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Abstract

Refrigerant-induced noises, which occur irregularly at special thermodynamic cycle conditions, are frequently cited
by residential customers who use refrigerators. However, these noises are very difficult to resolve and their root causes
cannot usually be exactly identified. In this research, the root causes of the irregular refrigerant-induced noise are esti-
mated through the theories of two-phase flow and bubble dynamics. Also, by using refrigerant-supplying equipment
that can continuously supply refrigerant to the test unit at typical cycle conditions, the flow patterns of the evaporator in
vertical and horizontal pipes are inspected and their noises are simultaneously measured. Through the observation of
the relationship between the flow pattern and the refrigerant-induced noise, the root causes of this irregular refrigerant
noise can be identified and verified.
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1. Introduction

The refrigerant-induced noise that arises in refrig-
erators is a noise problem in the development process
of refrigerators. Since this kind of noise varies with
the thermodynamic cycle conditions such as tempera-
ture, pressure and sub-cooling, the noise is very diffi-
cult to resolve. Since the overall noise level of refrig-
erators is decreasing nowadays, the refrigerant-
induced noise becomes much more dominant. There-
fore, solutions for reducing refrigerant-induced noise
are urgently required. Owing to these reasons, many
studies have been conducted to reduce refrigerant-
induced noise.

Hirakuni [1] suggested that porous metals be in-
stalled in front of the expansion device to reduce the
refrigerant-induced noise, which can change the flow
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pattern from slug-flow to bubbly-flow. Hirakuni [2]
dealt with the refrigerant-induced noise of the refrig-
erator at the capillary tube. He found that the noise
increased when the flow pattern was slug-flow in
front of the capillary tube. He recommended the addi-
tion of a dryer in front of the capillary tube for reduc-
ing refrigerant-induced noise. Since the dryer can
separate the refrigerant into liquid and vapor, the flow
pattern can transform to annular flow and the refrig-
erant-induced noise can decrease. Umeda [3] dealt
with the layout of the inlet and outlet pipes of the
electric expansion valve for avoiding the slug-flow
that produces the noise. He experimentally verified
that the flow pattern became slug when the direction
of flow of the refrigerant into the expansion valve was
vertical. Therefore, he suggested that the pipe layout
of the expansion valve inlet be laid horizontally. Kan-
non [4] dealt with the relationship between refriger-
ant-induced noise and the pressure variation. He ex-
perimentally verified that a transient pressure wave
occurred when the vapor fraction of the refrigerant
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increased, at which time the noise increased. Umeda
[5] investigated the refrigerant-induced noise that
passes through the orifice and the relationship be-
tween the pressure variation from upstream to down-
stream flow and the refrigerant-induced noise. He
found that the noise as well as the pressure variation
increased when a large bubble passed through the
orifice. Park [6] identified refrigerant-induced noise at
the accumulator of refrigerators. He found that the
bubble noise was produced at the sleeve that was
located under the accumulator and that the noise dis-
appeared when the orifice on the sleeve was removed.

In light of the above studies, the root causes of the
refrigerant-induced noise in refrigerators can be esti-
mated from the theories of two-phase flow and bub-
ble dynamics. Therefore, in this research, the theories
of two-phase flow and bubble dynamics are first re-
viewed. Based on the theories, noise and vibration
tests are performed and the characteristics of noise
and vibration of the refrigerator are described. Then,
the variation of the flow pattern in a pipe is estimated
through various flow-pattern maps that depend on the
time-varying cycle conditions in the operating ranges
of the refrigerator. Through a frequency analysis that
is based on the bubble dynamics theory and the noise
test, the relationship between the flow pattern and the
noise is estimated and verified by experiments.

2. Theoretical background for the root cause
of refrigerant-induced noise

In this section, the theories of two-phase flow and
bubble dynamics are reviewed for estimating the root
causes of the refrigerant-induced noise that arises in
refrigerators.

