flow. The third shown flow condition indicates the
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Effective Inner Surface Profiles of the Capillary
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Fig. 4.1: Effective roughness of the inner surface of the capillary depending on the wetting ratio of
the capillary tube (source: (Gabrisch and Repke, 2021)).

same subcooling as the first flow (5C3=5C;) and results in the same liquid flow as
the first flow condition. However, it is assumed that the previous flow smoothed
the roughness of the inner surface of the capillary where liquid flow overflowed
the capillary tube. Up to the point where the liquid flow reached before, the two-
phase flow of the third flow is exposed to a lower roughness (and thereby friction)
so that the outlet pressure P, 3 of the third flow is lower than the outlet pressure
Pou1 of the first flow. It is assumed that the smoothing only comes into account
for the two-phase flow and not for the liquid flow as otherwise it would contradict
the Darcy-Weisbach correlation on frictional flow.

Physically, it is possible that the liquid is absorbed in the pores of the roughness
profile of the inner surface of the capillary and thereby smoothes the surface. It is
presumably an interplay between the roughness profile and the surface tension
characteristics of the refrigerant as well as dependant on thermodynamic and
flow conditions to which extend the absorption takes place. The complex process
of liquid absorption is simplified to the introduction of a scalar variable that
is hereinafter referred to as "(effective) wetted surface roughness" eyeseq. This
variable needs to be empirically determined against the experimental results of
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4.2 MODELLING THE HYSTERESIS EFFECT ON THE PRESSURE DROP

the propane flow through the copper and steel capillary which is elaborated in
section 5.1.4 section 5.2.3, independently. Further, the information of the previous
wetting ratio is needed in order to determine up to what point the two-phase flow

is exposed to the wetted surface roughness e;,tte4-

The wetting ratio that results from a given flow condition is defined as follows:

_ ALy

©="1

(4.26)

The wetting ratio determines the ratio of the liquid flow length ALy, to the total
capillary length L. ALj;, is calculated based on Eq. (4.6).

In order to calculate the pressure drop that corresponds to a certain flow condition
at the inlet of the capillary, the previous wetting ratio ® ! is needed as input
variable for the flow model in section 4.1. Based on the previous wetting ratio,
the capillary length that was previously covered by liquid flow is calculated. The
wetted surface roughness ey,t.s is applied as roughness measure e within the
calculation of the two-phase frictional pressure drop Apy,; in Eq. (4.19) as long as
the following condition is valid:

Lsum,i = ALliq + ZALtp,i <L- ®71 (4-27)
i

When Eq. (4.27) is violated, the roughness measure e is either set to the average
roughness value Ra or the average roughness depth Rz for the further calculation
of the frictional pressure drop of the two-phase flow as long as the conditions in
Eq. (4.23) and Eq. (4.24) are fulfilled.

It is obvious that from lower to higher subcoolings, the wetted surface roughness

does not influence the calculation of the pressure drop as Eq. (4.27) is never
fulfilled.

In the transient simulation of the capillary operation (e.g. when simulating a
measurement series, i.e. an increasing and decreasing subcooling path) for the
calculation of the first flow condition an initial wetting ratio of the capillary @°
must be given. The flow model is then able to calculate the pressure drop and the
wetting ratio @' for the first flow condition of the measurement series. For the

65



4 MATHEMATICAL MODEL OF THE REFRIGERANT FLow THROUGH A
CAPILLARY TUBE
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Fig. 4.2: Calculation scheme of a transient simulation of the flow model for a series of flow condi-

tions.

calculation of the second flow condition of the measurement series the maximum
of all previous wetting ratios is transferred to the flow model and so forth. The
procedure of the transient capillary simulation is demonstrated in Fig. 4.2. For
the simulation of the increasing subcooling path from 5 to 9K the current flow
condition will result in a higher wetting ratio than the previous flow condition.
When simulating the according decreasing subcooling path, the highest wetting
ratio is achieved at the subcooling of 9 K. Consequently, for all upcoming flow
conditions of the decreasing subcooling path the wetting ratio that resulted from
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9K subcooling is transferred to the flow model.
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5 Comparison between Experimental and
Numerical Results

The flow model which is presented in chapter 4 can be summarized as a function
Feapitary that calculates the pressure drop Ap that arises for a refrigerant flow
through a capillary tube given the needed parameters, correlations and input
variables:

AP - FCapillary (mr Pinlets hinlet/ ®71/ d/ L/ €, Cwetteds C/ th) (51)

If the inner diameter d, the length L, the relative roughness e of the inner surface
and the (effective) wetted surface roughness e.4 as well as the entrance pressure
drop coefficient ¢ for a specific capillary application and the previous wetting ratio
©~! are known and the viscosity correlation i, is designated, the pressure drop
Ap can be calculated for any condition of the refrigerant flow at the inlet of the
capillary, where ri1 is the mass flow through the capillary, p;,+ the pressure and
hiner the enthalpy at the inlet of the capillary tube.

The length of both, the copper and steel capillary, is considered to be L = Lcopper =
Lsteer = 1.0274m (see Fig. 3.3). Whereas the diameter dc,pp.r and the roughness
ecopper (here: Racopper and Rzcopper) Of the copper capillary have been determined
via measurements in section 3.3.4, the diameter dg;,,; has been determined in
section 3.4.3.

In the following sections the determination of the entrance pressure drop coef-
ficient ¢, the determination of the best-matching two-phase viscosity correlation
ttp as well as the effective wetted surface roughness eetted,copper AN €xetted,Steel 18
presented.
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5 COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL RESULTS

5.1 Experimental and Numerical Results of the Copper
Capillary Tube

In this section the flow model is parametrized with respect to:

— the entrance geometry of the capillary (i.e. the ratio of the inner diameter of
the connection tube and the inner diameter of the capillary) - hence, identi-
fying the entrance pressure drop coefficient ¢ due to sudden contraction

— the investigated refrigerant propane - hence, determining the appropriate
two-phase viscosity correlation )

— the investigated capillary material copper - hence, identifying wetted surface

I‘OUghnG‘SS Cwetted,Copper

In section 5.1.1, the entrance pressure drop coefficient ¢ is identified based on the
experiments of pure liquid flow of propane through the copper capillary tube.
Both roughness measures, Racopper and Rzcopper, are taken into consideration for

the parametrization of e.

Knowing the parameters d, L, e and ¢ while setting e+t = € and choosing a two-
phase viscosity correlation ji;,, the flow model that is described in chapter 4 can be
used to describe the increasing subcooling paths resulting from the experiments
of propane flow through the copper capillary (see Tab. A.2). By setting eyeteq = €,
the hysteresis effect is not taken into account; the flow model is not able to
predict ambiguous pressure drops then. However, the pressure drops recorded
within the increasing subcooling paths are regarded to be unique and to cause the
highest possible pressure drop for the given inlet conditions of the flow (compare
findings of (Guobing and Yufeng, 2006) and see section 3.3.3). Consequently, the
flow model with ey = € aims to predict the increasing subcooling paths of the

experimental data.

In section 5.1.2, common two-phase viscosity correlations (listed in Tab. 4.1) are
applied within the flow model and compared to the experimental data of the
increasing subcooling paths of the propane flow through the copper capillary.
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CAPILLARY TUBE

Section 5.1.3 suggests a simple adaption of the viscosity correlation provided by
Beattie and Whalley (1982) in order to better match the experimental data of the

specifically investigated refrigerant propane.

The two-phase viscosity correlation which results in the best prediction of the
experimental data of the increasing subcooling paths is chosen for further cal-
culations. Hence, at this point the only remaining parameter in order to predict
the ambiguous pressure drops, i.e. predict the observed hysteresis effect on pres-
sure drop, for the flow through the copper capillary tube is the wetted surface
roughness eyetred,copper- The latter one is identified via parameter estimation in
section 5.1.4 based on the experimental data of the decreasing subcooling paths
of the propane flow through the copper capillary (see Tab. A.3).

The outlined steps of the parametrization of the flow model is summarized in
Fig. 5.1. And is a general proposal for the investigation of refrigerant flow in a

capillary and the according model adaption/parametrization.

Finally, the overall prediction quality of the parametrized flow model with respect
to the experimental data observed in the copper capillary tube is discussed in
section 5.1.5 and a model uncertainty analysis is conducted in section 5.3.

5.1.1 Estimation of the entrance pressure drop coefficient

For the determination of the entrance pressure drop coefficient ¢, a parameter
estimation using the flow model described in chapter 4 and the liquid flow ex-
periments of propane through the copper capillary (see Tab. A.1) is carried out’.
As only the liquid flow is considered for the estimation of the parameter, the
model is reduced to Eq. (4.6) and the required auxiliary equations. Consequently,
¢ remains the only unknown parameter. The parameter estimation is executed in
MATLAB using the nonlinear least-squares solver (Isqnonlin) that solves for the
parameter ¢ that minimizes the error between the calculated and measured liquid

pressure drops. Solving for the least squares referring to the comparison between

'The content of this section is mainly adopted from (Gabrisch and Repke, 2020)
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Fig. 5.1: Systematic approach for the generation of an experimental database on the refrigerant
flow in a capillary and the parametrization of the according flow model.
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CAPILLARY TUBE
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Fig. 5.2: Estimation of the entrance pressure drop coefficient ¢ depending on the parametrization
of the roughness e with the averaged roughness value Ra or the averaged roughness
depth Rz. The diagram shows the resulting experimental pressure drop (DPR-1) vs. the
simulated pressure drop (Aps;y, ) over the different measured mass flows (FIRC-1), see
data in Tab. A.1. It further shows the resulting sum of square errors (SSE) and the result
of the entrance pressure drop coefficient . source: (Gabrisch and Repke, 2020).

the predicted pressure drop Aps,. and the experimental pressure drop Apeyp.
while adjusting a certain parameter z can generally be expressed as follows:

mzinZ (Apsim.,j - Apexp.,j)2 (52)
]

In this case, the parameter that is solved for is z = ¢ whereas j denotes the the j-th
considered operating condition of the experimental investigations on the liquid
flow listed in Tab. A.1.

Since the estimated entrance pressure drop coefficient depends on the parametriza-
tion of e, it is distinguished between {r, and {r.. The results of the parameter
estimation for both - {r, and G - are given in Fig. 5.2 including the resulting sum
of square errors (SSE) depending on the parametrization. The parameter estima-
tion results in {r,=3.7526 and {r,=2.3475. As Fig. 5.2 indicates, the parametriza-
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tion with e=Rac,pper=0.101€-6 m performs better than the parametrization with
e=Rzcopper=1.285e-6 m. However, in general both parametrizations capture the
experimental data well so that both are further considered for the parametrization
of the flow model in chapter 4. As the roughness measure Rz defines a rougher
surface as Ra, the effect of both values should be compared when predicting the

two-phase flow in the following sections.

5.1.2 Comparison of common two-phase viscosity correlations

In this section, the investigated increasing subcooling paths in the copper capillary
(see Tab. A.2) are predicted using the flow model in chapter 4 following the
solution algorithm for the transient simulation of the flow model (see Fig. C.1 in
the appendix).?

As within the experimental investigation of the increasing subcooling paths it
was aimed to keep the subcooling at the capillary inlet constantly below the first
subcooling of the measurement series (see Tab. 3.3) the initial wetting ratio for
the prediction of each investigated increasing subcooling path is set to zero as the
previous wetting ratio for the increasing subcooling paths is not relevant because

it is always lower than the current wetting.

Following the model assumptions in section 4.2 there is no influence of the wetted
surface roughness e,y for the prediction of the increasing subcooling paths.
Consequently, the wetted surface roughness eyetred,copper 1S set to ecopper (either Ra
or Rz). Applying the viscosity correlations that are listed in Tab. 4.1 the model
is consequently fully parametrized and the transient simulation of the increasing
subcooling paths can be solved. All correlations from Tab. 4.1 that calculate the
two-phase viscosity py, are applied in the flow model one after another in order
to predict the investigated increasing subcooling paths in Tab. A.2. This is done
for the parametrization of the roughness e with Ra and Rz which includes the

according parametrization of the entrance pressure drop coefficient ¢ (Cr, O Xigz).

2The content of this section is mainly adopted from (Gabrisch and Repke, 2020) and partly com-
plemented
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CAPILLARY TUBE

Tab. 5.1: Statistical comparison between the experimental data and the predicted pressure drops of
the increasing subcooling paths in the copper capillary applying different roughness
measures and viscosity correlations (source: (Gabrisch and Repke, 2020)).
Predicted data within
specified error bands

Roughness e 115% Mo%  M20%
in m Applied viscosity correlation n% in% in%
McAdams, Woods, and Heroman (1942) 18.1% 53.8% 84.4%
Cicchitti et al. (1959) 225% 59.4% 88.1%
Dukler, Wicks III, and Cleveland (1964) 17.5% 48.1% 81.9%
o.101e-6 (Ra) Beattie and Whalley (1982) 32.5% 68.1% 95.0%
Lin et al. (1991) 22.5% 58.1% 88.1%
Fourar and Bories (1995) 27.5% 64.4% 90.6%
Awad and Muzychka (2008) 21.9% 56.3% 86.3%
McAdams, Woods, and Heroman (1942) 30.6% 55.6% 88.1%
Cicchitti et al. (1959) 31.9% 60.6% 90.0%
Dukler, Wicks III, and Cleveland (1964) 26.9% 53.8% 88.1%
1.285e-6 (Rz) Beattie and Whalley (1982) 34.4% 66.3% 94.4%
Lin et al. (1991) 31.9% 58.8% 90.0%
Fourar and Bories (1995) 33.1% 61.9% 90.6%
Awad and Muzychka (2008) 31.9% 58.1% 90.0%
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Fig. 5.3: Comparison between the experimental pressure drops (DPR-1) of the increasing subcool-
ing paths and the predicted pressure drops in the copper capillary using the viscosity
correlation provided by Beattie and Whalley (1982) and the parametrization: e=Rzcopper
= 1.285e-6 mand {r, = 2.3475 (source: (Gabrisch and Repke, 2020)).

