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Abstract

It is well known that a refrigerant-induced noise is caused by two-phase flow in the indoor unit of a heat pump air-
conditioner. Especially when the flow pattern in a pipe is intermittent flow, the irregular noise occurs frequently. But it
is very difficult to avoid this kind of the noise for the application of air-conditioner. Therefore, in this research, the flow
patterns at two-phase flow state in a pipe of the indoor unit for the air-conditioner are researched using cycle simulator
at typical cycle conditions. In order to find the relationship between refrigerant-induced noise and flow pattern, the
noise patterns are investigated with respect to the estimated flow pattern from the various flow pattern maps. Base on
the estimations of the flow patterns by those maps, the refrigerant-induced noise is evaluated as decreasing tube diame-
ter, which can transit the flow pattern from slug to annular flow.
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1. Introduction

The refrigerant-induced noise from the indoor unit
of the air-conditioner is one of the serious noise prob-
lems when it is developed. Since the refrigerant-
induced noise varies according to the cycle conditions,
it takes many expense and time to reduce this kind of
noise. Moreover, because the noise level from the fan
is growing down at a low cooling or heating mode
recently, the contribution of the refrigerant-induced
noise to the overall noise is growing up. Therefore the
reduction of it is very urgent. Many of the researches
have been conducted in these day for reducing this
kind of noise.

Umeda'" dealt with the layout of the inlet and out-
let pipes of the electric expansion valve for avoiding
the slug-flow that produced the noise. He experimen-
tally verified that the flow pattern became slug when
the direction of flow of the refrigerant into the expan-
sion valve was vertical. Therefore, he suggested that
the pipe layout of the expansion valve inlet should be
laid horizontally. Hirakuni® dealt with the refriger-
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ant-induced noise of the refrigerator 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 addition of a dryer in front of
the capillary tube for reducing refrigerant-induced
noise. Since the dryer can separate the refrigerant into
liquid and vapor, the flow pattern can transform to
annular flow and the refrigerant-induced noise can
decrease. But the researches for basic mechanism of it
are not conducted sufficiently until now.

In this research, the producing mechanism of the
refrigerating noise is dealt with the theories of two-
phase flow and bubble dynamics. Based on these
theories, the variation of the flow patterns are inferred
with various flow pattern maps according to the varia-
tion of the mass flux by changing tube diameter. And
then, the variations of the refrigerant-induced noises
from the indoor unit of air-conditioner are evaluated
with cycle simulator.

2. The mechanism of the refrigerant-induced
noise

In the beginning state of the research for two-phase
flow, homogeneous flow model was used. Homoge-
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neous flow model is assumed that it is one phase flow
that liquid and gas are well mixed. But in theses day,
the separated flow model is widely used that can con-
sider the relative velocity between liquid and gas. The
governing equations of the separated flow model are
continuity equation, energy equation and momentum
equation as given in Egs. (1)-(3) respectively.
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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, E is the internal energy, u is the velocity, p is
the density, a is the void fraction(a=W,/W), x is the
vapor quality(x=4,/4), @ is the angle of the pipe, 4 is
the cross-sectional area of the pipe, F is the shear
stress on the pipe due to the friction, and subscripts f
and g denote liquid and gas, respectively.

Eq. (3) can be rewritten as given in Egs. (4)-(7)
separating the total pressure drop into the friction,
gravity and acceleration terms respectively.
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From Egs. (6)-(7), it can be estimated that the time
gradient of the pressure drop should be increased
when the flow pattern is intermittent flow such as slug
and plug flow when the average vapor quality is con-
stant. It is because that void fraction is changed as
time goes on (a= a(?)) when the slug and plug bubbles
go through a typical position of the pipe even though
the mass flow rate is constant in adiabatic condition.

However, the time gradient of the pressure drop
should be low when the flow patterns in a pipe are
annular and bubbly because the void fraction is con-
stant in a pipe.

Therefore, considering the time gradient of the
pressure drop according to the flow pattern of two-
phase flow, the refrigerant-induced noise should oc-
cur from the two-phase flow, especially when the
flow pattern is intermittent flow. And also it can be
estimated that the refrigerant-induced noise is in-
creased when the bubbles in a two-phase flow are
generated and destructed.

