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Summary 

In order to improve the performance of a heat pump system, this research has focused 
on the improvement of the thermal performance of an evaporator. In particular, the 
gas-liquid flow distributions in multi-pass channels that simulate a compact evaporator 
which is currently used for an automobile air-conditioning system and soon will be 
introduced to other heat pump appliances has been examined experimentally. In this 
research, the study was divided into two parts. 

1. Study on two-phase flow distribution behavior of air-water flow in a 
multi-pass channel 

In this study, the influences of several parameters on the two-phase flow distributions in 
the multi-pass channel have been investigated in an isothermal air-water flow system. 
The test channel has a horizontal header with a square cross section of 20mm × 20mm 
and a length of 255mm, and ten upward branches with a length of 200mm were 
connected to it. The superficial air velocity jG and superficial water velocity jW at the 
entrance of the header are determine based on the quality and mass flow rate of the 
refrigerant encountered in a real evaporator. In this study, jG and jW are set equal to the 
superficial velocities of vapor and liquid of the refrigerant flow (R-134a) in a real 
evaporator of a automobile air-conditioner, and they are 1.0 - 5.0 m/s and 0.015 - 0.045 
m/s, respectively. These velocity conditions correspond to the range of quality x = 0.2 - 
0.7 and mass flow rate M = 40 - 160 kg/h in R-134a refrigerant flow in a real 
evaporator. 

Special attention was directed to influences of (i) flow-inlet condition at the header 
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entrance (stratified-flow inlet and mist-flow inlet), (ii) pressure condition at the branch 
outlets (uniform backpressure and non-uniform backpressure), (iii) pressure-loss 
characteristics of branches (flat tubes and multi-port tubes) on the gas-liquid distribution 
characteristics. Based on the results of the experiments, he most influenced parameter to 
the flow distribution uniformity is determined by using the design of experiment 
method. In addition to the gas-liquid distributions to branches, the pressure distributions 
in the headers are measured to make clear the pressure condition in a real evaporator. 

It has been found that the outlet pressure condition of branches exerts great 
influence on the gas-liquid distributions to branches in the channel with flat tube 
branches, but it has only minor influence in the channel with multi-port tube branches. 
The flow-inlet condition at the header entrance has significant influence on the 
gas-liquid distribution, and the uniformity of the liquid distribution to branches is 
improved under the mist-flow inlet condition. The pressure in the headers shows 
uniform distributions in the stream-wise direction, suggesting that the uniform 
backpressure condition at the branch outlets is appropriate for reproducing the flow in 
a real compact evaporator with multi-pass channels. The flow distribution uniformity 
of gas phase is influenced mostly by superficial air velocity, and the flow distribution 
uniformity of liquid phase is mostly influence by 2-way interaction of parameters 
which are the flow-inlet condition at the header entrance and the superficial air 
velocity. 

2. Study on similarity of two-phase flow distribution behaviors of real 
refrigerant (R-134a) flow and air-water flow in a multi-pass 
channel 

As a next stage of the study, an experimental study was conducted on the gas-liquid 
two-phase flow distributions in the multi-pass channel that simulated a compact 
evaporator in a heat pump system.  Attention was directed to the similarity between the 
refrigerant (R-134a) flow and the air-water flow in upward and continue with downward 
channel. This to confirm the result on similarity of real refrigerant with air-water flow 
distribution behavior in upward multi-pass channel is significance in other orientation of 
multi-pass channel, i.e., in this study shall be the downward multi-pass channel. The 
body of the test channel was made of transparent PVC to allow the optical access, and 
the multiport aluminum tubes were used as branches.  The horizontal dividing and 
combining headers with cross sections of 20mm x 20mm were connected by 22 
branches with cross sections of 20mm x 2mm, lengths of 120 mm and pitches of 12mm. 
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At first, concentrate on multi-pass upward channel, the refrigerant two-phase flow 
was visualized to clarify the flow characteristics in the headers.  Then, using exactly 
the same test channel, the air-water flow in the headers was observed under following 
four air and water velocity conditions at the dividing header entrance to seek the 
similarity with the flow pattern of the refrigerant flow: (ⅰ) superficial gas and liquid 
velocities equal to those of the refrigerant flow, (ⅱ) equal kinetic energies, (ⅲ) equal 
quality and mass flow rate, (ⅳ) equal Baker's flow pattern map parameters.  From a 
comparison of the flow patterns in the dividing header, it was found that the air-water 
flow under the inlet conditions of the equal kinetic energies and equal Baker's flow 
pattern map parameters could simulate the refrigerant flow quite closely. Then, based on 
this result, the air and water distribution ratios in the branches were measured under 
these two conditions to examine the influence of the flow inlet conditions on the flow 
distribution characteristics.  A close comparison of the air-water distributions and 
refrigerant flow in the combining header revealed that the inlet condition of equal 
Baker's flow pattern map parameters gave better results than the equal kinetic energy 
condition. 

Secondly, using the same research flow and same testing apparatus and method, the 
multi-pass downward channel was examined. From a comparison of the flow patterns in 
the dividing header, it was found that the air-water flow under the inlet conditions of the 
equal kinetic energies and equal superficial velocities of gas and liquid phase of real 
refrigerant could simulate the refrigerant flow quite closely. Then, based on this result, 
the air and water distribution ratios in the branches were measured under all four 
conditions to examine the influence of the flow inlet conditions on the flow distribution 
characteristics.  A close comparison of the air-water distributions and refrigerant flow 
in the combining header revealed that the inlet condition of superficial velocities of gas 
and liquid phase of real refrigerant gave better results than the equal kinetic energy 
condition. 

Thirdly, to confirm the result in downward test channel, the inlet pipe has been 
swaged at the end of it to be a smaller inner diameter, i.e., 1.5mm, as a new parameter 
for further study on this flow distribution behavior similarities between real refrigerant 
and air-water flow. Also as a counter measure to improve the flow distribution 
uniformity. From the result of comparing the qualitative result of real refrigerant visual 
observation and air-water flow distribution ratio measurement, it was found that the 
inlet condition of air-water flow that equal to superficial velocities of those in real 
refrigerant are the one that could simulated the real refrigerant flow distribution 
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behavior in multi-pass downward channel. 

However, to fit both upward and downward oriented multi-pass channel flow 
distribution of liquid phase flow simultaneously, it is better and safer to use the inlet 
condition that equal to kinetic energies of real refrigerant. Thus, these studies and new 
conclusions are able to make the development of new compact evaporators with higher 
thermal performance, more efficient and faster. 
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λ Dimensionless correction factors [-] 

µ Viscosity [µPa·s] 

ρ Density [kg/m3] 

σ Liquid phase surface tension [mN/m], [kg.s-2] 

σ Standard deviation of flow distribution ratios [-] 

ψ Dimensionless correction factors [-] 
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Chapter 1 

Introduction 

1.1 Background 

The aim of this research is to improve the COP of a heat pump system of appliances that 
used a huge amount of electric energy, technically by study the two phase flow 
distribution behavior of a multi-flow type compact evaporator. This improvement is 
important to the development of human kind through the entire world. 

Mainly to improve the global warming problem and energy depletion by reducing the 
usage of electric energy and indirectly reduced the releasing amount of carbon dioxide 
from the fossil fuel power plant and also from automobiles. Global warming, which is a 
continuing temperature increment of earth's atmosphere and oceans. Atmospheric 
carbon dioxide increased from 280 to 300 parts per million in 1880 to 335 to 340 ppm 
in 1980, mainly, cause by increased concentrations of greenhouse gases in the 
atmosphere, resulting from human activities such as deforestation and burning of fossil 
fuels as reported by Hansen J. et al. (1981). Also mentioned, the global temperature rose 
by 0.2 ˚C between middle 1960’s and 1980, yielding a warming of 0.4 ˚C in past century. 
This temperature increase is consistent with the calculated greenhouse effect due to 
measured increases of atmospheric carbon dioxide. The updated report on global 
warming by Hansen J. et al. (2010), mentioned that the rate of warming has not declined. 
Global temperature is rising as fast in the past decade as in the prior 2 decades, despite  
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Fig. 1.1 Copper and Aluminum raw material market price trend from January 2002 until 
September 2011; recent report from London Metal Exchange (LME) 

year-to-year fluctuations associated with the El Nino-La Nina cycle of tropical ocean 
temperature. The greenhouse effect is the process by which absorption and emission of 
infrared radiation by gases in the atmosphere warm a planet's lower atmosphere and 
surface. These unforgiving phenomena that created by human kind themselves have to 
be improved in any kind of way. Thus ours shall be as written onward. 

This research also important to the heat pump appliances manufacturer as their main 
raw material for manufacturing the appliances is copper, while this compact evaporator 
is made from aluminum. It has been a nightmare for company that manufactured this 
heat pump system such as room air conditioner since early 2004 due to the drastic 
increasing of copper price. Copper, one of the main raw materials for producing a heat 
pump machine which occupied almost 30% of an ordinary room air conditioner, due to 
its thermodynamic properties that has a good heat transfer and electric conductance 
compare to other material as with its considerable price. Thus as in Fig. 1.1 this raw 
material price as recently reported by London Metal Exchange (LME) incline 
drastically in early 2004 and become unstable since then. This events makes the finding 
of other optional raw material to replace copper becomes important. Other than 
compressor, fan motor rotor coil and piping, the heat exchangers are the one that made 
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by huge amount of copper. To change the usage of heat exchanger that made from 
copper hairpin and aluminum fin to a aluminum cooling coil as in automobiles air 
conditioner system are not an easy task. An accurate confirmation on the performances 
and a study of a new compact evaporator with high efficiency has to be ensured due to a 
huge cost upon changing the production of the heat exchanger. The fix asset cost for 
new machinery on casting the aluminum coil has to be covered by the efficiency 
improvement of new evaporator concept. 

Even, recent devastating disaster that cause a holocaust in east Japan, implore for a 
drastic improvement of electric energy economically usage. Thus, one of electrical 
appliances that used a huge amount of energy is the one which using a heat pump or 
cooling system, e.g., refrigerator, car and room air conditioner. Therefore, improvement 
on energy efficiency of a heat pump system becomes a serious issue. 

1.2 Objectives 

This research shall focus on the improvement of the heat exchanger, i.e., the compact 
evaporator, one of the main devices in the heat pump system. However a perfect 
multiple flow type evaporator, i.e., a compact evaporator with a set of dividing and 
combining headers with multiple parallel branches attached, that has a perfect balance 
of gas-liquid phase flow distribution is yet to be completely discovered and understood. 
This kind of evaporator, mainly the liquid phase flow mal-distribution at dividing 
header to the multiple branches occurred and creates an uneven temperature distribution 
on this evaporator surface. Thus makes the efficiency of evaporator dropped. Therefore, 
literature study in engineering field on behavior of gas liquid two phase flow focusing 
on flow distribution in multi-pass channel is become important. A great number of 
studies have been done due to this reason. Thus, the mechanism of two phase flow 
distribution in multi-pass channel is much complicated. Also, the flow distribution 
behavior reacts with many parameters in a complicated manner, makes the uniform 
distribution universal modus operandi difficult to accomplish, understand and simplify. 

In this study, there are a few development stages divided.  
① The first stage is the study on behavior of air-water flow distribution in upward 

multi-pass channel, concentrate on the following influences. 
1) Inlet flow pattern 
2) Superficial velocity of air and water 
3) Backpressure condition 
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4) Pressure loss 

② The second stage shall be the analysis of the uniformity of air and water flow 
distribution measurement result in the test channel. By calculate the standard 
deviation value of each testing data, a standard deviation value at each test 
condition can be plotted and reviewed. Also, the analysis shall continue further by 
using the DOE method, i.e., design of experiment, or the analysis of variance as in 
mathematic statistical study, the most influenced parameters and its combination to 
the flow distribution uniformity of each phase can be known. 

③ The third stage is the measurement on pressure distribution along dividing and 
combining header of the test channel, i.e., the 10 branches upward multi- flow test 
channel that simulated from a compact evaporator. This experimental study is 
important upon confirming the backpressure condition of the test channel. Due to 
the result of flow distribution ratio of gas and liquid are much depending on this 
backpressure condition when the pressure loss is in a small value. 

④ The forth stage is the visual observation of real refrigerant inside the test channel 
with 22 branches simulated from a multi-flow type evaporator. In this stage a 
different transparent test channel with 22 branches made from PVC has been used. 
A few arrangements on the orientation of the test channel for a few kind of 
refrigerant flow has been made and visualized, i.e. upward, downward, horizontal 
and lying leveled flow. With a few header inlet condition of quality x and mass flow 
M that simulate from a real usage of a heat pump appliances, a visual test has been 
done and studied. The test channel orientation with the flow in upward condition 
has been chosen as the first one to get further investigation. 

⑤ The fifth stage is the visual observation of air-water two phase flow distribution 
using the same test channel as in stage 4. By set a few inlet condition of superficial 
velocity of air and water that has been chosen to be similar in a thinkable manner of 
behavior to the real refrigerant flow. Then, a comparison with the visual 
observation data, i.e., the motion picture, of real refrigerant flow distribution. The 
most identical test condition data shall be selected for further investigation. Noted, 
only qualitative judgments are required at this stage as an initial result for visual 
confirmation. 

⑥ The sixth stage, a flow distribution ratio of real refrigerant quantitatively needed to 
be confirmed. To measure the flow distribution of real refrigerant directly is 
basically difficult. So, in this research we measure the flow distribution to each 
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branch by using the air-water flow to simulate the real refrigerant. Same as in stage 
5, with a few similarities condition consideration, 4 inlet condition of air and water 
superficial velocity has been decided to simulate the flow inlet condition of real 
refrigerant. Upon doing this study, a few findings has been acknowledge and 
reported. 

⑦ This research continues, focusing on flow distribution behavior study on flow 
distribution in downward flow in the same test channel. At this stage also, a various 
inlet pipe that the end of it were swaged to a smaller diameter were used to study 
the flow distribution behavior at high superficial velocity at header entrance. As 
previous stage, a synchronization of flow distribution in a simulated test channel 
with air and water were done to get the qualitative and quantitative data of flow 
distribution ratio of gas and liquid phase of real refrigerant. At the same time, a 
study on which inlet condition of superficial velocity of air and water that suitable 
for synchronization with real refrigerant flow inside the test channel can be 
indentify. 

1.3 Synopsis of the thesis 

Started with the introduction stretching the importance of the research, continue with 
chapter 2, the literature review. Firstly, a literature reviews on heat pump system and the 
coefficient of performance of the system. After that, review on previous studies 
improving the heat pump system efficiency performance through the years. Then 
continue with the compact evaporator development by a company but unfortunately 
have a mal-distribution problem that cannot be understand clearly by engineering point 
of view. Then, a literature reviews on flow pattern transition in two-phase gas liquid 
flows. Continue with a study from some journals that focusing on mal-distribution of 
two phase flow in multi-pass channel. Then a review of some other researcher that study 
and contribute much to this study on two phase flow distribution in a multi-pass 
evaporators, directly with the real refrigerant and simulation with air and water. 

Chapter 3 shall cover the experimental method, apparatus details and setup. 
Explanation on the test channel detail dimensions, testing method on air-water flow 
distribution ratio measurement in two backpressure conditions. Also, the visual testing 
apparatus of real refrigerant in test channel that simulate from multi flow type 
evaporator. Continue with the air-water flow visual test apparatus details. 
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Chapter 4 shall explain on experimental results and findings, which divided into 2 
segments, the experimental result of the study on parameters that influence the flow 
distribution, which using the test channel with 10 branches. The explanation shall begin 
with the test condition, i.e. the superficial velocity of air and water, or the quality x and 
mass flow rate M of the real refrigerant at the header entrance. Continue with the second 
segment, study on the similarity of real refrigerant and air-water two phase flow 
distribution behavior which discussing the visual observations and flow distributions 
ratio measurement results and some initial conclusions. 

Chapter 5 shall conclude the research overall result and findings of this thesis. In this 
chapter, some breakthrough upon analyzing the experimental result that has been 
written and published earlier shall be explain. The first one shall be the pressure 
distribution along the dividing and combining headers. Then, the analysis of variances 
or parameters by design of experiment method to find the most significant parameters 
that contributes to the uniformity of flow distribution ratio of air and water. Also, 
pressure loss between headers influences to the flow distributions behavior. Then, the 
conclusion on the most significant inlet condition of air and water that can simulate the 
behavior of real refrigerant flow distribution inside a multi flow type evaporator. The 
synchronization of real refrigerant R-134a with air-water shall be confirmed upon 
knowing the test channel headers and branches orientation that determine the flow route 
of the substance inside the test channel. 
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Chapter 2 

Literature Review 

2.1 Chapter overview 

This chapter reviews some of the previous work on improving the efficiency of the 
performance of a heat pump system, which concentrates on improving the efficiency of 
its main devices, e.g., compressor, evaporator’s heat transfer area and a development of 
compact evaporators with multiple branches. 

An explanation on occurrence of mal-distribution of gas and liquid phase flow inside 
evaporators shall be address, continue with the study on flow pattern transition in 
two-phase gas liquid flows. Then, a review on other researchers reports on the study of 
two phase flow distribution behavior in a multi-pass channel. 

2.2 Heat pump system coefficiency of performance 

2.2.1 Heat pump system 

Heat is the energy of the molecular movement and every substance without reference to 
gas, liquid and solid consists of the moving molecules. Substance phase or state usually 
has 3 stages. Each state change known as: (1) Evaporation, the state change from liquid 
to vapor, e.g., alcohol evaporation. The opposite of it shall be the condensation. (2) 
Fusion, the state change from solid to liquid, e.g., ice fusion. The opposite of it shall be  
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Fig. 2.1 Sample of an ordinary heat pump system refrigerant cycle of a room air 
conditioner 

the solidification. (3) Sublimation, the state change from solid to vapor, e.g., carbon 
dioxide solid to gas. Heat can be classified as two categories, which are sensible and 
latent heat. Sensible heat is the heat used for changing the substance temperature and 
latent heat is the heat used for changing the substance state. 

Heat pump is a system commonly use for appliances with two main objective, to 
generate cooling and heating. Generally define as a machine that control the 
temperature, humidity, air circulation and purity of one closed space, e.g., car and room 
air conditioner, also temperature control in can drinks vending machine compartment. 

This heat pump system consists of the compressor, condenser, expansion device i.e., 
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capillary tubes or expansion valve, evaporator and reversing valve as its main devices. A 
fixed amount of refrigerant is charged inside the system and the refrigerant shall flows 
circulate the system while changing the phase from gas to liquid and vice versa 
repeatedly, releasing and gaining heat energy from surroundings. Fig. 2.1 is a typical 
example of an ordinary of a heat pump system for ordinary room air conditioner. 

Compressor: the compressor sucks in the refrigerant gas which has been evaporated 
by the evaporator. This refrigerant is then compressed to the high pressure and high 
temperature gas phase refrigerant in which it can be easily liquefied by the use of 
coolant water or air circulation at low temperature at condenser. 

Condenser (changes the refrigerant from liquid to gas): the gaseous refrigerant which 
comes out of the compressor at high temperature and high pressure now enters the 
condenser where it is heat exchanged by coolant water or air circulation at low 
temperature. The heat removed from the refrigerant here is called “Condensed latent 
heat”. 

Expansion device, i.e., capillary tube or Expansion valve, (places the liquid 
refrigerant in an easily vaporizable state in a low temperature): this device is important 
for decreasing the pressure and temperature of the liquid refrigerant, makes it to be in a 
state of easy evaporation before it enters the evaporator. Also, at the same time it also 
controls the amount of liquid phase refrigerant flow of the system. 

Evaporator (changes the refrigerant state from liquid to gas by absorption of heat 
energy from air circulation): the liquid refrigerant in the evaporator removes the heat 
required by evaporation (Evaporation latent heat) from the air circulation at the 
evaporator and turns into a gas phase. The air that had the heat removed from it is 
cooled and has it water dehumidified. A fan circulates the air throughout the room to 
maintain the room air at the thermostat optimum temperature. 

Reversing Valve (controlling the heat pump system running the cooling or heating 
mode): mainly controlled by electromagnetic switch, manage the refrigerant flow from 
compressor to be directed to evaporator for heating or to the condenser for cooling 
mode. Simultaneously, maintaining the refrigerant flow in and out of the compressor at 
the same route at all time. 