As Tab. 5.1 reveals that applying the viscosity correlation provided by Beattie and
Whalley (1982) delivers the best results concerning the prediction of the inves-
tigated increasing subcooling paths. The parametrization of e with Rz predicts

34.-4 % of the experimental data within an error band of 5 %.

Fig. 5.3 illustrates the comparison between the experimental and predicted pres-
sure drops of the investigated increasing subcooling paths and depicts the result-
ing SSE, mean absolute error (MAE) and mean relative error (MRE). The tendency
of a higher deviation for higher resulting pressure drops especially for lower
subcoolings becomes clear.

Fig. 5.4 highlights to which predicted void fraction at the outlet of the capillary
the data in Fig. 5.3 correspond. It becomes obvious that the higher the outlet void
fraction a,y; the larger is the deviation between the predicted and experimental
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Fig. 5.4: Comparison between the experimental pressure drops (DPR-1) of the increasing subcool-
ing paths and the predicted pressure drops in the copper capillary using the viscosity
correlation provided by Beattie and Whalley (1982) and the parametrization of e with
Rzcopper=1.285e-6 mand {r,=2.3475 (classified by the predicted void fraction aoyt at the
outlet of the capillary).
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pressure drops. Hence, it is reasonable to conclude that the prediction of the
two-phase flow still shows potential for improvement.

5.1.3 Adaption of the two-phase viscosity correlation to propane

Fig. 5.4 indicates that the higher the ratio of two-phase flow in the capillary the
more the pressure drop is underestimated by the flow model. As the viscosity cor-
relation proposed by Beattie and Whalley (1982) shows the best results concerning
the prediction of the overall pressure drops, the derivation of the correlation is ex-
amined in more detail in order to check if a modification that improves the match
of the experimental data of propane is reasonable at some point. The proposed
modification of the correlation of Beattie and Whalley (1982) is further referred
to as modified B&W wviscosity correlation and the effect of its application within the
flow model is discussed with regard to the prediction quality of the model in the
following. 3

The viscosity correlation proposed by Beattie and Whalley (1982) takes into ac-
count the flow pattern of the refrigerant flow through the capillary. It is a hybrid
approach which correlates the definition of the viscosity of bubble flow and an-

nular flow:
p = (1+25-B) (bubbleflow) (5.3)
=y - (1— )+ py - (annular flow) (5-4)
with
- X
B i (5.5)

Tt (1-x)

where B equals the homogeneous void fraction, see Eq. (4.18).

Beattie and Whalley (1982) state that their hybrid definition of the two-phase
viscosity theoretically applies for any present flow pattern, i.e. is applicable with-
out any prior knowledge about the present flow pattern. However, they indicate
that the factor of 2.5 in Eq. (5.3) is presumably too low to cover void fractions
above 20 %. In order to adapt their two-phase viscosity correlation to the gathered

3The content of this section is mainly adopted from (Gabrisch and Repke, 2020) and partly com-
plemented
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experimental data and better predict the larger pressure drops (see deviations
in Fig. 5.3), the empirical factor ¢ is introduced. The factor 2.5 in the two-phase
viscosity correlation of Beattie and Whalley (1982) (see Tab. 4.1) is multiplied by
the factor 1 in order to check whether a scaling yields better overall predictions
of the experimental data of the increasing subcooling paths. The modified B&GW

viscosity correlation is presented in the following equation:

pp=p-(L=p)-(1+9-25-B) +po- B (5:6)

Fig. 5.5 illustrates the courses of the calculated two-phase viscosity predicted
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Fig. 5.5: Theoretical courses of the two-phase viscosity pp of propane using the viscosity correla-
tion of Beattie and Whalley (1982) and the modified B&W wviscosity correlation for an
examplary isenthalpic throttling process from 18 bar and x=o to 0.2 bar (source: (Gabrisch
and Repke, 2020)).

by the correlation of Beattie and Whalley (1982) and the modified B&W viscosity
correlation for an exemplary (isenthalpic) pressure drop of propane from 18bar
and x=o0 to o.2bar. In order to follow the throttling process, the diagrams need to
be read from right to left. The viscosity correlations depend on the pressure and
the vapour quality. The course of the vapour quality for the exemplary pressure
drop is also depicted in Fig. 5.5. At 18 bar and x=0 the correlations correspond to
the liquid viscosity y;. As the pressure decreases to very low pressures, the vapour
quality increases and the calculated viscosities approach the vapour viscosity .
The vapour viscosity is reached for x=1 (wWhich becomes obvious when considering
the correlation of Beattie and Whalley (1982) in Tab.4.1 and the modified B&GW
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viscosity correlation in Eq.(5.6)). The factor ¢ in Eq. (5.6) scales the two-phase
viscosity and shifts the maximum to higher vapour qualities, as can be seen in

Fig. 5.5.

A parameter estimation based on the least square errors method is carried out
in order to identify the parameter ¢. It is done using the nonlinear least-squares
solver (Isqnonlin) in MATLAB which aims to minimize the error between the
experimental and the numerical results of the pressure drops for the investigated
increasing subcooling paths in Tab. A.2. Both, Ra and Rz are taken into consider-
ation for the parameter estimation which implies the according parametrization
of the entrance pressure drop coefficient ¢ with either {r,=3.7526 or {r.=2.3475.
Fig. 5.6 exemplarily shows the comparison between the experimental pressure
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Fig. 5.6: Comparison between the experimental pressure drops (DPR-1) of the increasing subcool-
ing paths and the predicted pressure drops in the copper capillary using the modified
B&W wiscosity correlation in Eq. (5.6) and the parametrization: e=Rzcopper=1.285e-6m,
CRrz=2.3475 and the estimated Pr,=6.1714 (source: (Gabrisch and Repke, 2020)).

drop and the pressure drop predicted by the flow model applying the modified
B&W wiscosity correlation parametrized with e=Rz=1.285e-6 mand the estimated
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Tab. 5.2: Statistical comparison between the experimental database and the predicted pressure
drops of the increasing subcooling paths in the copper capillary applying the viscosity
correlation of Beattie and Whalley (1982) vs. applying the modified B&W viscosity cor-
relation compared with different parametrizations of the roughness e (source: (Gabrisch
and Repke, 2020)).

Predicted data within

Roughness specified error bands | Measure of precision
e Viscosity Scaling factor || 750,  %10%  120% SSE MAE MRE
inm correlation P in% in% in% inbar® inbar in%
0.1016-6 (Ra) | B&W - 325 68.1 95.0 80.04 0.51 8

’ modified B&W || $r,=4.2097 756 92.5 98.8 13.22  0.22 4
1.2850-6 (Rz) | B&W - 344 663 94.4 79.48 0.51 8

’ modified B&W || Pr,=6.1714 70.6 925 99.4 13.96  0.21 4

parameter §r,=6.1714. It shows a huge improvement concerning the SSE, MAE
and MRE, compared to the application of the viscosity correlation of Beattie and
Whalley (1982) (see Fig. 5.3). The model parametrization with Ra instead of Rz

leads to comparable results as can be seen in Tab. 5.2.

The modified B&W viscosity correlation better predicts the higher pressure drops
that imply higher present void fractions than the original correlation of Beat-
tie and Whalley (1982) does. Fig. D.2 shows that the MRE is rather normally
distributed for the classified calculated outlet void fractions when applying the
modified B&W viscosity correlation. The mean value of the depicted distribution
in Fig. D.2 is around zero for all outlet void fractions and the error is mainly
distributed between +15 %. Hence, the application of the modified B&W viscosity
correlation increased the prediction quality of the (two-phase) pressure drop. The
positive effect of scaling the coefficient of 2.5 by the parameter ¢ might be ex-
plainable due to different fluid properties of propane compared to the fluid that
underlies the correlation of Beattie and Whalley (1982).

5.1.4 Estimation of the wetted surface roughness

In order to enable the prediction of the hysteresis effect, i.e. enable the prediction
of ambiguous pressure drops within the flow model, the wetted surface roughness
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Cuwetted, Copper N€EAS to be parametrized as it is required to calculate the pressure
drop of the two-phase flow along the capillary part that was previously wetted.*

For the identification of the effective wetted surface roughness e,t1.4, @ parameter
estimation is conducted using the nonlinear least-squares solver (Isqnonlin) in
MATLAB. The solver minimizes the square errors of the measured pressure drops
of the decreasing subcooling paths compared with the predicted pressure drops,
where the parameter ey, is the solution variable. The solver returns the value
of eyetteq that leads to the minimal error between the experimental and numerical
results of the pressure drop.

The flow model that is described in chapter 4 is generally not able to capture any
collapses of metastable flow. Instead, the model assumes the maximum metastable
flow which means that the full length of the capillary that was previously cov-
ered by liquid flow and now by two-phase flow is subject to the wetted surface
roughness. The collapse of the metastable flow would mean that only part of this
length is subject to the wetted surface roughness. Yet, it is unclear what evokes
the collapse of the metastable flow and to which extend.

The listed experimental pressure drops for the decreasing subcooling paths in
Tab. A.3 indicate some collapses of metastable flow when there are ambiguous
steady-state pressure drops for the same flow condition. As the model is de-
signed to capture the maximal metastable flow, only the lower resulting pressure
drops are considered within the parameter estimation and the marked operating
conditions in Tab. A.3 are excluded.

Yet, within the gathered experimental data, some of the courses of the decreasing
subcooling paths indicate a collapse of metastable flow although there is no ambi-
guity in the gathered pressure drops. This was exemplarily discussed at Fig. 3.9 in
terms of the "instability" of the metastable flow /hysteresis effect in section 3.3.2.
The according operating conditions that indicate a collapse of metastable flow
lead to a sudden disruption of the linear courses of the decreasing subcooling
path. The operating conditions that were identified by this criteria of all decreasing
subcooling paths (compare Fig. A.2) are listed in Tab. D.1 and are also excluded

from the parameter estimation.

4The content of this section is mainly adopted from (Gabrisch and Repke, 2021) and partly com-
plemented
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5.1 EXPERIMENTAL AND NUMERICAL RESULTS OF THE COPPER
CAPILLARY TUBE

Tab. 5.3: Statistical comparison between the experimental database and predicted pressure drops of
the decreasing subcooling paths in the copper capillary applying the modified B&W
viscosity correlation and different roughness measures for e (Racopper = 0.101e-6 mand
e = Rzcopper = 1.285e-6 m) and the according parametrization of Gra = 3.7526 0r R =
2.3475and YR, = 4.2097 or PR, = 6.1714 (source: (Gabrisch and Repke, 2021)).

Wetted surface || Predicted data within
Roughness | roughness specified error bands | Measure of precision
e ewetted,Copper 5% M10%  120% SSE MAE MRE
in m in m in% in% in% inbar> inbar in%
o.101e-6 (Ra) || 1.009e-13 56.3 80.0 96.9 24.12 029 6
1.285e-6 (Rz) || 3.5906e-10 70.0 95.0 99.4 10.78  0.21 4

The parameter estimation is conducted using the flow model and estimating the
parameter e,,.t.q that suits the experimental data of the decreasing subcooling
paths in Tab. A.3 without the above-mentioned exceptions. It is done twice: ap-
plying Racopper and Rzcopper for the parametrization of the roughness e, as both
parametrizations lead to good results (see Tab. 5.2). The different parametrization
of the roughness e implies the according parametrization of the entrance pres-
sure drop with either {r,=3.7526 or {r.=2.3475 and the scaling factor with either
PRre=4.2097 or Pr,=6.1714 . The resulting wetted surface roughness of the copper
capillary is therefore distinguished between eyetted,Ra,Copper AN €xetted,Rz,Copper- The
two-phase viscosity i, is calculated applying the modified B&W viscosity correlation
in Eq. (5.6) with ¢r,=4.2097 and Pr,=6.1714, respectively.

Tab. 5.3 depicts the results of the parameter estimation of the wetted surface
roughness eq.tted,ra,Copper AN €ypetted,Rz,Copper Of the copper capillary as well as the
statistical results of the comparison between experimental and predicted pres-
sure drops of the decreasing subcooling paths for the different parametrization
of the roughness e. It becomes obvious (see results depicted in Tab. 5.3) that the
parametrization of the roughness measure e with Rzc,pper delivers better results
than the parametrization with Rac,pp.r- Probably, the effect of the wetted surface
roughness is more significant given the rougher roughness measure Rzc,pper- The
flow model with e=Rzc,pper=1.285e-6 mand the estimated wetted surface rough-
NESS Eyetted,Rz,Copper=3-5906€-10m predicts 70.0 % of the experimental data of the
decreasing subcooling paths within an error band of 5 %. The mean relative error
with MRE=4 % is comparably low. Fig. 5.7 depicts the comparison between the
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Fig. 5.7: Comparison between the experimental pressure drops (DPR-1) of all measurement series
and the predicted pressure drops in the copper capillary applying the modified B&W
viscosity correlation in Eq. (5.6) with the following parametrization: e = Rzcopper =

1.285e-61m, §R; = 2.3475, YRz = 6.1714and €ypetted Rz, Copper = 3-5906€-10 m (source:
(Gabrisch and Repke, 2021)).

experimental and the predicted pressure drop of the decreasing subcooling paths
in a parity plot. The experimental data that has been excluded from the parame-
ter estimation (see Tab. D.1) is included in Tab. 5.3 and Fig. 5.7 as the statistical
analysis of the prediction quality shall comprise the full decreasing subcooling
paths. The ambiguous pressure drops (marked in Tab. A.3) are further excluded
as the model is not designed to depict ambiguity/the collapse of metastable flow.
Fig. 5.7 indicates that the predicted pressure drops according to their subcoolings
are evenly distributed around the par values. Fig. D.3 shows that the mean rel-
ative errors of the predicted pressure drops of the decreasing subcooling paths
classified by the outlet void fraction a,,; are approximately normally distributed
around o %. Hence, we can conclude that a high ratio of two-phase flow does not
necessarily mean that the model does not predict the pressure drop in a good

quality.
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Tab. 5.4: Validated parametrization of the flow model to predict the pressure drop of propane in
the investigated copper capillary tube.