Related to the generation and destruction of the
bubbles, Strasburg®™ experimentally found that the
bubble noise occurred when the volume of the bubble
was changed. He suggested an equation for the bub-
ble behavior that was represented by the volume
terms, as shown in Eq. (8).
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Here, P, is the static pressure of the bubble at the
initial volume of the bubble (Vy), p.(?) is the instanta-
neous external pressure, R,is the initial diameter of
the bubble, V7 is the volume of the bubble, & is the
specific heat and R is the resistance coefficient that
varies in a complex manner with the bubble size and
frequency.

In a special case when the unsteady bubble goes
through the orifice or bending pipe, the irregular re-
frigerant-induced noise can occur more seriously
because of the volume- variations of the bubbles and
cavitation.

Therefore, in this research, the refrigerant- induced
noise is investigated experimently with producing
mechanism of the refrigerant-induced noise estimated
from theories of two-phase flow and bubble dynamics.
The two-phase flow conditions are generated by the
cycle simulator equipment and the patterns of the
bubbles are estimated by the flow pattern map.

3. Cycle simulator

In a multi-type air-conditioner for a building as
shown in Fig. 1, the pressure and temperature in the
indoor unit are controlled to keep the regulated value.
However, there are some cases where the refrigerant
cycle changes suddenly due to the operating condi-
tions of the indoor unit. In this case, the refrigerant-
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(b) Indoor units

Fig. 1. Multi-type air-conditioner.

induced noise occurs because the degree of sub-
cooling cannot be retained sufficiently at the inlet of
the EEV (Electric expansion valve) for the indoor
unit.

As commented at the previous section, it is well
known that a refrigerant-induced noise is caused by
the two-phase flow, especially when the flow pattern
is intermittent flow. However, it is very difficult to
evaluate the noise in these cases using an actual set at
a site or a laboratory.

Therefore, the cycle simulator equipment shown in
Fig. 2 was developed in order to control the cycle
conditions of the indoor unit. The pressure and the
flow rate could be adjusted by the compressor, con-
denser and EEV.

The most important purpose developing cycle
simulator is making the refrigerant to two-phase flow
state at a typical position of the indoor unit.

Because the heat exchanger of an indoor unit is
evaporator at the cooling mode, the water-cooling
part becomes condenser. The phase of the refriger-
ant becomes liquid state at the exit of the condenser
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Sub-Compressor

Condenser
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.
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Fig. 2. Cycle Simulator.

controlling its temperature same as the set-up value,
And then, it flows into the flow-meter which meas-
ures the mass flow rate of it. After then, it is heated
properly by the heater so that it becomes two-phase
state of the expected quality.

The thermodynamic cycle of the simulator at heat-
ing mode is opposite to that at the cooling mode. Be-
cause the refrigerant-induced noise at the heating
mode frequently occurred when the refrigerant was
become two-phase state at the exit of the indoor unit
unusually, the cycle simulator was designed to make
these conditions for the indoor unit.

When the refrigerant at the exit of the indoor unit is
two-phase, the flow rate cannot be measured. There-
fore the refrigerant is cooled by the sub-cooler once
and then, the flow rate is measured after the refriger-
ant becomes liquid. The evaporating pressure and the
super heat are regulated by the EEV. The refrigerant
flow rate is regulated by the operating frequency of
the compressor. However, because the vapor quality
at the exit of the indoor unit cannot be measure di-
rectly, the estimation method of the exit quality is
devised as followed.

The air flow rate of the indoor unit is measured ini-
tially and the heating capacity of the indoor unit is
calculated by the temperature difference between the
suction and the discharge of the air side. The enthalpy
of the refrigerant at the exit of the heat exchanger can
be known by means of the refrigerant flow rate as-
suming that the capacity calculated by the air-side
data is same as the capacity calculated by the refriger-
ant side. As a result, the vapor quality at the exit of
the indoor unit can be known without direct measur-
ing.

Since the vapor quality was measured from indirect
measuring in this research, some uncertainties could
exist compared to the real vapor quality.

With this cycle simulator, the noise test for the in-
door unit of the multi-type air-conditioner was per-
formed. The indoor unit was 4way cassette type and
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the temperature and humidity conditions in a test
room were heat overload condition according to the
ASHRAE standard(27 C, 25.1% RH) where the re-
frigerant-induced noise was most serious commonly.