2.1 Refrigerant-induced noise from two-phase flow
theory

Figs. 1 and 2 show the schematic diagrams of the
two-phase, separated-flow model. The governing
equations of the separated flow model are given in
Egs. (1)~(3) [7], which are the continuity equation,
energy equation, and momentum equation, respec-
tively. In Eq. (3), the pressure drop can be represented
through friction, gravity, and acceleration terms.
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Fig. 1. Two phase flow for separated flow model.

Fig. 2. Control volume of separated flow model for the mo-
mentum equation.
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Here, W is the mass flow rate, p is the pressure, z is
the distance in the axial direction, v is the specific
volume, F is the internal energy, u is the velocity, p is
the density, a is the void fraction, x is the mass quality,
@ is the angle of the pipe, 4 is the cross-sectional area
of the pipe, 4, is the cross sectional area of the tube
occupied by the gas phase, F is the shear stress on the
pipe that is due to the friction, and subscripts f'and g
denote liquid and gas, respectively.

Through the above equations, it can be discerned
that the mass quality and void fraction are time-
variant terms that depend on the flow pattern in the
pipe. Therefore, they can be represented as "x=x(t),
a=0(t)" and the time-gradient of the pressure drop can
be represented as shown in Eq. (4).

d dp, d

dt( R Lf (x(@), e (0),.....)] “
From Eq. (4), it can be estimated that the time-
gradient of the pressure drop should remarkably vary
when the flow pattern in a pipe is intermittent, as in
plug-, churn- (froth-) and slug-flows. When the flow
pattern in a pipe is intermittent, the mass quality and
void fraction vary irregularly over time at a particular
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position. Therefore, the irregular noise and vibration
can occur in the pipe because of the fluctuation in the
pressure.

However, when the flow pattern in a pipe is either
annular or bubbly flow, the noise level should be
constant over time because the time-gradient of the
pressure drop should be a very low value. This is
because the mass quality and void fraction at a par-
ticular position are steady over time when the flow
pattern in a pipe is either annular or bubbly flow. The
flow pattern will be discussed in section 3.2 in more
detail.

2.2 Refrigerant-induced noise from bubble dynam-
ics

In this section, the bubble dynamics theories are re-
viewed for estimating the root cause of the refriger-
ant-induced noise that arises in refrigerators. Through
empirical tests, Minnaert [8] suggested a relationship
between bubble size and resonance frequency. Min-
naert assumed the radius of the oscillating bubble, as
shown in Eq. (5) [8].

r=r0+asin% 5)

Here, r is the radius of the bubble, 7, is the initial ra-
dius of the bubble, « is the amplitude of the radius of
the oscillating bubble, and 7 is the period of oscilla-
tion.

When it is assumed that the potential energy as
given in Eq. (6) is equal to the kinetic energy as given
in Eq. (7), the resonance frequency of the bubble can
be represented as given in Eq. (8) [8].
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Here, w, is the resonance frequency of the bubble, p,
is the pressure inside the bubble, p is the pressure
outside the bubble, and £ is the specific heat ratio.
In Eq. (8), it can be found that the frequency of the
bubble noise is strongly dependent on the bubble size.
Strasburg [9] experimentally found that the bubble

noise occurs when the volume of the bubble changes
and he suggested an equation for the bubble behavior
that is represented by the volume terms, as shown in

Eq. (9).

i R o up) = B - p,(0) ©)
drr, V.

0 0

Here, P, is the static pressure of the bubble at the
initial volume of the bubble(V), p.(?) is the instanta-
neous external pressure, and R is the resistance coef-
ficient that varies in a complex manner with the bub-
ble size and frequency. In Eq. (9), R, is taken as the
radius of sphere of the same volume if the bubble is
non-spherical.

From Eq. (9), the sound pressure that is instantane-
ously radiated at the distance "d" can be represented
as in Eq. (10) [9], assuming that the size of bubbles is
sufficiently small. Also, it is assumed that the surface
tension, and the conductivity and the pressure outside
the bubble are constant.

pv
= 10
Pi=g (10)

Here, p; is the sound pressure that is instantaneously
radiated at the distance "d".