Geometry- Refrigerant-
Capillary material-specific parameters specific parameter | specific parameter
Inner Length | Wetted surface Entrance pressure | Scaling factor
Roughness | diameter Length | roughness drop coefficient Scaling factor
d € L Cwetted g ll’
1.1799e-3m | 1.285e-6m (Rz) | 1.0274m | 3.5906€-10 M (Cuetted,Rz) | 2-3475 (Rz) 6.1714 (Prz)

5.1.5 Discussion of the numerical results

In this section’, representative measurement series, i.e. the investigated increasing
and decreasing subcooling paths in Tab. A.2 and Tab. A.3, are simulated applying
the transient simulation of the flow model (following the algorithm in Fig. C.1
that describes the application of the flow model in chapter 4). The predicted hys-
teresis curves are compared to the experimental results. Further, all investigated
measurement series comprising the full hysteresis curves (i.e. the experimental
data from both Tab. A.2 and Tab. A.3) are compared to the according numerical
results which is statistically evaluated.

The flow model is parametrized with the parameters listed in Tab. 5.4 which
summarizes the refined and identified parameters of the flow model that have
been derived following the systematic procedure in Fig. 5.1 and resulted in the
best match between the experimental and numerical data. For the prediction of the
investigated measurement series, the transient simulation is started with an initial
wetting ratio of zero. Subsequently, the increasing subcooling and the decreasing
subcooling paths are simulated.

The improvement yielded by the application of the modified B&W viscosity corre-
lation and the model approach for the metastable flow is shown in Tab. 5.5 in
comparison to the application of the viscosity correlation of Beattie and Whalley
(1982) without modelling the metastable flow. Not modelling the metastable flow
means that either the previous wetting ratio @ ! is set to zero or setting the wet-
ted surface roughness e.4 is set to the value of the "dry" roughness e (which
is either Racopper OF Rzcopper)- Tab. 5.5 shows the improvement of prediction ac-
curacy by applying the modified B&W wviscosity correlation suggested by Gabrisch

5The content of this section is mainly adopted from (Gabrisch and Repke, 2021) and partly com-
plemented
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Tab. 5.5: Statistical comparison between the experimental database and the predicted pressure
drops of the hysteresis curves in the copper capillary applying the parameters in Tab. 5.4
accordingly but with different parameters for the wetted surface roughness eyereq and
different viscosity correlations as denoted (source: (Gabrisch and Repke, 2021)).

Predicted data within
Wetted surface roughness | specified error bands | Measure of precision
Viscosity Cwetted 5%  H10%  120% SSE MAE MRE
correlation in m in% in% in% inbar?> inbar in %
B&W 1.285e-6 39.6 729 96.9 107.23  0.43 7
modified BEW | 1.285e-6 59.4 84.4 983 38.62 0.28 5
modified BEW | 3.5906e-10 69.1 93.1 99.3 23.99 0.22 4

and Repke (2020) and including the model assumptions for the development of
metastable flow in the flow model. The model is parametrized with the parame-
ters in Tab. 5.4 in each case - except the wetted surface roughness €.ty Which is
parametrized as shown in Tab. 5.5 and the scaling factor ¢ which does not apply
for the viscosity correlation of Beattie and Whalley (1982). Applying the viscosity
correlation of Beattie and Whalley (1982) and setting the wetted surface rough-
ness eyeited t0 Rzcopper=1.285€-6 m (hence, not taking considering the development
of metastable flow), the flow model predicts 39.6 % of the experimental data on
all hysteresis curves in Tab. A.2 and Tab. A.3 within an error band of £5 % and
results in an MRE of 7 %.

Applying the modified B&W viscosity correlation but still not considering the devel-
opment of metastable flow, the model predicts 59.4 % of the experimental data
within an error band of +5 % and results in an MRE of 5 %.

Finally, applying the modified B&W viscosity correlation together with the estimated
wetted surface roughness e,41,7=3.5906e-10 mresults in a prediction of 69.1 % of
the data within an error band of +5 % and an MRE of only 4 %.

Consequently, the introduction of the modified B&W wviscosity correlation together
with the wetted surface roughness e;,..q yields 30 % more data being predicted
within an error band of £5 % compared to the application of the original viscosity
correlation of Beattie and Whalley (1982) and the disregard of the development
of metastable flow in the model. The great improvement shows that it is worth
to thoroughly distinguish the experimental investigations on the refrigerant flow
through a capillary tube by the increasing and decreasing subcooling paths as
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done in this work. Based on the increasing subcooling paths, the, in principle,
matching viscosity correlation of Beattie and Whalley (1982) could be adapted
to better fit the results of the investigated propane flow. The introduction of
the model assumptions for the development of metastable flow enables the flow
model to predict ambiguous pressure drops and thereby further improves the
overall prediction quality of the propane flow through the capillary.

10 - A
"""" vovoferes 16.5 kg/h - Exp.
% """"" vooofen 18 kg/h - Exp.
5 9L I,ﬁ:'\ """"" A — - @ - — 16.5 kg/h - Sim.
a) o _ "-,,\"'\~ '''' — - @ -— 18 kg/h - Sim.
- — Iam e,
R ~._ \ﬂy\‘\ ------
g 8r O, Tl
: ot
5 Tr o A Ry ~ S
n A: TGy, ey AA...... D )
7 e, S e L DL T T T A
S.—i) . ~— Sy -,
A 6 "'\'f.\:\\"l'\--.. —
A g
R L LT
5 1 | 1 1 1
5 6 7 8 9

Subcooling in K

Fig. 5.8: Experimental (Exp.) hysteresis curves resulting from increasing and decreasing subcool-
ing paths at 23 bar inlet pressure (PRC-1) and different mass flows (FIRC-1) in the
copper capillary compared to the according predicted hysteresis curves (Sim.) applying
the modified B&W wviscosity correlation applying the parameters in Tab. 5.4. The dia-
gram shows the experimental pressure drops (DPR-1) vs. the simulated pressure drops
over the change of the subcooling at the capillary inlet (mean values of the redundant
measurements, source: (Gabrisch and Repke, 2021)).

The resulting hysteresis curves at higher mass flows are generally very well pre-
dicted as Fig. 5.7 indicates. Fig. 5.8 shows the comparison of the experimental and
the predicted pressure drops for exemplary mass flows at a constant inlet pressure
of 23 bar for the investigated increasing and decreasing subcooling paths. Fig. 5.8
shows that the mathematical model is principally able to simulate a hysteresis
curve on the pressure drop depending on the change in the subcooling at the inlet
of the capillary. The course of the hysteresis curve at 16.5kg/h mass flow is very
well captured as well as the quantitative difference in pressure drop comparing
the increasing and decreasing subcooling paths is well predicted. However, in or-
der to improve the prediction quality, the prediction of the decreasing subcooling
paths should yield lower pressure drops. It becomes visible considering Fig. 5.9
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Fig. 5.9: Experimental (Exp.) hysteresis curves resulting from increasing and decreasing subcool-
ing paths at 16 bar inlet pressure (PRC-1) and different mass flows (FIRC-1) compared
to simulated hysteresis curves (Sim.) applying the modified B&W wviscosity correlation
applying the parameters in Tab. 5.4. The diagram shows the experimental pressure drops
(DPR-1) vs. the simulated pressure drops over the change of the subcooling at the cap-
illary inlet (mean values of the redundant measurements, source: (Gabrisch and Repke,
2021)).

that the predicted decreasing subcooling paths result in too large pressure drops
compared to the experimental pressure drops. Fig. 5.9 depicts the experimental
against the predicted pressure drops for exemplary mass flows at a constant in-
let pressure of 16bar for the investigated increasing and decreasing subcooling
paths. It can be seen that the hysteresis effect captured by the experiments is more

pronounced than the predicted hysteresis effect.

As a tendency it can be noted that the prediction of the decreasing subcooling
paths should generally result in lower pressure drops for lower subcoolings (see
Fig. 5.8 and Fig. 5.9). For a larger ratio of two-phase flow in the capillary (e.g.
at lower subcoolings) the pressure drop for the decreasing subcoolings is rather
overestimated. Fig. D.3, that shows the distribution of the mean relative errors of
the prediction classified by the outlet void fraction &, supports this assumption.
A possible optimization approach within the flow model may be modifying the
determination of the wetting ratio © (see Eq. (4.26) in section 4.2). The wetting
ratio © is determined by the length of the capillary ALy, that is covered by pure
liquid flow. However, it may be extended by taking into account the two-phase
flow to a certain extend of vapour quality or void fraction, respectively. At low
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CAPILLARY TUBE

void fractions, the gas bubbles of the two-phase flow are rather small and the
liquid ratio dominates the two-phase flow. Consequently, the wetting ratio could
be modified in the following way:

(ALI +ALt / cri)
© = (57)

where ALy 4, corresponds to the part of the capillary length that is covered with
two-phase flow with a void fraction a below a critical value of «,;;. The critical
value can be estimated by replacing Eq. (4.26) with Eq. (5.7) in the flow model
and estimating the appropriate parameter «,;; within a parameter estimation as
was analogously done in section 5.1.4 while keeping the wetted surface roughness
Cuwetted,Rz,Copper=1-285€-6 m at the estimated value.

5.2 Experimental and Numerical Results of the Steel
Capillary Tube

The developed model of the flow in a capillary tube was compared against the
experimental results of propane flow through a copper capillary tube and showed
a high prediction quality (see section 5.1.5. The empirical scaling factor i of the
modified B&W wviscosity correlation that is related to the refrigerant propane was
determined via parameter estimation based on the experiments in the copper
capillary.

Now, the flow model is used to predict the investigated pressure drop of propane
in a steel capillary tube. It serves to reveal whether the modified B&W viscosity
correlation remains valid also in a different capillary design. More precisely, the
investigations should show whether the estimated scaling factor ¢ remains valid
for independent experiments in a capillary tube different than the investigated
copper capillary tube.

The evaluation is done using the parametrization of the roughness measure e =
Rzgtee as section 5.1.4 revealed that the prediction of the flow (and especially the
hysteresis effect) is best described using Rz as roughness measure.
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However, neither the roughness measure Rag.,; nor Rzgs,,; were measured after
having finished the experiments on the pressure drop in the steel capillary. In-
stead, the flow model presented in chapter 4 is used to determine the according
roughness measure via parameter estimation based on the experiments of pure
liquid flow of propane through the steel capillary tube (see Tab. A.4). In this way
we benefit from the investigations in the capillary tube as the geometry of the
copper and steel capillary and the refrigerant is the same. Hence, the entrance
pressure drop coefficient ¢ is already identified and the roughness values can
instead be identified based on the liquid flow measurements. The identification

of both - Ra and Rz - is presented in section 5.2.1.

In section 5.2.2 the measured increasing subcooling paths of the test plan in
Tab. 3.6 exhibited in Tab. A.5 are predicted with the flow model. The prediction
quality of applying the modified B&W viscosity correlation with the parameter ¢
that was determined in section 5.1.3 is discussed.

In section 5.2.3, the wetted surface roughness e, is identified via parameter
estimation based on the experimental data of the decreasing subcooling paths
in Tab. A.6. The wetted surface roughness is newly estimated since it is presum-
able that the value is related to the specific capillary material, hence, the surface

quality.

The outlined steps for the parametrization of the flow model based on the exper-
imental investigations of the propane flow in the steel tube are summarized in
Fig. 5.10. Compared to the procedure depicted in Fig. 5.1 it can be seen that the
extend of the parametrization work flow is reduced since the entrance pressure
drop coefficient ¢ and the appropriate two-phase viscosity correlation together
with the scaling factor i have already been identified within the parametrization

process of the flow model that refers to the copper capillary.

5.2.1 Estimation of the roughness

The entrance pressure drop coefficient is set to §r,=2.3475 or {r.=3.7526, respec-
tively, which corresponds to the estimated values in section 5.1.1. This is a simpli-
fication based on the minor deviation between the inner diameter of the copper
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Fig. 5.11: Estimation of the average roughness depth Rz and the average roughness value Ra of the
steel capillary given the entrance pressure drop coefficients Cr, and Cr,. The diagram
shows the resulting experimental pressure drop (DPR-1) vs. the simulated pressure drop
(Apsim.) over the different measured mass flows (FIRC-1), see data in Tab. A.4. It further
shows the resulting sum of square errors (SSE) and the resulting roughness measures
Rz and Ra.

capillary dcopper=1.1799e-3mand the steel capillary ds;.;=1.1749e-3m. This im-
plies that the pressure drop due to sudden contraction (coming from the larger
cross-sectional area of the connection tube and entering the smaller cross-sectional
area of the capillary) is approximately the same. Based on the determined diame-
ter dgstee1=1.1749€-3 m (see section 3.4.3) and the entrance pressure drop coefficients
CRrRz=3.7526 and {r,=2.3475 the according roughness measures Rag;,,; and Rzge;
of the steel capillary are approximated via parameter estimation. The parame-
ter estimation is conducted using the nonlinear least-squares solver (Isqnonlin)
in MATLAB. The solver minimizes the sum of square errors of the measured
pressure drops of pure liquid flow through the steel capillary compared with the
predicted pressure drops using the flow model in chapter 4, where the parameter
e is the solution variable. Since there is only liquid flow through the capillary
tube, the parametrization of e,y is irrelevant in this case.

The result of the parameter estimation is: Ragy,=0.817e-6 mand Rzgs.;=2.239€-
6mas depicted in Fig. 5.11. Consequently, the investigated steel capillary is sig-
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nificantly rougher than the copper capillary which explains the differences in the
gathered pressure drops comparing section 3.3.2 and section 3.4.2.

