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HIGHLIGHTS

® Pressure drop through capillary for cryogenic refrigerant mixtures is studied.
® Two phase viscosity correlations are studied at cryogenic temperatures.
® Experiments have been carried out for cryogenic refrigerant mixtures.
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Capillary tubes are the simplest form of expansion devices used in J-T refrigerators. Numerous researchers have
worked on the flow of refrigerant through capillary tubes; however, only a few researchers have reported on flow
through capillary tubes at cryogenic temperatures. This study focusses on the flow of refrigerant mixtures at
cryogenic temperature through the capillary tube of a Mixed Refrigerant Joule-Thompson (MRJT) cryocooler. In

order to design a capillary tube for such mixtures, a numerical model, which predicts pressure drop across the
capillary tube, is developed in the present work. As the flow through the capillary is in two-phase region, the
homogeneous flow model is employed in this analysis and various two-phase viscosity models are investigated.
An algorithm to predict the design length of the capillary tube using the homogeneous flow model is developed.
Experimentation is carried out to compare the same with the theoretical predictions. The model predicts ca-
pillary tube length with an accuracy of 20%.

1. Introduction

A capillary tube is widely used as an expansion device for the
throttling process in Joule-Thompson (J-T) refrigerators. It offers var-
ious advantages over other throttling devices.

According to Brodyanskii et al. [1], the main advantages of using
capillary tubes are simplicity and reliability as there are no moving
parts and no requirement for sealing arrangements. These character-
istics of capillary tubes make them suitable for cryogenic applications.
These refrigerators are called as J-T cryocoolers. A mixture of re-
frigerants is used as the working fluid to reach lower temperatures, and
that is why these cryocoolers are referred to as Mixed Refrigerant Joule-
Thompson (MRJT) cryocoolers.

1.1. MRJT cryocooler

Most of the research on MRJT cryocooler is focussed on the com-
position of the refrigerant mixture. To study the performance of MRJT
cryocooler for different refrigerant mixtures, Walimbe et al. [2] per-
formed experimental studies on MRJT cryocooler for the temperature
range of 75--120 K using Nitrogen-Hydrocarbon and Neon-Nitrogen-
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Hydrocarbon mixtures. The lowest temperature of 65 K has been re-
ported while 6.1 W of cooling effect has been obtained at 80 K using a
1 T Air-Conditioning compressor. Ardhapurkar et al. [3] have studied
two-phase heat transfer inside the recuperative heat exchanger of an
MRJT cryocooler numerically and experimentally. R. Satya Mehera and
G. Venkatarathnam [4] have performed experimental as well as nu-
merical investigation on the performance of MRJT cryocoolers for dif-
ferent heat exchangers. They have concluded that for the numerical
analysis of the heat exchanger, the homogeneous flow model for the
flow of mixed refrigerant in the heat exchanger [5] gives good agree-
ment with experimental values.

1.2. Adiabatic flow through capillary

Capillary tubes are an essential part of any J-T cryocooler; they may be
adiabatic or diabatic depending on the cooler design. However, due to their
simplicity, adiabatic capillary tubes are preferred in J-T coolers. Melo et al.
[6] have performed an extensive experimental investigation on flow
through capillary tubes using R12, R134a, and R600a refrigerants by
varying capillary tube size and inlet subcooling temperature. In their in-
vestigation, using dimensional analysis and experimental data, an empirical
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Nomenclature

mass flow rate

density

velocity

area

pressure

gravitational acceleration
elevation

head loss

enthalpy

quality

mass flux

specific volume
entrance loss coefficient
friction factor
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L length

d diameter

Re Reynolds number
u viscosity

a void fraction
Subscripts

Le entrance loss
Lf skin friction loss
sp single phase

tp two-phase

i i™" element

f liquid

g vapour

correlation has been generated which is found to estimate the mass flow
rates within + 15% of experimental values. Such dimensional analysis
provides a good initial approximation for flow rate through a capillary tube.
Sanzovo and Mattos [7] have analysed refrigerant flow through capillary
tubes using homogeneous and separated flow models. Their model predicts
the mass flow rates within + 5.8% for the homogeneous flow model
and * 7.4% for the separated flow model when compared to experimental
results. They have evaluated the two-phase multiplier (ratio of two-phase to
liquid-only pressure drop) for separated flow using Lin's model [8]. They
have concluded that the close prediction by both homogeneous and sepa-
rated flow model is due to the fact that the high refrigerant mass flux in the
capillary tubes nullifies the effect of slip ratio (ratio of liquid and vapour
velocities). Thus, it would be a reasonable assumption to analyse the flow in
capillary tubes using the homogeneous flow model.

Dubba and Kumar [9] have performed an experimental study on
flow characteristics of refrigerant R600a flow through a capillary tube.
Straight and helically coiled capillary tubes with different coil dia-
meters have been used for the analysis. It has been reported that the
mass flow rate for a straight capillary tube is 1.5 — -16% higher than
that for the coiled ones. Based on the dimensional analysis and ex-
perimental data, an empirical correlation has been developed which
predicts mass flow rate within + 20% of the experimental value. Rasti
and Jeong [10] have developed empirical relation for refrigerant mass
flow rate through straight and helical adiabatic capillary tubes. Di-
mensional analysis has been used to derive an empirical correlation.
The empirical correlation is verified using experimental data for various
refrigerants. It has been found to predict the refrigerant mass flow rate
with an average absolute deviation of 6.85%.