When the compressor operates in an actual heat pump refrigerating cycle, the 
refrigerant flow constantly through the above first four actions in the heat pump unit 
and remove the heat from one closed space to the other side of it or generally to the  
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Fig. 2.2 Mollier diagram 

outdoor side. Meanwhile, the reversing valve shall control the system to generate a 
cooling or heating mode to the closed space or to the room. 

2.2.2 Coefficient of performance (COP) 

The heat pump system basically works with the concept of Mollier diagram. Each four 
main devices of the system can be shown as four main line in the diagram. This Mollier 
diagram consists of the abscissa that shows the enthalpy i differential and the ordinate 
that shows the absolute pressure P of the refrigerant. Generally, it is used for 
investigation of refrigerant state or phase change in the heat pump system and for 
calculation to determine the specifications of the system reliability such as the cooling 
or heating capacity and also the system COP. 

As in Fig. 2.2, the Mollier diagram also shows all the necessary thermodynamic 
properties of the refrigerant at a range of pressure and temperature of the refrigerant in  
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Fig. 2.3 Refrigerant cycle of a typical cooling mode illustrate in a Mollier diagram 

the heat pump system. The thermodynamic properties are enthalpy, entropy, specific 
volume and quality x, i.e., gas phase dryness in weight fraction. Noted, those values are 
constant at along each property line as in the Fig. 2.2. 

In a heat pump system study, the refrigerant thermodynamic property at each main 
point of the refrigerant flow inside the system can be known by plotting the pressure 
and temperature value of each main point of the system. As in Fig. 2.3, a refrigerant 
flow of a heat pump system with cooling mode is shown by four line connected to each 
other from the main point showing a circulation inside the system. 

Each point numbered in a circle in Fig. 2.3 has it own explanation of it 
thermodynamic properties and its state or phase of the fluid. 

① : Refrigerant at exit of an evaporator, theoretically in gas phase. Evaporation 
temperature is t4˚C and temperature at exit of the evaporator is t1˚C so the vapor 
is super heated by (t1–t4)˚C. 

②’: Refrigerant at entrance of compressor. Refrigerant is heated along piping from 
exit of the evaporator to the compressor and again heated by high temperature in 
the compressor. Shown by ①-②’, even if the temperature of the refrigerant at 
exit of the evaporator is as low as t1˚C, its temperature rises to t2’˚C at the 
suction valve of the compressor. 
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② : Refrigerant at delivery valve of the compressor, i.e. the compressor exit, after it 
is compressed by the compressor. If there is no heat exchange between ②’ and 
②, the temperature changes from t2’˚C to t2˚C along a constant entropy line, i.e., 
isentropic. The compression rate shall be P2/P2’. 

③’: The refrigerant enter the condenser at ② and its heat radiates (releases) to the 
surroundings mainly condenser. So its temperature drops from t2˚C to t3’˚C 
(③”). The heat radiates further and the refrigerant phase changes from vapor to 
the two phase flow of vapor and liquid. It becomes saturated liquid, i.e., quality 
x = 0, at ③’. 

③ : Heat of the vapor which is liquefied entirely at ③’ radiates (release) further and 
the liquid changes from the liquid of t3’˚C to the super cooled liquid of t3˚C. 
Then it enters the capillary tube. The refrigerant super cooled by (t3’-t3)˚C. 

④ : The refrigerant state at exit of the capillary tube. Its temperature is t4˚C and the 
quality x is x4. The refrigerant returns to ① again, when the refrigerant is 
heated, i.e., gained heat energy from surrounding of the evaporator and its 
enthalpy increases. 

Further study on the Mollier diagram in Fig. 2.3, a lot more information can be 
acknowledge about a designed heat pump system. Thus the cooling or refrigerating 
capacity of the system can be calculate as in formula below. 

GiiQ )( 41 −=        (2.1) 

Q : Refrigerating capacity (kJ/hr) 
G : Mass flow rate (kg/hr) or M 

Where 

s

TH
v v
VG η=        (2.2) 

ηv : Volumetric efficiency of the compressor (m3/hr) 
VTH : Theoretical exhaust volume of compressor (m3/hr) 
vs : Specific volume of refrigerant at compressor inlet or    

  suction, i.e., point ②’ in Fig. 2.3 

mTH NVV η××=       (2.3) 
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V : Compressor displacement volume (m3/rev) 
N : Compressor motor revolution (rpm) 
ηm : Compressor motor efficiency 

The coefficient of performance (COP) of the heat pump system of Fig. 2.3 shall be as 
follows. 

12

2

TT
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=   or  
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Q

     (2.4) 

Where 
T1 : Condensing temperature of refrigerant in the condenser (˚K),  

  i.e., t3’˚K in Fig. 2.3 
T2 : Evaporation temperature in the evaporator (˚K), i.e. t4˚K in Fig. 2.3 
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WTH : Theoretical compressor power consumption 
ηad : Adiabatic efficiency 

From Fig. 2.3, 
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Understanding the magnitude of each point of thermodynamic properties in Mollier 
diagram and the formula of COP from it, shows that the main item that contribute most 
to the COP of the system are the adiabatic, motor and volumetric efficiency or the 
compressor. Makes the improvement on COP of a heat pump system should be focus on 
the compressor, thus through the years a lot of improvement has been done and further 
improvement shall be also focus on other devices efficiency such as the heat exchanger. 
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2.3 Review on heat pump system appliances high efficiency 
improvements 

In this section, a review on the pass improvement of the heat pump system efficiency is 
presented. The big step on improvement of compressor was the inverter driven 
technology. Besides the compressor, other important step of improvement of other 
devices through the years also shall be reviewed onward. 

Ito M. et al. (1977) reported on the development of high efficiency heat exchanger for 
ordinary room air conditioner with concentration on (1) Slit fins with high heat transfer 
coefficient, (2) Surface-treated fins with a small pressure drop of air in a wet condition, 
and (3) an internal-spirally-grooved tube with a high heat transfer performance. The slit 
fin comparing with the either plain or wavy fins shows approximately 35% higher heat 
transfer coefficient. While the surface treatment of fin made it hydrophilic and washed 
off the dew that formed on it. The desired hydrophilic property was achieved in rough 
surface fins provided with fine bumps of about 20µ on surface. Reported also the 
pressure drop of air flow in wet condition is approximately 30% smaller compare with 
the ordinary smooth and rough surface fins. Also a development of spirally grooved 
hairpin pipe that increase the boiling heat transfer coefficient 1.5 to 2 times higher than 
ordinary smooth inner surface of hairpin pipe tube without increasing the pressure drop 
value of the refrigerant cycle of the heat pump system. 

Arai A. et al. (1981) reported a development of high efficiency reciprocating 
compressor and heat exchangers for small room air conditioner, i.e., with compressor 
capacities of 2.2 kW, 3.0 kW and 3.75 kW. This series of room air conditioner features 
high EER (energy efficiency ratio) with smaller depth of indoor units. Cooling EER 
values of the air conditioners increased from 2.55 to 2.72 for cooling type and from 2.53 
to 2.70 for the heat pump type. The electric power consumptions have been reduced by 
about 20% as compared with conventional units. The compressor was developed by 
concentration on the improvement of volumetric and motor efficiency factors. While the 
heat exchanger improvement was divided into two section. Improvement of the air side 
heat transfer and the improvement of the refrigerant side heat transfer. The air side heat 
transfer was improved by concentrated on the development of new aluminum fin called 
super slit fin, and the improvement of the refrigerant side heat transfer was focusing on 
the inner grove of copper hairpin pipe development. 
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Tatsumi A. et al. (1982) reported on details of application of copper pipe tubes with 
inner groove which the trade name in Japan is “Thermo-fin Tube” and a special 
aluminum fin which very high in performance to air conditioner. This developed 
thermo-fin tube improved the heat transfer coefficient for boiling and condensation of a 
refrigerant inside the tube 1.6 to 2 times higher than the plain hairpin tube, while 
keeping the refrigerant pressure loss at the same level. The special aluminum fin has 
many small, upwardly convex louver strips which project against the air flow, and the 
surface heat transfer coefficient is approximately 70% higher than the conventional 
wavy fin, while the pressure loss of air flow is only 40% higher. When these hairpin and 
fins combinations are used in a air conditioner as heat exchangers, the heat transfer 
performance becomes approximately 70% higher in the condenser and 60% higher in 
the evaporator compared with the conventional heat exchanger made from plain copper 
tube and wavy fin. This combination of heat exchanger is still in use until today. 

Kashiwazaki S. et al. (1989) continue the improvement and report on inverter 
technology in heat pump system, which not only increase the efficiency of the system, 
but have other features which is the compressor rotational speed is controlled to run 
according to the cooling or heating load. Thus operates at high capacity from the start 
until the room temperature reaches the thermostat setting in short time. After the desired 
temperature is reached, the air conditioner responds to the cooling or heating need by 
controlling the rotational speed of the compressor. By this, the air conditioner can 
operate with high EER, i.e. energy efficiency ratio. Since the air conditioner operates 
according to cooling or heating load, the compressor will continuously running with 
various speeds and a comfortable temperature is stably maintained. 

Nakamura H. et al. (1995) reported on the development of an inverter driven heat 
pump room air conditioner which dehumidifies while reducing power consumption. 
This kind of dehumidification method uses an indoor heat exchanger which is divided 
into two heat exchangers. Indoor side air is cooled and dehumidified through one of the 
two indoor heat exchangers which operates as an evaporator, and is then reheated 
through the other one which operates as part of the condensers. A dehumidification 
control valve is installed in between the two heat exchangers as a restrictor in the 
dehumidification mode. The dehumidification capacity and reheating capacity are 
controlled by changing the rotational speed of both the compressor and the outdoor fan. 
By this, the temperature of the air flow can be controlled with low electric power 
consumption. 
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(a) Room air conditioner                 (b) Car air conditioner 

Fig. 2.4 Sample of ordinary evaporators 

 

 

Fig. 2.5 Multi pass compact evaporator 
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Fig. 2.6 Uneven surface temperature of evaporator as reported by T. Nakamura et al. 
(2003) 

Nakamura T. et al. (2003) reported on the development of an ultra-thin and 
light-weight RS evaporator, i.e., revolutionary super-slim evaporator with only 38mm of 
thickness. About 35% of size reduction compared with the previous model which is the 
MS evaporator, i.e., multi-tank and super slim structure evaporator with 58mm of 
thickness. Though manage maintaining equivalent cooling performance of the system. 
In this development they have encounter some difficulty to maximize the performance 
of this compact evaporator. One of it is the mal-distribution of surface temperature of 
the evaporator. This occurs due to the uneven flow distribution of gas and liquid phase 
of refrigerant that flow from the evaporator dividing header to the multiple branches. As 
in Fig. 2.6, the developed compact evaporator consists of 4 sections, which the 
refrigerant flow was distributed to a multiple branches, combined and redistribution 
again 4 times before flow back to the compressor. This phenomenon makes the range of 
quality x of the refrigerant inside the evaporator wider. Thus makes the mal-distribution 
easy to occur and become worse. In this report however the technical counter measure 
of the problem has been found and applied for mass production. The counter measure 
was by additional segment or a throttle along dividing header for controlling the 
velocity of the refrigerant when entering the branches. By these the mal-distribution of 
the refrigerant flow problem of the developed evaporator was solved. However the 
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complete understanding of the phenomena still a mystery and to figure it out has 
become the main objective of our research. This is due to enhancement of new 
multi-pass evaporator with more compact and more branches to be developed in shorter 
period are become important.  

2.4 Mal-distribution of two phase flow in a multi-pass channel 
The Mal-distribution of gas and liquid in two phase flow is because the value of Void 
fraction and quality x at one cross section area in one conduit at one time is always 
different. Vist S. (2003), two phase flow mal-distribution is mainly because of the 
different physical properties (density, viscosity and surface tension) affects the inertial, 
gravitational, shear and capillary forces of the vapor and liquid phases. Bernoux P. et al. 
(2003) mentioned that flow mal-distribution in heat exchangers is a cause of 
deterioration of both thermal and hydraulic performances. Reviewing the Mueller 
(1987) and Mueller and Chiou (1988), mal-distribution could be caused by geometric 
factors (manifold cross-sectional design, branch couplings, location and orientation of 
the tubes) or operating factors (mass flow rate, flow regime and vapor fraction at the 
inlet of the manifold and heat load on the tubes). 

2.5 Flow Pattern Transition in Two-Phase Gas-Liquid Flows 

Barnea D. and Taitel Y. (1986) reported an extensive review about the two phase flow of 
gas and liquid characteristic in one conduit. Basically focus on the flow pattern 
identification, classification of the various characteristic to several groups of flow 
pattern. Explain on methods that have been developed and conducted by researchers on 
detection of the flow pattern of two-phase gas-liquid flow in a conduit. Also on 
prediction of flow pattern by using dimensional and dimensionless coordinates maps. 

2.5.1 Flow pattern classification 

Mainly, to classify the flow patterns is to group together flow configurations that have 
common character according to some defined definitions, i.e. same character, pertaining 
to the distribution of the interfaces and the mechanisms dominating pressure drop and 
heat and mass transfer. 

The designation of flow patterns has not yet been accurately standardized, and the 
author proposed the following definitions, which are fairly close to the recent trend. 
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2.5.1.1 Horizontal pipes 

Stratified (S), liquid flows at the bottom of the pipe with gas at the top. This includes 
the stratified smooth (SS) and stratified wavy (SW). 

Intermittent (I), the liquid inventory in the pipe is non-uniformly distributed axially. 
This includes the slug and bubble flow patterns. 

Annular (A), the liquid flows as a film around the pipe wall. This includes annular, 
annular-mist and wavy annular flow. 

Dispersed bubble (DB), the gas phase is distributed as discrete bubbles within a 
continuous liquid phase. 

Fig. 2.7 shows the flow pattern configuration in horizontal pipe flow. 

 

Fig. 2.7 Flow pattern in horizontal pipe flow 
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Fig. 2.8 Flow pattern in vertical pipe flow 

2.5.1.2 Vertical pipes 

Bubble flow (B), the gas phase is approximately uniformly distributed in the form of 
small discrete bubbles in a continuous liquid phase. 

Slug flow (SL), most of the gas is located in large bullet-shaped bubbles that have a 
diameter almost equal to the pipe diameter and move upward. 

Churn flow (CH), this is similar to slug flow, but is much more chaotic, frothy and 
disordered. 

Annular flow (A), this flow is characterized by the continuity of the gas phase along 
the pipe in the core. 

Fig. 2.8 shows the flow pattern configuration in vertical pipe flow. 
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Fig. 2.9 Sequence of flow regimes observed during upward flow boiling in a vertical 
tube 
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2.5.2 Flow pattern detection 

Flow pattern detection is important in two phase flow study. In most engineering 
problem regarding fluid dynamic, e.g., air conditioning refrigerant cycle, we have to 
detect and confirm the flow pattern first before take any counter measures of one 
problem. Although the two phase flow knowledge has small amount of efficiency 
contribution to be improved in one refrigerant cycle compare with the thermodynamic 
and air flow system, it is important due to air conditioning manufacturer competition on 
COP improvement. 

There are two basic concepts to detect the flow pattern in one conduit, which are as 
follows. 

2.5.2.1 Void fraction 

There are a few techniques in detection by using this concept. The easiest and most 
substantiate is by visualization test, e.g., using a transparent pipe and high speed camera 
to capture the flow photograph and motion picture. However, the result is very 
subjective. To be more objective, we can use the “Conductance Probe” or “Hot Wire 
Probe” or “Photon Attenuation” technique. 

Void fraction shows the relative of quantity of vapor (volume, area) to the total 
quantity of vapor and liquid in one define time in one conduit. It is difference with the 
quality of vapor x, as in a thermodynamic such in a refrigerant Mollier diagram. Quality 
x shows the ratio of weight of vapor to total weight of vapor and liquid in one defined 
conduit (or cut face area of one conduit). 

Example, imagine a bottle have half of its volume with water, and another half with 
air. The void friction inside the bottle is 1/2, and if the weight of water is 5 times heavier 
than air; the quality x is 1/6.  

2.5.2.2 Pressure Fluctuation 

Base on experimental observation, the pressure fluctuations along a pipe seem to 
depend on the flow pattern. The analysis of pressure fluctuations to identify flow pattern 
was used by Hubbard and Dukler who measured the pressure fluctuations in horizontal 
air-water flows and developed a method to determine the flow pattern from the spectral 
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distribution of the wall pressure fluctuations. However, they could not discriminate 
between stratified and annular flows or between the dispersed liquid and dispersed gas 
flows by using this method. 

  The Void detection method seems to be superior to the pressure detection method 
because void detection is more closely related to the fluids distribution. 

 

2.5.3 Flow pattern prediction 

The author explained on how to make a map with an experimental data to predict other 
various kind of gas-liquid two phase flow pattern. However, due to various amount of 
parameter, make it difficult and complicated to show it in a single map. Basically, 
experimental data on flow patterns and the transition boundaries is map on two 
dimensional or dimensionless coordinates plot. 

2.5.3.1 Dimensional coordinate’s maps 

Two basic types of coordinates are use for this mapping. Such as superficial velocities, 
mass superficial velocities and momentum flux. However, they are inherently limited to 
the range of data and flow conditions under which the experiments were conducted. 

2.5.3.2 Dimensionless coordinate’s maps 

Some kind of dimensionless groups are used as coordinates. Dimensionless analysis is 
the straightforward approach to select the proper dimensionless coordinates. It is 
applied by “guessing” the physical variables that affect the flow patterns. Under 
isothermal incompressible condition these are all the dimensional parameters. 
(1, 2) Gas, liquid superficial velocity (jg, jl) [m.s-1] 
(3, 4) Gas, liquid density (ρg, ρl) [kg.m-3] 
(5, 6) Gas, liquid viscosity (µg, µl) [kg.m-1.s-1] 
(7) Pipe diameter (D) [m] 
(8) Pipe roughness (ε) [m] 
(9) Pipe inclination angle (β) [none] 
(10) Acceleration of gravity (g) [m.s-2] 
(11) Liquid surface tension (σ) [kg.s-2] 
(12) Solid liquid gas contact wetting angle (γ) [none] 

The flow pattern transition boundaries should be a function of all these variables or 
parameters. Note that this is already a reduced set of variables as it is assumed that the 
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entrance geometry has no influence on the steady state flow pattern. Using Buckingham 
П method, i.e., as below, 
Ф (П1, П2…Пn-k) = 0 or equivalently П1 = Ф (П2…Пn-k)  

k is the number of fundamental dimensions required to describe the n variables, 
which in this case is only three ,i.e., mass (M), length (L) and time (T). There will be k 
primary variables and the remaining j=(n-k) variables can be expressed as (n-k) 
dimensionless and independent quantities or ‘Pi groups’, П1, П2…Пn-k. So, the quantity 
of dimensionless variables in this case shall be (12-3) = 9. 

By using this method the matrix for the each dimensional parameter and fundamental 
dimension is as below. 

  (2.8) 

П1 = jl ρl
b µl

c Dd       (2.9) 

M : b + c = 0,       (2.10) 

L : 1 – 3b – c + d = 0,      (2.11) 

T : -1 – c = 0,       (2.12) 

From above equation, b = 1, c = -1, d = 1 

l

ll Dj
µ
ρ

π =∴ 1       (2.13) 

Also the other 8 dimensionless parameters (П2…Пn-k) are as below. 

γεβ
µ
σρ

µ
µ

ρ
ρ

µ
ρ

µ
ρ
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D
DDgDj

l

l

l

g

l

g

l

l

l

lg    (2.14) 

This list of dimensionless parameter is not unique. An infinite number of sets of 
dimensionless parameters exist. The normal way is to fine an explicit functional relation 
among one set of variables base on experimental data. However, it is impractical to find 
the relation among nine parameters base only upon experimental data. Thus, the 
practical implementation of using dimensionless analysis to correlate the experimental 

j g j l ρg ρ l µg µl D  ε  β  g  σ  γ

M 0 0 1 1 1 1 0 0 0 0 1 0

L 1 1 -3 -3 -1 -1 1 1 0 1 0 0

T -1 -1 0 0 -1 -1 0 0 0 -2 -2 0
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data that makes this “straightforward” approach unrealistic and impossible. 