5.2.2 Prediction of the increasing subcooling paths

The prediction of the increasing subcooling paths of the experimental investiga-
tions of the steel capillary (which are shown in Tab. A.5) is done applying the
modified B&W viscosity correlation and parametrizing the flow model in chapter 4

with the following parameters:

the measured diameter dg;,.,;=1.1749e-3 m (see section 3.4.3)

the estimated roughness e=Rzg;,,j=2.239e-6 m (see section 5.2.1)

the length L=1.0274m

Setting Cwetted,Steel =RzZstee1 =2.239€-6 m

the estimated scaling factor 1r,=6.1714 (see section 5.1.3)

The pressure drops are predicted using the transient calculation of the flow model
(see solution algorithm in the appendix in Fig. C.1) which takes into account
the history of previous inlet conditions. Hence, the transition of the investigated
subcoolings from 5 to 9 K is calculated for the different investigated inlet pressures

and mass flows. The initial wetting ratio @° is set to zero.

Fig. 5.12 depicts the comparison between the predicted and the experimental pres-
sure drops of the increasing subcooling paths in the steel capillary. It shows a good
agreement between the experimental and predicted pressure drops. The statistics
that refer to the comparison between experimental and predicted pressure drops
are added in Tab.5.6. It indicates that 72.7 % of the predicted pressure drops lie
within an error band of 5% compared to the experimental pressure drops. The
MRE with 4 % is the same as for the prediction of the increasing subcooling paths
in the copper capillary tube (see Tab. 5.2). Specifying the parameters related to
the steel capillary and relying on the identified parameter g, the two-phase
pressure drop in the steel capillary is well predicted. Consequently, the modified
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Fig. 5.12: Comparison between the experimental pressure drops (DPR-1) of the increasing subcool-
ing paths and the predicted pressure drops in the steel capillary using the modified BEW
viscosity correlation in Eq. (5.6) with the parameters in Tab. 5.7 and eyyetted Stee1=RZsteel
=2.239e-6m.

B&W wiscosity correlation with g, is proven to be predictive independently from

the investigated capillary materials.

5.2.3 Estimation of the wetted surface roughness

In order to identify the wetted surface roughness eyeted Rz Steel, the flow model is
parametrized with the same parameters as in section 5.2.2 to conduct a parameter
estimation based on the experimental pressure drops of the decreasing subcooling
paths in the steel capillary (shown in Tab. A.6).

The parameter estimation is done using the nonlinear least-squares solver (Isqnon-
lin) in MATLAB. The solver minimizes the sum square errors of the measured
pressure drops through the steel capillary compared with the predicted pressure
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Tab. 5.6: Statistical comparison between the experimental database and the predicted pressure
drops of the increasing subcooling paths in the steel capillary applying the modified
B&W wiscosity correlation in Eq. (5.6) with the parameters in Tab. 5.7 and eyetted Steel
= Rzgtep) = 2.239€-6 1.
5% Mi0% "20% SSE MAE MRE

72,7 90.9 1000 8.8 0.25 0.04

drops, where the parameter e;,te4 Rz Steel 1S the solution variable. The pressure
drops are predicted using the transient calculation of the flow model which takes
into account the history of previous inlet conditions (see solution algorithm in the
appendix in Fig. C.1). Hence, the transition of the investigated subcoolings from
9 to 5K is calculated for the different investigated inlet pressures and mass flows.
The initial wetting ratio ®° is set to zero which does not have an impact on the
calculation of the pressure drop at 9 K subcooling because it is considered to result
in the largest wetting ratio of the considered operating conditions in Tab. 3.5. The
previous investigated subcoolings of the increasing subcooling path resulted in
lower wetting ratios. For the calculation of the decreasing subcooling paths the
actual value of the initial wetting ratio is not important as long as it is smaller
than the wetting ratio that results at 9K (i.e. the largest considered subcooling).
The parameter estimation results in eyesed Rz Stee1=6-3903€-8 m .

Fig. 5.13 shows the comparison between the experimental and calculated pressure
drops applying the modified B&W viscosity correlation and the parameters listed in
Tab. 5.7 including the estimated parameter ey,tted 2 Steel- Tab. 5.7 summarizes the
refined and identified parameters of the flow model that have been derived follow-
ing the systematic procedure in Fig. 5.10 and resulted in the best match between
the experimental and numerical data. The statistics related to the comparison are
presented in Tab. 5.8. Consequently, 65.6 % of the experimental pressure drops are
predicted within an error band of 5% and the MRE is 5 % which is comparable to

the results of predicting the experiments in the copper capillary in section 5.1.4.

5.2.4 Discussion of the numerical results

In order to analyse the benefit of applying the modified B&W wviscosity correlation
and the wetted surface roughness eytted Rz steel to predict the overall hysteresis
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Fig. 5.13: Comparison between the experimental pressure drops (DPR-1) of the decreasing sub-
cooling paths and the predicted pressure drops in the steel capillary using the modified
B&W viscosity correlation with the parameters in Tab. 5.7.

Tab. 5.7: Parametrization of the flow model to predict the pressure drop of propane in the investi-
gated steel capillary tube.

Geometry- Refrigerant-
Capillary material-specific parameters specific parameter | specific parameter
Inner Length | Wetted surface | Entrance pressure | Scaling factor
Roughness diameter Length | roughness drop coefficient Scaling factor
e d L Cuwetted C lp
2.239e-6m (Rz) | 1.1749e-3m | 1.0274m | 6.3903e-8 m 2.3475 (CRrz) 6.1714 (Prz)

Tab. 5.8: Statistical comparison between the experimental database and the predicted pressure
drops of the decreasing subcooling paths in the steel capillary applying the modified
B&W wiscosity correlation with the parameters in Tab. 5.7.
Predicted data within

specified error bands Measure of precision

5%  M10%  120% SSE MAE MRE
n% in% in% inbar? inbar in %
65.6 83.6 94.5 \ 9.92 0.3 5
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curves investigated in the steel capillary, Tab. 5.9 compares different parametriza-
tions of the wetted surface roughness and different viscosity correlations.

The first row of Tab. 5.9 denotes the application of the original viscosity correlation
by Beattie and Whalley (1982) setting eetted Rz, Stee;=RZsteer (€liminating the impact
of the wetted surface roughness in the flow model). This model setup predicts
32.2 % of the measured pressure drops of the hysteresis curves in the steel capillary
within an error band of 5% and results in an MRE of 8 %.

The second row in Tab. 5.9 shows the results of applying the modified B&W viscosity
correlation but still neglecting the wetted surface roughness setting eeted Rz steel =
Rzgtee1. Applying the modified B&W viscosity correlation, thus, predicts 24.5 % more
data within an error band of 5% and enhances the MRE by 1 % compared to the
application of the original viscosity correlation by Beattie and Whalley (1982).

Applying the modified B&W wviscosity correlation together with the wetted surface
roughness €ested Rz steel further increases the prediction quality as can be seen in
the third row in Tab. 5.9. Compared with the first row of Tab. 5.9 this model setup
predicts almost twice as much data within an error band of 5% and results in
an MRE of only 5 %. Consequently, the flow model gains significant prediction
quality by applying the modified B&W viscosity correlation and the wetted surface
roughness e;,.11o4 as it takes into account the ambiguity of the pressure drop due
to the present hysteresis effect.

Finally, it could be shown that the flow model parametrized with e=Rz, applying
the modified B&W wviscosity correlation and the wetted surface roughness e;,p40q very
well predicts the propane flow through both - the copper and steel capillary cap-
turing the hysteresis effect. The introduction of the scaling factor i in order to
adapt the viscosity correlation by Beattie and Whalley (1982) to the investigated
refrigerant verifiably improved the prediction quality of the flow model as was
already shown in section 5.1.3 for the investigations in the copper capillary. It was
demonstrated that the scaling factor preserves its prediction quality for indepen-
dent investigations in a steel capillary. The simple model approach by introducing
the wetted surface roughness e;.st; and the wetting ration ® in section 4.2 turns
out to predict the hysteresis effect not only for copper capillaries but also for steel
capillaries in a reasonable quality.
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Tab. 5.9: Statistical comparison between the experimental database and the predicted pressure
drops of the hysteresis curves in the steel capillary applying the parameters in Tab. 5.7
accordingly but with different e,yey.4 and different viscosity correlations as denoted.

Predicted data within
Wetted surface roughness | specified error bands | Measure of precision
Viscosity Cavetted 5% 110%  120% SSE MAE  MRE
correlation in m in% in% in% inbar> inbar in%
B&W 2.239e-6 ( set to Rzgyeer) 32.2  66.7 96.6 61.3 0.58bar 8%
modified BEW | 2.239e-6 (set to Rzgye,r) 56.7 77.8 92.2 26.1 o.37bar 7%
modified BEW | 6.3903e-8 65.6 84.4 96.7 18.3 o.30bar 5%

5.3 Model Uncertainty Analysis

In order to provide an estimation of the uncertainty of the predicted pressure drop
by the presented flow model in chapter 4, an uncertainty analysis is carried out.®
It is exemplarily done for the flow through the capillary tube applying the average
roughness depth Rzc,pp.r as roughness measure e and the modified B&W viscosity
correlation in the model. The model uncertainty analysis takes into account the

uncertainties of the model parameters, namely the following:

the inner diameter dcopper=1.1799€-3 m with 07 copper=0.01€-3m

— the average roughness depth Rzc,per=1.285€-6 m with or;,copper=0.391€-6 m

the entrance pressure drop coefficient §r,=2.3475

the scaling coefficient {r,=6.1714 of the modified B&W viscosity correlation

the wetted surface roughness eqeited,rz,Copper=3-5906€-10 m

The capillary length L is neglected as a parameter as the manufacturer tolerance of
£=0.002m has a negligible effect on the calculation of the pressure drop. Whereas
the standard deviations of dcopper and Rzc,pper have been determined within the
measurements in section 3.3.4, the standard deviations of the entrance pressure
drop coefficient Cr,, the scaling coefficient g, and the wetted surface roughness

€wetted,Rz,Copper Still have to be estimated.

6This section is taken from Gabrisch and Repke (2020)
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5.3 MODEL UNCERTAINTY ANALYSIS

The missing standard deviations are determined using the following approach:

0y = \/ ayz,a + Uyz,b (5~8)

where y denotes a specific parameter. 0, , is defined as the standard deviation of
the parameter y which is related to the parameter estimation and includes the
potential measurement errors of the input variables (inlet pressure, mass flow and
subcooling) and the measured pressure drop as well as uncertainties of the model
structure itself. 0, is defined as the standard deviation that is derived from
error propagation considering the influence of uncertain parameters (as the inner
diameter d and the roughness Rz but also the estimated parameters) that could
not be considered within the parameter estimation. The standard deviation oy,
is estimated via a method described by Miiller et al. (2014) that uses the inverse
Fisher Information Matrix (FIM). In order to obtain the FIM, first the sensitivity
matrix S is approximated for each considered parameter:

Z)Apl
Iy
S=1 (5.9)
0Ap,
Iy
where aA—ypf is the partial derivative of the calculated pressure drop Ap with respect

to the parameter y (which in this work refers to one of the estimated parameters,
e.g. the entrance pressure drop coefficient {) at a specific operating condition
j. The partial derivatives are approximated using finite differences using the
homogeneous flow model in chapter 4 and applying very small changes in the
considered parameter.

The FIM is calculated by the following equation, see (Miiller et al., 2014):

1
5 -5 (5.10)
UDpPrR1

FIM=S"-

where oppr1 corresponds to the standard deviation of the differential pressure
sensor DPR 1, which is set to oppg1=0.01 bar, as the value of the sensor tolerance
in Tab. 3.1 which is provided by the manufacturer is considered to be the value of
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3-0 and not ¢. As only one parameter is considered at one time the FIM reduces
to a scalar value.

The inverse of the FIM is defined as the variance of the respective estimated
parameter while it is important to state that it is only an estimation of the lower
bound of the variance. The uncertainty of the parameter, indeed, can be higher in
reality. Consequently the square root of the inverse of the FIM is an estimation
of the lower bound of the standard deviation ¢y, of the respective estimated

parameter y:

Oya = VFIM™! (5.11)

The sensitivity matrix S of each of the three considered parameters ({r., Pr, and
ewetted) 18 calculated for different experimental data sets. The sensitivity of ¢,
is evaluated against the experimental data of the input variables of the liquid
flow experiments in Tab. A.1, the sensitivity of g, is evaluated against the ex-
perimental data of the increasing subcooling paths in Tab. A.2 and the sensitivity
of eyerteq is evaluated against the experimental data of the decreasing subcooling
paths in Tab. A.3 as these are the experimental data sets on the basis of which the

parameters have been estimated.
Estimation of the standard deviation of the entrance pressure drop coefficient o, g,

In order to estimate the standard deviation 0, ¢, , the experimental data of the in-
let pressure, mass flow and subcooling of the liquid flow experiments in Tab. A.1
is taken for the calculation of the sensitivity matrix S in Eq. (5.9) since {r, was
estimated based on this experimental data (see section 5.1.1). For the calculation
of the liquid flow, the previous wetting ratio @ ! and the wetted surface rough-
NEeSS €yetred,Rz,Copper are irrelevant. However, the wetting ratio is set to zero while
Cuwetted,Rz,Copper 1S St to Rz within the calculations. The sensitivity matrix is calcu-
lated using finite differences setting Alr.=1e-5-Gr, and solving the flow model
for the pressure drop Ap"? at {r.=Cr.+ACr, and Apdow” at ¢r,=CRr,-ACR, for all
considered experimental data while parametrizing the rest of the parameters of
the flow model with the parameters in Tab. 5.4 accordingly. Consequently, the
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entries of the sensitivity matrix in Eq. (5.9) are approximated as follows:

up down
aAp]‘ ~ AP]- - Apj (5.12)
dCRz 2-AgRr:

Applying Eq. (5.10) and Eq. (5.11), the estimated standard deviation of {r,=2.3475
results to 0, ¢, =0.0105.

