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Abastract

To establish optimum cycle of the inverter-driven heat pump with a variation of fre-

quency, the bypass orifice, which was a short tube having a bypass hole in the middle, was
designed and tested. Flow charactenistics of the bypass orifice were measured as a func-
tion of orifice geometry and operating conditions. Flow trends with respect to frequency
were compared with those of short tube orifices and capillary tubes. Generally, the bypass
orifice showed the best flow trends among them, and it would enhance the seasonal energy
efficiency ratio of an inverter heat pump system. Based on experimental data, a semi—
empirical flow model was developed to predict mass flow rate through bypass orifices. The
maximum difference between measured data and model’s prediction was within £5%3.
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Nomenclature

: Orifice cross—sectional area (m')
: Discharge coefficient for orifice

equation

: Bypass hole diameter {mm)
¢ Inlet diameter of the bypass orifice

{mm)

: Outlet diameter of the bypass orifice
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. Normalized diameter
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EVAP: Normalized downstream pressure

L
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: Qrifice length (mm)
! Position of bypass hole from entrance

of bypass orifice (mm)

' Mass flow rate (kg/h)
. Pressure (kPa)

Greek Symbols

' Density {kg/m")

Subscripts
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down : Downstream
up - Upstream
sat : Saturation

1. Introduction

An inverter heat pump makes the continu-
ous operation of a compressor possible through
capacity modulation of the system utilizing
frequency control. It also provides several ad-
vantages in energy conservation, capacity con-
trol and comfort of the indoor environment
over a constant speed heat pump“‘m.

The capillary tube, which is suitable for
systems of small capacities and advantageous
in cost and reliability, is being widely used as
an expansion device in the inverter heat pump.
However, when applying the capillary tube to
the inverter heat pump system, it is difficult
to establish an optimum cycle at all frequen—
cies. Performance degradation of the inverter
heat purmp system with the capillary tube was
obviously observed at low frequencies‘s’.

An orifice(short tube orifice) are often ap-
plied to heat pump and residential air condi-
tioner. Usage of the orifice has been increased,
because of its low cost, high reliability, ease
of installation and inspection, and elimination
of additional check valves used for flow di-
rection change in heat pump applications,

Aaron and Domanski™ developed a semi-
empirical flow model which could predict the
mass flow rate in a short tube orifice, with
subcooled conditions at the inlet of the short
tube orifice. Using HFC refrigerants, Kim and
O'Neal® made an empirical flow model to
predict the performance of the short tube or-
ifice for subcooled and two-phase conditions
at the inlet of the short tube orfice.

Recently, the orifice expansion device has

been widely applied to heat pump systems.
Most of the previous research associated with
the orifice were focused on the rigid orifice
suitable for a constant speed heat pump.

In the present study, a bypass orifice ex-
pansion device simple in structure was de-
signed by modifying the orifice (called the
straight orifice). The basic characteristics of
the bypass orifice were measured as a func-
tion of operating conditions and orifice ge-
ometry. Test results were compared with those
for the capillary tube and the straight orifice.
The flow model for bypass orifices was de-
veloped from the results of characterization
tests.