A different logical method of solving problems as complex as flow pattern transition 
is by understanding and identifying the important physical mechanisms in each 
transition. And a mathematical model that describes each transition can be formulated. 

  The well known Baker map used a mixed coordinate system. Gg/λ vs. Glλψ/Gg, where 
Gg is the gas mass velocity (a dimensional coordinate) and Gl/Gg is a ratio of liquid and 
gas mass flow rates. The fluid properties enter as the dimensionless correction factors 
defined as 

3/12

2/1
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     (2.15) 

Where, ρg, ρl, ρA and ρW are the gas, liquid, air and water densities respectively. µl and 
µW are the liquid and water viscosities. σ and σW are the liquid and water surface 
tensions. Note that all water and air properties are the values at atmospheric pressure 
and temperature of 20ºC.  

2.6 Review on study of two phase flow distribution in 
multi-pass channel 

2.6.1 Study on two phase flow distribution behavior of real refrigerant 

Watanabe et al. (1995) reported on the two phase flow distribution study on refrigerant 
R11 in a test channel with a horizontal rounded shaped header (ID 20 mm) with four 
upward branches (rounded shape with ID 6 mm), simulating an automobile 
air-conditioning evaporator. Several geometrical parameters that effect the two phase 
flow distribution in the test channel were identified. They are the cross-sectional area 
ratio of branch and header, also the location and orientation of branches. In addition, 
other parameters such as operational factors which are the mass flow rate M or mass 
flux G and quality x in the header entrance and the heat load on the branches, are 
important for the two-phase flow distribution in the multi-flow type channel. Moreover, 
it has been found that the gas phase was preferentially distributed to the first branch and 
that the liquid phase level in the header was rising further downstream due to the gas 



Chapter 2 Literature Review 

26 

phase take-off. The last branch of test channel was always the one with the lowest gas 
phase flow distribution ratio. Reducing the number of the branches changed only the 
quantitative results. Qualitatively, the two-phase flow distribution results were almost 
the same. The author also pointed out, adding heat load to the branches reduced the 
mal-distribution of the two-phase flow in the test channel. 

Watanabe et al. (1996) in their first report studied experimentally the characteristic of 
two-phase refrigerant HCFC-123 flow distribution. The test channel consists of a 
rounded shape vertical upward header with five horizontal rounded shape branches. 
Both header and branches inner diameter are 6 mm. A number of tests were made under 
a constant mixture mass flux at the inlet of header, G = 430 kg/m2s, where header inlet 
quality x and total heat input Q are varied from 0.07 to 0.3, from 0 to 900 W, 
respectively. Experimental data indicates that there were some differences in data trend 
between low and high quality x region. At high quality x condition, i.e., x > 0.1, gas 
phase flow tends to be unevenly distributed to each pass with the peak at branch no. 3, 
and the variation of Q merely affects the flow distribution profiles. On the other hand, at 
low quality x region, gas phase flow distribution is dominated by global conditions of 
whole system, where liquid flow is affected by local flow state in the vicinity of each 
junction. 

In Watanabe et al. (1996) second report, the effect of unequal heating load, i.e., step 
heating load, applied to each pass two-phase flow distribution in multi-pass evaporator 
was experimentally studied. Four step heating patterns were determined to take into 
account the flow rate and the flow direction of the air flow outside of the evaporator 
tube in the actual heat exchanger. Three total heat input conditions were taken as Q = 
300, 450, 600 W. For each heating condition, header inlet quality was varied from 0.07 
to 0.3. From the experimental result of flow distribution, it was found that step heating 
load obviously affect the flow distribution. Step heating load causes the difference 
among the pressure at the inlet of each pass, which affect the liquid division ratio at the 
junction. But this effect does not clearly appear when the momentum flux of fluid in the 
header just before the branch is large. It is concluded that liquid phase flow is directed 
by the kinetic condition in the vicinity of each junction of the branch. Together with the 
results obtained at the authors’ first report, the empirical correlation for estimating the 
liquid division ratio at each junction of the branch which was successfully applied to 
any condition of heating load was derived. Additionally, from the result of pressure 
drop measurement, it was found that the gas phase flow distribution had strong relation 
to the profile of the pressure drop along each pass. 
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Watanabe et al. (1998), as an extension of their earlier work, also have studied the 
distribution of an annular flow to the multiple parallel branches from a header, which 
this time also all made of 6mm inner diameter tubes using HCFC-123. They have 
reported that, for the second branch, the values of η referred as “correction value”, 
defined as the ratio of the measured values of Wf3/Wf1 to the predicted ones based on 
the model by Hwang et al. (1988) were smaller than the unity, and the discrepancy 
increased with larger volumetric flux of gas in the main (at the immediate upstream of 
the second branch). Small value of η at the second branch is attributed to the deficiency 
of the annular liquid film due to the upstream branch, and this effect is accumulated at 
the downstream junctions of the header. That is, the value of η at the third junction is 
the square value of that at the second junction. Likewise, the value of η at the fourth 
junction is the third power value of that at the second junction, etc. Therefore, in general, 
Watanabe et al. (1998) proposed a simple empirical relation for the standardized 
correction value as follows: 

435.0
,0087.01 MTSt k−=η       (2.16) 

Here kT,M stands for the two-phase momentum flux in the main (header) at immediate 
upstream of each channel. However, this equation does not take account of the distance 
effect between the branches. Also, the relation is not applicable near the end plate due to 
flow reversal (or flow recirculation) similar to the case already noted. 

Bernoux P. et al. (2001) presents experimental results on two-phase flow distribution 
of real refrigerant R-113 in the inlet port of a compact heat exchanger. A testing 
apparatus consist with a horizontal header and eight downward rectangular branches 
have been instrumented. The distribution of gas and liquid phases is obtained by 
measurement of the total mass flow rate and the calculation of the quality x. The 
presence of transparent windows allows the observation of two-phase flow pattern for 
different operating conditions. Comparison between quantitative and qualitative results 
gives a general understanding of the process of phase distribution and is the starting 
point of other studies with more complex geometries. 

Vist S. et al. (2004) presented an experimental study to investigate two-phase flow 
distribution of refrigerant R-134a in compact heat exchanger manifolds, i.e., a header 
with a multiple branches connected to it. An experimental test rig to measure the flow 
distribution in realistic manifold geometries and under relevant operating conditions 
was built. To elucidate the effect on the flow distribution, the following factors are 
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investigated: vapor fraction at the header entrance, heating load on the heat exchanger 
branches, i.e., heat exchanger tubes, diameter of the header and header entrance inlet 
tube length. The experimental system simulated an evaporator for an automobile air 
conditioner with a design cooling capacity of 5 kW. From the horizontal header, the 
two-phase refrigerant flow was distributed in ten parallel heat exchanger tubes. The 
orientation of the test rig could be varied to measure both upward and downward flow 
out of the manifold. To ensure similarity to an actual heat exchanger, counter-flowing 
water was used as heat source in the evaporator section. The experimental setup made it 
possible to measure the heat added to the evaporating refrigerant in each tube by using 
separate water flow circuits. 

Koyama S. et al. (2006) carried out experiments on refrigerant flow distribution 
inside an evaporator header. A test section consists of a 9 mm inner diameter header and 
six vertically downward mini channel-branching conduits. Since the CO2 system 
operates at around the supercritical conditions, it is impossible to observe the flow 
regime for CO2 and so R134a is used as the working fluid in this study. The modified 
Baker flow pattern map is applied to define the equivalent experimental conditions for 
both R134a and CO2. The experiments are conducted at saturation temperature of about 
21°C, refrigerant mass flow rate of about 30 kg/h, and average vapor quality x in the 
header inlet of about 0.1, 0.2, 0.3 and 0.4. As the conclusion of the study, the liquid 
distributes most easily at the first branch and the vapor flows down directly the 
downstream of the header, probably due to that the inertia effect in the downstream 
direction is more obvious than the gravity effect. The inertia and gravity act in different 
directions for downward flow. The vapor quality x in the header inlet influences the 
vapor phase and liquid phase distributions. Increasing the vapor quality in the header 
inlet gives better distribution of the vapor phase. However, the liquid phase is generally 
better distributed for the low inlet vapor quality flows. The phase separation increases 
with increase of mal-distribution. No phase separation means that all vapor qualities 
from the header inlet to the downstream of the header is constant.  

Ahmad M. et al. (2009), an experimental loop representing a compact plate heat 
exchanger was built up to study the two-phase distribution in the different header 
channels. The test section consists of a cylindrical horizontal header and eight 
rectangular channels in which the liquid and vapor flow rates are evaluated and the flow 
inside the header can be visualized. Several geometrical and functional parameters to 
study the two-phase distribution were tested using “HFE 7100” at a temperature close to 
57˚C and a pressure close to 100kPa. The flow rate in each channel was measured and 
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the vapor fraction was calculated by an enthalpy balance based on measurements of 
flow rates at the two sides of the exchanger and that of temperature and pressure. For 
the case of vertically downward channels, measurement showed better a distribution for 
both phases as mass quality x increases. The influence of the inlet mass flux on the 
distribution was more visible at high pace. Reducing the header diameter deteriorated 
the two-phase distribution. Experiment with horizontal distribution channels showed 
enhanced vapor and liquid distribution even at low inlet mass quality. For the case of 
vertically upward channels, flow distribution was highly heterogeneous even for high 
inlet mass quality. The presence of expansion devices has a great influence on the flow 
structure inside the header. The use of an expansion orifice produces a liquid jet 
configuration inside the header. High jet velocities rendered the distribution more 
homogeneous. The presence of a splashing grid at the inlet produces multidirectional 
droplets that that highly improves the two-phase distribution. The two-phase flow 
distribution in a compact heat exchanger is strictly related to the flow configuration at 
the header inlet and the two-phase momentum together with the header geometry. The 
presence of high-momentum phases and especially that of liquid favors the occurrence 
of impacts, fragmentation of liquid phase, the presence of a homogenized 
multidirectional two-phase structure and this renders the distribution more 
homogeneous. This study treats certain specific geometries but the comparison between 
quantitative and qualitative obtained results allows the understanding of the physical 
phenomena of the two-phase flow inside the header and the improvement of the flow 
distribution by adjusting the convenient functional and geometrical parameters. 
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Table 2.1 Recent up to date works on the flow distribution in a test channel contain a 
header with multiple parallel branches using real refrigerant as testing fluid 

Authors 

Header/ 
Branches 
Orient- 
ation 

Header 
size 

(mm) 

Branch 
quantity 

/ size 
(mm) 

Testing condition 
(Flow pattern) at 

header entrance etc.
Fluid Remark 

Watanabe 
M. et al. 
(1995) 

H / VU Ø20 4 / Ø 6 

Non-heating mode :
xin < 0.4 

Gin= 40-120 kg/m2s
Heating mode: 

q”= 6.25 - 25.4 kW/m2

Gin= 80 kg/m2s 
(stratified) 

R-11
-Flow distribution depends 

strongly on the mass flux and 
header inlet quality 

Watanabe 
M. et al. 
(1996) 

1st report 

VU / H Ø 6 5 / Ø 6 

Gin= 430 kg/m2s 
xin = 0.07 - 0.3 

Qin = 0 – 900 W 
Equal heat load on 

each branch. 
(slug, Annular) 

HCFC 
-123

-Gas phase flow distribution 
uniformity comparatively 
better at quality x < 0.1 

Watanabe 
M. et al. 
(1996) 

2nd report 

VU / H Ø 6 5 / Ø 6 

Gin= 430 kg/m2s 
xin = 0.07 - 0.3 

Qin =300, 450, 600 W
Unequal heat load on 

each branch. 
(slug, Annular) 

HCFC 
-123

-Un equal heat load affect the 
liquid flow distribution 

-Liquid phase flow is directed 
by the kinetic condition in 
the vicinity of each branch 
junction 

Watanabe 
M. et al. 
(1998) 

VU / H Ø 6 5 / Ø 6 
Gin ~ 430 kg/m2s 

xin < 0.3 
(slug, Annular) 

HCFC 
-123

-Effect of heat load on the 
channels is minor 

Bernoux 
P. et al. 
(2001) 

H / VD Ø 50 8 / 2x50 

Gin = 35-100 kg/m2s
xin = 0.1 – 0.8 

p = 0.07 – 0.15 mPa
(slug, Annular) 

R- 113 -Effect of the inlet flow 
pattern is large 

Vist S. et 
al. (2004) 

H / VU 
H / VD 

Ø 16, 
Ø 8 10 / Ø 4 

Min = 90-162 kg/hr 
xin = 0.11 – 0.5 

pin = 690-710 kPa 
(Churn, Annular) 

R- 
134a

-Effect of diameter of the 
header cross section in minor

Koyama 
S. et al. 
(2006) 

H / VD Ø9 6  
/Ø0.85 

Min = 30 kg/h 
xin = 0.1, 0.2, 0.3, 0.4
Intrusion height h = 

4.5 mm 
(Slug, Stratified) 

R- 
134a

-The inertia and gravity 
influenced the flow 
distribution in different 
directions for downward flow

-Quality x influences both 
phase distributions 

-Phase separation increases by 
increase of mal-distribution 

Ahmad 
M. et al. 
(2009) 

H / VD 
H / VU 

Ø50, 
Ø30, 

Ø17.3 
8 / 2x50 

Gin = 70-400 kg/m2s
xin = 0.05 – 0.45 

presence of expansion 
devices 

(Stratified, Annular)

HFE 
7100

-The influence of mass flux is 
more visible at high pace 

-The two-phase flow 
distribution is strictly related 
to the flow configuration at 
the header inlet and the 
two-phase momentum also 
with the header geometry 

H: Horizontal; VU: Vertical Upwards; VD: Vertical Downwards 
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2.6.2 Study on two phase flow distribution behavior of air-water 

Osakabe M. et al. (1999) studied single-phase (air) and two-phase (air-water) 
distribution in a horizontal manifold (40 x 40 mm in cross-section) with four vertical 
branch tubes (ID 10 mm) in upward configuration. Air and water flow rates in each 
branch tube were recorded. When introducing a small amount of bubbles in the 
manifold, the water distribution rate to the first branch tube increased as in an airlift 
pump, while the flow rates to the other branch tubes decreased. Increasing the inlet air 
flow rate, the water flow rate to the first branch tube reached a maximum and tended to 
decrease. At even larger inlet air flow rates, the flow pattern at the manifold inlet 
became stratified and the first two branch tubes were starved with water. In a further 
study by Horiki and Osakabe (1999), the branch tubes protruded into the manifold, and 
the effect of protrusion length on the water distribution was studied. By increasing the 
protrusion length, mal-distribution of the water was reduced because the gas-phase was 
distributed more evenly. The best result was obtained when the four branch tubes were 
protruded into the center of the manifold. 

Lee J. K. et al. (2004) examine the distribution of two-phase annular flow at header–
channel junctions simulating the corresponding parts of compact heat exchangers. The 
parameters considered were mass quality at the inlet of the vertical header and intrusion 
depth of the horizontal channels into the header wall. The cross-section of the header 
and the channels were fixed to 24 x 24 mm and 22 x 1.8 mm, respectively. Three 
different intrusion depths (0, 6 and 12 mm beyond the inner wall of the header) were 
tested for the mass flux and the mass quality x ranges of 54–134 kg/m2s and 0.2–0.5, 
respectively. Air and water were used as the test fluids. With zero intrusion-depth, less 
amount of liquid was separated out through the channels at the rear part. However, with 
the deeper intrusion (6 and 12 mm), the trend was reversed. The deeper intrusion 
hindered the liquid to flow into the channels installed at the fore part of the header. 
Finally, a uniform liquid-flow distribution through the parallel channels could be 
achieved simply by adjusting the intrusion depth. 

Webb R. et al. (2005) addresses two-phase flow distribution phenomena in multiple 
header–tube junctions used in heat exchangers. Because of phase separation, it is very 
difficult to obtain uniform two-phase flow distribution to the branch tubes. The flow 
distribution is strongly influenced by the header orientation (horizontal or vertical) and 
the number of branch tubes. Other factors that influence the flow distribution are the 
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flow direction in the header (up-flow or down-flow), the header shape and tube end 
projection into the header, and the location and orientation of the inlet and exit 
connections. The source of mal-distribution is the flow in the dividing headers. This 
investigation shows that solutions, which provide uniform flow distribution, are very 
design-specific. Change of the geometry or operating parameters will require 
modification of the design. 

Katsuta M. et al. (2008) reported on improvement two-phase flow mal-distribution in 
multi-pass tube and to establish its prediction method. The experimental study uses 
air-water two-phase flow and multi-pass channel that consist of horizontal header or 
pipe and three downward branches. The study focusing on the effects of branch pitch 
length and insertion or intrusion height. As a result, the longer branch pitch makes the 
phase separation identical to that of single T-junction. Also, the insertion depresses the 
liquid diversion into the branch. Thus, controlling insertion depth of each branch can be 
effective for realize equal distribution. 

Marchitto A. et al. (2008), measurements of the two-phase air–water distributions 
occurring in a cylindrical horizontal header supplying 16 vertical branches are reported 
for upward flow. The effects of the operating conditions, of the header-channel (branch) 
distribution area ratios and of the inlet port orifice plates (located between header and 
branches inlet) were investigated. The flow rates of each phase flowing in the different 
branches were measured. Time varying, void fraction data were also analyzed to 
characterize the two-phase flow patterns. Video records were taken in order to infer 
different flow patterns (from intermittent to annular) inside the header channel system. 
Experimental results showed that the operating conditions exerted a strong influence on 
the structure of the two-phase flow pattern inside the header and therefore on the flow 
distribution to the branches. Thus, confirm the complexity of two-phase flow 
distribution phenomena and the difficulty of designing a header–multiple channel 
system able to achieve even distributions for a given range of operating conditions. 
Indeed, the whole experimental activity indicated that the flow pattern at the header 
entrance and flow rate distribution inside each vertical channel depend on the 
interaction of several coexisting factors: gas and liquid superficial velocity, area 
restriction ratio, presence and geometry of an inlet nozzle, and other geometrical 
parameters (inlet port length and diameter, orifice diameter). 

The air and water flow distribution are experimentally studied by Kim N-H. et al. 
(2008), for a heat exchanger composed of round headers and 10 flat tubes. The effects 
of tube protrusion depth as well as header mass flux, and quality are investigated, and 
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the results are compared with previous 30 channel data. The flow at the header inlet is 
annular. For the downward flow configuration, water flow distribution is significantly 
affected by tube protrusion depth. For flush-mounted geometry, significant portion of 
water flows through frontal part of the header. As the protrusion depth increases, more 
water is forced to rear part of the header. The effect of header mass flux or quality is 
qualitatively the same as that of the protrusion depth. For the upward flow configuration, 
however, significant portion of water flows through rear part of the header. The effect of 
protrusion depth is the same as that of the downward flow. However, the effect of 
header mass flux or quality is opposite to the downward flow case. The general flow 
distribution trend of the 10 channel is approximately the same that of the 30 channel, 
although the effects of tube protrusion depth, header mass flux and quality on flow 
distribution are much stronger. Comparison of the difference between the maximum and 
the minimum water flow, and the comparison of the standard deviation of the water 
flow ratio reveal that the flow distribution is more uniform for the 10 channel as 
compared with the 30 channel. 

Lee J. K. (2009) again examine the flow distribution of two-phase mixture to parallel 
channels and to investigate the flow behavior at header-channel junctions simulating the 
corresponding parts of compact heat exchangers. This time the cross-section of the 
header and the channels were fixed to 14 x 14mm and 12 x 1.6mm, respectively. The 
mass flux and the mass quality ranges were 70-165 kg/m2s and 0.3-0.7, respectively. Air 
and water were used as the test fluids. The two-phase mixture flows upwards through a 
square vertical header connected to 15 parallel, horizontal rectangular channels. The 
experiments were carried out for the annular flow regime at the header inlet. This is 
because the annular flow pattern is mostly probable to occur once the mass quality 
becomes large (larger than 0.1). At the same time, in many practical cases, the channels 
are in a flat rectangular shape with sub-channels divided by membranes (thin wall) to 
enhance heat transfer performance. The distribution shape of the flow through the 
channels was determined by the flow recirculation occurred at the rear part of the header. 
The header flow consists of three zones, named region A, B and C, regardless inlet flow 
rates of liquid. At the fore part of the header (region A), the amount of the liquid 
separation out through the channels was decreased as the two-phase mixture proceeds to 
the down stream direction. At the immediate upstream of the end plate (region C), the 
amount of the liquid separation also decreased but the differences of the liquid flow 
rates between the channels are not large due to the flow recirculation. In between those 
region (i.e., in region B), the liquid separation rate increased along the header flow 
because of the interaction between the reverse flow (by the flow recirculation in region 
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C) and the forward flow (in region A). For the gas flow distribution, the trend appeared 
opposite to liquid case throughout the header section, but the variation is relatively 
small. Moreover, the effect of the membranes in channels was investigated, but that was 
minor. 