Estimation of the standard deviation of the scaling factor o p,.

For the estimation of oy, the experimental data of the inlet pressure, mass
flow and subcooling of the increasing subcooling paths in Tab. A.2 is taken for
the calculation of the sensitivity matrix S since yr, was estimated based on this
experimental data (see section 5.1.3). Also for the calculation of the increasing sub-
cooling paths, the previous wetting ratio ® ! and the wetted surface roughness
Caetted,Rz,Copper aT€ irrelevant (compare Fig. 4.2). Consequently the wetting ratio is
set to zero and the wetted surface roughness eyetteq Rz, copper 18 st to Rz within the
calculations. The sensitivity matrix is calculated setting Ayr,=1e-5-¢r, and solv-
ing the flow model for the pressure drop Ap*? at Pr,=¢r,+Ar, and Ap™*" at
Prz=yr.-APr; for all considered experimental data while parametrizing the rest
of the parameters of the flow model with the parameters in Tab. 5.4 accordingly.
Consequently, the entries of the sensitivity matrix in Eq. (5.9) are approximated
as follows:
~ j
OYPRr, 2 Ay,

Consecutively, Eq. (5.10) and Eq. (5.11) are applied and the standard deviation of

np; _ Ony" — oy

(5.13)

Yr,=6.1714 results to 0, y,.=0.2815.
Estimation of the standard deviation of the wetted surface ToUghNess Ua e,y v copper

For the estimation of 0, z.coppr the €xperimental data of the inlet pressure,
mass flow and subcooling of the decreasing subcooling paths in Tab. A.3 is taken
for the calculation of the sensitivity matrix S since eyetted,rz, Copper Was estimated
based on this experimental data (see section 5.1.4). For the calculation of the
decreasing subcooling paths, the previous wetting ratio @ ! is needed. The de-
creasing subcooling paths in Tab. A.3 are calculated using the transient simulation
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of the flow model (see Fig. C.1) where the initial wetting ratio for the first sub-
cooling of the decreasing subcooling path is set to zero. The sensitivity matrix is
calculated setting Aeqetted, Rz, Copper=1€-5Cuetted,Rz,Copper AN solving the flow model
for the pressure drop Ap"F at eyetted,Rz,Copper=Cuwetted,Rz,Copper T Deuwetted,Rz,Copper AN
ewetted’Rz,Coppw:Apd"w” at ewetted,Rz,Copper-Deuwetted,Rz,Copper fOT all considered experi-
mental data while parametrizing the rest of the parameters of the flow model with
the parameters in Tab. 5.4 accordingly. Consequently, the entries of the sensitivity

matrix in Eq. (5.9) are approximated as follows:

snp A s

aewetted,Rz,Copper 2- Aewetted,Rz,Copper

(5.14)

The sensitivity matrix is zero for all entries (even for very small finite differences)
which indicates that the parameter eyeted Rz copper 18 NOt sensitive towards the

calculated outlet pressure.

In order to estimate the standard deviation ¢y, for the above mentioned parameters,

an error propagation is carried out in the following.
Estimation of the standard deviation of the scaling factor oy ¢,

The standard deviation 03¢, of the parameter (g, is estimated based on one
exemplary operating condition that has been experimentally investigated (PRC-
1=20bar, SC=29.6 K, FIRC-1=15.99 kg /h, DPR-1=4.39 bar, see Tab. A.1). Following
the rules of error propagation the standard deviation, 03¢, is calculated depend-

ing on the standard deviation of the inner diameter 0 copper=0.01€-3m, the stan-

aCRz
adCopper

dard deviation of the roughness og; copper=0.391e-6 mand the derivatives

_ Rz .

and :
dRzc, pper

aéRZ aéRZ
_ 2 2
g‘l _— . + _— . 5'1 5
’(;IKZ \/adCOpper d,Copper aRZ( opper RZ,Copper ( )

The derivates are determined applying finite differences. adacﬁ is approximated
opper
as follows: W a
9Grz 7 Cgz —Ckz "

.16
adCopper 2. AdCapper (5 )
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setting Ad=1e-5-dcopper and solving the flow model for the entrance pressure
drop coefficient C;Z at dcopper=dcopper+Ad and E?{’Zw” at dcopper=dcopper-Ad at the
considered exemplary operating condition while parametrizing the rest of the

parameters of the flow model with the parameters in Tab. 5.4 accordingly. 7 Anal-

ang
aRZCnppm‘

O¢r,=0.5318.

ogously is approximated. It follows 0}z, =0.5317and with Eq. 5.8 follows

Estimation of the standard deviation of the entrance pressure drop coefficient oy,

The standard deviation 0y, of the parameter g, is estimated based on one
exemplary operating condition that has been experimentally investigated and
results in a pressure drop that corresponds approximately to the average value
of the experimentally investigated pressure drops (PRC-1=20bar, SC=6 K, FIRC-
1=16.49 kg/h, DPR-1=7.05 bar, see Tab. A.2). The standard deviation 0y, is calcu-
lated including the standard deviation of the inner diameter 0 c,pper=0.01€-3m,

the standard deviation of the roughness or; copper=0.391e-6 m, the standard devi-
al;l)Rz al,sz nd %.

ation 0z, =0.5318 and the derivatives

adCopper’ aRZCnpper ang '
al,sz 2 2 alIJRz 2 2 al,sz2
Topp, = A/ 55— — O + == 0 + . o2 (5.17)
Yr \/adCopper d,Copper aRZCopper Rz,Copper ang CRz
The derivates are determined applying finite differences: a;g]“ is approximated
opper

setting Ad=1e-5-dc,pper and solving the flow model for the entrance pressure drop
coefficient 1/]1@’ at dcopper=dcopper+Ad and 1,0%0;“” at dcopper=dcopper-Ad (compare
Eq. (5.16)) at the considered exemplary operating condition while parametriz-
ing the rest of the parameters of the flow model with the parameters in Tab. 5.4
accordingly and setting the previous wetting ratio O ! to zero. & Analogously

and glgﬁ; are approximated. It follows 0}, =5.7346 and with Eq. 5.8 it

follows oy,.=5.7416. It is obvious that the standard deviation oy, is very large.
Thus, the error propagation of the inner diameter and the roughness is highly
significant.

7The flow model is solved for ¢, by means of the solver fsolve in MATLAB
8The flow model is solved for g, by means of the solver fsolve in MATLAB
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Estimation of the standard deviation of the wetted surface roughness Gy, v copper

The standard deviation ¢, . copper 1 @Pproximated analogously as described
above using finite differences:

de 2 de 2
0_2 __ YCwetted,Rz,Copper ] 02 wetted,Rz,Copper ) 0_12{ c +
bir: — d,C z,Copper
Crs adCopper OPPer aRZCopper PP (5.18)
2 2 ’
aewetted,Rz,Copper o2 aewetted,Rz,Copper 2
aéRz Rz al/)RZ ¥R

However, as the parameter €yetsed,rz, Copper 18 NOt sensitive, all approximated deriva-
tives in Eq. 5.18 equal zero and hence, the standard deviation oy, . .. Copper CATY
not be identified.

Given the estimated uncertainties of the considered parameters of the flow model,
the uncertainty of the calculated pressure drop oy, is calculated following the

rules of error propagation:
A 2 (oA 2 (oA 2
2 _ [98p 98P P
= (o) + (5 ) + (el o)

n dAp - 2
a¢RZ sz

Eq. (5.19) is approximated via finite differences (analogously as described above

(5-19)

for the determination of 03, ¢,, and 0y, 4,,) at an exemplary operating condition that
was experimentally investigated and results in a pressure drop that corresponds
approximately to the average value of the experimentally investigated pressure
drops (PRC-1=20bar, SC=6K, FIRC-1=16.49 kgh~!, DPR-1=7.1 bar, see Tab. A.2).
The estimated uncertainty of the calculated pressure drop results to 0 ,=0.8505 bar.
Eq. (5.19) applies for the uncertainty of the calculated pressure drop using the
flow model and applying the modified B&W viscosity correlation. In the case that the
original viscosity correlation of Beattie and Whalley, 1982 is applied Eq. (5.19) is
reduced by the term aalﬁ—li - Oy, and the uncertainty of the calculated pressure drop
results to 04,=0.8456 bar. The major influence on the uncertainty of the calculated
pressure drop bear the uncertainties of the inner diameter and the roughness.

All in all, it is evident that the uncertainty of the parameters that were considered
in the uncertainty analysis (see itemization at the top of this section) significantly
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contribute to the overall uncertainty of the flow model. It has to be stated that the
outlined standard deviations are only lower bounds and that only one representa-
tive operating condition was considered for the analysis of the error propagation
(determination of 0z, and 0y y,. ). Further, the deviation of the wetted surface
roughness is not considered as it is not identifiable. Hence, the standard devi-
ation of each parameter and thereby the uncertainty of the flow model may be
even larger. Against this background, it is noticeable how precise the flow model
predicts the overall database of the experiments in the copper and steel capillary
(see Tab. 5.5 and Tab. 5.9). The parameter estimation of g, might cover any de-
viations of the parametrized inner diameter and the roughness from the actual
values of the investigated capillary. Anyway the predictions of the experiments in
the steel capillary that rely on the estimation of g, still show very good results.
Consequently, it is conclusive that the flow model is well parametrized as the
mean error for both - the predictions of the experiments in the copper and steel
capillary - indicate a mean absolute error of only 0.2-0.3 bar which is much below
the above quantified standard deviation of the pressure drop ¢4,=0.8505 bar.

5.4 Further Numerical Investigations and Predictions

This section treats further transient simulations of different series of changing
flow conditions at the capillary inlet and discusses the resulting predictions of the
pressure drop in the capillary. The series of different flow conditions is in each
case simulated consecutively following the solution algorithm for the transient
simulation of the flow model attached in the appendix (see Fig. C.1). The flow
model presented in chapter 4 is parametrizted following the listed parameters in
Tab. 5.4 by applying the modified B&W viscosity correlation. The initial wetting ratio
is set to zero unless it is stated differently.

Up to this point, only one increasing subcooling path which is followed by one
decreasing subcooling path was investigated numerically. Fig. 5.14 shows the
course of the predicted pressure drop that results from the simulation of the
depicted alternation of the subcooling at a fixed inlet pressure of 16 bar and mass
flow of 15kg/h. The first simulated flow condition is at a subcooling of 3 K with
an initial wetting ratio that is set to zero. It results in the comparably highest
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Fig. 5.14: Simulated hysteresis effect on the pressure drop evoked by the alternation of the sub-
cooling at a constant inlet pressure of 16 bar and mass flow of 15 kg/h using the flow
model in chapter 4 and the parametrization in Tab. 5.4. The horizontal axis displays the
number of simulation, i.e. indicates a new flow condition (change of the subcooling).

pressure drop of the simulated subcooling alternation. Changing to a subcooling
of 5K and than back to 3K results in a lower pressure drop for the 3 K subcooling
than was simulated at the beginning. The higher the previous subcooling is when
changing back to 3 K subcooling the lower is the pressure drop at 3 K subcooling.
However, for previous subcoolings higher than 11K there is no further impact
on the pressure drop at 3K - this is where the wetting ratio becomes 1. If the
initial wetting ratio at the beginning of the transient simulation of the subcooling
alternation is set to 1 instead of o, no impact of the alternation on the pressure
drop is seen at all. Than the calculated pressure drop is at the constant level of
around 7.5 bar. Consequently, the previous or initial wetting ratio when simulating
the flow through a capillary is of great importance. For the design of a capillary
which is derived from the operation of the capillary it may therefore also be
valuable to know the initial wetting condition of the capillary.
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The hypothesis for the occurrence of a hysteresis effect that impacts the flow
through a capillary tube that underlies this work, is that metastable flow is devel-
oped when two-phase flow passes a wetted capillary part. Hence, the assumption
is that the pressure drop is lower for two-phase flow passing a wetted capillary
than passing a dry capillary (see section 3.3.3) which was implemented within
the flow model (see section 4.2).

Consequently, it is not the change of subcooling, actually, (i.e. increasing vs. de-
creasing subcooling) as it was mainly investigated in this work, but actually the
change of the wetting ratio. However, a change of the wetting ratio can be evoked
by different changes of the inlet conditions other than the subcooling; also a
change of the inlet pressure by constant subcooling and mass flow as well as a
change of the mass flow by constant subcooling and inlet pressure has an impact

on the wetting ratio.

Fig. 5.15 depicts the hysteresis effect on the pressure drop that is evoked by the
change of the mass flow at a constant inlet pressure of 25bar and a constant
subcooling of 5K. The mass flow is varied from 19kg/h to 11kg/h and back
in 1kg/h-steps. Fig. 5.15 sketches the course of the resulting wetting ratio of
the subsequently calculated flow conditions. As a high mass flow results in a
higher pressure drop concerning both - the liquid and two-phase flow - the length
of the capillary that is covered by liquid flow is smaller for higher mass flows
than for low mass flows. Consequently, the wetting ratio is lower at higher mass
flows than at lower mass flows. Due to the underlying model assumptions a
hysteresis effect on the pressure drop is evoked which has the highest impact at
the highest simulated mass flow of 19kg/h. At this point, the difference between
the decreasing and increasing mass flow path amounts approximately 11 % in
the resulting pressure drops of the decreasing and increasing mass flow paths.
Logically, the hysteresis effect is lower for higher subcoolings as there is generally
less two-phase flow and, the assumption of the wetted surface roughness only
affects the two-phase flow.