4. Estimation of the flow pattern

In order to investigate the relationship between
two-phase flow and noise pattern, the flow pattern in
a pipe should be identified. For these estimations,
many of flow pattern maps are being developed until
now. Because of the effect of gravity, the flow pat-
terns are different as the pipe layout. Therefore, the
flow pattern maps are separated to the horizontal and
vertical pipes representatively. Even though the heat
exchanger of the indoor unit of the air-conditioner in
this research cannot be classified to horizontal or ver-
tical pipe exactly, it is assumed that the pipe layout is
consist of horizontal one only because the area of
horizontal flow is more than that of vertical flow at
the inlet and outlet of the heat exchanger. In fact, the
acceleration on the horizontal pipe is more than that
on the vertical one when the accelerations on the
pipes were measured.

Therefore, in this research, the flow patterns for the
two-phase flow are estimated with Baker map'®,
Hashizume map® and Titel- Duckler map® which
are representative flow pattern maps for the horizontal
flow. The estimated flow patterns from them will be
compared to the acoustic noise from the experiment
in the next section.

4.1 Baker 's flow pattern map

Baker map is one of the most popular flow pattern
maps. This map is used for condenser design, oil pipe
design and so on. Baker defined the flow patterns
with mass flux and modified coefficient as shown in

Eq. (9).
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Here, W is mass flow rate of the refrigerant, x is qual-
ity, 4 is cross sectional area of the tube, G, is mass
flux of the gas, Gy is mass flux of the liquid, p,, ps
Puaer are the density of the gas, liquid and water, u,,

©

s, Uy are the viscosity of the gas, liquid and water,
and o, o are the surface tension of the water
and liquid.

The indoor unit dealt in this research is operating
with R22 refrigerant at 1.88-2.1MPa pressure and 85-
110kg/hr mass flow rate at heat operating condition.
The flow pattern estimation by Baker map is as
shown in Fig. 3. In Fig. 3, the flow patterns are de-
picted for applying 6.35, 9.52 and 12.7mm pipes in
the condenser-outlet pipe respectively. Here, the di-
ameter is the outside one and the thickness is 0.7mm.
In Fig. 3, it can be known that the flow pattern of the
pipe is estimated to be a slug flow when the vapor
quality is 0.1-0.3 for 9.52mm pipe. When the pipe
diameter is increased to 12.7mm, it can be known that
the range having slug flow is increased. However, the
flow pattern is estimated to be annular flow at the all
of the range of vapor quality when the diameter of the
pipe is reduced to 6.35mm.

Through the estimation results from Baker map, it
is expected that the slug flow can be avoided by re-
ducing pipe diameter and the irregular noise can be
reduced simultaneously.
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Fig. 3. Flow pattern estimation with Baker map.
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4.2 Hashizume's flow pattern map

Hashizume made flow pattern map with R134a and
R22 refrigerant by experiment. This flow pattern map
followed Baker map basically. But Hashizume ap-
plied moditying property correction factor for liquid
term as shown in Eq. (10). This flow pattern map was
the first one which observed the refrigerant not air-
water.
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Fig. 4 shows the estimation results of the flow pat-
tern evaluated by Hashizume map in the same condi-
tions as section 4.1. In Fig.4, the flow pattern in a pipe
is slug flow when the vapor quality is under 0.15 for
9.52mm pipe.

However, the stug flow occurs only when the vapor
quality is very low(under 0.1). These results are dif-
ferent to those from Baker map. But it can be known
that the areas having slug flow according to the varia-
tion of vapor quality are reduced on the flow pattern
map when the diameter of the pipe is reduced.

W=

1000 ¢

——d = 6.35%mm
»dl = 9,52mm
100 -=d=12."mm
i ;
—_ //
e
» 10
<
.o
v
Bubbly
i A 1

"
10 100 LOG0 10060 100006
G, ¥ [hgm” 5]

(a) W=110kg/hr, p=1.88MPa

1000 ¢
——il = 6.3%mm
+-4l = 5.52mm
-=d=12.7mm
_ 100 ¢ Vi
=
» 10
N
Do
© o
Bubbly
0

10 100 1000 10000
G, ¥ [A’gm“ s ]

100000

(b) W=85ke/hr, p=2.1Mpa

Fig. 4. Flow pattern estimation with Hashizume map.

Through the estimation results from the Hashizume
map, it can be estimated that the slug flow and conse-
quent irregular noise should be reduced when the
diameter of the pipe is reduced.