Bansal and Rupasinghe [11] have developed a numerical solver for
flow through capillary tubes using the homogeneous flow model for
R134a keeping the evaporator temperature at 250 K. In their work,
Churchill's correlation [12] has been used to calculate single-phase
friction factor while Lin's correlation [8] has been used to evaluate two-
phase friction factor. However, the information required for the eva-
luation of two-phase viscosity has not been specified. In their work,
entropy maximisation has been used to determine the point when
choking occurred. Deodhar et al. [13] have performed experimental as
well as numerical studies on flow through capillary tubes for R134a
using the homogeneous flow model. They evaluated capillary tube
length as well as the mass flow rate using the homogeneous flow model.
Colebrook's equation [14] has been used for the evaluation of single-
phase and two-phase friction factor. They have studied various two-
phase viscosity models reported by McAdams et al. [15], Cicchitti et al.
[16], Dukler et al. [17], Beattie and Whalley [18], and Lin et al. [8] for
calculating two-phase viscosity of the refrigerant. They have reported
that the model given by Cicchitti et al. [16] predicts the capillary tube
length and mass flow rate through the capillary tube better than other

models. For determining the occurrence of choking, the concept of
unrealistic length has been used. The use of unrealistic length makes the
design of the solver much simpler compared to the use of maximisation
of entropy [11].

1.3. Adiabatic flow through capillary tubes at cryogenic temperatures

A few research articles are available on the flow of mixed re-
frigerants through capillary tubes at cryogenic temperatures.
Kruthiventi and Venkatarathnam [19] have reported that for a con-
ventional refrigerator, the flow through the capillary tube is usually in
choked condition, while for Mixed Refrigerant J-T(MRJT) cryocooler, it
is unchoked. They showed analytically that at the exit of the capillary
tube, the flow is close to being sonic and if an appropriate factor of
safety is not considered during design, the flow might transition to
choked condition. Ardhapurkar et al. [20] have studied pressure drop in
the capillary tube for Mixed Refrigerant Joule-Thompson cryocooler
using homogeneous and various separated flow models [21-23]. They
have reported that predictions related to pressure drop for flow through
capillary tubes were close to the experimental values using the homo-
geneous flow model. They have used a mixture of Nitrogen, Methane,
Ethane, Propane, and Isobutane as the working fluid/refrigerant. For a
capillary tube of MRJT cryocooler, as the inlet to the capillary is in two-
phase, the occurrence of metastable state (which occurs during the
transition from single phase to two-phase state) inside of the capillary is
absent. As the cross-sectional area of the capillary tube is small, the
mass flux through it will be high. High mass flux ensures that the liquid
and vapour have the same velocities. Therefore, it is appropriate to use
the homogeneous flow model for two-phase flow inside a capillary tube
without much loss of accuracy [20].

Extensive work has been conducted on flow through adiabatic as
well as diabatic capillary tubes with various pure and mixtures of re-
frigerants. Besides, the inlet condition to these capillary tubes has been
kept in subcooled or two-phase state. However, less work has been
reported for the flow through capillary tubes at cryogenic temperatures.
As for MRJT cryocoolers, the selection of the capillary tubes is mostly
done by trial and error method. This is mainly due to scarce experi-
mental and theoretical information available on capillary tubes at
cryogenic temperature. Also, there is a lack of experimental data for
validation of any mathematical model that may be developed for the
flow of refrigerants through capillary tubes at cryogenic temperature.

To address these issues, the present work focusses on determining
the pressure drop through capillary tubes for MRJT cryocoolers for
different inlet flow conditions. A numerical solver is developed using
the homogeneous flow model to determine the length of a capillary
tube for a given pressure drop and mass flow rate. An extensive ex-
perimental investigation is carried out on flow through capillary tubes
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using different refrigerant mixtures at cryogenic temperatures for
comparison with numerical predictions.

2. Mathematical model for flow through a capillary tube

The homogeneous flow model is widely used to simulate the flow of
refrigerants through capillary tubes. This is considered as the most
accurate model for high mass flux flow as is the case for flow through
capillary tubes [5]. In the present study, a numerical model is devel-
oped to simulate the flow of refrigerant mixtures through a capillary
tube of an MRJT cryocooler to produce low temperatures. In the ca-
pillary tube of a conventional refrigerator, there are two regions: in-
itially, a single-phase region followed by a two-phase region as shown
in the schematic of a capillary tube given in Fig. 1. For capillary tubes of
MRJT cryocoolers, only two-phase flow exists throughout the entire
length of the capillary tube. However, to develop a robust numerical
solver, both single-phase and two-phase regions are considered in the
theoretical analysis.

To determine the pressure drop for flow through capillary tubes,
mass, momentum, and energy equations are solved. In the single-phase
region, the properties of the fluid are not affected by pressure, and
therefore, an average value of properties can be used to calculate the
pressure drop in the single-phase region. However, for the two-phase
region, the changes in fluid properties are quite significant, and a global
average may result in large quantities of error.

2.1. Assumptions

To simplify the analysis of the flow through capillary tubes, the
following assumptions are made:

(i) Flow through the capillary tube is steady.
(ii) Flow through the capillary tube is homogeneous and turbulent.
(iii) Metastable state inside the capillary tube (if present) is neglected.
(iv) Flow through the capillary tube is assumed to be one dimensional.
(v) For single-phase length, the fluid properties are assumed to be
constant.

2.2. Governing equations

The governing equations for single-phase as well as two-phase flows
are given below. These equations are solved to determine the pressure
drop across the capillary tubes. Mass and momentum equations are
sufficient to evaluate pressure drop for a single phase, while the energy
equation is required to evaluate pressure drop for the two-phase region.
Egs. (1), (2), and (3), as given below, represent mass, momentum, and
energy conservation equations respectively.

m=p VA =p, VoA (€8]
%4 V2
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Fig. 1. Schematic of capillary tube.
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States 1 and 2 correspond to any arbitrary points across which
conservation equations are applied. In the energy equation, the first two
terms on the right hand side represent enthalpy at that given point and
are written in terms of quality and liquid and vapour enthalpy.