2. Experimental setup and test pro
cedure

As shown in Fig. 1, the experimental ap-
paratus for the measurement of basic charac-
teristics of bypass orifices was designed to
allow for easy control of each operating pa-
rameters such as entrance subcooling, con—
densing and evaporating -pressure. The mass
flow rate of the refrigerant entering the test
section was controlled by varving the ro-
tational speed of the liquid pump. The degree
of subcooling of the refrigerant entering the
test section was regulated by controlling the
temperature and the mass flow rate passing
through the water heated evaporation heat
exchanger. The exit pressure of the test sec
tion was set by both the temperature and the
mass flow rate of the water/glycol solution in
the condensation heat exchanger, After finish-~
ing senies of tests for the bypass orifice, the
test section was replaced with a new test sec-
tion. The replacement of the test section was
conducted by closing the bhall valves before
and after the test section to shut off the re-
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frigerant flow. After changing the test sec— Table 1 Dimensions of tested orifices.
tion, the space between the ball valves was L D Do DB LB
evacuated and new series of the tests were (mm) | (mm) | (mm) | (mm) | (mm)
performed. 15 1.26 1.26 Straight Orifice
Figure 2 shows the test section of the by- 15 1.26 1.26 0.79 7.91
pass orifice. The bypass orifice designed in the 15 0.99 1.37 0.73 7.87
present study was tapered toward the flow 15 133 | 080 | 0.53 | 7.87
direction and had two bypass holes in the 15 1.36 0.91 0.52 7.85
middle of the orifice. All the other configu- 15 1.38 0.92 0.73 7.94
rations were identical to the straight orifice 15 1.39 0.94 0.56 7.86
(Fig. 3) that had been widely used in the air 15 1.40 0.86 0.53 7.88
conditioning system as an expansion device. 15 1.43 0.91 0.50 7.87
The orifices used in this investigation are list- 15 1.39 0.98 0.57 5.92
ed in Table L 15 137 0.92 0.56 | 10.36
Performance tests were executed by vary- 15 1.36 0.89 0.66 7.88
ing the upstream pressure, downstream pres- 15 1.38 0.92 0.56 7.92

sure, and inlet subcooling. Upstream pressure
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Fig. 1 Schematic of the orifice test setup.
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Fig. 2 Test section of the bypass orifice.
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Fig. 3 Test section of the straight orifice.

was ranged from 1645 kPa to 1963 kPa, and
the downstream pressure was varied below
saturation pressure according to the inlet tem-
perature. The subcooling at the entrance of the
test section was varied from 1T to 139T.
Table 2 shows the test matrix for the experi-
ment. R-22 was used as a working fluid in
this study.

Temperatures, pressures, and flow rate were
monitored in the test loop using a computer
data acquisition system. Each sensor was cal-
ihrated to reduce experimental uncertainties
and connected to the data logger. All tem-
perature measurements were made using the
copper constant thermocouple with an experi-
mental uncertainty of *0.1%C. Pressure trans-
ducers were used in measuring the refrigerant
pressures with an estimated accuracy of £0.4
9% of full scale(3447kPa) for the high pres—
sure transducer, and £0.2 % of full scale(1724
kPa} for the low pressure transducer. The re-

Table 2 Test conditions.

Parameters | Py(kPa) | Puown(kPa) Ta("C)
600
700 13.9
1645
o 780 8.7
Conditions 1841
800 5.7
1963
850 1
900

fnigerant flow rate was measured with a mass
flow meter, and it was calibrated with water.
The accuracy of the mass flow meter was
0.2% of reading.

The data were taken at steady state. Before
taking the data, the controlling parameters had
to be within the following limits
pressure, £7kPa; downstream pressure, =14
kPa; and subcooling, £0.3%C.

upstream

3. Results and Discussion

Since the inverter heat pump is capable of
covering a wide range in capacity corre-
sponding to building load throughout the year,
the wide range of refrigerant flow regulation
is required as a function of frequency of the
compressor. Even though the capillary tube is
selected to have the best performance at the
rated frequency, the inverter heat pump with
the capillary tube is not able to achieve opti-
mal performance at both low and high fre-
quencies. For the low frequency region, the in-
verter heat pump showed the maximum per-
formance when the mass flow rate was ade-
quately decreased by increasing the capillary
tube length as compared with the base cap-
ilary tube. Whereas for the high frequency re-
gion, it represented the maximum performance
when the mass flow rate was increased by
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decreasing the capillary tube length as com-
pared with that of the base capillary tube®.
Therefore, an economical expansion device which
allows a large variation in mass flow rate with
a change of frequency compared to the cap-
illary tube is in demand.

In this study, the bypass orifice expansion
device was designed by modifying the orifice.
The basic characteristics of the bypass orifice
were measured and analyzed as a function of
operating conditions and geometries.

3.1 Effects of operating conditions

Figure 4 shows the effects of the down-
stream (evaporating) pressure on mass flow
rate for three different upstream pressures. For
the downstream pressure below the liquid sat—
uration pressure corresponding to the up-
stream temperature, mass flow rate became
relatively independent of the downstream pres-
sure. Choked flow was observed in the by-
pass orifice and these trends were identical to
that of capillary tubes and straight orifices'*®,
Therefore, the system can obtain operational
reliability with an application of hypass or-
ifices.