Fig. 5.16 depicts the hysteresis effect on the pressure drop that is evoked by the
change of the inlet pressure at a constant mass flow of 16 kg/h and a constant
subcooling of 5K. The inlet pressure is varied from 16bar to 32bar and back
in 3bar-steps. The series of different inlet pressure is simulated analogously as
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above for the series of mass flows. As can be seen in Fig. 5.16 the change of
the inlet pressure evokes a change in the resulting wetting ratio and thereby the
resulting hysteresis effect on the pressure drop. The largest discrepancy between
the pressure drops of the increasing and decreasing inlet pressure paths is at the
lowest simulated inlet pressure of 16bar and amounts to a difference of about

4 %.

As could be demonstrated, the flow model provided in this work is able to not
only capture a hysteresis effect in the pressure drop that is evoked by changing
the subcooling at the inlet of the capillary but also by changing the inlet pressure
and the mass flow in the capillary. The effects may certainly superpose each other:
the wetting ratio increases even more when the increasing of the subcooling is
accompanied by a decreasing of the mass flow for example. Depending on how
the heat pump is operated and which operating conditions the capillary goes
through, the hysteresis effect that is evoked by changes in the wetting ratio of
the capillary may have a significant influence on the heat pump operation as we
see a high impact on the resulting pressure drop in the capillary. The proposed
flow model, thus, offers the opportunity to test the impact by implementing it as
a capillary model within an overall heat pump model
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Fig. 5.15: Simulated hysteresis on the pressure drop evoked by the change of the mass flow from
high mass flow to low mass flow to high mass flow at a constant inlet pressure of 25 bar
and constant subcooling of 5 K using the flow model in chapter 4 and the parametrization
in Tab. 5.4.
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Fig. 5.16: Simulated hysteresis on the pressure drop evoked by the change of the inlet pressure
from low inlet pressure to high inlet pressure to low inlet pressure at a constant mass
flow of 16 kg/h and constant subcooling of 5 K using the flow model in chapter 4 and
the parametrization in Tab. 5.4.
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6 Conclusion and Future Directions

The model-based development or optimization of technical systems is a time-
efficient and cost-effective method. In order to derive reliable solutions, a valid and
predictive simulation of the considered system is an indispensable prerequisite.
Regarding the model-based optimization of a heat pump operation, valid and
predictive models of each components of the heat pump are required. Controlling
the refrigerant mass flow in the system, the capillary tube as expansion device is a
component that decisively influences the overall heat pump performance. All the
more, it is important to refer to a reliable model that is able to cover the operation
range of a heat pump and capture the physical behaviour of the refrigerant that
flows through the capillary tube.

In the present thesis, extensive investigations on the propane flow in a copper
and a steel capillary were carried out which serve as a validation basis for a
developed flow model that serves to predict the flow of refrigerants in capillary
tubes. The experimental or validation range, respectively, is shown in Tab. 6.1. It
comprises inlet pressures from 16 to 25 bar, subcoolings from 5 to 9 K and mass
flows from 13.5kg/h to 18 kg/h. The experimental database on the propane flow
in the copper capillary covers a larger number of investigated flow conditions.
The experiments on the flow in the steel capillary mainly served as a further
validation base in order to check whether the flow model that has been adapted
to the experiments on the copper capillary are still predictive with respect to

Tab. 6.1: Range of validity for the modified B&W wviscosity correlation.

Flow Conditions

Capillary Specification Inlet Inlet Mass Mass
Material d L Ra Rz Temperature SC  Pressure  Flow Flux
Refrigerant  inm inm inm inm inm in °C inK inbar inkg/h kg/m’s
Copper 1.1799e-3 1.0274 o0.101e-6 1.285e-6 33-63 5-9 16-25 13.5-18  3430-4573
Propane
Steel 1.1749e-3 1.0274 0.817e-6 2.239e-6 33-63 5-9 16-25 13.5-18  3430-4573
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6 CONCLUSION AND FUTURE DIRECTIONS

the steel capillary. Generally, the steel capillary evoked a higher pressure drop
than the copper capillary for the same inlet conditions which is traced back to
the higher roughness of the inner surface of the steel capillary. The experiments
capture the hysteresis effect depending on the variation of the subcooling at the
capillary inlet. Quantitative and qualitative differences concerning the hysteresis
effect in the copper and steel capillary were worked out. The hysteresis effect is
more pronounced in the steel capillary than in the copper capillary.

From the extensive experiments on the propane flow in the copper capillary a
hypothesis for the cause and the interrelation between the metastable flow and
hysteresis effect of the refrigerant flow has been derived. The conducted experi-
ments support the studies of Guobing and Yufeng (2006) who observed that the
metastable flow phenomena is more prominent starting with a high subcooling
and subsequently decreasing the subcooling than starting with a low subcooling
and subsequently increasing the subcooling. From systematic experiments it is
assumed that the wetting of the capillary entails a metastable flow. However, the
expression "metastable flow" needs to be differentiated from the common refer-
ence in the literature. Generally, researchers describe the observation of refrigerant
flow that remains subcooled at pressures below the actual saturation pressures
as metastable flow. Differently in this work, metastable flow is considered to be
two-phase flow that passes a previously wetted capillary surface and therefore
in this area is subject to less friction than in areas that have not been wetted by
liquid refrigerant flow, yet. Consequently, a hysteresis effect is induced as the pres-
sure drop is higher for increasing subcoolings starting with a low wetting ratio
of the capillary than vice versa. This assumption was transferred into a model
approach that supplements the common homogeneous flow approach by the re-
quired input variable of the previous wetting ratio ® ! and the model parameter
ewetted that specifies the (effective) wetted surface roughness of the considered cap-
illary which is estimated according to the database on the decreasing subcooling
measurements. Together with a proposed modification of the two-phase viscos-
ity correlation of Beattie and Whalley (1982) the developed flow model predicts
69.1 % of the experimental data of the propane flow including ambiguous data
due to the hysteresis effect in the copper capillary within an error band of 5%
and results in a mean relative error of 4 %. Further, it predicts the flow of propane
in the steel capillary in a comparable accuracy (see section 5.2.4) which supports
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the overall prediction quality of the flow model. Based on the flow model it is
predicted that not only the variation of the subcooling entails a hysteresis effect
but also a change in the inlet pressure or the mass flow since the change in the
wetting ratio is the cause of the hysteresis effect.

The systematic experimental investigations and the model adaptions in section 5.1
and section 5.2 have been transferred into a systematic procedure for the adap-
tion of the proposed flow model to the refrigerant and capillary (see Fig. 5.1 and
Fig. 5.10). The systematic procedure is a proposal for future investigations on
the flow of refrigerants in capillary tubes to thoroughly capture the occurence
of a hysteresis effect and provide reliable experimental data that serve as a val-
idation basis for according flow models. Investigating the same refrigerant in a
different capillary, yet with the same geometry with respect to the inner diameter
and length of the capillary, the systematic procedure is reduced in its extent. Fur-
ther, it is possible to save expensive measurements of the surface roughness for
the secondly investigated capillary tube following and relying on the proposed

systematic procedure.

The difference in the investigated pressure drops due to the observed hysteresis
effect reaches values higher than 20 % (see section 3.3.2). Therefore, it is reason-
able to assume that the hysteresis effect may have an impact on the heat pump
performance if a hysteresis curve (e.g. increasing subcooling followed by decreas-
ing subcooling trajectory at the capillary inlet) is passed through within the heat
pump operation. It is worth to investigate possible impacts within an overall heat
pump simulation as Meyer and Dunn (1998) already suggested. However, up to
now, to the best of the author’s knowledge, no model was available that captured
the hysteresis effect of the refrigerant flow in capillaries. Hence, the model that
was proposed in this work (see chapter 4) can now be included within an over-
all heat pump model and the consequences of the hysteresis on the heat pump

performance can be evaluated.

As an alternative approach of adapting the homogeneous flow model for a better
prediction of the experimental results of the propane flow, the correlation of the
friction factor by Colebrook (1939) or its approximation of Serghides (1984) could
be questioned. As it is desirable, to reduce the amount of empirical parameters
within a physical model, sticking to the proposed modified B&W viscosity correlation,
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6 CONCLUSION AND FUTURE DIRECTIONS

a possible physical meaning of the scaling factor ¢ (see Eq. (5.6) in section 5.1.3 can
be explored. Investigating different refrigerants following the proposed systematic
procedure and comparing the resulting parameter i for each refrigerant could
provide information on the physical meaning of 1. The results could be related
to different molecule sizes of the refrigerant for example.

In order to gain a deeper understanding of the development of metastable flow,
more fundamental research on the two-phase flow of refrigerants along wetted
and dry surfaces is recommended. It is conceivable that the in this work sim-
ply considered parameter of the wetted surface roughness e;,:.4 is an interplay
between the surface profile of the capillary and e.g. the surface tension of the re-
frigerant in reality. Thorough experiments with different refrigerants and different
surface qualities of the capillary could reveal a possible correlation. Still, a sim-
ple parameter characterizing the wetted surface roughness yields computational
benefits when modelling the flow of refrigerants in a capillary tube. Therefore,
it might be possible to find a correlation between the roughness of the capillary
and/or the surface tension of the refrigerant. Any reduction of empirical param-
eters within the flow model increases the overall applicability of the model as
the experimental investigations for the identification of the parameters are not
needed in advance. Furthermore, a broad investigation of different refrigerants
and capillary tubes should generally be used in order to verify the overall predic-
tion quality of the developed flow model. Extended experiments on the collapse
of metastable flow are advised in order to understand what circumstances favour
the collapse. The findings can then be supplemented into the flow model so that
it gains further prediction quality on the development of metastable flow and the
resulting hysteresis effect.
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Appendix A

Experimental Data

A.1 Experimental Data of the Propane Flow Through the
Copper Capillary Tube

Tab. A.1: Experimental data of the pressure for the liquid flow through the steel capillary given the
operating conditions in Tab. 3.2 (SC = Subcooling, source: (Gabrisch and Repke, 2020)).

PRC-1inbar FIRC-1inkg/h SCinK DPR-1 in bar

16.1 12.04 19.5 2.70
15.92 14.94 19.1 3.91
16.01 18.02 19.6 5.40
20.02 13.01 29.7 3.10
19.99 14.00 29.6 3.50
19.99 14.99 29.6 395
20.01 15.98 29.6 4.39
20.02 16.95 29.7 4.77
24.08 11.99 38.7 2.68
24.00 18.01 33 5.51
23.99 21.98 32.9 7.83
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APPENDIX A EXPERIMENTAL DATA

Tab. A.2: Experimental data of the pressure drop for the increasing subcooling paths given the oper-
ating conditions in Tab. 3.3 in the copper capillary (SC = Subcooling, source: (Gabrisch
and Repke, 2020)).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

16 13.5 4.9 3-95
16 13.5 6 3.8

16 13.5 7 3.68
16 13.5 8 3.55
16 13.5 9 3-34
16 14 5 4-45
16 14 6 3.88
16 14 7.1 3.71
16 14 8 3.59
16 13.99 8.9 3.42
15.99 13.95 5 375
16 14.02 6.1 4.11
16 13.99 7-1 3-99
16 14 8 3.9

16 13.99 9 3.75
16 14.5 5 5.6

16 14.5 6.1 4.56
15.99 14.5 7 441
15.99 14.52 8 4.28
16 14.5 9 4.06
16 14.49 5 5-42
16 14.49 6 4.87
16 14.5 7 4.58
16 14.5 8 4.35
16 14.49 9 4.16
16 14.85 5.1 6.85
16 15 6 6.51
16 15 7 5.01
16 15 8 4.79

Continued on next page

114



A.1 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE

CoPPER CAPILLARY TUBE

Tab. A.2 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar
16 14.99 9 4-59
16 15 5 6.57
16 15 6 6.03
16 15 7 4.9
16 15 8 4.71
16.01 15 9 4-48
17 14.96 5 5.54
17 15 6.2 5.07
17 15 7-1 49
17 15.01 8 4.76
17 15.02 9 4.58
17 15 5 6.02
17 14.99 6 5.63
17 15 7 4.85
17 15 8 4.66
17 15 9 445
18 15.01 5 4.83
18 15 6 4.56
18 15 7 4-47
18 15 8 4.35
18 15.01 9 4.21
18 15 5 6.05
18 15 6 4.9
18 15 7 474
18 15 8 4.57
18 15 8.9 4.4
19 15 5 5.6
19 15 6 4.71
19 15 7 4.57
19 15 8.1 4.42

Continued on next page
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APPENDIX A EXPERIMENTAL DATA

Tab. A.2 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

19 14.99 9 4.27
19 15 49 5-45
19 15 6 4.76
19 15 6.9 4.62
19 15 8 446
19 15 9.1 4.28
20 15 4.9 5.15
20 15 6 4.91
20 15 7 4.62
20 15 8.1 4.31
20 15 9 4.18
20 14.99 5 53

20 15 6 5.02
20 14.99 6.9 4.58
20 15 8 444
20 14.99 9 4.26
21 14.99 5 5.04
21 15 6 4.51
21 15 7.1 4.39
21 15 8 4.26
21 15 9 4.1

21 15 5 5.03
21 15 6 4.51
21 15 7 44

21 15 8 4.28
21 15 8.9 4.12
23 15.01 4.9 4.46
23.01 14.99 6 4.36
23.01 14.99 7 4.27
23 14.99 8 4.15

Continued on next page
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A.1 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE

Tab. A.2 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar
23 15 8.9 4.1
23 15.01 5 4.36
23 14.99 6 4.27
23 14.98 7 4.23
23 15 8 4.15
23 15 9 4.11
25 16 5.1 5.36
25 16 6.1 5.23
25 16 7 5.12
24.99 16 8 4.96
25 16 8.9 4.77
20 16.49 5 7-55
20 16.49 6 7.05
20 16.49 7 6.4
20 16.49 7.9 5.29
20 16.49 9 5.17
20 16.5 5.1 7.77
20 16.5 6 7.06
20 16.5 7 5.84
20 16.5 8 5.64
20.01 16.5 9.1 5.44
20.99 16.49 5 7-47
21.01 16.5 6 6.67
20.99 16.5 7 5.72
21 16.5 8.1 5.53
21 16.5 9 5.37
21 16.49 5 7
21 16.5 6 6.61
21 16.5 7 5.66
21 16.5 8 5.49