2.3. Single-phase region

For single-phase flow region, the total head losses h; is evaluated
taking into account the entrance losses (h;.) and the skin frictional loss
(hyy) in the single-phase length of the capillary tube. Entrance head loss
hy., is calculated as:

_ k2
2g ©)]

where k is the entrance loss coefficient.
Similarly, head loss due to wall shear hy; is calculated as:

HL,e

Hyj=f,—2—
L=t 2g 5)

Single-phase friction factor f, is evaluated using Colebrook's
equation [14] or Blasius formula [14] as given in Egs. (6) and (7) re-
spectively.

L1420 & 4 23
W d Ref, ©)
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U (8)

As for single-phase flow, the property variations are neglected and
the average velocity V is taken throughout the region. Substituting the
values of each head loss in the momentum equation (Eq. (2)) applied
across points 1 and 3 as in Fig. 1 and neglecting V3, single-phase length
is calculated as:

L3

_ _py2P _
Ly=|@ -2 -+ ) : o

2.4. Two-phase region

Most of the pressure drop and cooling happens in the two-phase
region of a capillary tube. Due to the large change in properties of the
fluid with respect to the pressure, the two-phase region is divided into
many small elements.

By applying energy balance to the control volume, the length of the
element for a given infinitesimal pressure drop (dP) can be obtained as
given below [13].

_ ﬂ[-pidf’ . %]
fl:tp G2 1<

where fi;, is the average two-phase friction factor for the elemental
control volume and is calculated using Egs. (6) or (7). The two-phase
density required to evaluate two-phase Reynolds number is calculated
using Eq. (11) as:

dLi

10

1 _1-x  x
= +

Pirp Pr Py (11D

Viscosity is the cause of frictional pressure drop in any flow. In two-
phase flow, the determination of viscosity is difficult due to two phases
co-existing with each other. To simplify the evaluation of two-phase
viscosity, various researchers have developed empirical relations to
calculate two-phase viscosity taking into account different assumptions.
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In the present work, a few viscosity models are chosen to evaluate two-
phase viscosity. The two-phase viscosity can be calculated using any of
such viscosity models as given in Egs. (12)-(16).

McAdams model [15]:

Hip Mg Hig 12

1 Xi 1—x;

Cicchitti’s Model [16]:
Higp = XiMig +(1 - xi),uif (13)
Dukler’s Model [17]:

XiVighyy + (1 — X)Vipptyp
X + (1 — x)vyy 14

;ui[p =

Beattie and Whalley's model [18]:

XiVig
Migy = Apig + (1 — a1+ 2.5ap) , oty = ————
itp pMig p Jif P ip Vi +xivlfg (15)
Lin’s Model [8]:
@ = HigHif
g+ X Gy — ) (16)

Quality (x) is determined using energy equation (Eq. (3)) which is
applied from the start of the two-phase length to any point in the two-
phase region where the quality is to be evaluated.

2.5. Solution methodology

An algorithm is developed in the present work to evaluate capillary
tube length for given variable parameters like mass flow rate, pressure
drop, inlet and outlet pressures, capillary tube diameter, and surface
roughness of the capillary tube. These parameters are given as input to
the numerical solver for which the capillary tube length is evaluated.
Also, depending on the inlet conditions, inlet subcooling or inlet quality
are provided as inputs to the model. Fig. 2 gives the flow chart for this
algorithm.

The capillary tube length for a given pressure drop is calculated
using the required inputs. The inlet to the capillary tube may be in a
subcooled or two-phase state. For the subcooled inlet, using inlet sub-
cooling, entrance losses, and skin friction losses for single-phase, the
capillary length is evaluated for the single phase. The two-phase length
is divided into small elements across which a small pressure drop is
decided. The incremental length for additional pressure drop is eval-
uated using the mathematical model explained in Section 2.4. The exit
condition for the previous node serves as the inlet condition for the next
node in the two-phase region.

Properties are averaged out over one elemental control volume over
which Eq. (10) is applied. Computation is stopped when choking hap-
pens or when the pressure value reaches evaporator pressure. To de-
termine the occurrence of choking, the concept of unrealistic length
[13] is used.

In the present mathematical model, the fluid properties are assumed
to be linearly varying along the control volume. Thus, the error induced
due to discretisation is of the order (AP)?.

3. Experimental analysis of cryogenic flow through capillary

Several experiments are conducted to compare the predictions ob-
tained using the mathematical model for capillary tube length for dif-
ferent refrigerant mixtures at cryogenic temperatures. The experiments
are also carried out to study flow through capillary tubes with respect to
different inlet temperatures to the capillary tube.
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3.1. Experimental setup and Instrumentation

Fig. 3 shows the schematic of the experimental setup used. The
setup consists of two compressors with intercooler and aftercooler to
remove the heat of compression. The refrigerant mixture after com-
pression is precooled using Liquid Nitrogen (LN2) bath. The precooling
heat exchanger consists of a helically coiled tube dipped in LN2 bath.
The refrigerant mixture can be precooled up to 100 K using the LN2
bath. The cold refrigerant mixture is expanded to low pressure using a
capillary tube of 0.5 m length and 1.14 mm diameter. The working fluid
returns to the suction of the first stage compressor at room temperature.
To reduce the heat loss from the capillary tube, it is wrapped with Multi
Layer Insulation (MLI) and kept inside a vacuum chamber as shown in
the figure.