Figure 5 represents the effects of the up-
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Fig. 4 Flow dependency on downstream
pressure.

stream pressure on mass flow rate, As the
upstream pressure increased with a constant
upstream subcooling, the mass flow rate lin-
early increased. As the upsiream subcooling
decreased, the slope of each line decreased. As
the upstream pressure increases for a constant
upstream subcooling, the upstream liquid den-
sity decreases due to an increase of fluid tem-
perature, but the allowable subcooled pressure
drop increased. The former tends to decrease
mass flow rate, but the latter increases mass
flow rate. For high subcooling, the effects of
the latter were larger than those of the for-
mer. As the upstream subcooling decreased,
the allowable subcooled pressure drop reduced,
while the decrease of the upstream liquid den-
sity was very small.

As the upstream pressure increased from
1645kPa to 1963 kPa, the increase of mass
flow rate was 4.7kg/h with a subcooling of
1C. However, the increase of mass flow rate
was 103kg/h for subcooling of 13.9C. The
effects of the upstream pressure for the by-
pass orifice were consistent with those for the
straight orifice™. However, the variation of the
mass flow rate according to the upstream pres-
sure for the bypass orifice was larger than
that of the straight orifice. For the straight
orifice, the sharp pressure drop occurred at
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the entrance, and it determined mass flow rate.
The bypass orifice also showed the large pres-
sure drop at the entrance due to sharp edged
contraction. However, the mass flow rate was
adjusted by the interior pressure and flashing
point, due to bypass holes inside the bypass
orifice,

Figure 6 shows the effects of the upstream
subcooling on mass flow rate. As the sub-
cooling increases, the density and entrance
pressure drop increase, while the internal pres-
sure of the orifice decreases. The former tends
to increase the mass flow rate through the
main orifice, while the latter decreases the
mass flow rate through the bypass hele. The
increase of the major mass flow rate was
larger than the decrease of the bypass mass
flow rate as the upstream subcooling increased.
Therefare, the total flow rate increased with an
increase of the upstream subcooling.

3.2 Effects of bypass orifice geometry

Figure 7 shows the effects of upstream sub-
cooling on mass flow rate as a function of
L/D;,. As the L/D;, increased, the mass flow
rate decreased at all subcooling levels. This
trends were consistent with the results of
Aaron and Domanski'”, and Kim® for the
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Fig. 6 Flow dependency on upstream subcooling.
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Fig. 7 Flow dependency on upstream subcooling
as a function of the L/D,.

straight orifice.

As the L/D;, increased, flow restriction
through the orifice increased, and the flashing
point moved toward the inlet of the bypass or-
fice. Therefore, the mass flow rate decreased
with an increase of L/Di,.

Figure 8 shows the effects of bypass hole
position on mass flow rate for three different
upstream pressures, As the position of the by-
pass hole moves toward the exit of the by-
pass orfice, the internal pressure of the by-
pass orifice decreases, and the pressure at the
inlet of the bypass hole decreases. As a re—
sult, the mass flow rate through the bypass
hole decreases with a movement of the by-
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Fig. 8 Flow dependency on bypass hole position.
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pass hole toward the exit. The slope of the
mass flow rate of the bypass orifice with a
variation of frequency can be altered by chang-
ing the location of the bypass hole.

3.3 Performance comparison of capil-
lary tube, straight orifice, and by-
pass orifice.

Figure 9 shows the effects of frequency on
mass flow rate for the capillary tube, the
straight orifice, and the bypass orifice. The
data for the capillary tube was obtained by
utilizing the flow model in the literature®. The
others were the meastred data from the pres—
ent experiment. The operating conditions for
each frequency were selected based on the
test results of the inverter heat pump with the
capillary tube®,

When the mass flow rate at the rated fre-
quency was identically set for all of the ex-
pansion devices to provide the reference point,
the slope of mass flow rate for the bvpass
crifice as a function of frequency was greater
than that of the straight orifice or the cap-
illary tube. The mass flow rate of the cap-
illary tube linearly increases” © corresponding
to the inlet pressure and subcooling, but in-
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Fig. 9 Comparison of characteristics of tested
expansion devices.

creases nonlinearly with respect to subcooling
in the straight orifice®. Therefore, the slope
of the mass flow rate of the straight orifice
as to frequency was greater than that of the
capillary tube.