Continued on next page
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APPENDIX A EXPERIMENTAL DATA

Tab. A.2 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

21 16.49 9 5.32
23 16.49 5 6.91
23 16.5 6 6.31
23 16.5 7.1 5.55
23 16.5 8 5.41
23 16.5 9 5.25
23 16.51 5 6.69
23 16.51 6 6.35
23 16.5 7 5.93
23 16.5 9 5-43
23 16.49 9 5-25
25 16.5 5 6.29
25 16.5 5.9 5.95
25 16.51 7 5.38
25 16.5 8 5.2
25 16.49 9 4.97
25 16.5 5 6.38
25 16.5 6.1 5.62
25 16.5 7.1 5.49
25 16.5 8.1 5.33
25.01 16.5 9.1 5.14
23 17.99 5 10.06
23 18.01 5.9 8.57
23 18 7.1 7.96
23 18 8 6.77
23.01 18 9 6.54
23 18 5 9.96
23 18 6 8.86
23 18 7.1 7.78
23 18.01 8.1 6.6

Continued on next page
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A.1 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE
CoPPER CAPILLARY TUBE

Tab. A.2 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

23 18 9 6.39
25 18 5 8.82
25 18 6 8.2

25 18 7.1 7.55
25 18 8.1 6.57
24.98 18 9.1 6.39
24.99 18 4.9 8.77
25 18 5.9 8.25
25 18 7.1 7.5

25 18 8.1 6.55
25 18 9 6.4

Tab. A.3: Experimental data of the pressure drop for the decreasing subcooling paths given the
operating conditions in Tab. 3.3 in the copper capillary. (The *-marked operating con-
ditions are excluded from the parameter estimation of the wetted surface roughness
by analysing Fig. A.2 and picking out pressure drops that are probably affected by a
metastable collapse), (SC = Subcooling, source: (Gabrisch and Repke, 2021)).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1in bar

16 13.5 9 3-34
16 13.5 8 3.35
16 13.5 7 3.36
16 13.5 6 3.39
16 13.5 5 3.42
16 13.99 8.9 3.42
16 14 8 3.55
16 14 7 3.71
16 13.99 6 3.88
16 14 5 4.08
16 13.99 9 3.75
16 14.02 7.9 3.93
16.01 14 7 3.93

Continued on next page
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APPENDIX A EXPERIMENTAL DATA

Tab. A.3 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

16.01 14.01 6 4.05
16 14.03 5.1 4.35
16 14.5 9 4.06
16 14.5 7.9 4.19
16 14.51 6.9 433
16 14.5 5.9 4-44
16 14.5 4.9 4.57
16 14.49 9 4.16
16 14.5 8 4.33
16 14.51 7 4.48
16 14.53 6 4-59
16 14.51 5 473
16 14.99 9 4.59
16 15 7.9 4.81
16 15 7 5.02
16 15 6 5.24
16.01 15.01 5 5.49
16.01 15 9 4-48
16 15 8 4.69
16 15 6.9 4.94
16 15 5.9 5.23
16 15 5 5-49
17 15.02 9 4.58
17 14.96 8 4.7
17 15 7 4.89
17 15 6.1 5.08
17 14.93 5.1 5.36
17 15 9.1 4-45
17 15 8 4.63
17 15 6.9 4.84
17 15 5.9 5.02

Continued on next page
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A.1 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE
CoPPER CAPILLARY TUBE

Tab. A.3 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

17 15 5 5-23
18 15.01 9 4.21
18 15 8 4.39
18 15.03 7 4.53
18 15.05 5.9 4.76
18 15.01 4.9 4.93
18 15 8.9 4.4

18 14.99 7-9 4.54
18 15 7 4.68
18 15 6 4.85
18 15.01 5 5.03
19 14.99 9 4.27
19 15 8 4.42
19 15 6.9 4.55
19 15 6 4.67
19 15 5 4.8

19 15 9 4.28
19 15 7-9 4.46
19 15 6.9 4.61
19 15 6 4.75
19 15 5 5-53
20 15 9 4.18
20 15 7.9 4.36
20 15 7 4.46
20 15 6 4.55
20 15 5 4.66
20 14.99 9 4.26
20 15.01 8 4-44
20 15 6.9 4.58
20 15 6 4.72

Continued on next page
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Tab. A.3 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

20 15 5 4.88
20 16.49 9 5.17
20.01 16.5 7.9 5.29
20 16.5 7 5.84
20 16.5 6 6.05
20 16.5 5 7.04
20* 16.51% 5% 7.59*
20.01 16.5 9.1 5.44
20 16.5 7.9 5.65
20 16.5 7 5.85
20 16.5 6 6.06
20 16.5 5 7.06
21 15 9 4.1

21 15 8 4.15
21 15 6.9 4.2

21 15 6 4.25
21 15.01 5 4.55
21 15 8.9 4.12
21 15 8 4.16
21 15 7 4.21
21 15 5.9 4.26
21 15.02 4.9 4-54
21 16.5 9 5.37
21 16.5 7.9 5.56
21 16.5 6.9 5.75
21.01 16.5 6 5.93
21.02 16.5 5 6.81
21* 16.5% 5% 7.19*
21 16.49 9 5.32
21 16.5 8 5.48
21 16.5 7 5.64

Continued on next page
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A.1 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE

Tab. A.3 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar
21 16.51 5.9 6.64
21 16.5 5.1 6.99
23 15 8.9 4.1
23 15.01 7.9 4.09
23 15 6.9 4.09
23 15 5.9 4.11
23 15 49 4.19
23* 15.01%* 4.9* 4.4*
23 15 9 4.11
23 15.01 8 4.1
23.01 15.01 6.9 4.12
23 15 59 4.15
23 15 5 4.38
23 16.5 9 5.25
23 16.5 7.9 5.42
23 16.5 6.9 5.58
23 16.5 5.9 5.74
23 16.5 4.9 6.69
23 16.49 9 5.25
23 16.5 7-9 5.44
23 16.51 6.9 5.61
23 16.5 5.9 5.78
23 16.51 5 6.7
23.01 18 9 6.54
23 18 8 6.77
23 18 6.9 7.18
23 17.99 6 8.52
23 17.99 5 9.08
23 18 9 6.39
23 18 8 6.64
23 18 6.9 6.93

Continued on next page
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Tab. A.3 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

23 18 6 8.28
23 18 5 9.1

25 16 8.9 4.77
25 16 7.9 4.86
25 16 7.1 4.93
25 16 6.1 5.23
25 16 5 5.36
25 16.49 9 4.97
25 16.5 8 5.22
25 16.5 6.9 5.39
25 16.5 5.9 5.55
25 16.5 5 6.28
25.01 16.5 9.1 5.14
25 16.5 8 5.34
25 16.5 7 5.5

25 16.5 5.9 5.63
25 16.5 5.1 5.88
24.98 18 9.1 6.39
25.01 18 8 6.58
25 18 6.9 6.96
25 18 6 7.97
25 18 5 8.57
25 18 9 6.4

25 18 8 6.58
25 18 7 6.77
25 18 6 7.36
25.01 18 5 8.36
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Fig. A.1:

Subcooling in K

Diagram of all experimentally gathered increasing subcooling paths in Tab. A.2 in the
copper capillary. The legend shows the different investigated inlet pressures (PRC-1) and
the mass flows (FIRC-1). The diagram shows the resulting pressure drop (DPR-1) over
the change of the subcooling at the capillary inlet, source: (Gabrisch and Repke, 2020).
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Subcooling in K

Diagram of all experimentally gathered decreasing subcooling paths in Tab. A.3 in the
copper capillary. The legend shows the different investigated inlet pressures (PRC-1) and
the mass flows (FIRC-1). The diagram shows the resulting pressure drop (DPR-1) over
the change of the subcooling at the capillary inlet, source: (Gabrisch and Repke, 2021).



A.2 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE STEEL

CAPILLARY TUBE

A.2 Experimental Data of the Propane Flow Through the
Steel Capillary Tube

Tab. A.4: Experimental data of the pressure drop for the liquid flow through the steel capillary
given the operating conditions in Tab. 3.5, SC = Subcooling.

PRC-1 in bar FIRC-1inkg/h SCin K DPR-1 in bar

15.01 8.01 9.2 1.38
15.01 9 9.4 1.7

16 11 11.4 2.45
16.5 13.01 11.8 3.32
18.03 14.99 16.6 4.28
18.53 16.99 17.8 5.4

19.04 17.99 19 6.03

Tab. A.5: Experimental data of the pressure drop for the increasing subcooling paths given the
operating conditions in Tab. 3.6 in the steel capillary (SC = Subcooling).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

18 15 5 6.48
18 15 6 5.77
18 15 7.1 5.13
18 15 8.1 4.79
18 15 9 4.37
18 15 5.1 6.41
18 15 6.2 5.99
18 15 7.1 5.64
18 15 7.9 5.27
18 15 8.9 4.84
23.01 16.5 5.1 7.84
23 16.49 6 7.17
23 16.49 7.1 6.51
23 16.5 8 5.98

Continued on next page
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APPENDIX A EXPERIMENTAL DATA

Tab. A.s5 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

23 16.5 9.1 5.56
23.03 16.49 5 7.28
23 16.5 6 7.03
23.01 16.5 7 6.67
23 16.5 8 6.33
23.01 16.48 9.1 5.89
25.02 16.51 5.2 7.52
25 16.5 6.2 6.97
25 16.5 7 6.56
25 16.5 8 6.13
24.95 16.49 8.9 5.84
25 18 4.9 10.88
25 18 5.9 9.81
25 18 7.1 8.71
25 18 8.1 8.01
25 17.99 9.1 7-44
20 15.02 5 5.42
20 15 6 4.82
20 15 7.1 4.67
20 15 8.1 4.54
20 14.99 9 4-35
20 15.01 5.1 6.17
20 15 6.1 5.58
20 15 7.2 5.19
20 15 8.1 4.86
20 14.99 9.1 4.56
23 17.78 5 11.3
23 18.09 6 11.22
23 18.09 7 10.66
23 18 8 8.6

Continued on next page
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A.2 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE STEEL

Tab. A.5 (continued).

CAPILLARY TUBE

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar
23 17.99 9 7-8
16.01 13.49 5.2 4.46
16 13.49 6.1 4.29
16.01 13.5 7.1 4.07
16 13.5 8.1 3.86
16.01 13.5 9 3.62
16 13.5 5.3 4.8
16 13.51 6.2 4.55
16 13.5 7.1 4.15
16.01 13.5 8 3.91
16 13.49 8.8 3.68

Tab. A.6: Experimental data of the pressure drop for the decreasing subcooling paths given the
operating conditions in Tab. 3.6 in the steel capillary (SC = Subcooling).

PRC-1inbar FIRC-1inkg/h SCin K DPR-1 in bar
18 15 9 4.37
18 15 8 444
18 15 7 448
18 15 5.9 4.52
18 15 4.9 5.52
18 15 8.9 4.84
18 15 8 4.96
18.01 14.99 7 5.14
18 15 6 5.38
18 15 5 5.74
23 16.5 9.1 5.56
23 16.5 8 5.88
23 16.5 6.9 6.1
23 16.5 6 6.39
23 16.51 5 7.17

Continued on next page
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APPENDIX A EXPERIMENTAL DATA

Tab. A.6 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

23.01 16.48 9.1 5.89
23 16.5 8 6.22
23 16.5 6.9 6.5
23 16.5 5.9 6.8
23 16.51 4.9 7.23
24.95 16.49 8.9 5.84
25.01 16.5 8 6.06
25 16.5 7.1 6.28
25 16.5 6 6.56
25 16.5 5 7.05
25 17.99 9.1 7-44
25 18 8 7.97
25 18 7 8.43
25 17.99 6 9.47
25 18 5 10.13
20 14.99 9 4.35
20 15 8 433
20 15 6.9 4.34
20 15 5.9 4.38
20 15 49 4.53
20 14.99 9.1 4.56
20 15 8.1 4.77
20 15 7 4.97
20 15 5.9 5.21
19.99 14.98 4.9 5-42
23 17.99 9 7-8
23 18 7.9 8.53
23 18 6.9 9.08
23 18 5.9 9.62
23 17.85 5 10.31
16.01 13.5 9 3.62

Continued on next page
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A.2 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE STEEL

CAPILLARY TUBE

Tab. A.6 (continued).

PRC-1in bar FIRC-1inkg/h SCin K DPR-1 in bar

16 13.5 8 3.68
16 13.5 7 3.73
16 13.5 6 3.78
16 13.5 5 3.83
16 13.49 8.8 3.68
16 13.5 8 3.83
16 13.5 7 4

16 13.51 6.1 4.16
16 13.51 5.2 4.32

Tab. A.7: Comparison of the experimental data in the copper and steel capillary tube for

the measurement series in Tab. 3.6, SC = Subcooling, DPR-1 g;s=(DPR-1g4ee)-DPR-
1Copper)/DPR-1copper- Positive values of DPR-14;¢ mean that the pressure drop in
the steel capillary is higher than in the copper capillary (mean values of the redundant
measurement series).