Pressure, temperature, and mass flow rate are the primary mea-
surements taken during experimentation. To aid the analysis, the
composition of the mixture in circulation is also measured. It should be
noted that as the precooling coil is dipped in LN2 bath, liquid holdup
occurs. This results in the variation of the composition of the refrigerant

Input P, Peonas Inlet Subcooling, d, e, m

I

I Using Entrance Coefficient, Calculate P, |

l

| Using Inlet Temperature, Calculate P, |

I

| Calculate Single Phase Length L, |

l

| Decide some dP across incremental control volume |<—

I

| Calculate x, P, s, f,, at the end of control volume |

l

Calculate length (dL) of incremental
volume using momentum equation

Yes (choked) Check whetherdL is

negative

Calculate length of capillary tubeas L=L+dL

Checkif P<P

evap

7/ Display L, P 7

End

Fig. 2. Capillary tube length prediction algorithm.
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Fig. 3. Experimental setup to study the flow of refrigerant mixture through a capillary tube.

mixture in circulation from what is charged initially. Also, as the
number of precooling coils dipped in LN2 increase (i.e. capillary inlet
temperature reduces), the amount of composition shift increases. This
helps in simulating actual MRJT systems. To ensure that mixture in
circulation is the same throughout the system, the sampling of circu-
lating mixture using gas chromatograph is done before and after the
precooling coil. It is found that the composition of the mixture in cir-
culation at both the location is approximately the same. The mixture
composition in circulation for one set of experiment is provided in
Table 5. Various measurement instrument details like type, range, and
sensitivity of various instruments used are given in Table 1.

Details of the gas mixtures are given in Table 2. Mixture 1 contains
Methane, Ethane, Propane, and Isobutane in equal percentage by vo-
lume. While in Mixture 2, in addition to the four hydrocarbons, ni-
trogen is added keeping the concentration of each component equal.
For the gas mixtures, the charging pressures used are 1 and 1.6 MPa.

The uncertainty associated with the measuring instruments is pro-
vided in Table 1. Using the uncertainty of individual instruments, the
total uncertainty is evaluated using the methodology provided by
Moffat [24]. According to him, if a quantity (R) is dependent on m
parameters as given in Eq. (17), then the uncertainty in the measure-
ment of the quantity can be calculated as given in Eq. (18).

R=XX2XSwwonne X a7)

oR _ {(éx) . (bcvf)++(m6&4)}
R Xi 2 Xy (18)

Using Eq. (18), the uncertainty for the experimental results is found
to be 7%.

As shown in Fig. 3, the capillary tube used here is a straight copper
capillary tube of 0.5 m length, 1.14 mm inner diameter, and 75 pm
surface roughness (as provided by the manufacturer). Due to the size of
the vacuum chamber which is used for insulation, the capillary tube is
bent in a U-type configuration. To avoid heat inleaks from the sur-
rounding, the capillary tube is wrapped with MLI and kept inside a
vacuum chamber during experimentation.

3.2. Methodology

As mentioned in the previous section, the set of experiments is
performed for the two refrigerant mixtures at different charging pres-
sures i.e. 1 and 1.6 MPa. Before starting the experiments, the vacuum
chamber, housing the capillary tube, is evacuated to minimise the heat

in leaks. The sampling tube is evacuated to get sample of refrigerant
mixture in circulation. The experiments begin by turning the aftercooler
and intercooler fan on. After waiting for a few minutes, both the
compressors are switched on. Liquid nitrogen is poured into the pre-
cooling coil until the desired precooling temperature is achieved. The
desired precooling temperature is obtained based on the number of
coils dipped in liquid nitrogen. Due to continuous boil-off of liquid
nitrogen, the liquid level in LN2 bath decreases and is closely mon-
itored. However, this results in a slight variation of precooling tem-
perature which is kept to less than =1 °C to maintain accuracy.
Temperature and pressure data are recorded once the desired pre-
cooling temperature is achieved and when the steady state reaches. The
volume flow rate is measured using a rotameter which is calibrated for
nitrogen gas. The mass flow rate is calculated using the volume flow
rate and density of the mixture.

The mixture of gases is charged in the system according to the
composition given in Table 2 at 1 MPa and 1.6 MPa. However, due to
the separated two-phase flow in the precooling coil which is dipped in
LN2, the phenomena of liquid holdup is observed. As a result, the
mixture composition in circulation is not the same as initially charged
composition. Also, the amount of liquid holdup increases as the amount
of precooling provided in the precooling coil increases. In the MRJT
cryocooler also, as the temperature drop increases, the composition
shift increases. Thus, the precooling coil replicates the composition shift
of an actual MRJT cryocooler. To determine the composition of the
mixture in circulation, the sampling of working fluid in circulation is
carried out to at the exit of the precooling coils.

