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Abstract

In this paper, the results from an experimental campaign about the flashing process occurring through a metering manual expan-
sion valve, are presented and discussed. The results involved the measurement at different lifts of the flow-rate flowing through the
valve for three different refrigerants R22, R290 (propane) and R410A. First the experimental rig is described and the employed
instrumentation is commented upon and the corresponding uncertainties analyzed. The test matrix is then presented and discussed.
Then the geometry of the valve is described and an analysis about its geometric throat area as a function of the valve lift is also
presented. The results of mass flow rate for different upstream pressure and temperature, subcooling, and downstream pressure
are presented and the effect of each of those operating condition on the obtained mass flow rate is discussed. Different flow models
are applied in order to evaluate the effective flow area of the valve at every valve lift and a comparison study is performed in order to
elucidate which is the model which better explains the obtained results. Finally the results obtained with the best estimate model are

shown for the full collection of tested points and the three tested refrigerants.

© 2005 Elsevier Inc. All rights reserved.

1. Introduction

The industry of the Air Conditioning and Refrigera-
tion are in a moment of transition caused by the envi-
ronmental impact of the emissions of chlorine to the
atmosphere. The chlorinefluorocarbons (CFC) have a
high destructive power of ozone stratospheric (ODP)
due to their elevated chlorine content. By the Montreal
protocol (1987), the production of these substances has
been interrupted in most of the developed countries
from 1996. The chlorine that contains hydrochlorineflu-
orocarbons (HCFC) has a shorter time of life in the
atmosphere and less ODP than the CFCs. In spite of
that, in the last revision of the protocol of Montreal,
the HCFCs was including also in the list of controlled
substances, and a progressive reduction of its produc-
tion was planned for its phase-out between 2020 and
2030.
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In agreement with the described situation the neces-
sity arises to found new refrigerants with adequate char-
acteristics because a rapid phase-out of conventional
refrigerants could paralyse the Air Conditioning and
refrigeration industry. Before systems can be designed
with alternative refrigerants, thermodynamic and ther-
mophysical properties must first be characterised.

The expansion device is one of the fundamental ele-
ments in a refrigeration system. The role of an expan-
sion device in a refrigeration cycle is first to maintain
the pressure differential between the low pressure side
(evaporator) and the high pressure side (condenser) for
a compressor driven refrigerating process, second pur-
pose is to regulate the refrigerant flow to match the heat
flux in the heat exchangers. There are two types of
expansion device: variable flow area devices and con-
stant flow area devices.

The process of a refrigerant flow through an expan-
sion valve is a flashing process, when the pressure of a
liquid suddenly drops below its saturation pressure
and the liquid passes from a subcooled to a superheated
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Nomenclature

A area (m?)

Dy orifice diameter (m)

h valve lift (m)

K Boltzmann constant
m mass flow rate (kg/s)

Sub subcooling (K)

Pyown downstream pressure (Pa)

Py pressure at flashing inception (Pa)

Py, saturation pressure at inlet temperature
(Pa)

Py upstream pressure (Pa)

T, critical temperature (K)

T: reduced temperature (K)

Tsat saturation temperature (K)

Ve specific volume of saturated liquid at initial
temperature (m>/kg)

Vg specific volume of saturated vapor at initial
temperature (m>/kg)

o angle (°)

h depressurization rate (Matm/s)

o surface tension (N/m)

0 density (kg/m?)

state. An accurate knowledge of flashing phenomenon
is essential in the determination (prediction) of critical
flow rate.

Recent work on expansion devices has focused on
constant flow area devices (capillary tubes and short
tubes). Chen et al. [1] developed a correlation for meta-
stable flow of refrigerant 12 through capillary tubes. The
short tube has studied with R12 and R22 [2], with
R134A [3,4] and with R407C [5].

In this study, a manual expansion valve with possibil-
ity of changing the position of the needle, operated with
a micrometer mechanism, was characterised for HCFC-
22 and two alternative refrigerants R290 (propane) and
R410A (HFC-32/HFC-125). Experimental results of the
present investigation demonstrated the effect of the up-
stream pressure, upstream subcooling, downstream
pressure and valve lift on the mass flow rate in a wide
range operation of heat pump and refrigeration system.
In addition, different flow models are used in order to
evaluate the effective flow area of the valve at every
valve lift and all results of each model are shown.