4.3 Titel and Dukler's flow pattern map

Titel and Duckler suggested generalized flow pat-
tern map based on the two-phase flow theory consid-
ering the properties of the operating fluid and the
geometries of the pipe. The horizontal axis of this
flow pattern map is martinelli parameter as shown in
Egs. (11) and (12), and the vertical axis is froud
number as shown in Eq. (13). If the flow pattern is
estimated to be wavy or separated flow, it is subdi-
vided to wavy and separated flow by variable K as
given in Eq. (14). And if the flow pattern is intermit-
tent or bubbly flow, it is subdivided to bubbly and
intermittent flow by variable T as given in Eq. (15).

172 0875 0.5 0.125
x|l | (1_):) P (A
(dp/dz), x Py i,

1y
[gg’]:gﬁTG (12)
i ’ . 16
if Re<2000- Laminar: f=—
Re
if Re>2000 - Turbulant : /:&1749
Re"
[Re:G_dj
u
G
Fr= 2 _ (13)
[px(pr _Pg)'d'g]
1/2
G, -d
K=pr|= (14)
H,
d /d 172
p| lerao) | s
g, —-p,)

Here, X denotes Matinelli parameter, Fr denotes
Froud number, Re is Reinold number, f is friction
factor, (dp/dz)yis the frictional pressure gradient if the
liquid in two-phase flow is flowing alone in a tube,
(dp/dz), is the frictional pressure gradient if the gas in
two-phase flow is flowing alone in a tube, d is tube
diameter and g is acceleration due to gravity.
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Fig. 5. Flow pattern estimation with Titel and Dukler map.

Fig. 5 is the estimation results of the flow pattern
evaluated by Titel and Duckler map in the same con-
ditions as section 4.1. However, the estimations of
flow patterns are different from those of Baker and
Hashizume map. It can be estimated that the flow
pattern in a pipe is not varied even though the diame-
ter of the pipe is varied. Consequently, it is estimated
from the Titel and Duckler map that the refrigerant-
induced noise from the flow pattern is not varied as
the variation of the pipe diameter.

After reviewing the estimations of the flow patterns
with various flow pattern maps, it can be known that
the irregular refrigerant-induced noise can be reduced
by reducing pipe diameter from the Baker and Hashi-
zume flow pattern map. However, it can be estimated
by Titel and Duckler flow pattern map that the irregu-
lar refrigerant-induced noise is almost same even
though the pipe diameter is reduced.

The noise estimation by the flow pattern map had
some uncertainties because the estimations of flow
patterns with various flow pattern maps are a little
different to one another. In order to overcome these
uncertainties for estimating refrigerant-induced noise
with flow pattern map, more studies are necessary in
the future.

In order to compare the noise pattern and the esti-
mations of the above flow pattern maps, the noise test
was performed using cycle simulator at cycle condi-
tions where the flow patterns are estimated.

5. Experimental verification

In order to investigate the noise pattern estimated
from various flow pattern maps in previous section,
the noise test was performed for the indoor unit of air-
conditioner which the condenser-outlet pipe was 9.52
and 6.35mm respectively as shown in Fig. 6.

Table 1 is the measured sound pressure level of the
indoor unit. The sound pressure levels in Table 1
include the refrigerant-induced noise as well as fan
noise. Through removing fan noise from the overall
sound pressure level from Eq. (16), the refrigerant-
induced noise can be calculated.

o Ir
Ly =10log(1010 —1010) (16)

Here, L is refrigerant-induced noise(dB), Ly is over-
all sound pressure level(dB), Ly is fan noise(dB).
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Fig. 6. Schematic diagram of the condenser-outlet pipe.

Table 2 shows the calculated sound pressure level
of the refrigerant from Eq. (16). From Tables 1-2, it
can be found that the overall sound pressure level is
reduced about 0.7-1.3dB and the refrigerant-induced
noise is reduced about 2.3-5.6dB when the diameter
of the pipe is reduced from 9.52 to 6.35mm.

Figs. 7(a) is the narrow band spectrum of the sound
pressure level according to the variation of the diame-
ter for the condenser-outlet pipe.

However, because the frequency of the refrigerant-
induced noise is broadband, it is difficult to identify
where the noise reduces or increases in the measuring
frequency range. Therefore, 1/3 octave band spectrum
is shown in Fig. 7(b) additionally. In Fig 7(b), it can
be found that the noise from 1.25kHz to 5kHz is re-
duced dominantly when the diameter of the pipe is
changed from 9.52 to 6.35mm.