3.3. Isenthalpic curves on T-S chart

In order to ascertain the validity of the experimental results for flow
through capillary tubes, the experimental results are compared with
those obtained using theoretical charts. The comparison is done with
respect to temperature after expansion. The theoretical isenthalpic line

Table 1

Instrumentation details.
Instrument Type Range Uncertainty
Flowmeter Rotameter 0-20 m°/h 0.5 m®/h
RTD PT100 —200 to 400 °C 0.1 °C
Pressure Transducers  Piezoelectric transducers  0-3.5 MPa 1%
Gas Chromatograph Adsorption column type - 5%
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Table 2

Composition of Refrigerants mixture charged.
Mix. No. %N %CH4 %C2He %CsHg %iC4H10
Mix 1 - 25 25 25 25
Mix 2 20 20 20 20 20

is drawn on the T-s chart using the capillary inlet and outlet conditions.
The theoretical property data for the mixture in circulation is calculated
using REFPROP [25]. The outlet condition thus obtained is compared
with the experimental results. Such a comparison for two experiments is
shown in Fig. 4. From the figure, it can be seen that the theoretical and
actual isenthalpic lines are in good agreement with each other, con-
sidering the uncertainties in the experiments and the error associated in
Equation of State used for theoretical calculations. At the outlet of the
capillary tube, the difference between theoretically and experimentally
obtained temperature is as shown in Fig. 4 for Mix-2 at a capillary inlet
temperature of 150 and 200 K and at a charging pressure of 1 MPa. As
the temperature drop across the capillary tube (AT) obtained experi-
mentally is in good agreement with AT obtained using theoretical
means (as obtained using REFPROP [25]), we can conclude here that
the experiments conducted in the present case are accurate enough for
further validation.

4. Results and discussion

In order to judge the validity of the theoretical prediction, for a
given capillary tube, several experiments are carried out using different
refrigerant gas mixtures at different charging pressures. Various para-
meters like capillary outlet temperature (T,), capillary inlet pressure
(Py), capillary outlet pressure (P,), the pressure ratio across the capillary
tube (P,), and mass flow rate through the capillary tube () are studied
with respect to different Capillary inlet temperatures. The capillary
tube is kept the same throughout the experimental analysis. The model
also evaluates various two-phase viscosity models for refrigerant mix-
tures and considers the applicability of different friction factor equa-
tions at cryogenic temperatures.

220 T T T T T T T T
—0o— Theoretical Isenthalpic Curve

2007 —o— Experimental Isenthalpic Curve ]
g 180 .
o 1.41 MPa
% 160 A 0.155 MPa -
E,_ Liquid
£ 140+ Two phase Va 7
S pour
= 5 °C

120 4 -

100 A -

0 1 2 3 4 5 6 7 8 9
Entropy (kJ/kg K)
(a) Mix 2, 1 MPa charging pressure,
150 K Capillary inlet temperature
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4.1. Experimental results for different refrigerant mixtures at different
charging pressure

The inlet temperature to the capillary tube depends on the pre-
cooling provided by the LN2 bath, and accordingly the inlet and outlet
pressures of the refrigerant mixture change after isenthalpic expansion.
Fig. 5 shows the effect of capillary tube inlet temperature on inlet and
outlet pressures and subsequently the pressure ratio across the capillary
tube. This study provides hindsight into the effect of the component and
composition of refrigerant mixtures with respect to temperature at the
inlet of the capillary on various operating parameters mentioned above.
The temperature of the refrigerant mixture entering the capillary tube is
kept in the range of 250-100 K depending on the composition of the
mixture. The inlet temperature is varied in steps of 25 K. The capillary
tube for all the experiments is kept the same at a length of 0.5 m and a
diameter of 1.14 mm.

For Mix 1 (CH4/C,Hg/C3Hg/iC4H1(), where each component is 25%
by volume for a total charging pressure of 1 MPa, the variation of inlet
and outlet pressures and pressure ratio is shown in Fig. 5(a). It may be
observed that inlet pressure (P;) varies from 1.9 MPa to 1.04 MPa as the
precooling temperature gets reduced from 250 K to 175 K. Corre-
sponding outlet pressures (P,) are 0.15 MPa to 0.125 MPa respectively
which results in the pressure ratio (P,) varying from 12.7 to 8.3 re-
spectively.

The effect of the addition of nitrogen in the refrigerant mixture is
studied using Mix 2 (N,/CH4/C,He/C3Hg/iC4H;0), where each com-
ponent in the mixture is kept 20% by volume for the same total pressure
of 1 MPa. As can be seen from Fig. 5(b), inlet pressure changes from
2 MPa for an inlet temperature of 250 K to 0.75 MPa for an inlet
temperature of 100 K. Corresponding outlet pressure varies from
0.15 MPa to 0.09 MPa respectively. As a result, the variation in pressure
ratio is from 13.3 to 8.3. It may be noted that for this mixture, a lower
capillary inlet temperature of 100 K is achieved as compared to mix 1
due to the presence of nitrogen in Mix 2. This is due to the fact that
nitrogen content in the mixture ensures the circulation of the re-
frigerant mixture at a low precooling temperature of 100 K. At a pre-
cooling temperature of 175 K, Mix 1 and Mix 2 develop a pressure ratio

220 T T T T T T T T
1.83 MPa
200 - .
- 0.155
Vapour

180 Liquid MPa p i
5 o
o 2°C
2 160 4
[ Two phase
g
£ 140 - .
(3
=

120 4 .

—o—Theoretical Isenthalpic Curve
100 4 —O— Experimental Isenthalpic Curve\ J

0 1 2 3 4 5 6 7 8 9
Entropy (kJ/kg K) 175.82

(b) Mix 2, 1 MPa charging pressure,
200 K Capillary inlet temperature

Fig. 4. Comparison between experimental and theoretical isenthalpic expansion.
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Fig. 5. Effect of charging pressure and mixture composition on Inlet Pressure (P;), Outlet Pressure (P,) and Pressure Ratio (P,).

of 8 and 10 respectively across the capillary tube. As Mix 2 contains
nitrogen along with hydrocarbons, the pressure ratio is higher for Mix 2
compared to Mix 1 for the same capillary tube inlet temperature. This is
because of an increase in the composition of low boiling components
(Nitrogen and Methane) which increases the quality of vapour entering
the capillary tube. High quality vapour has less density resulting in
large fluid velocities, thereby resulting in large pressure drop across the
capillary tube. This also leads to high inlet pressure for refrigerant
mixtures with more concentration of low boiling components. For ex-
ample, for a capillary inlet temperature of 200 K, capillary inlet pres-
sure is 1.35 and 1.83 for Mix 1 and Mix 2 respectively.