From Eq. (8)~(9), it can be found that the radiated
noise of the bubble is strongly related to the variation
of its volume. And also, it can be found that the sizes
of the bubble are strongly related to the flow pattern
in a pipe when the phase of flow is 2-phase. There-
fore, it can be expected to find the root causes of the
refrigerant-induced noise through the bubble dynam-
ics as well as 2-phase flow theory.

3. Estimation of the root causes of refrigerant-
induced noise in refrigerators

As referred to in the previous paragraph, the refrig-
erant-induced noise in a refrigerator occurs when the
state of the refrigerant in the pipe is two-phase. Con-
sidering the thermodynamic cycle of the refrigerator,
the regions of two-phase flow are in the capillary tube,
evaporator-inlet, evaporator, and condenser. Since the
pipe layout is simple and the phase transition pro-
gresses gradually in the evaporator and condenser, the
refrigerant-induced noise does not occur to any great
extent in them. However, the refrigerant-induced
noise occurs to a great extent in the region beginning
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from the capillary tube-outlet till the evaporator-inlet
because the bubbles that develop from the outlet of
the capillary tube collapse, merge, and oscillate when
they flow through the evaporator-inlet pipe.

The construction of the evaporator dealt in this sec-
tion is shown in Fig. 3 and the operating refrigerant is
R600a. In Fig. 3, the capillary tube is connected to the
evaporator-inlet, which has a U-shaped tube. The
diameter suddenly expands when the refrigerant exits
the capillary and enters the evaporator-inlet tube.
Considering the design of the evaporator-inlet pipe, it
can be deduced that the refrigerant-induced noise can
occur when the growing bubbles in 2-phase fluid flow
into it.

Therefore, in the following section, the noise and
vibration for the evaporator-inlet of the refrigerator
are described in relation to the flow patterns and bub-
ble dynamics.

3.1 The noise and vibration of the evaporator-inlet
pipe

To define the characteristics of the noise of the re-
frigerator, the sound pressure and acceleration were
measured, besides the cyclic temperature. The sound-
pressure level was measured with a microphone,
B&K type-4190, which was installed at the rear-side
at 30 cm apart from the center of the refrigerator. The
frequency range of the sound measurement was up to
12.8 kHz applying 7 Hz high pass filter. The cyclic
temperature was measured with a T-type thermocou-
ple and an Agilent 34970A data logger. Those data
were collected every 1 second during the time the
refrigerator was operating (120 minutes).

Firstly, the sound-pressure level was measured for
the refrigerator at the rear-side when the compressor
was alternatively switched on and off, as shown in
Fig. 4. From Fig. 4, it can be noted that the range of
the frequency of the refrigerant-induced noise is 250
to 2000 Hz, assuming that the noise from the com-
pressor is sufficiently low.

Fig. 5 shows the variation of the cyclic temperature
of the refrigerator with its operating time. From Fig. 5,
it can be seen that the temperature (pressure) in the
evaporator decreases and the mass quality increases
with the passage of time. To determine the relation-
ship between the noise and the cycle conditions, the
sound-pressure level was measured simultaneously
with the cyclic temperature and the mass quality. Fig.
6 shows the test results. As seen from Fig. 5, the noise
fluctuated greatly from the start till about 30 minutes,
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Fig. 3. Construction of the evaporator.
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Fig. 5. The variations of the cyclic temperature and mass
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Fig. 7. The variation of sound pressure level as time.

when the mass quality was 0.2~0.38 and the tempera-
ture of the evaporator was 8 ~ -16C. The noise level
remained steady from 30 to 90 minutes, when the
mass quality was 0.38~0.42 and the temperature of
the evaporator was -16~-20C.

When the temperature of the evaporator decreased
below -20C (after 90 minutes), the mass quality
rapidly increased from 0.42 to 0.45 because of the
variation of the thermodynamic cycle control. This
implies the velocity in the evaporator-inlet increased
and the sound-pressure level also increased. And,
when the temperature of the evaporator was -20C,
the fan rpm increased in order to increase the amount

of the heat transfer at the evaporator. It also implies
that the sound-pressure level increased. However, in
Fig. 5, the sound-pressure level was reduced even
though the mass quality and fan rpm increased. From
these test results, it can be deduced that the variation
of the characteristics of the refrigerant, such as the
flow pattern, should impact the noise.