Katsuta M. et al. (2009) reported again on mal-distribution of two-phase flow in 
multi-pass tube improvement and to establish its prediction method, using the same 
apparatus and same fluid but this time focus on the effects of branch’s local geometry. 
As a result, the vapor phase flow has been basically understood to be the uniform 
distribution. On the other hand, the liquid phase flow distribution is changed by the 
effect of branch’s local geometry such as branch diameter and insertion and end-effect. 
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Table 2.2 Recent up to date works on the flow distribution in a test channel contain a 
header with multiple parallel branches using air-water as testing fluid 

Authors 

Header/ 
Branches 
Orient- 
ation 

Header 
size 

(mm) 

Branch 
quantity 

/ size 
(mm) 

Testing condition 
(Flow pattern) at 

header entrance etc.
Fluid Remark 

Osakabe 
M. et al. 
(1999) 

H / VU 40 x 40 4 / Ø10 Rein = 2000-4000 
(Bubbly, Stratified)

Air - 
Water

-Prediction of the flow 
distribution using the Single 
T-junction model 

Lee J. K. 
et al. 

(2004) 
VU / H 24 x 24 

6 /   
22 x 1.8 

Gin = 50-134 kg/m2s
xin = 0.2 – 0.5 

Intrusion depth h = 0, 
6, 12 mm 
(Annular) 

Air - 
Water

-The uniform distribution 
through the parallel channels 
could be achieved by adjusting 
the intrusion depth 

Webb R. 
et al. 

(2005) 

H / VD 
H / VU 

D- 
shape, 
Dh=32 

Dh=1.3 Min = 36.01-189.19 
kg/hr, 

Air - 
Water

-Change of the geometry or 
operating parameters require 
modification of the designed 

Katsuta 
M. et al. 
(2008) 

H / VD Ø10 3 / Ø10 

Min = 30 - 120 kg/hr,
xin = 0.2-0.5;(R-134a)
Intrusion h = 0-6 mm

(Slug, Annular) 

Air - 
Water

-controlling intrusion depth of 
each branch can be effective 
for realize uniform distribution

Marchitto 
A. et al. 
(2008) 

H / VU Ø26 
16 

/15x18 

jA = 1.50-16.50 m/s
jW = 0.20-1.20 m/s

orifice dia. = 2-6 mm
(Intermittent, 

Annular) 

Air - 
Water

-The flow pattern at the header 
entrance and flow distribution 
rate depend on the interaction 
of: fluid superficial velocities, 
area restriction ratio; inlet 
nozzle; geometrical parameters

Kim N-H 
et al. 

(2008) 

H / VD 
H / VU Ø17 

10 /   
Al- port 

tube  
Dh=1.32 
(8 holes) 

Gin = 70-130 kg/m2s
xin = 0.2 – 0.6 

protrusion depth h = 
non-dimensional, 0, 

4.25, 8.5 mm 
(Annular) 

Air - 
Water

-Downward flow, the effect of 
header mass flux or quality is 
qualitatively the same as that of 
the protrusion depth 

-Upward flow, the protrusion 
depth effects the distribution. 
However, the effect of header 
mass flux or quality is minor 

Lee J. K. 
et al. 

(2009) 
VU / H 14 x 14 

15 /   
12 x 1.6 
(with/ 

without 
Al-port) 

Gin = 70-165 kg/m2s
xin = 0.3 – 0.7 

(Annular) 

Air - 
Water

-The flow distribution through 
branches is determined by the 
flow recirculation occurred at 
the rear part of the header. The 
header flow consists of three 
zones, regardless inlet flow 
rates of liquid 

-The effect of the or Al-port in 
channels was minor 

Katsuta 
M. et al. 
(2009) 

H / VD Ø10 3 / Ø10 
Min = 30 - 120 kg/hr,
xin = 0.2-0.5;(R-134a)

(Slug, Annular) 

Air - 
Water

-the liquid phase flow 
distribution changed by the 
effect of branch local geometry

H: Horizontal; VU: Vertical Upwards; VD: Vertical Downwards; Dh: Hydraulic Diameter 
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2.6.3 Parameters that reported to be significant to the flow distribution 
behavior 

Reported by Lee J. K (2006), the significant parameters that involved directly and 
indirectly to the uniformity of flow distribution inside channel that simulate the 
multi-pass flow evaporator has been reviewed and summarized as in Table 2.3 below. 

Table 2.3 Relative significance of parameters tested (Summary) 

Parameters Relative significance 

Header inlet direction and flow pattern, Header 
orientation (vertical, horizontal), Channel orientation, 
Channel intrusion depth 

Major effect 

Header size and cross-sectional shape, Number of 
junctions to channels, Channel spacing, Header inlet 
flow rate, Channel membranes, Channel heat load, 
Channel length 

Minor effect 

Fluid properties, Fouling, Manufacturing tolerances 
Insufficient information to 

judge 
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Chapter 3 

Experimental Apparatus 

3.1 Chapter overview 

This chapter explains about the testing apparatus of the testing that has been done on 
this research through all the years. It shall include all the explanation on the testing 
methods, setup, instrument specifications and tolerances. Also, the details of the test 
channel dimensions and assemblies shall be discussed. 

In this research the study of two phase flow distribution behavior in a compact 
evaporator has been divided into 2 segments. The first segment is the study on 
parameters that influence the flow distribution uniformity. Using air and water as the 
testing fluid, this segment mainly concentrate on the parameters that influence the 
uniformity of liquid phase flow, due to our study is focus on the increment of efficiency 
performance of a heat pump system. The parameters that have been studied in this 
research are: flow pattern at the header entrance, superficial velocities of each phase 
flow of fluid at the header entrance, backpressure distribution along the combining 
header and pressure loss create from the specification of branch profiles. The testing 
shall include the flow distribution measurement of air and water in a selected test 
conditions, also a measurement of pressure distribution at along the dividing and 
combining headers. 

 The second segment of this research is the study on the similarities of real 
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refrigerant and air-water two phase flow distribution behavior. The testing involved in 
this segment shall include the visual observation on the test channel of a real refrigerant 
(R-134a) and air-water flow. A motion picture and photos has been taken for qualitative 
judgment on which inlet condition (that has been setup a few) to matched or being 
similar to the real refrigerant flow. Also, a flow distribution of air-water flow has been 
measured quantitatively and compared qualitatively to the flow distribution of real 
refrigerant. 

3.2 First segment: Study on parameters that influence the flow 
distribution 

3.2.1 Test channel 

Figure 3.1 is a schematic diagram of the experimental apparatus. The experiments 
were conducted with an isothermal air-water flow system. Air and water was controlled 
at 20 °C in the constant temperature bath and it was supplied to the test channel after 
flowing through the mass flow controller (air) or mass flow meter (water). In this 
segment a test channel consist of 10 branches has been used and to simulate the actual 
operating condition of the evaporator equipped in the compartment of an automobile, 
the dividing header is set horizontally. 

  Fig. 3.2 shows details of the test channel. The body of test channel is made of 
transparent acrylic resin plates. The dividing header has a square cross section of 20 mm 
× 20 mm and a length of 255 mm. 10 upward branches are connected to this header. We 
tested two kinds of branch profiles with different pressure loss characteristics. One is a 
flat tube with a cross section of 20 mm × 2 mm and a length of 200 mm.  The other is a 
multi-port tube with a cross section of 17 mm × 1.8 mm and length of 200 mm as in Fig. 
3.3. These tubes are connected to the header at intervals of 20 mm. The multi-port tube 
is an aluminum tube that is used in a real compact evaporator of an automobile 
air-conditioning system. It contains twelve rectangular shaped holes and two triangle 
shaped holes at both ends. The average hydraulic diameter of the holes is 0.86 mm. The 
dividing header has straight sections of 55 mm before the first branch and of 20 mm 
after the tenth (last) branch. These dimensions of the header and the branches were 
determined based on the real compact evaporator of a car air conditioner. 

  Fig. 3.4 shows a relation of gas phase flow rate and pressure differential between 
headers, i.e. pressure loss, for branch profile with flat smooth tube and with aluminum 
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multi-port tube. It shows that the pressure loss of branch with aluminum multi-port 
increases as the gas phase flow rate is increase. As in Fig. 3.4, the pressure loss of this 
multi-port tube for a single phase flow was about 25 times larger than that of the flat 
tube were used in this study under an equal flow rate range. 

 
Fig. 3.1 Schematic diagram of the experimental apparatus for air and water flow 

distribution measurement 

 
Fig. 3.2 Detail dimension of 10 branches test channel 
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Fig. 3.3 Detail dimensions of multi-port aluminum tube 

 

Fig. 3.4 Pressure differential between headers (Single phase flow – air) 
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3.2.2 Flow-inlet conditions at the header entrance 

It is thought that the gas-liquid distributions to the branches are greatly influenced by 
the flow pattern in the dividing header. Hence, in this study, two contrastive flow-inlet 
conditions of the header entrance are adopted. One is the stratified-flow inlet.  In this 
case, an air filter with a porous structure (rectifier material) is stuffed in the developing 
region attached upstream the dividing header, and air and water is supplied separately at 
the upstream end of this developing region as in Fig. 3.5. The developing region has the 
same cross section as the header and a length of 290 mm which is connected to the 
dividing header inlet, i.e., 55mm from the first branch. The stratified flow is formed at 
the entrance of the header. Fig. 3.7 (a) shows a snapshot of the flow near the entrance of 
the dividing header. It is observed that air and water is flowing separately and the 
stratified-flow inlet condition is realized at the header entrance. Under most conditions 
of the air and water superficial velocities tested in this study, the wavy-stratified flow 
was observed at the header entrance and the void fraction estimated from the visualized 
images was about 0.5 - 0.6. 

The other flow-inlet condition is the mist-flow inlet. A two-fluid nozzle is attached at 
the entrance of the header to generate a mist flow as in Fig. 3.6. The snapshot of the 
flow near the header entrance is shown in Fig. 3.7 (b). Air and water enters the header 
forming a mist flow, but water droplets are soon deposited on the header walls. 
Therefore, the walls of the dividing header are covered by water films and the annular 
mist flow is formed just before the first branch. The two-fluid nozzle used in this study 
can generate water droplets with diameters of 10 µm - 70 µm. 

The superficial air velocity jg and superficial water velocity jl at the entrance of the 
header are determined based on the quality and mass flow rate of the refrigerant 
encountered in a real evaporator.  In this study, jg and jl are set equal to the superficial 
velocities of vapor and liquid of the refrigerant flow (R-134a) in a real evaporator, and 
they are 1.0 - 5.0 m/s and 0.015 - 0.045 m/s, respectively.  These velocity conditions 
correspond to the range of quality x = 0.2 - 0.7 and mass flow rate M = 40 - 160 kg/h in 
R-134a refrigerant flow in a real evaporator. 

Real refrigerant (R-134a) and air-water flow as in Table 3.1 has a differences with 
their physical properties, and the gas phase density is one of the biggest among them. As 
explain earlier, in this study jg and jl are set equal to the superficial velocities of vapor 
and liquid of the refrigerant flow (R-134a) in a real evaporator, thus make a differential 
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with the quality x of air-water in the test channel as shown in Table 3.2. 

 

Fig. 3.5 Generating stratified flow 

 

Fig. 3.6 Generating Mist flow 

Table 3.1 Physical properties difference between refrigerant and air-water 

 HFC-134a (0.3MPa) Air-water (20˚C) 

Gas phase density [kg/m3] 14.7 1.2 

Liquid phase density [kg/m3] 1291 998 

Surface tension [mN/m] 8.7 73 
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(a) Stratified flow inlet 

 

(b) Mist flow inlet 

Fig. 3.7 Snapshots of inlet flows near the entrance of the dividing header 

Table 3.2 Superficial velocity range in actual compact evaporator 
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3.2.3 Pressure conditions at the outlets of branches 

At the downstream end of the branches, the outlet ports of gas and liquid flows are 
equipped.  In order to examine the influence of the outlet pressure condition of 
branches on the flow distributions, we have tested two kinds of outlet conditions as 
shown in Fig. 3.8. In Case A shown in Fig. 3.8 (a), the gas-liquid separators and the 
air-flow meters are connected to the outlet ports of all the branches. The two-phase 
flows that exit the branches are lead to the gas-liquid separators, and the air flow rates in 
all the branches are measured simultaneously by the air-flow meters equipped at the exit 
of the separators. The water flow rates in the branches are measured by weighing waters 
that are accumulated in the separator tanks. The errors included in the air flow rates and 
water flow rates in the branches are estimated to be about 4 % and 1 %, respectively. 
The sum of air flow rates in the branches comply with the air flow rate at the header 
entrance within difference of 4 %. As for the water flow rate, the error was less than 1 %. 
The pressure in each separator, i.e., backpressure of each branch, is also measured by a 
pressure gauge. In this measuring condition, the pressure at the outlets of the branches 
can vary depending on the flow rates in the separators due to the flow resistance of the 
air-flow meters. Therefore, as shown later, a non-uniform backpressure condition is 
imposed on the branches in Case A. 

On the other hand, in Case B shown in Fig. 3.8 (b), one branch to measure the flow 
rate is connected to the gas-liquid separator and other branches are connected to a 
combining tank which has a large volume. The valves at the exits of the separator and 
the combining tank are adjusted so that the pressure difference between them becomes 
zero. We confirmed that the pressure in the combining tank was uniform. Therefore, in 
Case B, one can measure the flow distributions under the constant backpressure 
condition for all the branches. 

In many studies conducted to date, the flow distributions to the branches have been 
measured with the method equivalent to Case A. Therefore, those data are regarded as 
the results obtained under the non-uniform backpressure condition at the branch outlets. 
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(a) Non-uniform backpressure condition (Case A) 

 

(b) Uniform backpressure condition (Case B) 

Fig. 3.8 Pressure conditions at outlets of branches 

 

 



Chapter 3 Experimental Apparatus 

46 

 

3.2.4 Measurements of pressure distributions in the headers 

In a real compact evaporator, the downstream ends of the branches are connected to a 
combining header. In this study, we have measured the pressure distributions in the 
dividing and combining headers to make clear the pressure conditions at the branch 
outlets in a real evaporator. Fig. 3.9 shows an experimental apparatus for the 
measurements of the pressure distributions inside the headers. The dimensions of the 
test channel are essentially the same as those shown in Fig. 3.2, except that a horizontal 
combining header with a square cross section of 20 mm×20 mm is attached to the 
outlets of the branches. As shown in Fig. 3.9, the pressure distributions are measured at 
nine locations of each header. The pressure transducers are allocated at the middle of the 
side walls of the headers above and beneath the branches except for the first branch as 
in Fig. 3.10 which also showing the detail of pressure transducer probe sensor 
attachment to the headers wall in detail. They were calibrated with errors of less than 
0.15 kPa. The sampling frequency of the pressure is 10 Hz and the measuring time is 60 
seconds. In the combining header there are outlets at its right and left hand ends, and we 
have tested two flow conditions. One is the parallel flow, in which the gas and liquid 
enter the dividing header, go up through the branches to the combining header and exit 
from its right outlet. The other is the reverse flow, in which the flow exits from the left 
outlet of the combining header. The flow-inlet conditions at the entrance of the dividing 
header are the same as those for the flow-distribution measurements. The experimental 
conditions of this study are summarized in Table 3.3. 
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Fig. 3.9 Test channel for the pressure distribution measurements in the headers 

 

 

Fig. 3.10 Details of pressure transducer probe sensor attachment at the test channel 
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Table 3.3 Summary of the experimental conditions 

Fluids Isothermal air and water 

Superficial air velocity at the header 
entrance jg 

1.0 m/s, 3.0 m/s, 5.0 m/s 

Superficial water velocity at the header 
entrance jl 

0.015 m/s, 0.03 m/s, 0.045 m/s 

Pressure condition at the branch outlets 
Non-uniform backpressure (Case A)

Uniform backpressure (Case B) 

Flow-inlet condition at the header entrance 
Stratified-flow inlet 

Mist-flow inlet 

Header attitude Horizontal 

Branch attitude Vertical upward 

Branch profile 
Flat tubes 

Multi-port tubes 
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3.3 Second segment: Study on the similarity of real refrigerant 
and air-water two phase flow distribution behavior 

In this segment, the testing apparatus for visual observation are mainly to be discussed. 
Visual observation test apparatus are divided into two sections. One is for real 
refrigerant i.e. R-134a and another one is for air-water visual test apparatus. 

3.3.1 Refrigerant visual test apparatus 

Figure 3.11 is the schematic diagram of the R-134a visual test apparatus. It shows a 
complete refrigerant cycle of a heat pump system with a simulated multi-pass upward 
test channel made from a clear polycarbonate material for the visual test, fixed between 
the expansion valve and evaporators. The test channel is allocated at the nearest position 
to expansion valve, which is just after the pressure gauge and thermocouple as in Fig. 
3.11. This research is mainly focusing on visual observation of flow patterns at the 
entrance of dividing header, i.e., from inlet copper pipe at header entrance to the upward 
aluminum tube branches. Due to this, the evaporation process of R-134a in the test 
channel has been avoided by using a proper material for the test channel. For that 

 
Fig. 3.11 Refrigerant flow visual observation apparatus 
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reason, there shall be no evaporation processes occur in this test channel. 

In this experiment, the test conditions are the thermodynamic property of quality x 
and mass flow rate M of the refrigerant at the header entrance, which is at point no. ④
of R-134a refrigerant cycle in Mollier diagram as in Fig. 3.12. These two values shall be 
controlled to be as in Table 1, by adjusting properly the (1) Compressor revolution, (2) 
Expansion valve opening, (3) Condenser side heat energy capacity, which are water 
flow rate at coaxial double tube heat exchanger , fan revolution of the condenser and 
resistant cloth amount for environment temperature control of condenser. Also, a proper 
reference from Mollier diagram of R-134a is needed for achieving the desired test 
condition. For this test, the low pressure line was control at 200 kPa absolute with upper 
and lower limit of 50 kPa to maintain the same condition of actual heat pump system 
which the mean temperature of the evaporator is about -10ºC. A Coriolis type mass flow 
meter is attached at high pressure line between outdoor heat exchanger (i.e., condenser 
and coaxial double tube heat exchanger) and expansion valve to measure the refrigerant 
mass flow amount of the tested cycle. Noted, for Coriolis type mass flows meter to 
work efficiently, the condition of refrigerant that flow inside the meter should be in a 
single phase flow, therefore, the condition of refrigerant at no. ③ in Mollier diagram in 
Fig. 3.12 should be beyond the saturated liquid line, i.e., in sub cool condition. A 
thermocouple and pressure gauge sensor are allocated at entrance and exit of the  

 

Fig. 3.12 Mollier diagram of R-134a cooling cycle of desired test condition 
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Table 3.4 Mass flow rate and quality of R-134a at header entrance 

Quality x Mass flow rate M [kg/h] 
0.2 4.15 5.2 6.4 8.5 
0.3 4.15 5.2 6.4 8.5 
0.4 4.15 5.2 6.4 8.5 

 

 

Fig. 3.13 Air-water flow visual observation apparatus 

expansion valve, for measuring the temperature and pressure of refrigerant inside the 
copper pipe. This data is for quality x calculation at test channel header entrance 
position for that to be identical with the desired condition in table 3.4. 