2. Experimental apparatus and procedure

Fig. 1 shows a schematic diagram of the refrigeration
components characterization test rig used for the mea-
surement of basic characteristics of manual expansion
valve. In order to characterize the manual expansion
valve, labelled SS-4BMRG from Swagelok, with differ-
ent refrigerants two scroll compressors has been used,
one labelled SM115S4, from Danfoss Maneurop, for
R22 and R290 and the other one labelled ZP54K3E-
TFD, from Copeland, for R410A.

Several PID control loops (expansion valve inlet and
outlet pressure, subcooling and superheat controls) were
incorporated to allow a precise adjustment of the refrig-
erant conditions at expansion valve inlet (condensing
pressure and subcooling) and outlet (evaporating pres-
sure). The rig was thus fully automated, making it pos-

sible to reach any allowable test conditions without
manual adjustments.

Safety was a major concern during the conception of
the test facility, since the propane was going to be em-
ployed. Specific procedures and standards regarding
the managing and use of flammable gases were taken
into account. These specific measures included the use
of intrinsically safe electric material, special propane
sensors, the use of emergency switches and alarms
and appropriate air renewal procedures to ensure non-
critical concentrations in case of leakage.

The mass flow rate was measured by coriolis-
type (Fisher-Rosemount Micro-Motion CMF025M)
and was compared with the secondary refrigerant calo-
rimeter model, because it is the determining parameter
to be analysed. The instrument accuracies of pressure
transmitter (Fisher-Rosemount 3051) and temperature
transmitter (RTD-PT 100 Q), given by the calibra-
tion certificate of the manufactures, are *£0.02% and
+0.1 K, respectively.

The test matrix used for the characterization of the
manual expansion valve was chosen taking account typ-
ical operating conditions of Heat Pumps and Air Condi-
tioners (see Table 1), with 280 data points in total. All
measurements were carried out at steady-state condi-
tions with the following fluctuations: inlet temperatures
(subcooling) +0.1 K; mass flow rate +0.5 x 1072 kg/s; in-
let pressure +0.02 x 10° Pa and outlet pressure +0.01 x
10° Pa (see Fig. 2).

3. Valve geometry

In order to quantify relevant parameters, the valve
was disassembled and its geometrical characteristics were
accurately measured in a metrology laboratory. Fig. 3
shows the geometry of the throttling section of the valve.
The main geometric magnitudes turned out to be:

Dy =425x10724+0.04 x 10° m
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Fig. 1. Schematic of the experimental setup for the characterization of the manual expansion valve.
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Table 1
Test matrix of manual expansion valve
Refrigerant Tsar (Pyp) (K) Py, ( 10° Pa) Sub (K) h (1073 m)
R22 313.15 15.34 5.6 0-4.064
9.7 0-4.064
13.9 0-4.064
318.15 17.23 5.6 0-4.064
9.7 0-4.064
13.9 0-3.048
323.15 19.43 5.6 0-4.064
9.7 0-4.064
13.9 0-2.032
R290 313.15 13.69 5.6 0-2.54
9.7 0-2.54
13.9 0-2.54
318.15 15.34 5.6 0-2.54
9.7 0-2.54
13.9 0-2.54
323.15 17.13 5.6 0-2.54
9.7 0-2.54
13.9 0-2.032
R410A 313.15 24.17 5.6 0-1.524
9.7 0-1.524
13.9 0-0.6604
318.15 27.24 5.6 0-1.016
9.7 0-0.762
13.9 0-0.6604
323.15 30.61 5.6 0-0.762
9.7 0-0.762
13.9 0-0.6604
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Strip Chart

1022:31.827

Time/D pv: 02:00min

10:42:31327

Channel Mamre Lhits/ Div Reference Marker 1 Marker. 2
<106>Tentra vahula 0020000 C ElEIJ.QDmJD c Off Off
<322>P entrada vahwula 1000 mbar 17.10621 bar Off Off
<122>P salda vahub 1000 mbar 3431677 bar off off
<222>Caudal retintensid 1000 uKgxseg 11.54686 Off off

Fig. 2. Sample of measurement fluctuations at steady-state.

0=97+£0.2°

The measured orifice diameter was in perfect agreement
with the information supplied by the manufacturer in
the catalogue.