Further, the variation of the 1/3 octave of the
sound-pressure levels with the operating time was
measured to define the characteristics of the refriger-
ant-induced noise in more detail, as shown in Fig. 7.
The measured time of each spectrum was one second,
and the spectra for 60 seconds are represented at a
time in Fig. 7. From Fig. 7, it can be observed that the
refrigerant-induced noise predominantly varied at two
main frequency ranges until 30 minutes. The first
range was from 315 Hz to 400 Hz and the other was
from 1.6 kHz to 2 kHz. After 30 minutes, the degree
of fluctuation of the sound-pressure level at these
frequencies was reduced. After 60 minutes, the
sound-pressure level became steady. In Fig. 7, the
noise variation below 100 Hz was not considered here
because of the performance limit of lower frequency
in the anechoic chamber.

In addition to the noise test, the accelerations of the
evaporator-inlet and outlet pipes were measured.
Considering the gravity effect for the flow pattern at
the vertical and horizontal pipe, the shape of bubbles
should be different between them. Assuming that the
noise from the bubble was dependent on its shape and
it transferred the vibration to the pipe sufficiently, the
accelerations for the horizontal and vertical pipe were
measured, respectively.

Fig. 8 shows the acceleration on the evaporator-
inlet and outlet pipes at the two main frequency
ranges. Accelerometers of B&K type-4393 were in-
stalled on the horizontal and vertical pipes of the
evaporator-inlet and outlet pipe, respectively. From
Fig. 8, it can be seen that the acceleration level on the
evaporator-inlet pipe was higher than that on the
evaporator-outlet pipe.

Also, it can be noted that the acceleration level on
the vertical pipe was higher than that on the horizon-
tal pipe for the evaporator-inlet pipe. Through the
assumption and results of the acceleration test, it can
be deduced that the refrigerant-induced noise occurs
mainly at the evaporator-inlet pipe and that the verti-
cal pipe produces more refrigerant-induced noise than
the horizontal pipe.
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Table 1. Cycle variation of the refrigerator as operating time.
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Time [min] 4 8 12 20 30 60 100

Temperature of evapora- |, 5 113 125 -14.6 164 195 287
tor-inlet [C]

Pressure of evaporator- | | ¢c 0.1026 0.09783 0.0899 0.0835 0.0736 0.0491

inlet [Mpa]

Diameter of the pipe [m] | 0.00435 0.00435 0.00435 0.00435 0.00435 0.00435 0.00435

Mass flow rate [kg/hr] 28 238 238 28 28 238 28
Mass quality 028 031 033 034 036 038 0.41

10°

Acceleration[dB, ref:

—e— Evaporator-inlet(vertical)

= Evaporator-inlet(horizontall)

-+ Evaporator-outlet

0 20 40 60 80 100 120
Time[min]

(a) 315 Hz
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Fig. 8. Acceleration on the evaporator inlet and outlet pipes.

3.2 Estimation of the flow pattern in an evaporator-
inlet pipe

From the previous section, it can be seen that the
refrigerant-induced noise occurs at the vertical pipe of
the evaporator-inlet. Therefore, the flow patterns in
the vertical pipe of the evaporator-inlet and the rela-
tionships between the flow pattern and the noise char-
acteristics of the refrigerant are described in this sec-
tion.

For the vertical flow, the characteristics of each
flow pattern are as follows [10].

(1) Bubbly flow, in which the gas bubbles are ap-
proximately uniform in size.

(2) Plug flow or slug flow, in which the gas flows in
the form of large, bullet-shaped bubbles.

(3) Churn (froth) flow, which is a highly unstable
flow of an oscillatory nature. The liquid near the
tube wall continually pulses up and down.