3.3.2 Air-water visual test apparatus 

Figure 3.13 is the schematic diagram of an experimental apparatus for air-water two 
phase flow visual observation. The dimensions and specifications of the test channel 
that simulate the compact evaporator is identical with the one that being used in real 
refrigerant visual observation. The experiment was conducted in an isothermal air-water 
flow system. The air and water temperature were controlled at 25ºC in a constant 
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temperature bath before flowing to each flow controller. The mass flow rate of the air 
and water shall be control by each flow controller. To generate the flow pattern at the 
header entrance, Ø4.75mm inner diameter (Ø6.35mm outer diameter) copper pipe with 
600mm of length was used. As in Fig. 3.13, air and water was mixed at the beginning of 
this copper pipe where a cross pipe connected to it, which another same size of copper 
pipe from water mass flow controller was connected to the opposite end of it. Also, 
another 2 pipes were connected at left and right side of the cross pipe from the air mass 
flow controller. All these pipes were connected to these cross pipe horizontally as 
shown in Fig. 3.13. Therefore, with the appropriate mass flow rate of water and air as a 
test condition that shall be explain in detail afterward, the two phase flow behavior, 
especially at the header entrance shall be observe. A LED light and a digital video 
camera were used for recording the visual observation at the test channel and same goes 
with the R-134a refrigerant visual test. Noted here that the water and air mass flow 
controller that used in this segment were different with the one that been used in first 
segment testing, this due to the desired superficial velocities range of both phase for this 
test condition were enormously different. 

3.3.3 Test channel specification, orientation and other parameters 

Figure 3.14 shows the detail dimensions of the test channel. The channel contain a 
dividing and combining header lying horizontally, parallel and 120mm separated to each 
other with 22 branches connected to them. Both headers cross section area is 20mm x  

 

Fig. 3.14 Details of simulated test channel 
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20mm with a length of 274mm. The branch cross section area is 2mm x 20mm with 
120mm of length, with 12mm of pitch, inserted into it with a multi-port aluminum tube 
that has a cross section area of 1.7mm x 20mm. The multi-port aluminum tube contains 
17 small rectangular holes with a cross section area of 0.5mm x 0.8mm. In this study at 
first stage the test was conducted at condition of test channels headers in horizontal 
position with upward branches perpendicular to it. Also, the flow shall be from dividing 
header at the bottom of the channel goes upward to combining header and in a reverse 
flow motion goes out to the opposite direction of the inlet flow. At the header entrance, 
an outer diameter of 1/4 inches copper pipe, i.e. a copper pipe with a dimension of inner 
diameter Ø4.75mm (outer diameter Ø6.35mm with a thickness of 0.8mm), is connected. 
Table 3.4 show the test condition of quality x at the inlet position of the test channel and 
mass flow rate M of the refrigerant cycle. These values were selected upon studying the 
heat pump system of the actual appliance. From table 3.4, the real refrigerant R-134a at 
the header entrance, superficial velocity of vapor jG should be at range of 0.06 ~ 0.22 
m/s, while the superficial velocity of liquid jL should be at 1.3 ~ 3.6 mm/s. Fig. 3.15 
shows the Baker map (1954), a map of a flow pattern in one horizontal conduit. A 
prediction of a stratified flow at the header entrance of test channel as the calculated 
values from table 3.4 being plot in Baker map in Fig. 3.15. 
  Also, by using the same test channel, a few other testing were done by different 
orientation of branch and header to observe initially which orientation of test channel 
are best for the uniformity of flow distribution. The orientation of branch and header 
were as Table 3.5, and only visual test of real refrigerant are been done first. Thus, the 
selected orientation condition shall be preceded to the next stage of testing, i.e., the 
visual observation of air-water phase flow and the flow distribution rate measurement 
test. 

Later on, the inlet pipe end were swaged to several inner diameter and the intrusion of 
aluminum multi-port tube branches height h from the dividing header surface also being 
change to become a parameter for questing the correct geometric combination of the test 
channel to perform a uniform liquid phase flow distribution. In the end, the branch 
quantity was reduced to half to be the final test condition of this research. 
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Fig. 3.15 Baker’s flow pattern map of the refrigerant flow at the dividing header 

entrance and inlet pipe 

Table 3.5 Same test channels with different orientation (branch and header), inlet 
position and flow direction 

 Vertical   
Upward 

Vertical   
Downward 

Horizontal 
downward Lying Leveled 

Header 
orientation Horizontal Horizontal Vertical Horizontal 

Branch 
orientation Vertical Vertical Horizontal Horizontal 

Inlet 
position Bottom Top Top Horizontal 

Flow 
direction Reverse Reverse Parallel Reverse 

C
on

fig
ur

at
io

n 
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3.3.4 Air-water flow distribution test apparatus 

Figure 3.16 is the schematic diagram of air-water flow distribution measurement 
apparatus. These apparatus has been introduced, used and reported in our previous 
segment of this research. The pressure distribution at along the dividing and combining 
headers are most likely uniform. Due to this, a uniform backpressure condition of flow 
distribution measurement apparatus has been selected. By using another test channel, 
i.e., as in Fig. 3.17, that has a same specification as the visual test channel, except for 
this one, the combining header was not connected. At the end of the branches they were 
fixed to a plastic hose and connected to the measurement apparatus as in Fig. 3.16. One 
branch to measure the flow rate was connected to the separator and other branches were 
connected to a combining tank that had a large volume. The valves at the exits of the 
separator and the combining tank were adjusted so that the pressure difference between 
them becomes zero. Since the combining tank was quite large, also the pressure 
distribution inside the combining tank were measured and confirmed that the pressure in 
it was practically constant. By repeating this method with all the 22 branches, the flow 
distribution under the constant backpressure condition for all the branches can be 
measured. The inlet condition of air-water flow pattern at the header entrance shall be 
generated by the same method as in Fig. 3.13. 

 

Fig. 3.16 Air-water flow distribution measurement apparatus 
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Fig. 3.17 Detail dimension of simulated test channel with 22 branches for air-water flow 
distribution measurement 

3.4 Specification and detail of measuring devices and testing 
apparatus 

3.4.1 Air and water phase inlet flow control 

In the first segment, for testing apparatus as in Fig. 3.1, the instruments (name, 
specification and detail) that been used for generating, measuring and controlling the 
accurate inlet flow condition are as below. 

 Constant temperature bath 
Product of Thomas Kagaku Co. Ltd., Desktop low temperature model constant 
temperature bath, Model name: T-22L 

 Mass flow controller for air phase 
Product of Yamatake Co. Ltd., Digital mass flow controller, CMQ-V series 

① MQV0020 (0 ~ 20.0 L/min) 
② MQV0200 (0 ~ 200 L/min) 
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 Water phase mass flow meter 
Product of Mitsuba Co. Ltd., Two gear type flow sensor, Model name: XFS-1204  

(0 ~ 72 L/h), (0 ~ 120 L/h) 

In the second segment, for testing apparatus as in Fig. 3.13 and 3.16, the instruments 
that been used for generating, measuring and controlling the accurate inlet flow 
condition are basically the same as the one that been used in the first segment except 
below instrument due to the differences of air and water phase superficial velocities 
ranges. 

 Mass flow controller for air phase 
Kofloc brand (Kojima instrument Inc.), Thermal mass flow controller 8500 series, 
Model8550, Standard flow range up to 10 L/min 

 Mass flow controller for water phase 
Horibastec brand (product of Horiba limited), Digital liquid mass flow controller 
LV-F series, Model name: LV-F60PO, Standard flow range up to 50 g/min. 

 Mass flow meter for water phase 
Coriolis Digital Flow Sensor FD-S Series 
Product of Keyence Corporation, Model name: FD-SF1, measuring range from 0 to 
1000 mL/min. 

3.4.2 Air and water phase flow distribution measurement 

Continuing from above, after the inlet flow being generated to be the desired flow 
pattern at the entrance and distributed to the branches, as in Fig. 3.8 for first segment, 
also as in Fig. 3.16 for the second segment of this research, the air and water phase flow 
shall be measured separately. The instruments that used for measuring the air and water 
flow are as below. 

 Air phase flow rate measurement 
Product of Yamatake Co. Ltd., Mass flow meter for gas phase,  

Model name: CMS0005 (0 ~ 5 L/min) 
CMS0050 (0 ~ 50 L/min) 

 Water phase mass measurement 
Product of Shimadzu Corporation, Electronics scales, 
Model name: UX4200H (0～4200g) 
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3.4.3 Equipments for visual observation 

In the first and second segment of this research, the visual observation on the flow 
pattern at the header entrance and also the observation of flow behavior along dividing 
header were done mostly by recording the visual data using below equipment. 

 Hi speed camera 
Product of Photron Limited, Model name: FASTCAM-ultima1024 R2 

Table 3.6 Recording condition 
Frame Rate 500 fps 
Resolution 1024×512 pixels 

Shutter Speed 1/4000 sec 
Sensitivity ×4 

 Digital camera 
Casio digital camera, Model name: EX-FH25. 

 Snapshot image size used was 10 and 9 Megapixels. 
 Movies image quality for Hi definition mode is (1280 x 720) pixels, 

approximate data rate is 30 Megabits/sec (30 fps); for Standard mode is 
(640 x 480) pixels, approximate data rate is 10 Megabits/sec (30 fps); for 
Hi speed mode at 30 – 240 fps is (448 x336) pixels, approximate data rate 
is 6.25 Megabits/sec at 30 fps and 50 megabits/sec at 240 fps. 

Noted that, this equipment was started being used for photo and movie shooting 
from the second segment of this research. 

3.4.4 Pressure measurement 

 Pressure gauge used to measure the pressure in side separator for flow distribution 
measurement test as in Fig. 3.8. 
Product of Nagano Keiki Co. Ltd., Digital differential pressure gauge, 

Model name: GC62 (-2 ~ 2 kPa)  

 Pressure measurement equipment used for measuring pressure at along header 
surface as in Fig. 3.9. 
Product of JTEKT Corporation, Semiconductor pressure transducer (Diffusion type 
/ Silicon diaphragm type), 

Model name: PD104SW (Measurement pressure range -30 ~ 30 kPa) 
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This diffusion type semiconductor pressure transducer, a formation of strain 
gauge located at the silicon diaphragm surface is the section that received the 
pressure signal. The pressure detection system basically works by the changes of 
resistance according to Piezo resistance effect. The pressure value is obtained when 
a strain is present at the diaphragm which proportion to the value of the output 
current signal that was supplied from a DC amplifier. DC Amplifier made by the 
same manufacturer with model name AA6010 and AA6210 was used due to the 
output current signal range is small. More over, a required and well balance of 
electric circuit with applied power supply included in the system makes this DC 
amplifier perfect to be used with the transducer. Also, at the sensor position of this 
transducer, silicon oil is added to avoid air from entering inside. 

 Pressure measurement device for measuring pressure of refrigerant cycle at point no. 
③ and ④ in Mollier diagram as in Fig. 3.12. 
These devices were located each near the expansion valve at leaving and entering 
position as in Fig. 3.11 measuring the low and high pressure side of the system. 

 High pressure side (point no. ③), the pressure gauge was from product of 
Yokogawa. 
Model name: FP101-E32-L20A*B, with output signal range from 1 to 5V DC. 
Cover the pressure measurement range from 0 to 5 MPaG. 

 Low pressure side (point no. ④), the pressure gauge was from product of 
Yokogawa. 
Model name: FP101-C32-L20A*B, with output signal range from 1 to 5V DC. 
Cover the pressure measurement range from 0 to 1 MPaG. 

3.4.5 Temperature measurement 

As the pressure gauge for heat pump cycle, these devices were located near the 
expansion valve as in Fig. 3.11. 

 Thermocouple 
Product of Hakko Co. Ltd., Model name or references are H8XC and 
ST-2-A-1.0-U. 

3.4.6 Refrigerant mass flow measurement 

In the second segment, the mass flows that circulate inside the heat pump cycle 
were measured using below mass flow meter. 
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 Coriolis Digital Flow Sensor FD-S Series 
Product of Keyence Corporation, Model name: FD-SS2, measuring range from 0 to 
2000 mL/min. 

3.4.7 A/D converter (Analog to digital converter) 

For first segment testing, gas phase flow measurement and pressure along the 
header data were transfer by a voltage signal via A/D converter to PC for data 
compiling process and graph plotting for straightforward understanding of the 
behavior of the two phase flow distribution inside the test channel. 

 Multi-input data acquisition system (Wave logger) 
Product of Keyence Co. Ltd., Model name: NR-600 was used. 

Also, noted that, in the second segment, this same apparatus has been used to 
transfer the data of temperature, pressure and mass flow rate of the refrigerant cycle 
to PC for calculation of quality x at point no. ④ in the Mollier diagram of the 
tested condition for accurate labeling of visual data for further study. For 
monitoring and data collection of air and water flow distribution rate in the second 
segment, the new purchased data logger has been used and the details are as below. 

 Data logger 
Product of Graphtec, Midi logger GL800, Model name: GL800-UM-801. 
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Chapter 4 

Experimental Results, Analysis and 
Discussion 

4.1 Chapter overview 

In this chapter, the results of the experiment are reported, analyzed and discussed. As in 
previous chapter, this chapter also has the same two segments. However after the second 
segment there are other explanations on flow distribution behavior of two phase flow 
with other perceptive approach of different parameters and test conditions. 

  The first segment is the result on the study of parameters that influence the flow 
distribution uniformity, which in this study the experiments on the gas-liquid flow 
distribution characteristics in multi-pass channels with ten upward branches has been 
made. Attention has been directed the influences of (i) the flow pattern in the dividing 
header, i.e., flow-inlet condition at the header entrance, (ii) the pressure distribution in 
the combining header, i.e., pressure condition at the branch outlets, and (iii) 
pressure-loss characteristics of refrigerant tubes, i.e., branch profiles, on the flow 
distributions. The pressure distributions in the combining and dividing headers as well 
to make clear the backpressure condition of the branches in a real evaporator also has 
been measured. The experiments have been conducted with the isothermal air-water 
system that is suitable for grasping the fundamental flow characteristics in the channel. 
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 Also an analysis of finding the most influenced parameter to the flow distribution 
uniformity in multi-pass channel has been done by using DOE, i.e., the design of 
experiment method which is one of the six sigma tools or “anova”, i.e., an analysis of 
variance in statistical mathematics term. It is expected that the data of the gas-liquid 
distributions obtained under these specified inlet and outlet conditions are helpful not 
only to understand the two-phase flow distribution characteristics in the multi-pass 
channels but also as a database to examine the reliability of numerical simulations. 

The second segment of this chapter is the result and discussion on the study of the 
similarities of real refrigerant and air-water two phase flow distribution behavior. The 
testing result involved in this segment shall include the visual observation result on the 
test channel of a real refrigerant (R-134a) and air-water. A comparison of both 
substances flow distribution characteristic shall be discussed with the qualitative and 
quantitative data that has been taken. 

4.2 First segment: Study on parameters that influence the flow 
distribution 

4.2.1 Flow distributions under the stratified-flow inlet 

In this section, the air and water flow distribution characteristics measured under the 
stratified-flow inlet condition (Fig. 3.7(a)) are addressed. Fig. 4.1 shows an example of 
snapshots of the flow in the dividing header under the stratified-flow inlet condition. It 
was found that water was distributed to the branches unsteadily by large waves but the 
downstream region of the dividing header was blocked by stagnant water. 

At first, the influence of the backpressure condition at the branch outlets on the flow 
distributions is examined in detail. As a baseline, the results of air and water 
distributions obtained in the channel with flat tube branches are shown in Fig. 4.2. The 
abscissa shows the branch number and the branch located nearest the header entrance is  

 

Fig. 4.1 Snapshot of the flow in the dividing header under the stratified-flow inlet 
condition 
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(a) Case A (Non-uniform backpressure condition) 

 
  (b) Case B (Uniform backpressure condition) 

Fig. 4.2 Flow distributions under the stratified-flow inlet condition              
(Flat tubes, jl = 0.03 m/s) 
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Fig. 4.3 Pressure distributions at the branch outlets in Case A (Flat tubes, jl = 0.03 m/s) 

denoted as "1". The ordinate shows the air distribution ratio Mgi/Mg (broken lines) and 
the water distribution ratio Mli/Ml (solid lines) measured in the i th branch (i = 1 ~ 10). 
The superficial water velocity at the header entrance jl is fixed at 0.030 m/s, and the 
superficial air velocity jg is varied as 1.0 m/s, 3.0 m/s and 5.0 m/s. The pressure 
distributions at the branch outlets measured in Case A are shown in Fig. 4.3. The 
backpressure is highest in the first branch, and it decreases gradually in the branches 
located further downstream. From this result one can confirm that the non-uniform 
backpressure condition is imposed on the branches in Case A. 

Fig. 4.2(a) shows the results obtained under the non-uniform backpressure condition 
(Case A in Fig. 3.8(a)). At the lowest air velocity of jg = 1.0 m/s, larger amount of air is 
distributed to branches located nearer the header entrance and Mgi/Mg is almost zero 
after the 6th branch. The water distribution ratio Mli/Ml also shows relatively large 
values in upstream branches but it attains the maximum in the 4th branch. This branch 
corresponds to the location at which the crests of the large waves generated in the 
header reach the top wall of the dividing header. As observed in Fig. 4.1, water is 
distributed to the branches unsteadily by large waves generated in the dividing header 
and it was found that the location where they occurred moved downstream as jg was 
increased. At low jg, the downstream region of the header is blocked by stagnant water 
as observed in Fig. 4.1 and very little amount of air and water is distributed to the 



 

65 

branches there. 

As jg is increased, air tends to be distributed to more downstream branches and air is 
distributed almost uniformly to all the branches at jg = 5 m/s. A close correlation is 
observed between the air distribution ratios and the pressure distribution at the outlets of 
the branches shown in Fig. 4.3. This is because the pressure loss in the gas-flow meter 
settled at the exit of the separator increases in proportion to the air flow rate. On the 
other hand, the water tends to be distributed preferentially to the downstream branches 
as jg is increased, and the mal-distribution of water is further enhanced at higher jg. 
These results mean that a uniform distribution of liquid that is desirable to evaporators 
cannot be obtained even if gas is distributed uniformly to all the branches. 

Fig. 4.2(b) shows the results obtained under the condition of Case B in Fig. 3.8(b), 
the uniform backpressure condition at the branch outlets. Similar to the results of Case 
A described above, both air and water tends to be distributed to more downstream 
branches as jg is increased. The mal-distribution of air to upstream branches is, however, 
more serious than that in Case A, and Mgi/Mg is almost zero after the 7th branch even in 
the highest air velocity condition of jg = 5 m/s. On the other hand, the preferential 
distribution of water to downstream branches observed at higher jg in Case A is 
remarkably relieved in Case B. For example, at jg = 5 m/s, the location of the maximum 
Mli/Ml moves from the 10 th branch in Case A to the 5 th branch in Case B. The reason 
for such a difference of flow distributions in Case A and Case B is explained as follows. 
In Case A, the backpressure of a branch becomes higher as the air flow rate in it 
increases. Therefore, the air distribution is suppressed automatically if excessive amount 
of air is distributed to a branch. On the other hand, in Case B, the backpressure of the 
branch does not change depending on the air distribution. As a result, the air distribution 
is not suppressed even if larger amount of air is distributed to a branch; this causes 
larger values of Mgi/Mg in branches located near the header entrance. 

The results obtained in the channel with multi-port tube branches are shown in Fig. 
4.4, in which jl is fixed at 0.030 m/s and jg is varied from 1.0 m/s to 5.0 m/s. Fig. 4.4(a) 
presents the air and water distribution ratios obtained under the non-uniform 
backpressure condition (Case A). At the lowest jg = 1.0 m/s, a larger amount of air is 
distributed to branches located nearer the header entrance and Mgi/Mg is almost zero 
after the 6th branch. The water distribution ratio Mli/Ml, however, shows quite a uniform 
distribution. As jg is increased, air tends to be distributed to further downstream 
branches and at jg = 5 m/s air is distributed almost uniformly to the branches except last 
two branches. On the other hand, water tends to be distributed preferentially to 
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downstream branches as jg is increased, thus the mal-distribution of water is enhanced at 
higher jg. These results of air and water distributions in the multi-port tube channel for 
Case A are qualitatively similar to those observed in the flat tube channel for Case A 
shown in Fig. 4.2(a). The mal-distribution of water to downstream branches at high jg is, 
however, relieved with the multi-port tubes. 