The above study is done for 1 MPa charging pressure. A similar
study is carried out for higher charging pressure of 1.6 MPa to under-
stand the effect of charging pressure on the operating parameters. The
variation of inlet and outlet pressures and pressure ratio for Mix 1
(CH4/CoHg/C3Hg/iC4H;), for a total charging pressure 1.6 MPa is
shown in Fig. 5(c). Here, the inlet and outlet pressures vary from 2.56
to 0.75 and 0.2 to 0.11 respectively, as the precooling temperature

decreases from 250 K to 150 K. The corresponding pressure ratio varies
from 12.7 to 6.8.

Similarly, the effect of precooling temperature on inlet and outlet
pressures and pressure ratio for Mix 2 (N,/ CH4/C,Hg/C3Hg/iC4H; ) for
a total pressure of 1.6 MPa is shown in Fig. 5(d). Inlet and outlet
pressures vary from 1.7 to 1.08 and 0.15 to 0.14 respectively for a
precooling temperature of 150 K to 100 K. This results in the pressure
ratio variation from 11.5 to 7.7. For this case too, compared to Mix 1,
the pressure ratio is higher for Mix 2 at a particular precooling tem-
perature. This is because the amount of low boiling component (Ni-
trogen and Methane) is more in Mix 2. Thus, the trend remains similar
for both the mixtures irrespective of charging pressure.

The effect of charging pressure on the inlet and outlet pressure and
subsequently the pressure ratio for a Mix 1 can be seen from Fig. 5(a)
and (c). From the figures, it is observed that for the same mixture
composition and at a given capillary inlet temperature, the pressure
ratio does not change for different charging pressures. For Mix 1 at a
capillary inlet temperature of 175 K, the pressure ratio is 8.1 and 8.2 for
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Table 6
Comparison between Colebrook's and Blasius friction factor equation.

Table 3

Experimental results for Mix 1 & 2 (1 MPa charging pressure).
Sr. T; To Pn P P, h
No. K) (K) (MPa) (MPa) (kg/hr)
1 Mix 1 250.15 203.14 1.86 0.15 12.4 11.4
2 Mix 2 249.42 207.37 2.01 0.15 13.4 10.5
3 Mix 1 224.97 189.38 1.61 0.14 11.5 10.4
4 Mix 2 225.49 194.91 1.93 0.16 12.5 10.6
5 Mix 1 199.47 169.16 1.345 0.14 9.6 10.8
6 Mix 2 200.31 173.84 1.83 0.16 11.8 10.6
7 Mix 1 174.68 147.78 1.07 0.13 8.1 10.3
8 Mix 2 175.3 156.12 1.67 0.17 9.9 11.7
9 Mix 2 149.6 137.67 1.41 0.15 9.7 10.5
10 Mix 2 124.59 105.9 12 0.13 9.6 8.5
11 Mix 2 100.27 98.21 0.78 0.09 8.6 6.9

Table 4

Experimental results for Mix 1 & 2 (1.6 MPa charging pressure).
Sr. T; T, Pn P P, il
No. (K) K) (MPa) (MPa) (kg/hr)
1 Mix 1 250.85 201.53 2.56 0.2 12.7 13.8
2 Mix 1 225.49 190.57 2.26 0.18 12.6 11.9
3 Mix 1 199.89 170.22 1.98 0.19 10.7 121
4 Mix 1 175.3 147.7 1.15 0.14 8.2 9.5
5 Mix 1 150.37 125.92 0.75 0.11 6.8 7.6
6 Mix 2 149.25 123.84 1.7 0.15 11.5 10.1
7 Mix 2 125.105 100.555 1.55 0.15 10 11.8
8 Mix 2 100.65 93.35 1.075 0.14 7.7 10.7

a charging pressure of 1 MPa and 1.6 MPa respectively. However, the
total pressure drop increases in the case of higher charging pressure. A
similar trend is also observed in the case of Mix 2.

It may, therefore, be concluded that, as the precooling temperature
reduces, the inlet pressure reduces significantly, whereas the outlet
pressure reduces marginally. This is mainly because of condensed liquid
hold-up. As liquid hold-up occurs in the precooling coil, the mass flow
available in circulation reduces, resulting in the reduction of the inlet
and outlet pressures. With the decrease in precooling temperature, the
amount of liquid in the mixture increases which in turn increases the
density of the fluid. The higher density fluid has less velocity for the
same mass flow rate. Therefore, the resistance provided by the capillary
tube is less for a less velocity, high density fluid. This is the primary
reason for the reduction in pressure ratio for all the sets of experiments
shown here. This is also similar to what is observed during the transient
phase of an MRJT cryocooler where initially the pressure ratio is high,
and eventually, it reduces to reach a steady state [3].