(4) Annular flow which is similar to the horizontal
flow.

In this section, the flow patterns for the vertical
tube of the evaporator-inlet pipe of the refrigerator are
estimated through the flow-pattern map, as a function
of the cycle variation of the refrigerator, as shown in
Table 1.

The common flow patterns for the vertical flow in a
round tube are shown in Fig. 9 [10]. Here, the Hewitt
map [11], Taitel-Dukler map [12] and Oshinowo-
Charles map [13] are used for estimating the flow
pattern of the vertical flow.

Fig. 10 shows the flow-pattern estimation by the
Hewitt map [11]. Generally, the flow pattern in a pipe
has a strong relationship between the mass flux (mass
flow rate per cross-section) of the gas and liquid.

When the mass flux of the gas is sufficiently larger
than that of the liquid, the liquid is swept up to the
surface of the pipe and it flows through the wall of the
pipe. This kind of flow pattern is called annular flow.
But, when it is not enough, the liquid falls to the bot-
tom of the pipe and it makes a liquid bridge. It is
called slug flow. When the mass flux of the liquid is
more increased than that at the condition of slug flow,
the velocity of the fluid in a pipe becomes slow and
the gas bubbles having small diameter are formed in a
liquid. It is called bubbly flow.

Therefore, in Hewitt map as given in Fig. 10, the
flow pattern can be classified by the mass flux of gas
and liquid, including other properties such as the den-
sity of gas and liquid. The cycle variations are the
same as in the previous section. In Fig. 10, the flow
pattern is estimated to be churn flow, when the mass
quality is low. When the mass quality is over 0.4, the
flow pattern is estimated to be annular.
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Fig. 10. Flow pattern estimation with Hewitt map.

In 1977, Taitel and Dukler suggested a flow-pattern
map from the theoretical analysis of two-phase flow.
The flow pattern has high relationship to the mass
quality, which represents how much flow rate of the
gas is in a pipe. Therefore, in order to classify the
flow pattern, Taitel and Dukler used the Martinelli
parameter represented by the mass quality, including
other properties such as density and viscosity of the
gas and liquid, which affect the flow pattern in a pipe
as given in Eq. (11). At a typical Martinelli parameter,
the flow pattern is transferred from slug (or churn) to
annular flow when the Kutatelaze parameter of the
gas as given in Eq. (12), which represents the superfi-
cial velocity of the gas including the other properties
of the gas and liquid, increases. When the gas velocity
increases due to increment of the gas flow rate, the
liquid is swept up to the surface of the pipe and be-
comes annular flow. Based on this theory, the condi-
tion of transition from slug or churn to annular flow is
given in Egs. (11)~(13) [12].

_ (dp/dz)f _ I_J 0875 P vos  Hy 012
X_(dp/dz)g =( . ) (pf) (=) (11

Hy
) )}
Ku, = j,p,* Nlg(p, - p,)o)" (12)
N
Ku, :3.09(1+20X+X ) : X (13)
(1420X + X?)2

Here, X is the Martinelli parameter, Ku, is the Kutate-
laze parameter of the gas, j, is the superficial velocity
of the gas, g is the acceleration due to gravity and o is
the surface tension. Fig. 11 presents the results of
estimation of the flow pattern with the Taitel-Dukler
flow-pattern map [12] as the variations of the thermo-
dynamic cycle conditions for the refrigerator in this
research. In Fig. 11, the flow pattern is estimated to
transit from slug or churn to annular flow with the
passage of time when the mass quality is over 0.3.

Fig. 12 depicts the flow-pattern estimation by the
Oshinowo-Charles flow-pattern map [13]. Oshinowo-
Charles suggested by experiment that the flow pat-
terns depend on the volumetric flow rate of the gas
flow and other fluid dynamic properties similar to the
other maps. Therefore, the flow pattern can be esti-
mated through Egs. (14)~(16) [13].