The geometric throat area can be estimated by the
following expression:

hsin®(20)

A=mrh D() Sin(O{) — W

(1)

4. Results

4.1. Effect of downstream pressure on mass flow rate
Fig. 4 shows the effects of downstream pressure on

the mass flow rate with three different refrigerants

(R22, R290 and R410A) and different lift conditions,
where the downstream pressure, Pgown, Was always
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Fig. 3. Geometry of the expansion valve.
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Fig. 4. flow dependency on downstream pressure for follow-
ing conditions: R22: P, =15.34 x 10° Pa, Sub=13.9K, /= 1.016 x
107 m. R290: P, = 13.69 x 10° Pa, Sub = 132K, 1 =1.016x 10> m.
R410A: P, =20.02x 10° Pa, Sub=7.7K, /1 =0.254x 10> m.

much lower than liquid saturation pressure, Py, corre-
sponding to the upstream temperature. As can be ob-
served, the mass flow rate of refrigerant was almost
insensitive to downstream pressure, just a very slight de-
crease 2-5% of the mass flow rate was found when the
downstream pressure was increased.

In choked flow conditions, the mass flow rate remains
constant with further reduction in downstream pressure.
Therefore, the flow of refrigerant through expansion
valve does satisfy approximate ideal choked flow condi-
tions. In review of the literature, this phenomenon was
observed in short tube orifices [2,3,5] and capillary tubes
[6]. But of course, it is common to any expansion device
in refrigeration systems.

4.2. Effect of upstream pressure on mass flow rate

Fig. 5 shows the variation in mass flow rate with
upstream pressure, where the abcisas axis represent the
saturation temperature (condensation) corresponding
to upstream pressure for each refrigerant. As can be
observed, the mass flow rate is proportional to upstream
pressure by keeping the subcooling, the downstream and
valve lift constants.

Aaron and Domanski [2] noted two separate factors
to explain the effects of upstream pressure on mass flow
rate. For a constant subcooling, as the upstream pres-
sure increases, the upstream liquid density decreases
due to fluid temperature increasing. This first effect tends
to decrease the mass flow rate. But the allowable sub-
cooled pressure drop, the difference between the up-
stream pressure and saturation pressure increases. This
second effect tends to increase the mass flow rate be-
cause once the fluid flashes, the fluid becomes approxi-
mately choked.
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Fig. 5. Flow dependency on upstream pressure (condensation tem-
perature) with constants subcooling (5.6 K) and valve lift (0.6604 x
10”3 m).

Therefore, the effect of allowable subcooled pressure
is more dominant than the effect of density on mass flow
rate. These trends are also observed in published litera-
ture with capillary tubes and short tube orifices.

4.3. Effect of upstream subcooling on mass flow rate

To see the effects of the upstream subcooling on mass
flow rate through the expansion valve, a series of tests
were performed, where the upstream pressure was set
to three different values and the upstream subcooling
has been varied from 5.6 K to 13.9 K at different valve
lifts (see Table 1). Fig. 6 shows the mass flow rate
through the expansion valve as a function of the up-
stream subcooling for 0.6604 x 107> m valve lift. As
can be observed, the mass flow rate clearly increases
with increasing the upstream subcooling.

The effects of subcooling on the mass flow rate can be
described by two factors. For a constant upstream pres-
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Fig. 6. Flow dependency on upstream subcooling with constants
condensation temperature (313.15 K) and valve lift (0.6604 x 1073 m).
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Fig. 7. Flow dependency on valve lift at constant condensation
temperature (313.15 K) and subcooling (9.7 K).

sure, as the upstream subcooling increases, the upstream
density increases due to fluid temperature decrease.
Thus, the mass flow rate tends to raise. Also, the second
factor caused by the increase of the subcooling tends to
increase the mass flow rate due to the allowable sub-
cooled pressure drop.

4.4. Effect of valve lift on mass flow rate

Fig. 7 shows the influence of valve lift on mass flow
rate for the three tested refrigerants (R22; R290 and
R410A) with a subcooling of 9.7 K and the same satura-
tion temperature, 313.15 K, corresponding to upstream
pressure for each refrigerant R22: P,, = 15.34 x 10° Pa;
R290: P, =13.69x10° Pa; R410A: P, =24.17x 10°
Pa. As can be observed, the mass flow rate increases
due to the increase of the flow area at the valve throat
when the valve lift is increased.

The propane mass flow rate is lower than R22 and
R410A due to its lower density. However, it is interest-
ing to observe that R410A give higher mass flow
rate than R22, in spite of its lower density than R22,
due to its higher allowable subcooled pressure (P, —
Pg)ra10a > (Pup — Psar)r22. Therefore, this might indi-
cate that the allowable pressure drop has a greater
influence on mass flow rate than the upstream liquid
density.