Tables 3 and 4 give experimental results for both the mixtures for
charging pressures of 1 and 1.6 MPa respectively. Various parameters
like Capillary Inlet Temperature (T;), Capillary Outlet Temperature
(To), Inlet and Outlet Pressures, and the corresponding pressure ratio
along with the mass flow rate (1h) through the capillary tube is given in
these tables. In order to compare the results for the same capillary inlet

Table 5

Mix No.  Charging Capillary Inlet Numerically Obtained Capillary
Pressure Temperature (K) Tube Length
(MPa)
Colebrook’s Blasius
Equation [14] Equation [14]
(m) (m)
Mix 1 1 200 0.4224 0.4431
Mix 1 1.6 250 0.4603 0.4835
Mix 2 1 150 0.4707 0.4801
Mix 2 1.6 125 0.6194 0.6318

temperature for different refrigerant mixtures (Mix 1 and Mix 2) and
charging pressures (1 MPa and 1.6 MPa), Table 3 depicts the results for
1 MPa while Table 4 gives results for 1.6 MPa. From Table 3, it may be
noted that as the capillary inlet temperature reduces the magnitude of
the temperature difference across the capillary tube also reduces. For
Mix 1 temperature drop across the capillary tube is 49 K, and 28 K for
the capillary inlet temperature of 250 K and 175 K respectively. While,
it may be noted that, for the capillary inlet temperature of 175 K, the
temperature drop across the capillary tube is 27 K and 19 K for Mix 1
and Mix 2 respectively. It may be seen that the mass flow rate reduces
with the decrease in capillary tube inlet temperature. This is a result of
the reduction of capillary exit pressure. This can be seen from Table 4;
similar trends are observed for 1.6 MPa charging pressure.

From Tables 3 and 4 it can also be highlighted that using Mix 1 for
the same capillary inlet temperature, the temperature difference across
the capillary tube is nearly independent of charging pressure. However,
for Mix 2 it is observed that temperature difference across the capillary
tube is higher for 1.6 MPa charging pressure compared to 1 MPa
charging pressure. It can also be observed that for higher charging
pressure, the mass flow rate for the two refrigerant mixtures is higher. A
high mass flow rate yields a more cooling effect.

The refrigerant mixture in circulation will be different from the
refrigerant mixture charged in the system initially as explained in
Section 3.1. The mixture in circulation for Mix 1 at 1 MPa charging
pressure is as given in Table 5. From the table, it can be seen that as the
capillary inlet temperature reduces, the composition of high boiling
component (propane and butane) reduces, that of low boiling compo-
nent (Nitrogen and Methane) increases, and that of medium boiling
component (ethane) almost remains constant. This is because of the
liquid being concentrated in the high boiling components and vapour
being concentrated in the low boiling component. Similar trends are
observed for both the refrigerant mixtures at charging pressure of
1 MPa and 1.6 MPa.

4.2. Comparison of Colebrook’s and Blasius friction factor equations

In order to calculate the capillary length for a given mass flow rate
and pressure drop, the friction factor is an important parameter. It
depends on various flow properties and surface roughness of the walls.

Refrigerant mixture in circulation N,/CH4/CsHg/C3Hg/iC4H1o (20% each, total pressure 1 MPa).

Trial No. Capillary Inlet Temperature (K) Capillary Inlet Pressure (MPa) Capillary Inlet Quality/Degree of subcooling  Concentration (% vol)
Ny CH,4 CoHg C3Hg iC4H10

1 249.42 2.01 0.34 20.12 21.79 22.21 24.73 14.02
2 225.49 1.93 0.29 20.54 22.62 22.59 21.12 13.17
3 200.31 1.83 0.27 2215 2455 2248 195 11.32
4 175.3 1.67 0.23 22.84 2562 2206 1865 10.84
5 149.6 1.41 0.16 22.32 23.84 21.26 20.0 12.6

6 124.59 11 0.14 2549  26.64 2202 1577 9.79

7 100.27 0.78 1°C 21.17  21.32 1998 217 15.83
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To evaluate the friction factor, various correlations are available in the
literature. In the present work, Colebrook's [14] and Blasius [14] fric-
tion factor correlations are used to evaluate the friction factor inside the
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Fig. 6¢. Numerical Length Prediction results (Mix 1, 1.6 MPa charging pres-
sure).
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capillary tube. Capillary tube length obtained using the two friction
factor correlations is given in Table 6. The numerically obtained ca-
pillary tube length for different experimental parameters is shown for
Lin's viscosity model [8]. This is done at different charging pressure for
the two refrigerant mixtures used in the present work.

From the table, it is clear that the capillary tube length obtained
using both the correlations is in good agreement with each other for
both the refrigerant mixtures. In view of this, all the future calculations
in the present work are carried out using Blasius friction factor corre-
lation only.

4.3. Capillary length predictions for different viscosity models

The main objective of the numerical simulation in the present work
is to evaluate capillary tube length based on the experimental data in
terms of inlet and outlet pressures, inlet temperature, and mass flow
rate for a given capillary diameter. These predictions are compared
with the actual capillary length used in the experiments. Fig. 6 shows
the comparison between the actual capillary tube length and the nu-
merically predicted capillary tube length based on various viscosity
models as described earlier.

Fig. 6a shows this comparison for Mix 1 at the charging pressure of
1 MPa. In the figure, the solid line shows the actual capillary tube
length of 0.5 m used for all the experiments, while the dashes show the
margin of = 15% against the actual value. This is done to compare the
length predictions obtained using various viscosity models.

It can be observed that the viscosity models proposed by McAdams,
Beattie and Whalley, and Lin predict the capillary tube length
within = 15% for most of the experiments. This can be noticed clearly
from the figure at a capillary inlet temperature of 225 K. It is also ob-
served that Dukler's viscosity model over predicts the capillary tube
length while Cicchitti's viscosity model under predicts the capillary tube
length for this temperature. A similar trend with a slight variation can
be observed for other capillary inlet temperatures as well. Fig. 6b shows
the comparison between actual and numerically predicted lengths for
Mix 2 at 1 MPa charging pressure.