Fig. 4.4(b) shows the results for the uniform outlet pressure condition (Case B). The 
flow distribution characteristics observed under this backpressure condition agree well 
with those of Case A described above. This means that, in case of the multi-port tubes, 
the backpressure conditions at the branch outlets exert only minor influences on the 
flow distributions. Because the pressure losses of the multi-port tubes are much larger 
than those of the flat tubes, the influence of the pressure variations at the branch outlets 
on the flow distributions becomes relatively small. 

Next, the influences of the superficial water velocity jl on the flow distributions are 
discussed. Figs. 4.5(a) and 4.5(b) show the results obtained with the flat tubes under the 
backpressure conditions of Case A and Case B, respectively. The super air velocity jg is 
fixed at 5.0 m/s, and jl is changed from 0.015 m/s to 0.045 m/s. In Case A, the air and 
water distribution ratios do not change depending on jl, and it follows that the flow 
distribution characteristics are determined solely by jg. In Case B, both Mgi/Mg and 
Mli/Ml in the upstream branches become larger as jl is increased. From a comparison of 
Fig. 4.2(b) and Fig. 4.5(b), however, it is found that jg exerts greater influences on the 
gas and liquid distributions than jl in Case B as well as in Case A. 

The results obtained in the multi-port tube channel are shown in Fig. 4.6. The 
influences of the backpressure conditions and of jl are not observed at all in Mgi/Mg and 
Mli/Ml, and the flow distribution characteristics are qualitatively similar to those 
observed in Case A with the flat tube channel. 
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(a) Case A (Non-uniform backpressure condition) 

 
(b) Case B (Uniform backpressure condition) 

Fig. 4.4 Flow distributions under the stratified-flow inlet condition                
(Multi-port tubes, jl = 0.03 m/s) 
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(a) Case A (Non-uniform backpressure condition) 

 

(b) Case B (Uniform backpressure condition) 

Fig. 4.5 Flow distributions under the stratified-flow inlet condition               
(Flat tubes, jg = 5 m/s) 
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(a) Case A (Non-uniform backpressure condition) 

 

(b) Case B (Uniform backpressure condition) 

Fig. 4.6 Flow distributions under the stratified-flow inlet condition          
(Multi-port tubes, jg = 5 m/s) 
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4.2.2 Flow distributions under the mist-flow inlet 

The results shown so far were obtained under the stratified-flow inlet condition. As a 
contrastive case, we measured the flow distributions under the mist-flow inlet condition 
and the results are discussed in this section. A snapshot of the flow in the dividing 
header is shown in Fig. 4.7. It is observed that the annular mist flow is formed near the 
header entrance, but air and water tends to be separated in a downstream region of the 
header. The large waves such as observed in the stratified-flow inlet are not generated in 
this flow-inlet condition. At low jg, water stagnates in the downstream region of the 
dividing header as is the case with the stratified-flow inlet. 

At first, the results obtained in the channel with flat tubes are addressed. Figures 
4.8(a) and 4.8(b) show the air and water distributions measured under the non-uniform 
backpressure condition (Case A) and the uniform backpressure condition (Case B), 
respectively, at constant jl = 0.03 m/s. The superficial air velocities at the header 
entrance jg are the same as those of Fig. 4.2. 

In Case A, the air distribution ratios Mgi/Mg show qualitatively similar characteristics 
to those in the stratified-flow inlet shown in Fig. 4.2(a), but the uniformity of the water 
distribution is improved especially at high jg. At the lowest jg of 1 m/s, however, Mli/Ml 
is very low in the 4th - 7th branches. This is explained as follows. In this middle region 
of the dividing header, water flows in the lower part of the header cross section at low jg 
and is not distributed to the branches because the water film initially formed over the 
top wall of the header is distributed into the upstream branches. At larger air velocity, 
water droplets are distributed to the branches located in the middle region and relatively 
uniform distribution of water is achieved. 

In Case B shown in Fig. 4.8(b), similar to the results obtained in the stratified-flow 
inlet under the uniform backpressure condition, most of air is distributed to the first and 
second branches at low jg of 1.0 m/s. As jg is increased, Mgi/Mg in these branches  

 

Fig. 4.7 Snapshot of the flow in the dividing header under the mist-flow inlet condition 
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decreases and air tends to be distributed to the branches in the downstream region as 
well. As a result, the uniformity of the air distribution is improved in comparison with 
that for the stratified-flow inlet. The mal-distribution of air to the upstream branches is, 
however, enhanced in comparison with Case A of the mist-flow inlet. The water 
distribution shows qualitatively similar characteristics to that of Case A. From a 
comparison of Fig. 4.2 and Fig. 4.8, it follows that under the mist-flow inlet condition 
with flat tubes the pressure condition at the branch outlets exerts minor influence on the 
water distributions in comparison with the stratified-flow inlet. In the mist-flow inlet, 
water droplets and liquid film formed over the header walls have a direct influence on 
the water distributions to the branches. Since they are generated at the header entrance, 
it is though that the influences of the backpressure condition of branches and local air 
velocity in the dividing header on the water distribution are lessened in comparison with 
the stratified-flow inlet. 

The flow distributions measured in the channel with multi-port tubes are presented in 
Fig. 4.9(a) (Case A) and Fig. 4.9(b) (Case B). In this channel, the influence of the 
pressure condition at the branch outlets on the flow distributions is very small, and this 
tendency is similar to that observed in the stratified-flow inlet. The air distribution ratios 
Mgi/Mg shows qualitatively similar characteristics to those measured in the flat tube 
channel under the non-uniform backpressure condition (Fig. 4.8(a)). The water 
distribution ratios Mli/Ml increase remarkably in the 9th and 10th branches at higher air 
velocities, but the uniformity of the water distribution is improved in comparison with 
the stratified-flow inlet shown in Fig. 4.4. 

Next, the influences of the superficial water velocity jl on the flow distributions are 
examined.  Fig. 4.10 shows the results of the flat tube channel, in which jg is fixed at 5 

m/s. Under both backpressure conditions, Mgi/Mg and Mli/Ml are almost zero in the first 
branch at relatively low jl.  Since jg is quite high in Fig. 4.10, the inertia of air is large 
near the header entrance. Thus, air and water droplets entrained by air tend to go 
straight in the header passing over the entrance to this branch at the dividing T-junction. 
This causes the low air and water distribution ratios in the first branch. The influences 
of jl on the flow distributions appear more clearly in Case B than in Case A. In Case A, 
air is distributed almost uniformly irrespective of jl while water is distributed 
preferentially to upstream branches at low jl and to downstream branches at high jl. In 
Case B, as jl is increased, the air distribution ratio Mgi/Mg in the upstream branches 
becomes higher while that in the downstream branches decreases. This tendency is 
similar to that observed in the stratified-flow inlet with Case B (Fig. 4.5(b)), but the 
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influence of jl on the air distribution is more significant in the mist-flow inlet. The water 
distribution ratio Mli/Ml shows relatively uniform distribution at large jl. 

The results in the multi-port tube channel are shown in Fig. 4.11. As is the case with 
the stratified-flow inlet shown in Fig. 4.6, the pressure condition at the branch outlets 
exerts only minor influences on the flow distribution. The dependences of Mgi/Mg and 
Mli/Ml on jl are similar to those observed in the flat tube channel under the non-uniform 
backpressure condition (Fig. 4.10(a)). 
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(a) Case A (Non-uniform backpressure condition) 

 

(b) Case B (Uniform backpressure condition) 

Fig. 4.8 Flow distributions under the mist-flow inlet condition (Flat tubes, jl = 0.03 m/s) 
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(a) Case A (Non-uniform backpressure condition) 

 
   (b) Case B (Uniform backpressure condition) 

Fig. 4.9 Flow distributions under the mist-flow inlet condition             
(Multi-port tubes, jl = 0.03 m/s) 
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(a) Case A (Non-uniform backpressure condition) 

 

   (b) Case B (Uniform backpressure condition) 

Fig. 4.10 Flow distributions under the mist-flow inlet condition (Flat tubes, jg = 5 m/s) 
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(a) Case A (Non-uniform backpressure condition) 

 
   (b) Case B (Uniform backpressure condition) 

Fig. 4.11 Flow distributions under the mist-flow inlet condition             
(Multi-port tubes, jg = 5 m/s) 
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4.2.3 Evaluation of uniformity of flow distributions 

As described so far, the air-water distribution characteristics in the multi-pass 
channels change in a complex manner depending on the flow inlet condition at the 
header entrance, pressure condition at the branch outlet, and the branch profile.  In the 
application of these channels to compact heat exchangers, a uniform flow distribution to 
all the branches is ideal for high thermal performance. In this study, in order to evaluate 
the uniformity of the air and water distributions to the branches, the standard deviations 
of Mgi/Mg and Mli/Ml, denoted as σg and σl respectively, have been calculated by the 
following equations. The smaller values of σg and σl statistically correspond to the 
higher uniformity of the air and water distributions as reported by Marchitto A. et al. 
(2008). 
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Figs. 4.12 and 4.13 show the results of σg and σl, respectively, obtained with the 
stratified flow inlet. Figs. (a) and (b) correspond to the backpressure conditions of Case 
A and Case B, respectively. The abscissa shows the superficial air velocity jg, and the 
results in the flat tube channel and the multi-port tube channel are compared in each 
figure. In both branch profiles and backpressure conditions, σg decreases as jg is 
increased. The influence of the branch profile on σg appears clearly in Case B (uniform 
backpressure condition). On the other hand, σl increases almost linearly with jg. As a 
whole, the standard deviation of the water distribution ratios shows smaller values in the 
multi-port tube channel. This means that the uniformity of the liquid distributions to the 
branches is improved with the multi-port tubes in the stratified-flow inlet condition.   

Next, the results of σg and σl for the mist-flow inlet are shown in Fig. 4.14 and Fig. 
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4.15. The distributions of σg are qualitatively similar to those obtained with the 
stratified-flow inlet, but the difference between the flat tubes and the multi-port tubes in 
Case B is somewhat smaller than that found in Fig. 4.12(b). In σl, no distinct difference 
is observed between these tube profiles. As a general trend, σl for the mist-flow inlet 
shows smaller values than that for the stratified-flow inlet irrespective of the 
backpressure condition and the branch profile. This suggests that the flow pattern in the 
dividing header is the decisive factor for the uniformity of the liquid distribution to the 
branches. 
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(a) Case A (Non-uniform backpressure condition) 

 

   (b) Case B (Uniform backpressure condition) 

Fig. 4.12 Standard deviations of the air distribution ratios σg under the stratified-flow      
inlet condition 
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(a) Case A (Non-uniform backpressure condition) 

 

   (b) Case B (Uniform backpressure condition) 

Fig. 4.13 Standard deviations of the water distribution ratios σl under the stratified-flow    
inlet condition 
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(a) Case A (Non-uniform backpressure condition) 

 

   (b) Case B (Uniform backpressure condition) 

Fig. 4.14 Standard deviations of the air distribution ratios σg under the mist-flow inlet 
condition 
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(a) Case A (Non-uniform backpressure condition) 

 

   (b) Case B (Uniform backpressure condition) 

Fig. 4.15 Standard deviations of the water distribution ratios σl under the mist-flow        
inlet condition 
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4.2.4 Pressure distributions inside headers 

As described earlier, we tested two kinds of pressure conditions at the branch outlets 
and found that the backpressure conditions exerted a great influence on the flow 
distribution to the branches especially in the stratified-flow inlet. In a real compact 
evaporator, the downstream ends of the branches are connected to a combining header, 
and it is not clear which backpressure condition is appropriate to reproduce a flow 
condition in it. Hence, in this study, we measured the pressure distributions in the 
dividing and combining headers to make clear the pressure conditions at the branch 
outlets in a real evaporator and to find out an appropriate backpressure condition in the 
measurement of the flow distributions. 

Since the flow-inlet condition and the direction of the flow in the combining header 
(parallel flow or reverse flow in Fig. 3.9) did not exert significant influences on the 
pressure distributions in the headers, the results measured under the stratified-flow and 
mist-flow inlet with the parallel flow condition are shown here. Figs. 4.16 and 4.17 
under stratified-flow, while Fig. 4.18 and 4.19 under mist-flow inlet, present the typical 
pressure distributions along the dividing and combining headers measured in the flat 
tube channel and the multi-port tube channel, respectively. The abscissa shows the 
positions of the pressure sensors along each header, starting from the second branch. 
The pressure distributions in the dividing and combining headers are shown by the solid 
and broken lines, respectively. jl is set at 0.030 m/s with the variation of jg from 1.0 m/s 
to 5.0 m/s. In these figures, the pressures in both headers show almost constant values in 
the longitudinal direction irrespective of the values of jg and branch profiles. This 
suggests that, in real evaporators, the outlets of all the branches are kept at the same 
pressure. Therefore, in the measurements of the flow distribution characteristics, the 
gas-liquid distribution ratios close to a real evaporator are expected to appear by 
imposing the uniform backpressure condition, Case B in Fig. 3.8(b), on the branches. As 
described in this paper, the backpressure condition of the branches exerts direct 
influences on the flow distributions in the flat tube channel. Thus, considerable care 
should be given to the pressure condition at the branch outlets in the interpretation of 
experimental data published in literature. 
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Fig. 4.16 Pressure distributions in the dividing and combining headers under the 
stratified-flow inlet (Flat tubes, jl = 0.03 m/s) 

 

Fig. 4.17 Pressure distributions in the dividing and combining headers under the 
stratified-flow inlet (Multi-port tubes, jl = 0.03 m/s) 
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Fig. 4.18 Pressure distributions in the dividing and combining headers under the 
mist-flow inlet (Flat tubes, jl = 0.03 m/s) 

 

Fig. 4.19 Pressure distributions in the dividing and combining headers under the 
mist-flow inlet (Multi-port tubes, jl = 0.03 m/s) 
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4.2.5 Analysis of most influenced parameter to uniformity of flow 
distributions 

In this session, an analysis of parameters or factors that influenced the uniformity of 
flow distribution is discussed. Seems the liquid superficial velocity has been observed 
clearly that has a small influence to the uniformity of flow distributions, it has been 
decided to focus the analysis with these sources; (1) Flow pattern, (2) Backpressure, (3) 
Superficial air velocity (4) 2-way and 3-way interactions between parameters. This 
analysis is important for discovery the most valuable parameter that contributed to the 
uniformity of the flow distribution and the best setting of the parameters level to archive 
the lowest σg and σl. 

As in the previous session, total of 72 combinations of test configuration with 5 
parameters has been done and σg and σl has been calculated and being plot as in Fig. 
4.12, 4.13, 4.14 and 4.15. A branch profile with bare smooth tube has been chose for 
this analysis; superficial water velocity jl has a minor influence to the uniformity of flow 
distribution and by considering only 3 parameters as in table 4.1. The σg and σl that to be 
analyzed is reduces to 8 combinations. By, repeating the combination 3 times which the 
first, second and third 8 is the test data at jl = 0.015 m/s, 0.030 m/s and 0.045 m/s 
respectively. Total data to be analyzed are 24 combinations. By using the “Design of 
Experiment” method, or in mathematics and statistics study in area of “Analysis of 
Variance (ANOVA)”, Brookes C. J. et al. (1979), the analysis has been done by using a 
program called Minitab 15 statistical software. 

First, the result of gas phase flow distribution uniformity analysis is addressed. An 
ANOVA table as in Table 4.2 has been made by using General Linear Model in Minitab 
15 software from the 24 combination results of σg. From the table, clearly shows only  

Table 4.1 Summary of the selected analyzed parameters and its level 

Parameter Level 

Flow pattern at header entrance Stratified-flow, Mist-flow 

Backpressure Non-uniform, Uniform 

jg (m/s) 1.0 m/s, 5.0 m/s 
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Table 4.2 Summary of the ANOVA table for σg 

Source  DF SS MS F P-value
flow pattern 1 0.000043 0.000043 0.08 0.7860
backpressure 1 0.035378 0.035378 63.30 0.0000

j g 1 0.04134 0.04134 73.97 0.0000
flow pattern

*backpressure 1 0.000241 0.000241 0.43 0.5210

flow pattern
* j g

1 0.001049 0.001049 1.88 0.1900

backpressure
* j g

1 0.000276 0.000276 0.49 0.4920

flow pattern
* backpressure

* j g

1 0.000552 0.000552 0.99 0.3350

Error 16 0.008942 0.000559
Total 23 0.08782  

backpressure and jg are the main parameters contribute to the uniformity of gas phase 
flow distribution as the P-value in the table are less than 0.05. P-value, calculated from 
F raging from 0 to 1. It is a hypothesis test to check whether the parameter is significant 
to the contribution of the uniformity of the flow distribution or not. (P-value < 0.05≡
significant, P-value > 0.05≡not significant) 

For further understanding on how large the contribution of these parameters, by 
calculate the percentage of SS value to the SS total from table 4.2, a simplified Pareto 
chart can be plot to show clearer contribution of each parameter and its interaction 
among each others to the uniformity of gas phase flow distribution as in Fig. 4.20. The 
abscissa shows the sources which are the parameters and its interaction combinations. 
The ordinate shows the percentage of contribution to the uniformity of the gas phase 
flow distribution. From the chart, the total of contribution by all the parameters to the 
uniformity of flow distribution of gas phase is 89.82%. The other 10.18% is the 
experimental error or considered unknown. From this 89.82% of contribution, the jg 
with 47.07% continuing with backpressure with 40.28% contribute the most for the 
uniformity of gas phase. The other parameters and all the interaction shall be classified 
as not significant to the contribution of uniformity of flow distribution. 

The next analysis is to find the best combinations of parameters and its level to create 
the best setting for the best uniformity of flow distribution. By using Minitab 15 
software again with design of experiment cube plot tool, the result yield as in Fig. 4.21.  
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Fig. 4.20 Pareto chart of sources (parameters) contribute to the uniformity of gas phase 
flow distribution 

 

Fig. 4.21 Cube plot with means value of σg at each combination of setting level for each 
parameter 
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Table 4.3 Summary of the ANOVA table for σl 

Source  DF SS MS F P-value
flow pattern 1 0.0038346 0.0038346 9.80 0.0060
backpressure 1 0.0039629 0.0039629 10.13 0.0060

j g 1 0.0013102 0.0013102 3.35 0.0860
flow pattern

* backpressure
1 0.0002948 0.0002948 0.75 0.3980

flow pattern
* j g

1 0.0062611 0.0062611 16.00 0.0010

backpressure
* j g

1 0.0047 0.0047 12.01 0.0030

flow pattern
* backpressure

* j g

1 0.0043281 0.0043281 11.06 0.0040

Error 16 0.006261 0.0003913
Total 23 0.0309525  

 

 

Fig. 4.22 Pareto chart of sources (parameters) contribute to the uniformity of liquid 
phase flow distribution 
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Fig. 4.23 Cube plot with means value of σg at each combination of setting level for each 
parameter 

This cube plot shows the mean value of σg at each combination of the 3 parameters and 
its level as in Table 4.1. From the cube plot, the smallest mean value of σg is 0.02720 
which is located at left, back and upper side of the plot. Thus to ensure the σg at 
minimum level, the setting of each parameter should be as follow. Backpressure should 
be at non-uniform condition, jg should be set at 5.0 m/s and flow pattern should be set 
with stratified flow. Noted, the flow pattern is considered a not significant parameter as 
explain in table 4.2 and Fig. 4.20, thus make the differential of σg value between 
mist-flow and stratified-flow in Fig. 4.21 is relatively small. 