0
_—3 14
r-a (14)
_
Fr—gD (15)
A=A 2 oy (16)
H, P, O,

Here, f is the volumetric quality, O, is the volumetric
flow rate of the gas, Q is the total volumetric flow rate,
Fr is the Froude number, j is the superficial velocity,
oy 1s the surface tension of the water and D is the
diameter of the pipe. They suggested the flow pattern
map for upstream and downstream, respectively, con-
sidering its shape such as a U-shaped tube. Here, the
flow pattern map for the upstream is described only.

In Fig. 12, the flow pattern is estimated to transit
from froth (churn) to annular flow when the mass
quality is over 0.3, which is similar to the estimation
through the Hewitt and Taitel-Dukler flow-pattern
maps.

As described in the previous section, the refriger-
ant-induced noise occurs predominantly when the
flow pattern in the pipe is intermittent. Therefore,
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considering the flow patterns that are estimated
through various flow-pattern maps, the refrigerant-
induced noise may occur predominantly at the verti-
cal tube of the evaporator-inlet pipe when the mass
quality is low. And it can be known that this estima-
tion is coincident with the test results in section 3.1.

The results of expectation for the flow patterns
from Fig. 10~12 are very important in this research
because the conditions transiting the intermittent flow
to an annular one can be estimated with these flow
pattern maps, and the methods can be found how the
refrigerant-induced noise is reduced, assuming that
they are strongly dependent upon the flow pattern.

In the next section, the frequency characteristics of
these bubbles will be investigated with bubble dy-
namic theories.

3.3 Estimation of the frequency characteristics of
the refrigerant-induced noise from the evapora-
tor-inlet pipe

As described in section 3.1, the range of frequency
of the refrigerant-induced noise is 250~2000 Hz.
Theoretically, the frequency range of the noise for the
spherical bubble can be estimated through the rela-
tionship between the size(radius) of the bubble and
the resonance frequency.
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Fig. 13. Estimation of the bubble size from the resonance
frequency of the bubbles.

Fig. 13 shows the bubble size that is estimated at
this frequency range for the operating range of the
refrigerator. It is calculated by Eq. (8) when the tem-
perature of the evaporator is either -10.8°C or-16.4C.
From Fig. 13, it can be noted that the bubble size is
distributed from 1mm to 13mm at the given cycle
conditions. The bubble sizes at 315 Hz and 2000 Hz,
where the refrigerant-induced noise is very high, are
estimated to be in the ranges, 10.8~12.3mm and
1.3~1.9mm, respectively, assuming that the shape of
the bubble is spherical.

The bubbles whose radii are in the range of
10.8mm~12.3mm cannot be spherical in a pipe be-
cause the inner radius of the pipe is 2.175mm. As-
suming that the spherical bubbles which have larger
diameter than inner diameter of the pipe are changing
their shape in order to keep up their volume, the
length of bubbles should be long.

Reviewing the flow pattern in a vertical tube, as de-
scribed in Fig. 9, the length of slug and churn bubble
is considerably longer than the pipe diameter. There-
fore, it can be seen that the estimated size of the bub-
bles whose radius is in the range of 10.8~12.3mm is
similar to those of the slug and churn bubbles whose
length is sufficiently long, viz., more than many times
the inner diameter of the pipe.

And also, the slug and churn bubbles can collapse
when they flow through the pipe and can have a di-
ameter that is less than half the pipe diameter. These
collapsing bubbles having a diameter less than the
inner diameter tend to maintain their shape to be
spherical because of surface tension. Therefore, the
noise at the frequency range from 2 kHz can occur
from the collapsing bubbles whose radii are in the
range of 1.3~1.9mm.

Consequently, it can be inferred that the refrigerant-
induced noise from the evaporator-inlet pipe is caused
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by the slug or churn flow in the vertical line, given the
results of the flow-pattern estimation as well as those
of the estimation of bubble sizes.

Therefore, this inference will be verified with re-
frigerant supplying equipment in the next section.