The same observations are seen for Mix 2 as for Mix 1. For Mix 2, at
a capillary inlet temperature of 175 K, the capillary tube length pre-
diction using Lin's viscosity model is slightly out of bound, however, it
is still close to the bound of = 15%. In Fig. 6b, tube length prediction
for an inlet temperature of 100 K is not shown as the predictions are out
of the scale of the figure. This is because of the inlet to the capillary
being in the subcooled state. When the inlet to the tube is in the sub-
cooled state, the metastable state would be present during phase tran-
sition. As modelling of the metastable state is not incorporated in the

10 L L L L L L L L L
: ¢ McAdams
1 MPa charging pressure
| ging p | e Cicchitti
’E‘ 0.8 4 A  Dukler -
E 2 % Beattie and Whalley
5 m Lin
= m
9 069 = o o e g g S e e B
3 + 159 X
—_ T IJ70 o
A IR O T N
0.4 4 -
Ot S st S Ot P S S
)
Qa
]
O 0.2 4 -
0.0

100 120 140 160 180 200 220 240 260
Capillary Tube Inlet Temperature (K)

Fig. 6d. Numerical Length Prediction results (Mix 2, 1.6 MPa charging pres-
sure).
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present mathematical model, the error involved for capillary tube
length prediction for such a case is high.

Figs. 6¢ and 6d show the capillary tube length prediction for Mix 1
and Mix 2 respectively at 1.6 MPa charging pressure. From the figure, it
can be observed that Beattie and Whalley and Lin's viscosity models
predict the capillary tube length within an error of + 15% for almost all
the cases. For Mix 1, for a capillary inlet temperature of 200 K, 175 K,
and 150 K, the error associated with Beattie and Whalley and Lin's
viscosity model is greater than = 15%. However, for the capillary inlet
temperature of 200 K and 175 K, the error is still within = 20%. For the
capillary inlet temperature of 150 K, the error in prediction is large as
the inlet condition to the capillary is subcooled. For Mix 1, at 1.6 MPa
charging pressure, McAdams viscosity model predicts the capillary tube
length within + 20% for all experimental conditions except for a ca-
pillary inlet temperature of 200 K and 150 K. However, it fails to give
good prediction for Mix 2 at 1.6 MPa charging pressure.

Similarly, for Mix 2, Beattie and Whalley viscosity model predicts
the capillary tube length within + 20% of the actual value for a ca-
pillary inlet temperature of 150 K and 125 K. Lin's viscosity model
predicts the capillary tube length within + 20% of the actual value for
the capillary inlet temperature of 150 K, while for the capillary inlet
temperature of 125 K, the error is slightly higher than 20%. For the
capillary inlet temperature of 100 K, the inlet to the capillary is in the
subcooled state resulting in the numerical predictions being out of
bound of the scale, and therefore it is not shown in the figure.

Thus, it can be seen from Fig. 6 that only for a few viscosity models,
the numerical predictions match well with the experimental results. It is
observed that the viscosity models proposed by McAdams, Beattie and
Whalley, and Lin predict the capillary tube length within + 15% of the
actual value for most of the experimental conditions. However, for a
few experimental data points, the numerical prediction involves large
error when compared to the actual capillary tube length.

It may be noted that for the refrigerant flow through capillary tube
at cryogenic temperature, average error associated with length pre-
diction is 38.21% for McAdams model, 43.98% for Cicchitti's model,
39.33% for Dukler's model, 33.86% for Beattie and Whalley model, and
31.05% for Lin's model. However, if we exclude the cases where inlet to
the capillary tube is in the subcooled state, i.e. metastable state is
present, then the error goes down considerably. Therefore, considering
only the cases where inlet to the capillary tube is in the two phase state,
errors for capillary tube length prediction are 16.07% for McAdams
model, 28.99% for Cicchitti's model, 18.65% for Dukler's model,
17.85% for Beattie and Whalley model, and 12.17% for Lin's model.

It may be noted from the figure that overall Dukler's model over-
predicts the capillary tube length, while Cicchitti's model underpredicts
the capillary tube length for most of the numerical simulations. From
the figure, it can also be seen that as the precooling temperature re-
duces, the error in numerical prediction increases. This is due to the
reduction of reliability of property data for refrigerant mixtures at
cryogenic temperatures. It can also be highlighted that inside the ca-
pillary, there can also be the presence of Vapour-Liquid-Liquid equili-
bria (VLLE) instead of Vapour-Liquid equilibria (VLE). Accurate prop-
erty data is not available in REFPROP [25] for VLLE. This results in
inaccurate thermodynamic property data and thereby inaccurate ca-
pillary tube length prediction.

Some of the errors can also be attributed to the Equation of State
that was used for calculating the thermodynamic and transport prop-
erties of refrigerant mixtures.
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5. Conclusions

The present paper highlights the effect of capillary inlet temperature
on various parameters, namely capillary inlet and outlet pressures,
pressure ratio across the capillary tube, and mass flow rate for flow of
refrigerant mixtures through capillary tubes at cryogenic temperatures.
It also aims at developing a mathematical model to predict the capillary
tube length for given the conditions. Several experiments are carried
out for various inlet temperatures, mixture compositions, and charging
pressures. Additionally, a comparison between the friction factor using
Colebrook's and Blasius correlations is also carried out.

It may be concluded that numerical results based on McAdams,
Beattie and Whalley or Lin's models for two-phase viscosity predict
capillary tube length within + 20% of actual value. Lin's viscosity
model is found to be consistent and is recommended for the prediction
of two-phase viscosity.
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