The frequency characteristics as above can be ex-
plained with the resonance frequency of the bubble
suggested by Minnaert'” as given in Eq. (17)

R S

=227\, (a7

Here, R, is the radius of a bubble, £, is the natural
frequency of a bubble, £ is the ratio of specific heat at
constant pressure to constant volume and p is the
hydrostatic pressure of surrounding liquid.

Table 1. Total sound pressure level.

Pressure Mass flow| Jotal sound pressure level [dBA]
[Mpa] rate ¢ =9.52mm ¢ =6.35mm
[ke/hr] | 5 phase | 1-Phase | 2-Phase | 1-Phase
1.88 110 384 36.1 37.7 36.3
2.1 85 382 36.7 36.9 36.6

Table 2. Calculated sound pressure level for the refrigerant.

Estimated sound pressure level for the
Pressure Mass flow refrigerant [dBA]
E(\gfﬂ'-;]] rate ¢ =9.52mm ¢ =6.35mm
2-Phase |1-Phase| 2-Phase |1-Phase
1.88 110 347 19.7 324 199
2.1 85 342 284 28.6 26.0
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Fig. 7. Noise spectrum of the sound pressure level.

Eq. (17) can be derived with Eq. (8) in section 2
when the resistance coefficient is neglected and the
volume is assumed to oscillate as given in Eq. (18).

V =V, + asin(wt) (18)

Here, V is the volume of the bubble, ¥, is the initial
volume of the bubble, a is the amplitude of oscillation,
w is the angular frequency and ¢ is the time. If the
bubble is non-spherical, R, is the taken as the radius
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of a sphere having same volume.

Assuming the increment of the noise from 1.25kHz
to SkHz for the pipe with 9.52mm diameter is come
from the resonance of the bubble, the bubble
size(radius) can be estimated to be in the range of 3.1-
12.5mm when the pressure, density of liquid and the

ratio of specific heat are 2.1Mpa, 1065kg/m’ and 1.63
respectively. Because the size of slug bubble is gener-
ally larger than a number of times of the inner diame-
ter of the pipe, it can be estimated that the bubbles in
a pipe are slug bubbles accounting for the calculated
radius of them. Therefore it can be verified that the
noise increment in the frequency range from 1.25kHz
to SkHz should be come from the slug bubbles.

Consequently, when the results of the noise test are
compared to the estimations of the various flow pat-
tern maps, it can be verified that the estimation of the
flow pattern from Baker and Hashizume flow pattern
maps are well accordance with the noise test results.
But the estimation of flow pattern from the Titel and
Duckler map would not suitable for the estimation of
the irregular refrigerant -induced noise of air-
conditioner. Even though Baker’s map is well known
that it is not well accordance with the real flow pat-
tern of the refrigerant from the previous works, it is
well accordance with noise pattern in this research.
Since the identification of the flow pattern is relied on
the visualization, the estimation of the flow pattern

could be some difference to the acoustic point of view.

Because of these reasons, it cannot be declared that
Baker’s map is not proper to estimate the noise from
2-phase flow bubbles due to the results of the previ-
ous works. These vagueness will be studied more
detail in the future.

6. Conclusion

By developing the cycle simulator, the noise from
the refrigerant is measured at typical cycle conditions
continuously. And also, the comparisons between the
acoustic noise and flow pattern are conducted with
the noise test and the estimations of the flow patterns
by various flow pattern maps.

Through these results, the following conclusions
can be obtained.

(1) The refrigerant induced noise of the indoor unit in
heat operating condition comes from the slug bub

bles in the condenser-outlet pipe.

(2) The noise pattern for the indoor unit in this re-
search is well in accordance with the estimating
flow patterns, which estimated by Baker and
Hashizume map

(3) The relationship between noise and flow pattern
cannot be found with Titel and Duckler flow pat-
tern map in this research

In this research, the producing mechanism of the ir-
regular refrigerant-induced noise mechanism could be
identified with two-phase flow and bubble dynamic
theories and suggested the relationship between the
noise and flow pattern with the estimations of the
flow pattern map. The results in this research are ex-
pected to be helpful for reducing refrigerant-induced
noise for the air- conditioner.
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