The mass flow rate of the bypass orifice
as a function of the inlet pressure and sub-
cooling was similar to that of the straight or-
ifice. However, the bypass orifice had a bypass
hole, and the main hole was tapered toward
flow direction. When the entrance pressure of
the bypass orifice increased, the flow rate
through bypass hole increased due to the fol-
lowings: (1) the pressure at the inlet of the
bypass hole was raised because the internal
pressure of the bypass orifice increased, and
{2) the subcooling at the inlet of the bypass
hole increased because the flashing point moved
to the exit of the bypass onfice. Therefore, the
mass flow rate of the bypass orifice was also
affected by the location of flashing point and
internal pressure.

3.4 Effects of tapering angle

Figure 10 shows the mass flow rate as a
function of tapering angle. When D, is larger

than D, the slope of mass flow rate vs. fre-
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Fig. 10 Effects of tapering direction on mass
flow rate.
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Table 3 Coefficients of correction factors in the

flow model.
Equations | Coefficients R-22
aj 0.02706
as 11.35237
as ~0.68358
a 1.17439
as 1.31613
a6 0.11144
Eq. (2) ar -0.3044
ag 0.67779
ag 0.0829
aio 0.04805
P. 4973.8 kPa
T 3683 K
gc 1.2960 10"

quency is greater than those of the others,
because the flashing and pressure recovery
inside the orifice occur early by reducing the
flow area. Therefore, tapering toward the exit
of the bypass orifice is more effective on the
flow rate control over a wide range.

4. Semi-empirical flow model of
bypass orifices

In the present study, a mass flow model of
R-22 flow through bypass orifices was de-
veloped at steady state, adiabatic, and choked
flow condition when the downstream pressure
was lower than saturated pressure according
to the inlet temperature. The flow model was
derived from the single-phase orifice equation.

m, = CAY 20g. (P,,— P)) 1)

where, Py was the adjusted downstream pres-

sure before the flashing occurred.
Correction factor, P; was correlated with

respect to each operating parameters and by-
pass orifice geometry. The correlation hetween
the correction factor and the normalized para-
meters was determined using the non-linear
regression technique along with the expen-
mental data. All coefficients included in this
flow model are given in Table 3.

P_f= Psai[al+a2(Pup/Pc)a3(D/Dref)a‘

SUBC™ + ag( P,/ P)™

+ agEXP{ag( D/ D))
+ ay EVAP]
where
PRA=P,JP,
DR=D/D,,

SUBC= ( Tm:_ Tup)l" Tc
EVAP=(P.— P! P.

Normalized parameters of PRA, DR, SUB,
and EVAP represent upstream pressure, di-
ameter, subcooling, and downstream pressure,
respectively. The maximum difference between
the measured data and the model’s prediction
was within a 5%.

5. Conclusions

In the present study, the bypass orifice was
designed in order to improve the performance
of the inverter heat pump at high and low
frequency levels of the compressor. The char-
acteristics of the bypass orifice were mea—
sured by varying the operating conditions and
geometries. The flow model for the bypass
orifice was developed. As a result, the fol-
lowing conclusions were derived.

(1)The bypass arifice has the same flow
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trends as the straight orifice. Choked flow was
observed in the bypass orifice, and it would
provide system reliability.

{2) The slope of mass flow rate for the by-
pass orifice as a function of frequency was
greater than that of the straight orifice or the
capillary tube.

(31t is possible to control the variation of
slope of mass flow rate of the bypass orifice
according to the frequency of the compressor
by changing the orifice geomeiries.

(4) The semi-empirical flow model was de-
veloped to predict the mass flow rate of by-
pass orifices with given conditions and orifice
geometry, The maximum difference between
the measured data and the model’s prediction
was within +5%,
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