Parameters that contribute the most to the uniformity of liquid phase flow distribution 
shall be discussed next. As previously explained, an ANOVA table from the 24 
combination of parameters experiment σl result is been made as in Table 4.3. Different 
from gas phase ANOVA table, this table, the P-value for 3-ways interaction shows lower 
value than 0.05, meaning that it is significant to the contribution to the uniformity of 
liquid phase flow distribution. Only one of the 2-ways interaction combinations is not 
significant to the uniformity of flow distribution, i.e. flow pattern and backpressure. 
Nevertheless, jg P-value is higher than 0.05, however due to its interactions among other 
parameters significant to the flow distribution, makes jg significant as a main factor as 
others. 
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Fig. 4.22 shows a Pareto chart of contribution percentage to the uniformity of liquid 
phase flow distribution by its main parameters solely and also by its parameters 
interaction among each others. From the chart, the total of contribution by all the 
parameters and its interactions to the uniformity of flow distribution of liquid phase is 
79.77%. The other 20.23% is the experimental error. The chart shows that the 2-ways 
interaction of flow pattern and jg is the most influenced to the uniformity of liquid phase 
flow distribution that contributes 20.23% continue with combination of backpressure 
and jg with 15.18%. From this observation of Fig. 4.22, it shows that the interaction 
among parameters are more important than the parameter itself to the contribution of the 
uniformity of liquid phase flow distribution. 

Since interaction contributed more than the parameter itself, from the experiment to 
find the best setting for each factor that can sustain minimizing the standard deviation of 
liquid by a design of experiment cube plot tool as explain earlier. Fig. 4.23 is the result 
of cube plot for mean value of σl. From the figure, to archive the smallest value of σl the 
parameters should be set as follows. Flow pattern should be mist flow, the backpressure 
should be uniform condition and jg should be set at 5.0 m/s. 
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4.3 Second segment: Study on the similarity of real refrigerant 
and air-water two phase flow distribution behavior 

A lot of study on gas-liquid two phase flow distribution in multi-pass channel that has 
been reported examined the air-water two phase flow distribution to simulate the real 
refrigerant two phase flow as reported by Lee S. Y. (2006). For this kind of approach, it 
has been proposed to synchronize the phase separation between gas and liquid inside the 
header due to the differential of properties of the substance, by focusing on the flow 
pattern generation at the header entrance, also by deciding the mass flow rate M of the 
simulated substance by matching it with the Baker map (1954) parameter method as 
reported by Katsuta M. et al. (2009). However, experiment data on direct observation 
and comparison of flow pattern condition between air-water and real refrigerant inside 
the same specification of multi-pass channel is apparently very few, such as the one that 
reported by Kim N-H. et al. (2008), furthermore, present researchers find some 
argumentative of indistinct point when referred to previous work done by former 
researchers when advancing their research and development by this simulation method. 

This research is mainly an experimental study of two phase flow distribution 
behavior in upward and downward multi-pass channel focusing on refrigerant R-134a 
and air-water substance similarity. By using an identical specification of multi-pass 
upward test channel simulated from a multi flow type compact evaporator, a direct 
visual test has been done to observe the flow distribution characteristic of each 
substance in multi-pass channel. A comparison of gas-liquid phase flow distribution 
behavior in multi-pass channel is also studied and discussed; however, the concentration 
shall be on liquid phase flow distribution behavior due to its priority on improvement of 
evaporator’s COP. These mainly to clarify all the indistinct point when synchronize the 
R-134a refrigerant two phase flow to the air-water two phase flow at all desired test 
condition in multi-pass upward and downward channel. Thus, to find the accurate mass 
flow rate of air and water to generate a two phase flow pattern at header entrance to be 
visually identical with R-134a also to have an identical flow distribution behavior at 
combining header. Furthermore, for confirmation on visual observation result, an 
air-water flow distribution test was conducted. From this flow distribution measurement 
result, the value of flow distribution ratio of gas and liquid phase of R-134a that flow 
from the dividing header to all the  branches can now be better understood and 
confirming inlet condition for air-water flow synchronization with R-134a gas and 
liquid two phase flow in upward and downward multi-pass channel. 
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(a) M = 5.2 kg/h, x = 0.3 

 

(b) M = 5.2 kg/h, x = 0.4 

 

(c) M = 8.5 kg/h, x = 0.3 
Fig. 4.24 Typical visual data of refrigerant flow 

Upward Liquid

Gas region in 
the header 

Upward

Upward
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  Also, from this basis, a study on improvement of mainly liquid phase flow 
distribution uniformity in multi-pass channel can be conduct in more accurate result and 
less difficulty. 

4.3.1 R-134a two phase flow visual observation result in the upward 
orientation test channel  

Snapshots in Fig. 4.24 show a typical result from the visual observation of flow pattern 
at the header entrance of the test channel. The data mostly being recorded and 
investigated by a motion picture data. Thus, the air-water two phase flow visual 
observation data also are in motion picture, and the comparison of both was base on this 
data. Noted, a general behavior of flow distribution at the combining header was also 
being observed, however it can only be as a reference data for confirmation on flow 
distribution behavior of air-water flow distribution measurement. 

As an overall result for all the tested condition in table 3.4, the visual data shows that 
only at the upstream of the test channel, the gas phase occupied a small region at the top 
portion of the dividing header, while liquid phase fully occupied all the space of the 
header up to downstream. Thus, the gas phase region become larger as the quality x or 
mass flow rate M is increase. However, due to the test condition range, even at the 
highest jG which the quality x = 0.4 and mass flow rate M = 8.5 kg/h, the gas phase of 
these R-134a could only occupied a small depth at the top portion, until approximately 
the half length of the header. Else, upon observing closely the test channel at the 
downstream region of the dividing header, it seems that the liquid is in a stagnant state. 
Also, at the combining header, only an aggressive movement of flow distribution has 
been observed at the upstream region. Thus at the downstream only a small quantity of 
liquid phase flow distribution can be observed and it becomes nil as it reached to the 
end of the header. 

From the observation, visual test with this test channel specification as in Fig. 3.14, 
also with application of test condition as in table 3.4; as an initial conclusion, only a 
small quantity of branches at the upstream shall have a flow distribution of R-134a gas 
and liquid phase. 
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4.3.2 Air-water two phase flow visual observation result in the upward 

orientation test channel 

4.3.2.1 Inlet flow condition at the header entrance 

The main objective of this research is to find similarities between the refrigerant 
(R-134a) flow and the air-water flow, which is to synchronize the R-134a two phase 
flow pattern with air-water two phase flows in a simulated multi-flow type evaporator at 
several test condition, i.e., quality x and mass flow rate M at header entrance of 
evaporator as in Table 3.4. In this research a prediction of air-water flow pattern that can 
be generate by deciding the local velocity of air and water at the header entrance by 
compute it from the next 4 condition. Then, all these 4 condition shall be visually 
recorded and compared with the R-134a flow pattern. 

(ⅰ) Equal superficial velocities 
Superficial velocities of air (jA) and water (jW) are set equal to those of R-134a 
vapor (jG) and liquid (jL), respectively, at the entrance of the dividing header. 
Namely, 

GA jj =  , LW jj =  (4.3) 

(ⅱ) Equal to kinetic energies 

22
GGAA jj ρρ =  , 

22
LLWW jj ρρ =                      (4.4) 

Under this condition, the difference of densities of vapor and air is the main 
reflections to the value of jA. 

 (ⅲ) Equal to quality x and mass flow M 

Quality x      : LLGG

GG

WWAA

AA

jj
j

jj
j

ρρ
ρ

ρρ
ρ

+
=

+          (4.5) 

Mass flow M: LLGGWWAA jjjj ρρρρ +=+              (4.6) 

Also, at this condition the differential of gas phase density determine the value of 
jA, even stronger than the above-mentioned condition of (ⅱ). 
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(ⅳ) Equal to Baker map (1954) parameters 
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The liquid phase surface tension differentials determine the value of jL. Unlike 
others, this condition usually being implemented as a model for simulation of real 
refrigerant to air-water flow distribution test by past researchers, e.g., Koyama S. 
et al. (2006) and Katsuta M. et al. (2009). 

Figure 4.25 shows the comparison of jA and jW value upon calculated by formula 
produced from the above 4 test condition. All the calculations producing these results 
are base on the fluids physical properties as in table 4.4. From the graph, the jA value of 
test condition that equal to quality x and mass flow rate M was several times larger than 
jG. Seem different at test condition that equal to Baker’s map parameters when the value 
of jW was several times larger than jL. 

Noted also, in this study both channel orientation of upward and downward flow shall 
use this 4 inlet condition of air-water velocity to compare with real refrigerant two 
phase flow distribution behavior. 

Table 4.4 Physical properties of R-134a and air-water 

R-134a (at -10ºC in saturated 
condition) 

(at 25ºC and 1 atm) 
 

Gas Liquid Air Water 

Surface tension σ 
[mN/m] 

 8.1  71.9 

Density ρ  [kg/m3] 10.61 1326.5 1.21 997.0 

Viscosity µ [µPa·s] 11.82 307.5 18.48 890.1 
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Fig. 4.25 Superficial velocities of air and water for (ⅰ) – (ⅳ) 

4.3.2.2 Visual observation result 

All visual data were recorded by a digital camera and a high speed video camera with 
240 frames/sec. Fig. 4.26 shows the typical snapshots of air-water two-phase flows 
obtained under 4 conditions explained above, all of which simulate M = 5.2 kg/h and x 
= 0.3 of the refrigerant flow. With all these motion pictures, by focusing on the flow 
pattern at the dividing header entrance (blue circles in Fig. 4.26), a comparison was 
made with the R-134a motion picture to find the air-water inlet condition that gives the 
most identical two-phase flow pattern among 4 conditions. In particular, a gas phase 
maximum gained length in the dividing header and its temporal variations were 
compared. Fig. 4.27 shows the flow pattern in the dividing header, the gained length of 
gas phase is coordinated by blue arrows. The results of comparisons of the refrigerant 
flow and the air-water flow are summarized as follows. 

(i) Equal superficial velocities: Dispersed air bubbles slowly flow in the upper part of 
the dividing header near its entrance as shown in Fig. 4.27(b). Compared with the gas 
phase region length of R-134a shown in Fig. 4.27(a), the air region length is shorter and 
disturbances of gas-liquid interface are quite small. This happens because the setting of 
jA is too low. 
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(a) Equal to superficial velocity 

 
(b) Equal kinetic energies 

 
(c) Equal quality and mass flow rate 

 
(d) Equal Baker’s map parameters 

Fig. 4.26 Typical results of air-water flow visualization when M = 5.2 kg/h and x = 0.3 

Flow pattern 
condition at the 
header entrance 

Upward

Upward

 

Upward
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(ii) Equal kinetic energies: The air region length and the air-water interface disturbance 
are visually quite similar to those observed in R-134a flow as found by the comparison 
of Fig. 4.27(a) and Fig. 4.27(c). 

(iii) Equal quality and mass flow rate: As shown in Fig. 4.27(d), the air-water flow in 
the dividing header is in a wavy stratified flow and the air region exists to the end of the 
header. This flow pattern happens because the setting value of jA is too high. This 
air-water flow behavior is considerably different from that of R-134a flow. 

(iv) Equal Baker map parameters: It seems that under this condition the pattern of 
air-water flow in the dividing header is almost identical to that of the R-134a two-phase 
flow, meaning that the length of gas region gained in the upstream region of the 
dividing header in Fig. 4.27(e) is nearly the same as that observed in the refrigerant flow 
in Fig. 4.27(a). However, at relatively high mass flow rate, the disturbance of air-water 
interface was more intense compared to the gas-liquid interface of refrigerant flow. 
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(a) Refrigerant flow 

 

 

(b) Air-water flow under equal superficial velocities 

 

 

(c) Air-water flow under equal kinetic energies 

 

 

(d) Air-water flow under equal quality and mass flow rate 

 

 

(e) Air-water flow under equal Baker’s map parameters 

Fig. 4.27 Flow pattern in the dividing header 
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4.3.3 Air-water flow distribution measurement result in upward 

orientation test channel 

Base on the visual observation results of air-water two phase flow behavior in simulated 
test channel, an air-water flow distribution measurement test has been conducted. From 
the 4 tested condition, the visual observation result shows that especially at the header 
entrance flow pattern was the condition of air-water two phase flow that equal to kinetic 
energy of R-134a two phase flow result was the best fitted to the flow pattern of R-134a 
at the header entrance. By that reason this condition has been selected to go to the next 
stage of this study which is to measure the air-water flow distribution to each branch. 
These steps are required to confirm that the simulated test condition flow distribution 
behavior are the same as in the real R-134a as visually can be identify by observing 
liquid phase movement came out from the branches at along the combining header of 
the test channel. In this study, the test condition which the air-water two phase flow is 
equal to the R-134a Baker map (1954) parameters is also has been selected for 
measuring the flow distribution. Due to this type of condition has been long adopted by 
researchers. Thus, these two tested condition result of air-water flow distribution 
measurement shall be compared and discussed. 

Figure 4.28 and 4.29 are the typical result of flow distribution ratio of air and water 
from the 22 branches of the test channel, the condition of quality x and mass flow rate 
M were the same as in Fig. 4.24. Fig. 4.28 is the result at test condition when the kinetic 
energy of the air-water two phase flows was equal to R-134a, while Fig. 4.29 at test 
condition when the Baker map (1954) parameters of the air-water two phase flow is the 
same with R-134a. Both test condition measurement result has been studied and 
compared with the visual data of R-134a two phase flows in Fig. 4.24. As an initial 
conclusion, both has the same characteristic of flow distribution trends which the gas 
and liquid phase flow distribution was focusing at the upstream region branches of the 
test channel. In general, the flow distribution was masses up to 10th branch, and lesser to 
nil subsequently. Other similarity to the R-134a two phase flow visual observation result 
was the occurrence when the first branch was the maximum distribution of air, then 
suddenly drop however increase again and branch no. 4 was the second peak before 
decreasing as it goes to down stream region. 

On the other hand, water flow distribution rate trend seems to be rather exists 
following the air flow distribution progress. Thus, the two test conditions of air-water 
two phase flow distribution measurement results shows similarities with R-134a even of 
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these precise characteristic. However, qualitative differential between these two test 
condition flow rate of air and water were existed, e.g. the second peak of air flow rate 
value and maximum water flow rate value. More over, an existing of impulsive water 
flow distribution from a small quantity of branches at downstream region of Fig. 4.28 
can be spotted, though does not appear in Fig. 4.29. 

From observing the visual data of R-134a at along combining header, the result 
shows insignificant behavior with flow distribution of air-water result as in Fig. 4.28, 
which concerning the specific details such as no. 2 peak of air flow distribution rate and 
occurrence of impulsive water flow distribution at down stream region branches. 
Therefore, even the inlet flow pattern of test condition Fig. 4.28 (equal kinetic energy) 
is similar to R-134a flow, the air-water two phase flow with test condition that equal to 
Baker map (1954) parameter which corresponds to Fig. 4.29 is favorable to used in 
simulating the gas-liquid flow distributions of refrigerant flow in multi-pass upward 
channel with the air-water flow. This is concluded as all the tested data in Fig. 4.28 and 
4.29 show similarity behavior at all conditions (Table 3.4). 
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(a) M = 5.2 kg/h, x = 0.3 

 
(b) M = 5.2 kg/h, x = 0.4 

 
(c) M = 8.5 kg/h, x = 0.3 

Fig. 4.28 Results of air-water flow distribution ratios at test condition equal to kinetic 
energy 
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(a) M = 5.2 kg/h, x = 0.3 

 
(b) M = 5.2 kg/h, x = 0.4 

 
(c) M = 8.5 kg/h, x = 0.3 

Fig. 4.29 Results of air-water flow distribution ratios at test condition equal to Baker’s 
map parameters 
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4.3.4 Study on similarities of flow distribution behavior of real 

refrigerant and air-water flow in simulated downward 
multi-pass channel 

  Continue from first study on upward orientation of test channel, this further study on 
downward orientation flow is to verify that the selected inlet condition of air-water 
velocities in upward test channel good to use in other orientation of test channel. By 
using the same test channel as in upward test channel, the only different with the test 
channel in Fig. 3.14 are the inlet and outlet position, i.e., vice versa, also the arrow 
showing the downward flow movement of substance inside the test channel branches is 
in the opposite direction. 

  By using the same testing apparatus and method as in the upward test channel session, 
a visual observation test of R-134a refrigerant and air-water flow has been done. Also, 
the air-water flow distribution measurement was done to confirm the results from visual 
observation comparison between real refrigerant flow and air-water flow in this 
downward test channel. 

4.3.4.1 R-134a flow observation result 

Figure 4.30 shows a snapshot of a typical result of R-134a visual observation result 
focusing at the entrance of the test channel. This is due to the desired range of the mass 
flow rate M was to small that the maximum flow distribution of liquid phase to the 
dividing header just far as a few branches from the inlet pipe. The flow distribution 
behavior of liquid phase is being studied mainly by observing the motion picture that 
has been recorded focusing on the movement of liquid phase entering the dividing 
headers. 

 From observing this liquid phase activity on top of the surface of the dividing 
header, a qualitative judgment on the flow distribution behavior of liquid phase is done. 
As in Table 4.5, several tested results are shown. This is a qualitative judgment result on 
flow distribution of liquid phase to the branches in this downward test channel. The first 
2 column shows the quality x and mass flow rate M of each inlet condition row, and the 
3rd and the rest of the row shows the branch no. from the 1st to 22nd. The symbol in the 
table shows the flow distribution behavior of liquid phase flow to the numbered branch. 
The circle mark shows that there is a good amount of liquid phase that can be observed 
agitating on the floor of the dividing header that neighboring the branch, and suggesting 
that there is a liquid phase flow being distribute to the branch. The triangle mark shows  
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Fig. 4.30 Typical visual data of R-134a flow in downward test channel (M = 8.5 kg/h, x 
= 0.3 at header entrance) 
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Table 4.5 Liquid distribution observed in refrigerant flow 

x M 1st 2nd 3rd 4th 5th 6th - 22nd 

0.3 4.15 ○ ○ △ × × × 

0.3 5.2 ○ ○ △ × × × 

0.3 6.4 ○ ○ ○ △ × × 

0.3 8.5 ○ ○ ○ ○ △ × 

that there is a small quantity of liquid phase that can be observed on the floor of the 
dividing header near to the branch. The X mark shows that there is no flow distribution 
of liquid phase that can be observed entering into the branches.  

This typical visual data in Fig. 4.30 was at quality x at 0.3 and mass flow rate M at 
8.5 kg/hr. From the visual data, unlike the upward channel, most of the dividing header 
space dominated by the gas phase of the real refrigerant flow. Only a small quantity of 
liquid slowly flows from the inlet pipe to the header entrance can be observed. Thus, 
different with the upward channel, this downward channel visual data is easier to 
comprehend the flow distribution of liquid to the branches due to the liquid phase is 
clearly visible agitating on the header’s floor. Also, in Table 4.5 the typical result 
showing the flow distribution behavior of liquid phase as the mass flow rate M is 
increase; however, the result was about the same whereby the flow distribution only 
concentrates at the header entrance area, essentially not more than 5 branches of length.  

4.3.4.2 Air-water flow observation result 

Figure 4.31 shows a snapshot of visual data of air-water flow in downward test channel 
for each inlet condition. In this observation also, the flow pattern of air-water flow 
being blown to the dividing header and the agitation of water on the header’s floor has 
been studied and qualitatively judged. 

From the data, qualitatively the one that equal to superficial velocities and equal to 
kinetic energies has a similarity if compare with the R-134a flow visual data. However 
the one that equal to quality x and mass flow rate M; and even the one that equal to  
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(a) Equal superficial velocities 

 
 

(b) Equal quality x and mass flow rate M 

 

 
(c) Equal kinetic energies 

 

 
(d) Equal Baker’s flow pattern map parameters 

Fig. 4.31 Typical snapshot of air-water flow visualization in downward channel     
(M = 8.5 kg/h and x = 0.3) 
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Baker’s map parameters are far off from similar with the flow distribution behavior of 
R-134a refrigerant. 

   Next, to confirm the results on which inlet condition of air-water flow that could 
simulate the flow distribution behavior of R-134a which concentrate on liquid phase, a 
flow distribution ratio measurement of air-water need to be done.  

4.3.4.3 Air-water flow distribution measurement result  

The flow distribution measurement for downward channel is the same as in upward test 
channel except the inlet position. Due to the surface tension between surface of header 
and water is different with R-134a refrigerant; it is difficult to visualize clearly which 
inlet condition that can simulate the flow distribution behavior of R-134a refrigerant. 
Thus, in this session, all 4 inlet condition shall be measured and studied. 