4. Experimental verification

As mentioned in the previous section, it can be ob-
served that the refrigerant-induced noise from the
evaporator occurs because of the intermittent flow in
the vertical pipe of the evaporator-inlet. To verify this
estimation, equipment that supplies refrigerant to the
evaporator is developed. This equipment can operate
continuously at the typical cycle conditions where the
refrigerant-induced noise occurs. Therefore, in this
section, the estimated root causes of the refrigerant-
induced noise are experimentally verified.

4.1 Test equipment and operating conditions

Fig. 14 shows the refrigerant-supplying equipment
for the evaporator. As depicted in Fig. 14, the refrig-
erant is supplied to the evaporator of the test unit in an
anechoic chamber by the refrigerant-supplying
equipment. The test unit consists of the cabinet of the
refrigerator, fan, and evaporator sans the condenser
and compressor from the refrigerator. Therefore,
when the refrigerant flows in the test unit, the noise is
only dependent upon the flow of refrigerant in the
evaporator assembly, assuming that the fan noise is
constant. The cycle conditions are controlled by the
condenser, expansion valve, sub-cooler, and heater in
the refrigerant-supplying equipment, and the glass
tubes are installed at the vertical tubes of the evapora-
tor-inlet, so that the flow pattern can be inspected in
them.

The tests are performed under the cycle conditions
that are shown in Table 2. In Table 2, the tests are
performed at various pressures of the evaporator,
while the mass quality is varied from 0.2 to 0.7.

4.2 Sound measurement and flow-pattern visualiza-
tion

To measure the sound that comes from the refriger-
ant, a microphone (B&K type-4190) was installed at
the rear side of the test unit, as in the test setup for the
refrigerator. When the sound was measured at the
typical cycle conditions, the images of the flow pat-
tern in the glass tube were simultaneously captured by

Table 2. Test conditions for the refrigerant supplying equip-
ment.

Temperature (C) Pressure (MPa) Mass quality
-5 0.1304 0.2,0.4,0.6,0.7
-10 0.1058 0.2,04,0.6,0.7
-12.5 0.09783 0.3,0.4,0.5,0.7

—=— Main Cycle Line(R&00a)
-~ 2nd Cyele Line{R1Z)

Glass Tube

Compresor :ICondc:n ey
L =
U

Test Unit

Frin

ANAA ;
Anechoic chamber

Refrigerant Supplying Equipment

Fig. 14. Schematic diagram of the refrigerant supplying
equipment.

a digital camcorder. Fig. 15 shows the variation of the
flow pattern with the mass quality for the vertical
tubes, when the temperature of the evaporator is -
10C.

In Fig. 15, it can be known that the flow pattern is
churn flow at low mass quality(x=0.2) and annular
flow at high mass quality(x=0.7). But when the mass
quality is 0.4 and 0.6, it cannot be defined exactly
whether it is annular or churn flow. Even though the
visualization of the flow pattern does not accurately
succeed, the transition of the flow pattern from churn
to annular flow as increasing mass quality can be
identified the same as the estimation of the flow pat-
tern map. When the mass quality was in the range of
0.2~0.4, the bubbles whose diameter was less than
that of the pipe could be inspected similar to the bub-
ble size and frequency characteristics estimated in
section 3.3. But the bubbles having long length could
not be inspected accurately. However, it was in-
spected that the liquid-bridge appeared and disap-
peared repeatedly. At this time, it could be known that
the noise at 315 Hz and 400 Hz was also increased.

Fig. 16 shows the variation of the 1/3 octave noise
with the cycle conditions given in Table 2. The fre-
quency of the refrigerant-induced noise can be dis-
cerned by comparing the noise when the refrigerant is
flowing in a test unit with the noise when no refriger-
ant is flowing. Therefore, from Fig. 16, it can be seen
that the main frequency ranges of the refrigerant-
induced noise are 315 Hz and 2000 Hz, which are the
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(a) x=0.2(churn)

(b) x=0.4(Annular or churn)
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(¢) x=0.6(Annular or churn)

(d) x=0.7(Annular)

Fig. 15. Pictures of the flow pattern in a glass tube according
to the mass quality variations for vertical pipe (T =-10°C).

same as in the refrigerator test. When the temperature
of the evaporator is under -10C, another noise peak

appears at the 630 Hz frequency band as shown in Fig.