Copper Steel

PRC-1 FIRC-1 SC  DPR-1 | PRC-1 FIRC-1 SC  DPR-1 | DPR-14i
inbar inkg/h inK inbar |inbar inkg/h inK inbar |in %
16 13.5 5 3.95 16.01  13.49 5.2 4.46 12.91
16 13.5 6 3.8 16 13.49 6 4.29 12.89
16 13.5 7 3.68 16.01  13.5 7.1 4.07 10.6
16 13.5 8 3.55 16 13.5 81 3.86 8.73
16 13.5 9 3.34 16.01  13.5 9 3.62 8.38
16 13.5 8 3.35 16 13.5 8 3.68 9.85
16 13.5 7 3.36 16 13.5 7 3.73 11.01
16 13.5 6 3.39 16 13.5 6 3.78 11.5
16 13.5 5 3.42 16 13.5 5 3.83 11.99
18 15 5 5.4 18 15 51  6.45 18.57
18 15 6 4.73 18 15 6.1 5.88 24.31
18 15 7 4.61 18 15 71  5.39 16.92
18 15 8 4.46 18 15 8 5.03 12.78

Continued on next page
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APPENDIX A EXPERIMENTAL DATA

Tab. A.7 (continued).

Copper Steel

PRC-1 FIRC-1 SC  DPR-1 | PRC-1 FIRC-1 SC  DPR-1 | DPR-14i
inbar inkg/h inK inbar |inbar inkg/h inK inbar |in %
18 15 9 4.31 18 15 9 4.61 6.96
18 14.99 8 446 18 15 8 4.7 5.38
18 15.01 7 4.6 18 15 7 4.81 4.57
18 15.03 6 4.81 18 15 6 4.95 2.91
18 15.01 4.9  4.98 18 15 5 5.63 13.05
20 15 49  5.22 20 15.01 5 5.79 10.92
20 15 6 5 20 15 6.1 5.2 4.84
20 15 7 4.6 20 15 7.1  4.93 7.17
20 15 8 4.38 20 15 8.1 47 7.31
20 14.99 9 4.22 20 14.99 91 445 5-45
20 15 8 4.4 20 15 8.1 4.5 3.41
20 15 6.9 4.52 20 15 6.9  4.65 2.88
20 15 6 4.63 20 15 5.9  4.79 3.46
20 15 5 477 20 14.99 49 497 4-19
23 16.5 5 6.8 23.02  16.49 5 7.56 11.18
23 16.51 6 6.33 23 16.5 6 7.1 12.16
23 16.5 7 5.74 23 16.49 7 6.59 14.81
23 16.5 8 5.42 23 16.5 8 6.16 13.65
23 16.5 9 5.25 23.01  16.49 9.1 572 8.95
23 16.5 7.9  5.43 23 16.5 8 6.05 11.42
23 16.5 6.9 556 23 16.5 6.9 6.3 12.5
23 16.5 59 5.76 23 16.5 595 6.6 14.58
23 16.51 5 6.7 23 16.51 5 7.2 7.46
25 16.5 5 6.34 25.02  16.51 5.2  7.52 18.61
25 16.5 6 5.78 25 16.5 6.2  6.97 20.59
25 16.5 7 5.43 25 16.5 7 6.56 20.81
25 16.5 8.1 5.27 25 16.5 8 6.13 16.32
25 16.49 9.1  5.05 24.95 16.49 89 584 15.64
25 16.5 8 5.28 25.01  16.5 3 6.06 14.77
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A.2 EXPERIMENTAL DATA OF THE PROPANE FLOW THROUGH THE STEEL

CAPILLARY TUBE

Tab. A.7 (continued).

Copper Steel

PRC-1 FIRC-1 SC  DPR-1 | PRC-1 FIRC-1 SC  DPR-1 | DPR-14
inbar inkg/h inK inbar |inbar inkg/h inK inbar |in %
25 16.5 7 5.44 25 16.5 7.1  6.28 15.44
25 16.5 5.9  5.59 25 16.5 6 6.56 17.35
25 16.5 5 6.08 25 16.5 5 7.05 15.95
23 18 5 10.01 23 17.78 5 11.3 12.89
23 18 6 8.71 23 18.09 6 11.22 | 28.82
23 18 7.1 7.87 23 18.09 7 10.66 | 35.45
23 18 8 6.69 23 18 8 8.6 28.55
23 18 9 6.46 23 17.99 9 7.8 20.74
23 18 8 6.7 23 18 79 853 27.31
23 18 6.9 7.05 23 18 6.9 9.08 28.79
23 18 6 8.4 23 18 5.9  9.62 14.52
23 18 5 9.09 23 17.85 5 10.31 13.42
25 18 5 8.8 25 18 4.9 10.88 | 23.64
25 18 6 8.23 25 18 5.9 9.81 19.2
25 18 71  7.52 25 18 7.1 871 15.82
25 18 8.1 6.56 25 18 81 801 22.1
24.99 18 9.1 6.39 25 17.99 9.1 7.44 16.43
25.01 18 8 6.58 25 18 8 7.97 21.12
25 18 7 6.86 25 18 7 8.43 22.89
25 18 6 7.66 25 17.99 6 9.47 23.63
25 18 5 8.46 25 18 5 10.13 19.74
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Appendix B

Investigation of the Inner Diameter and
the Roughness

Tab. B.1: Statistical results of the measurements of the inner diameter of the copper capillary test

samples.
Diameter 1 Diameter 2 Diameter 3 Diameter 4 Diameter5 Mean Value Standard Deviation
Sample in pm in pm in pm in pm in pm in pm in pm
Inlet 1235.3 1273.4 1178.2 1203.8 1205.6 1219.2 32.6
Outlet 12954 1299.9 1289.3 1282.3 1279.7 1289.3 7.6
D-1 1147.1 1151.8 1156.8 1147.8 1148.1 1150.3 3.6
D-2 1134.3 1120.1 1128.5 1123.0 1128.4 1126.8 4.9
D-3 1114.8 1115.3 1120.7 1108.9 1108.9 1113.7 4.4
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APPENDIX B INVESTIGATION OF THE INNER DIAMETER AND THE
ROUGHNESS

Fig. B.1: Exemplary measurements of the inner diameter of a test sample (D-1) under the light
microscope.

Fig. B.2: Preparation of half-pipes of the capillary test samples for the investigation of the roughness
of the inner surface.

Tab. B.2: Statistical results of the measurement of the roughness of the inner surface of the copper
capillary test samples.

Ra Rz
Mean Value Standard Deviation Mean Value Standard Deviation
Sample in pm in pm in pm in pm
R1 0.099 0.013 1.200 0.380
R2 0.100 0.018 1.400 0.394
R3 0.103 0.018 1.260 0.398
R4 0.102 0.016 1.280 0.391
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Tab. B.3: Statistical results of the measurements of the inner diameter of the steel capillary test

samples.
Diameter 1 Diameter 2 Diameter 3 Diameter 4 Diameter5 Mean Value Standard Deviation
Sample in pm in pm in pm in pm in pm in pm in pm
Inlet 1180.0 1183.6 1173.2 1189.9 1180.6 1181.5 5.4
Outlet 11379 1073.4 1160.2 1148.0 1156.8 1150.7 31.9
D-1 1180.0 1183.6 1173.2 1189.9 1180.6 1181.5 5.4
D-2 1176.1 1177.7 1176.1 1182.3 1184.9 1179.4 3.5
D-3 1185.1 1177.3 1181.5 1184.5 1178.2 1181.3 3.2
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Appendix C

Transient Simulation of the Flow Model
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APPENDIX C TRANSIENT SIMULATION OF THE FLow MODEL

Parameterize the model:

- Inner diameter d (- cross-sectional Area A)

- Capillary surface roughness eq;y,

- Effective wetted surface roughness eetteq

- LlengthL

- Entrance pressure drop coefficient &

- Two-phase viscosity parameter i

- Specify refrigerant for fluid properties from REFPROP

Input variables: Notes:

- Inlet pressure piner - Calculations are done using Sl units
Inlet enthalpy hjyer based on pinee and subcooling - Properties are calculated by REFPROP

- Mass flow m - Applied functions/correlations see

- Previous wetting ratio @1 below

i Flow Model

Calculate entrance pressure drop and pressure after the entrance:
Dpener. = § + G2 /Pinter (With pintet (Rintet, Pintet) using REFPROP)
Pa.entr. = Pintet — APentr.

Calculate liquid length:

Apiiq = Pintet = Psat =

where fiiq and py;q are the averaged values of the inlet condition
and saturation condition of the refrigerant
-> Consider isenthalpic throttling from pjpe¢ t0 Psar

A4

Ptp,1 = Paentr.
hepa = hintet

Start iterative discretized pressure reduction:

¢ lteration step i=1

*  Initialize Lsym1 = ALiiq

*  Determine discretized pressure drop dp; at i=

s dp; = 10000 - =02 4 500

*  Set:
>
* Ptpa = Psar
tp1 = Mintet
*  Calculate/determine all needed properties at condition i=1 (psq¢, X = 0):
Ptpas Stp,1s Vep,as Cpa » Marp1, Rewp 1, frp1, fep,1) @epa
- Calculate wetted capillary length: Ly, opteq = 071 - L
»| i=itl
C: ion of ther i ition and properties
Pepi+1 = Pepi — dPi
2 -2
1 1 1 (m 1
Calculate Xiy1: hipi +3 - e huips + Xigr - Bhupin +35 - (;) : (m*— Xit1 AF’IVJ-H)

« Calculate/determine all needed properties depending on pep,i+1 and x;41 (especially including hep i+1):

Prpi+1s Stpi+1s Vipi+1 s Cipi+1, Marpiva, Rewpiva, fipivr Hepitt
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Sete = eqry | | Sete = eyerreq

Calculate the mean values: pgp,i
and f i(between conditions at
iteration step i and i+1)

I

Calculation of the capillary length required for the two-phase
pressure drop dp
G2x? | GP(1-x)? G2, 62.(1-x13)?
N v:(_,_+ )_( B ”
Pacetni = \apy: * e pir) ~ \atwpoins | G-aird priss)

fepi | G2

S

AP = Dpacepi + DPyrictpi 2 solve for ALy i

A

*  Sum up the required capillary length:

Loum = Aliiq + ) Bl

T
+  Calculate the Mach-Number Magp, ;11

Lsymi — L] <1le—5
OR
Mag, i =2 1?

no

The following functions/correlations are used:
¢ Mass flux

¢= m
A
«  Friction factor f; [1]:
1 (B —AA)?

—_—AA - ———
7 C-2-B+A4

/d | 12
A4 = -2 logy (L +3)

e/d 2.51-AA
B=—2-log, (L2 + 2224

e/d 2.51-B°
€ =-2-logy (L +222)

*  Reynolds-Number
p-v-d
Re = —
"
*  Void fraction (homogeneous)
[ S
xi+ (1 =x0) - poi/pri
«  Speed of sound - c(p, s)
sp=01
Pup = p(p + 6p,s) (REFPROP)
Pdown = p(p — 6p,s) (REFPROP)

a

Sources:

[1]Serghides, T.K.. Estimate friction factor accurately. Chemical Engi- neering (New
York) 1984;91:63-64.

[2] Beattie, D.R.H., Whalley, P.B. A simple two-phase frictional pressure drop

*  Mach-Number

Ma = % calculation method. International Journal of Multiphase Flow 1982;8:83-87. doi:
+ Two-phase viscosity [2] [3] 10.1016/0301-9322(82)90009-X.
Hep = - 1-B)-A+Q@5+yp-x)-B [3] Gabrisch, X. and Repke J.-U. Modelling the two-phase flow of propane in a capillary
= Xi tube: Determination of the two-phase viscosity based on detailed experiments.
Xi+H(1=x)py,i/ Pri International Journal of Refrigeration [submitted]

Fig. C.1: Solution algorithm of the transient flow model simulation (Source: (Gabrisch and Repke,
2021)).
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Appendix D

Comparison between Experimental and
Numerical Results

Fig. D.1 classifies the calculated pressure drops according to their corresponding
void fraction at the capillary outlet. The histogram shows how the percentage
shares of the classified void fractions distribute across the relative error of the
pressure drop prediction. It shows that the higher the outlet void fraction (i.e. the
higher the ratio of the two-phase flow), the more the model underestimates the
pressure drop and the higher is the deviation from the measured pressure drop.
Flow conditions that end up in a void fraction of up to 55 % are predicted with a

relative error of 10 %.
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APPENDIX D COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL

RESULTS
80
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Fig. D.1: Histogram of the deviation of the predicted pressure drops from the measured pres-
sure drops (DPR-1) in the copper capillary for the increasing subcooling paths apply-
ing the viscosity correlation of Beattie and Whalley (1982) and the parametrization:

e=Rzcopper=1.285¢-6 m, §r;=2.3475 and Yr,=6.1714.
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Fig. D.2: Histogram of the deviation of the predicted pressure drops from the measured pressure
drops (DPR-1) in the copper capillary for the increasing subcooling paths applying the
modified B&W wviscosity correlation and the parametrization: e=Rzcopper=1.285e-6m,

Crz=2.3475 and Pr,=6.1714.
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Tab. D.1: Operating conditions from Tnb. A.3 that are excluded from the parameter estimation of

Cwetted-
Inlet Pressure Mass Flow Subcooling
in bar in kg/h in K
20 15 5.01 4.66
20 15 4.96 4.88
20 16.5 5.01 7.04
20 16.5 5 7.06
20 16.5 6.03 6.05
20 16.5 6 6.06
21 16.5 5.01 6.81
21 16.5 5.05 6.99
23 16.5 4.91 6.69
23 16.5 5.01 6.7
23 17.99 5.04 9.08
23 18 5.01 9.1
23 17.99 5.96 8.52
23 18 5.96 8.28
25 16 5.04 5.36
25 16.5 4.96 6.28
25 16.5 5.07 5.88
25 18 5 8.57
25.01 18 5.02 8.36
25 18 5.96 7.97
25 18 6.04 7.36
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APPENDIX D COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL

REsuLTs
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Fig. D.3: Histogram of the deviation of the predicted pressure drops from the measured pressure
drops (DPR-1) for the decreasing subcooling paths applying the modified B&W viscosity
correlation and the parametrization: e = Rzcopper = 1.2856-6m, {Rz = 2.3475, YRz =
6.1714.and €yeited,Rz,Copper = 3-5906e-10 m (classified by the predicted void fraction ooyt
at the outlet of the capillary).
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