5. Effective flow area

Fig. 8 presents the geometric throat area expressed by
Eq. (1) as a function of valve lift (solid line).

In order to evaluate the effective flow area, different
flow models are applied under different hypothesis.
Reviewing the literature, Alamgir [7]; Abuaf [8]; Shin
[9]; Blinkov [10], for flashing of initially subcooled
liquid, found that void development upstream of the
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Fig. 8. Different effective flow area models.

throat was negligible: within 1-2% void fraction at the
throat. Thus the flashing flow with subcooled inlet con-
dition remains almost single-phase flow upstream of the
throat. Then, the flashing mass flow rate can be calcu-
lated by the conventional Bernoulli equation. Therefore,
the effective flow area can be estimated from:

A=t )

2p(P wp — P )

where P; is the pressure at the throat (or minimum cross-
section). The problem arises in how to know or measure
that pressure. Several options are found in the technical
literature.

When the pressure at the vena contracta was near to
liquid saturation pressure, Pg,, corresponding to inlet
temperature, P; was typically replaced by Pg,. As can
be observed in Fig. §, the effective flow area A, given
by this model, was clearly higher than the geometric
throat area in a wide range of valve lift. In addition,
the dispersion of results becomes very higher, clearly
showing that this hypothesis is far from reality in
refrigeration expansion devices.

The manufacturers of expansion valves provide cata-
logues where P; was replaced by, P.,, pressure down-
stream pressure of valve (evaporation pressure) to
calculate the mass flow rate by means of Eq. (2). In this
case, the dispersion of effective flow area is significant as
can be see in Fig. 8 (see curve A.,).

Most investigators, among them Alamgir [7]; Chen
[1]; Xu [11]; Dekang [4], applied the basic nucleation the-
ory to predict the pressure undershoot, Py, — P, the
pressure difference between the thermodynamic satu-
rated pressure and the minimum pressure in a depressur-
ization process. Alamgir [7] developed a semiempirical
correlation (Eq. (3)) for predicting of the pressure
undershoot based on static decompression effects. Sub-
sequently, Abuaf [8] combined that effect with the equa-

tion of depressurization rate, X', given by Eq. (4) to
predict critical flashing flow with the following formulas:

G% T}lg3.73 /1+142/0.8

Py — Py = 0.253 3

o KT. [1 _ v,f] G)
l?g

S — LS d4 (4)
 p2} dz

where ‘é—;‘ can be calculated from Eq. (1), so that:

d4 d4 dh . hsin*(20)] n

—=——=|D - — 5

dz  dh dz [ osin(2) 2 cos(o) } cos(a) )

The above system of equations (closed with Eq. (2)) is
implicit in the effective flow area (4;). Eq. (4) also in-
cludes a term involving the variation of the flow area
with the longitudinal coordinate, %. We have preferred
to evaluate this term from the derivative of the geomet-
ric throat area (Eq. (5)) in order to reduce the implicit-
ness of the system of equations.

The system of equations can be solved for every mea-
sured point providing the value of the effective flow area
for each point. These results are also shown in Fig. 8
and, as can be observed, the obtained curve is much
lower, leading to just an almost single flow area line
for all the measured points. Therefore, it can be con-
cluded that this model is the one which best represents
the flashing flow at the valve.

However, the obtained values for low lifts are greater
than the geometric throat area. The authors are studying
the geometric throat area of the valve with more detail,
mainly the seat of the poppet at the throat, trying to
found an explanation to this paradox.

6. Conclusions

This study presents new experimental data for the
critical flow through a metering manual expansion
valve, with HCFC-22 as reference refrigerant and two
different alternative refrigerant: R290 (propane), as pure
refrigerant, and R410A, as azeotropic mixture (HFC-32/
HFC-125). The mass flow rate was characterized for a
wide range of conditions covering Heat Pump and Air
Conditioning operation.

Mass flow rate was found to be almost insensitive to
downstream pressure, clearly indicating choked flow
conditions. Also, experimental results show that by
increasing the upstream pressure or the upstream sub-
cooling the mass flow rate is increased.

An analysis employing the Bernoulli incompressible
flow formula has allowed the estimation of the effec-
tive flow area under different hypothesis for the throat
pressure. This analysis proves that the best model to
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be employed is the one based on the classic nucleation
theory, and allows the accurate calculation of the circu-
lating mass flow rate.
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