16(b) and (c), which are different as in the refrigerator
test. It is inferred that the slug or churn bubbles hav-
ing less length than those in the evaporator-inlet pipe
of the refrigerator may have additionally occurred
when the evaporator was tested with refrigerant-
supplying equipment. Considering these frequency
ranges of the refrigerant-induced noise, it can be ob-
served that the sound-pressure level at this frequency
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(c) Sound spectrum (T=-12.5C)

Fig. 16. The spectrum of the sound for the test unit according
to the variation of the mass quality and temperature in the
evaporator.

range decreases as the mass quality increases, as
shown in Fig. 16, for each cycle temperature and it
can be verified that the flow patterns in a pipe are
highly related to the refrigerant-induced noise.

Fig. 17 shows the estimations of the flow pattern
for the vertical pipe at the test conditions listed in
Table 2. Also, the noises at those states are simulta-
neously denoted on the flow-pattern map in Fig. 17.
Here, “Noisy” implies that the irregular refrigerant-
induced noise is serious. And “Quiet” denotes that
refrigerant-induced noise does not seriously occur and
the sound level is constant as time goes on.
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Fig. 17. Flow pattern estimation by various flow pattern maps
at the test conditions in Table 2.

Here, the evaluation of the noise such as ‘“Noisy”
and “Quiet” was performed by the researcher’s sub-
jective evaluation. Even though the inspected flow
patterns are not exactly the same as those estimated
by the flow-pattern maps, the phenomena of the tran-
sitions of the flow patterns and noise are similar in
both cases, as is evident from Fig. 17.

In general, the noise from a bubble is inspected be-
fore the bubble can be visualized. When the initial
bubbles occur, the pressure variation, including the
sound pressure of the bubbles, can be measured even

though it cannot be visualized. Therefore, a difference
between the noise and flow pattern, as shown in Fig.
17, may occur because the flow pattern can possi-
bly be the initial state of intermittent flow, even
though it seems annular by visualization.

Considering these phenomena, there is some dis-
crepancy between the estimations of the noise and the
flow pattern by the flow-pattern map. Therefore, this
difference should be investigated in future research.

Through the test results, it can be verified that the
root cause of the irregular, refrigerant- induced noise
comes from the bubbles that have an intermittent-
flow pattern. Therefore, to avoid this kind of noise,
flow patterns in a region of two-phase flow should be
considered at the design step for avoiding the inter-
mittent-flow pattern.

If it is possible for intermittent flow in a pipe to ex-
ist, it should be avoided by increasing mass
flux through reducing diameter or increasing mass
flow rate in order that the flow pattern be annular
flow in a pipe.

5. Conclusion

From the theories of two-phase flow, including
bubble dynamics and experiments, the root causes of
the irregular, refrigerant-induced noise of the refrig-
erator can be identified as follows.

(1) The irregular, refrigerant-induced noise from the
refrigerator occurs at the region of two-phase flow
in an evaporator inlet pipe, especially a vertical
pipe.

(2) The frequency ranges of the refrigerant-induced
noise can be estimated by the resonance frequency
of bubbles, and they can be verified by experi-
ments with refrigerant-supplying equipment.

(3) When the flow pattern in an evaporator-inlet pipe
is intermittent flow, the irregular, refrigerant-
induced noise increases. However, when the flow
pattern is steady, e.g., annular or wavy, the irregu-
lar, refrigerant-induced noise should be reduced.

(4) To eliminate the irregular noise from the refriger-
ant, the cycle conditions, such as the mass velocity
and mass quality, should be considered so that an
intermittent-flow pattern can be avoided in the
evaporator inlet pipe.

In this research, several assumptions were applied
in order to find the relationship between the bubbles
from the 2-phase flow and refrigerant-induced noise.
These assumptions can reduce the accuracy of the
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results in this research. Therefore, they should be
studied more in the future.
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