Fig. 4.32 shows a typical result of air-water flow distribution ratio measurement in 
downward test channel for each inlet conditions. From all 4 typical data of each inlet 
condition, compare with the qualitative result from visual observation of R-134a liquid 
phase in Table 4.5, it is found that the result of air-water flow distribution measurement 
with inlet condition that equal to superficial velocities is favorable for simulating the 
flow distribution behavior of R-134a refrigerant in multi-flow type evaporator. 

However, the result of the one that equal to Baker’s map parameters is far off from 
similar to R-134a liquid phase flow behavior in this downward test channel even it was 
a favorite condition in the upward test channel. 

 

 

 

 

 

 

 

 

 



Chapter 4 Experimental Results, Analysis and Discussion 

110 

 
(a) Equal superficial velocities 

 
(b) Equal quality x and mass flow rate M 

 
(c) Equal kinetic energies 

 
(d) Equal Baker’s flow pattern map parameters 

Fig. 4.32 Typical results of air-water flow distribution ratios in downward channel   
(M = 8.5 kg/h and x = 0.3) 
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Fig. 4.33 Inlet pipe with swaging treatment details 
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4.3.5 Further investigate on similarities of R-134a and air-water flow 
in downward channel with inlet pipe swaged to smaller diameter 

This further investigation is to confirm the inlet condition of air-water velocities that 
equal to superficial velocities of gas and liquid phase of real refrigerant is the one for 
simulate the real refrigerant flow in multi-pass downward channel. Also to improve the 
flow distribution uniformity of liquid phase in this downward test channel without 
increasing the mass flow rate range of the refrigerant cycle.   

In this study, the inlet pipe, i.e., quarter inch copper pipe with ID 4.7mm, being added 
a swaging treatment at the end of it to be a smaller inner diameter, i.e., 1.5mm, as in Fig. 
4.33. Using the same range of inlet condition of quality x and mass flow rate M at the 
header entrance as in Table 3.4, a visual test of R-134a two phase flows in downward 
test channel was conducted. Continue with the air-water visual test and air-water flow 
distribution measurement. The results has been investigate and compared with the data 
of inlet pipe with inner diameter of 4.7mm. 

 

 

Fig. 4.34 Snapshot of typical visualization of R-134a in downward test channel with 
inlet pipe swaged to 1.5mm (M = 8.5 kg/h and x = 0.3) 
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   Fig. 4.34 is a snapshot showing a typical visual data using a hi-speed camera at 500 
fps. In this study, the flow pattern of R-134a flow from the inlet pipe that swaged to 
inner diameter 1.5mm can be observed clearly. Thus the flow of liquid phase being 
observe to be blown far to the downstream region of the dividing header, makes the 
flow distribution uniformity qualitatively becomes better. 

  A closer observation also has been done by observing carefully the agitated liquid 
phase of R-134a on the floor of the combining header using a high definition video 
camera focusing along the dividing header as in Fig. 4.35. A snapshot of this visual data 
has been taken and been shown in Fig. 4.36. Then qualitative judgment has been done 
upon observing the agitation liquid phase on the floor of the header at each branch along 
the header. A several result has been listed as in Table 4.6, clearly showing that as the 
inlet pipe being swaged to smaller inner diameter, the flow distribution uniformity of 
liquid phase is become better as comparing this result with the previous result of inlet 
pipe with inner diameter of 4.7mm as in Table 4.5. Also, upon comparing the flow 
pattern at the inlet pipe on Baker’s flow pattern map in Fig. 3.15, confirm that the flow 
pattern transition from stratified to annular as the inlet pipe being swaged to inner 
diameter 1.5mm. 

  Thus, for confirming the result in the visual observation, the air-water flow 
distribution measurement has been done. This time, the inlet condition of the air-water 
velocities was set to be equal to superficial velocities of gas and liquid phase of R-134a 
as to confirm the finding in previous study using inlet pipe with inner diameter of 
4.7mm in downward test channel. The result is as in Fig. 4.37. From the graph, the flow 
distribution ratio of water behavior in each inlet condition of quality x and mass flow  

 

 
Fig. 4.35 Detail of zoom area for visual observation  
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(a) From branch no. 1 to no. 7 

 

(b) From branch no. 6 to no. 12 

 

(c) From branch no. 12 to no. 18 

 

 

(d) From branch no. 16 to no. 22 

Fig. 4.36 Zoom in snapshots along dividing header for R-134a liquid phase flow 
distribution qualitative judgment                                    

（Inlet pipe swaged to 1.5mm, M = 8.5 kg/h and x = 0.3) 

1 3 4 5 6

Liquid agitation 

2

6 7 8 10 12 

Liquid agitation 

11 9

17 12 18 

Liquid agitation 

16 14 

Liquid agitation 

Inlet 
Flow Liquid Flow 

7

13 15 

16 17 18 19 20 21 22 



 

115 

rate M at the header entrance seems to be similar with the flow distribution of liquid 
phase qualitative judgment as in Table 4.6. Also, the flow distribution uniformity of 
liquid phase become better compare with the one that using inlet pipe with inner 
diameter of 4.7mm as in Fig. 4.32(a); and from the result in Fig. 4.37 also shows that 
the flow uniformity of liquid phase become better as the mass flow rate M is become 
higher. 

Table 4.6 Qualitative judgment of liquid distribution observed in refrigerant flow 

x M 1st - 17th 18th 19th 20th 21st 22nd 

0.3 4.15 ○ ○ △ △ × ○ 

0.3 5.2 ○ ○ ○ △ △ ○ 

0.3 6.4 ○ ○ ○ △ ○ ○ 

0.3 8.5 ○ ○ ○ ○ ○ ○ 
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(a) M = 4.15 kg/h, x = 0.3 

 
(b) M = 5.2 kg/h, x = 0.3 

 
(c) M = 6.4 kg/h, x = 0.3 

 
(d) M = 8.5 kg/h, x = 0.3 

Fig. 4.37 Results of air-water flow distribution ratios at test condition equal to 
superficial velocities 
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4.3.6 Discussion on flow distribution behavior of R-134a and air-water 
flow in multi-pass channel 

As been investigated and reported earlier in this paper, there are differences when 
simulate the R-134a flow with air-water flow in upward and downward multi-pass 
channel. In this session the differences and the root cause of it shall be discuss. 

  As in Fig. 4.24(a), due to the branches in upward direction, makes the dividing 
header become as a temporary liquid pool before the substance being forced entering 
the combining header through the branches. As a result, the liquid phase dominating the 
space in dividing header and only a small region of gas phase that can be observed near 
the header entrance. The movement of gas phase region at the header entrance, i.e., 
gas-liquid flow pattern, similar to the one in a horizontal conduit study. This kind of two 
phase flow pattern mainly has strong influences from not only the superficial velocity 
and density of each phase, but also from the viscosity and surface tension of liquid 
phase of the substance, which is similar to Baker’s flow pattern parameters. Thus, the 
behavior of two phase flow pattern at the header entrance as being previously studied in 
first segment has huge influences to the flow distribution of gas and liquid phase in 
upward multi-pass channel. 

For the downward multi-pass channel, from the visual data and air flow distribution 
measurement, also from confirmation test by difference superficial velocities, i.e., using 
inlet pipe being swaged to smaller inner diameter of 1.5mm, at the header entrance 
shows that the inlet condition of air-water velocities that could simulate the real 
refrigerant flow distribution behavior in downward multi-pass channel was the one that 
equal to superficial velocities of the real refrigerant gas and liquid phase. In other word, 
the flow distribution behavior of real refrigerant in downward multi-pass channel could 
not be simulating air-water flow using the inlet condition that equal to Baker’s map 
parameters. As in Fig. 4.30, due to the range of mass flow rate M of this study is as low 
as in Table 3.4, to compare with the hydraulic diameter of multi-port branch hole and its 
quantity of branches in downward flow, makes the flow of liquid phase at the header 
entrance as been observed in the snapshot. Thus making the dividing header mostly 
filled by gas phase and the liquid phase can be observed entering the dividing header 
similar to the ordinary liquid entering an empty space. Theoretically the inlet condition 
of air-water flow that equal to kinetic energies supposed to be the favorite inlet 
condition, however due to the differences of R-134a gas phase and air density about 8.7 
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times as in Table 4.4, makes the one that equal to superficial velocities of gas and liquid 
phase of real refrigerant to be the best inlet condition to be fitted on synchronizing the 
flow distribution behavior of real refrigerant in multi-pass downward channel. 

In order to simulate a flow distribution behavior of real refrigerant in multi-pass 
channel neither upward nor downward, or when a situation that has both upward and 
downward flow of multi-pass channel in one evaporator that need to be simulate 
simultaneously, which most of the compact evaporator do have, one universal inlet 
condition have to be selected. From the study, it has been confirmed that the inlet 
condition that equal to Baker’s flow pattern map parameter and equal to superficial 
velocities of real refrigerant, both represent the upward and downward separately, and 
could not be vice versa. On the other hand, the inlet condition that equal to kinetic 
energies, even it was not the favorite inlet condition to be used in either upward or 
downward multi-pass channels; nevertheless in this case, it is wise and safe to use it as 
the inlet condition for the simulation with the real refrigerant flow. 
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Chapter 5 

Conclusion 

5.1 Chapter overview 

In this chapter, the conclusions from discussion of results and data analysis of the 
experiment are reported. The conclusion has been divided into two segments.  

5.2 First segment: Study on parameters that influence the flow 
distribution 

An experimental study has been conducted on the gas-liquid flow distributions in the 
multi-pass channels with vertical upward branches that simulate the compact 
evaporators.  The influences of the flow-inlet condition at the header entrance, pressure 
condition at the branch outlets and pressure loss characteristics of branches on the 
gas-liquid distribution have been examined with the isothermal air-water two-phase 
flow system.  Moreover, the pressure distributions inside the dividing and combining 
headers have been measured.  Main results are summarized as follows. 

(1) Under the stratified-flow inlet condition, the flow distribution in the flat tube 
channel is seriously influenced by the backpressure condition of the branches.  
More water is distributed to downstream branches under the non-uniform 
backpressure condition, while the water distribution ratios in upstream branches 
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increase under the uniform backpressure condition. 

(2) On the other hand, in the multi-port tube channel, the backpressure condition of the 
branches exerts only minor influences on the flow distributions.  As is the case 
with the flat tube channel, the water distribution ratio increases in the downstream 
branches at high air velocity.  The mal-distribution of water to downstream 
branches is, however, relieved in comparison with the flat tube channel. 

(3) Under the mist-flow inlet condition, the influences of the backpressure condition of 
the branches on the flow distributions are significantly lessened in comparison with 
the stratified-flow inlet.  The uniformity of the water distribution is much improved 
especially under high air velocity condition.   

(4) In both flow-inlet conditions, the flow distribution characteristics in the multi-port 
tube channel are qualitatively similar to those of the flat tube channel obtained under 
the non-uniform backpressure condition. 

(5) The pressures in the headers show constant values in the longitudinal direction 
irrespective of the flow-inlet conditions, branch profiles, superficial air and water 
velocities.  This suggests that, in the measurements of the flow distribution ratios, 
the uniform backpressure condition is appropriate for reproducing the flow in a real 
compact evaporator with a multi-pass channel. 

(6) The uniformity of the flow distributions was evaluated based on the standard 
deviations of the air or water distribution ratios (σg and σl, respectively). The 
backpressure condition has a decisive influence on σg, and non-uniform 
backpressure condition is favorable to the uniform distribution of air. σl is influenced 
by the flow inlet condition, and the mist-flow inlet is advantageous to improve the 
uniformity of the water distribution to the branches 

(7) 24 selected standard deviation’s data has been analyzed by using design of 
experiment method through Minitab 15 statistical software. For uniformity of gas 
phase flow distribution, the main parameter that contributed the most is jg. For 
uniformity of liquid phase flow distribution, it was the 2-way interaction between 
flow pattern and jg that contribute the most. 

(8) The best setting of level of each parameter for getting the best uniformity of gas 
phase flow distribution are: 
(a) jg shall be at 5.0 m/s. 
(b) Backpressure condition shall be set at non-uniform. 
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(c) Flow pattern at header entrance however shall be either stratified or mist-flow. 

(9) Also, the best setting of level of each parameter for getting the best uniformity of 
liquid phase flow distribution are: 

(a) Flow pattern at header entrance shall be Mist-flow. 

(b) Backpressure condition shall be set at uniform. 

(c) jg shall be at 5.0 m/s. 

5.3 Second segment: Study on the similarity of real refrigerant 
and air-water two phase flow distribution behavior 

An experimental study on two phase flow distribution behavior in multi-pass upward 
and downward channel that simulate a multi flow type compact evaporator has been 
done, focusing on synchronizing the R-134a flow pattern at the header entrance to 
air-water flow pattern. A visual test, observing the R-134a and air-water flow pattern at 
the header entrance and at the combining header have been done. Also, an air-water 
flow distribution measurement has been done. Thus, upon confirmation on the result in 
downward channel, another parameter has been added to observed the flow distribution 
behavior of real refrigerant at higher superficial velocity at header entrance, also as a 
counter measure for improvement of liquid phase flow distribution uniformity. From the 
result, the conclusions are as below. 

Upward channel 

(1) From observing the R-134a visual data, the flows at the header entrance for all the 
test condition are most likely stratified flows. As the mass flow rate M and quality x 
are increased, the length gained by the gas phase increases. Quality x comparatively 
has more influence than the mass flow rate M. 

(2) As for air-water two phase flow visual observation result, from all 4 tested inlet 
conditions, it has been found that the conditions of equal kinetic energies and Baker 
map parameters have similar flow patterns of R-134a at the dividing header entrance 
of the channel. 

(3) The result of air-water flow distribution test confirmed that the test condition of 
equal Baker map parameters has the most identical two phase flow distribution 
behavior in the simulated test channel, even though it has lesser similarity of two 
phase flow pattern at the header entrance comparatively to the test condition of 
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equal kinetic energies. 

Downward channel 

(1) From the R-134a visual data, it was found that a clear visual of liquid phase flow 
being distribute only at near the header entrance when using the original inlet pipe, 
i.e., ID 4.7mm, and even the mass flow rate or quality x is increase (Table 3.4); the 
improvement of flow distribution behavior was not as expected. 

(2) As for air-water two phase flow visual observation result, from all 4 tested inlet 
conditions, it has been found that the conditions of equal kinetic energies and 
superficial velocities of R-134a have similar flow patterns of R-134a at the dividing 
header entrance of the channel. 

(3) The result of air-water flow distribution test confirmed that the test condition of 
equal superficial velocities of gas and liquid phase of R-134a has the most identical 
two phase flow distribution behavior in the simulated downward test channel. 

(4) Test result using inlet pipe with swaging treatment of inner diameter of 1.5mm 
shows that even at different or higher velocity, the inlet condition of air-water that 
best to simulate the flow distribution behavior in downward channel is the one that 
equal to superficial velocities of gas and liquid phase of R-134a. 

(5) Also, it was found that when the inlet condition to be swaged to a smaller diameter, 
the flow distribution uniformity of liquid phase of R-134a is become better and the 
flow pattern of R-134a flow from the inlet pipe that swaged to inner diameter of 
1.5mm is at annular flow pattern on the Baker’ flow pattern map. 

However, when simulating a flow distribution of real refrigerant inside compact 
evaporator that has upward and downward channel that run simultaneously, the result of 
visual observation and air-water flow distribution test confirmed that the inlet condition 
of equal to kinetic energies is favorable, wiser and safer to use. 
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Appendix 

Testing Data 

These are the testing data upon conducting the visual observation of R-134a refrigerant. 
Mainly, monitoring the thermodynamic properties at each point on Mollier diagram 
especially at point no. ③, i.e., at test channel header entrance, and the cooling cycle 
mass flow rate, by adjusting the parameters to archive the quality x and mass flow rate 
M as in Table 3.4. 
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/5 fI ， ""'''''''''. ， ..."t" y・~f v ，'.......・...VV&，..，....，，

Channel orientation Upward 1 ntrusion height h Omm 

Inlet pipe diameter 4.7mm 8ranch quanlity 22 _- --- .-0- ー 円 '一

Test date 38(2010岬1114) 40 41 42 43(201酌01115) 44 45 47 48 州 201帥 1116) 50 521201(同1118)

evp Ollt flow direClion revcrsc 全 - 令ー

ー-
争ー 争ー 争一 ‘ーー 令ー 舎一 守一 令ー

-制』U M 

R 134a amount 且 435 モー 令ー モー モー モー モー ‘- 令ー 十一 モー も-

comp Rev rpl11 1500 骨一 2700 2000 3400 3000 2800 骨一 2100 4500 3200 4500 
g E;XP Valve opcnin且value pulsc 44 64 78 69 114 95 66 55 47 79 60 77 
帽』

waler nOW ml/min 40 450 310 300 420 165 135 105 110 50 40 95 
E司h 

OUldoor fan speed V 4.27 5.2 5 毛一 5.13 4.15 4.14 ‘- 令一 十一 4.12 4.23 
問 mark in4，曲(213)'1!f を一ー をー 寺一 令ー 令ー +ー ‘一ー 令ー 令ー 舎一 奇一ー

flow r8le ml/min 61.73 55.91 87.7 71.773 114.75 123.16 90.53 73.6 58.44 97..74 77.26 124.55 
P entering ExP valve mPaG 1.193 0.468 0.599 0.562 0.540 0.948 0.945 0.939 0.903 1.301 1.264 1.304 

l' absollltc I11l'a 1.294 0.569 0.700 0.663 0.641 1.049 1.046 1.040 1.004 1.402 1.365 1.405 
P leaving exp valve mPaG 0.083 0.085 0.086 0.097 0.099 0.138 0.092 0.08 0.064 0.097 0.082 0.]02 

帽帽
P absolute mPa 0.184 0.186 0.187 0.198 0.200 0.239 0.193 0.181 0.165 0.198 0.183 0.203 

帽 T cntering Exp valve 。c 45.122 19.459 19.478 20.826 20.139 38.048 34.124 33.706 31.691 49.143 47.579 44.715 
司= T leaving exp valvc 。C -11.269 -10.870 -10.898 -9.382 -9.368 -4.808 -10. L51 -11.640 -13.875 -9.573 -11.291 -8.711 
叫g 

mPaG 0.08 0.09 0.09 Q.09 0.08 0.12 0.08 0.07 0.07 0.07 0.07 0.08 

~ 
PS 

mPa 0.181 0.191 0.191 0.191 0.181 0.221 0.181 0.171 0.171 0.171 0.171 0.181 
mPaG 1.29 0.55 0.68 Q.65 0.65 1.05 1.05 1.02 0.98 1.38 1.35 1.40 Pd 
mPa 1.391 0.651 0.781 0.751 0.751 1.151 1.151 1.121 1.081 1.481 1.451 1.501 

T at flow rncter 。c 46.9 18.5 19.100 20.200 20.200 38.300 34.800 34.600 31.400 48.900 48.400 45.100 
Cs 。C 15.30 14.30 14.30 14.90 14.30 15.80 14.40 13.70 13.10 12.60 12.10 13.00 
Cd 。c na 118 na na na na na na na na na na 
saturated point temロ 。C 49.27 19.84 26.71 24.87 23.74 41.17 41.06 40.85 39.53 52.48 51.40 52.57 
subcool amount 。c 4.15 0.38 7.23 4.04 3.60 3.12 6.94 7.14 7.84 3.34 3.82 7.86 
Enlhalpy at entering exp valvc (h) kJIk且 264.09 226.71 226.75 228.64 227.67 253.49 247.71 247.1 244.16 270.25 267.84 263.44 
'rI阻吋'8回 P噛 1，芭{岨Jc:ulatiol!.咽luc) 。C -12.19 -11.92 -11.78 -10.35 -10.09 -5.49 -10.99 -12.59 -14.86 -10.35 -12.32 -9.72 

‘d 

QU:llitJ (x) kg/kg 0.3868 0.2052 0.20:16 0.205(， 0.1995 0.3001 0.3015 0.3071 0.30..9 0"'07" 0."055 0.3712 
E Densily k!!lm3 1125.75 1227.35 1228 1222.73 1225.19 1155.63 1172.38 1174.08 1182.15 11 07.48 1114.74 1128.69 
ー伺.. 

M:¥ss now kl!/h ".17 ".12 6...6 5.27 8-"4 8.5" 6.37 5.18 ".15 6-"9 5，1'7 8.43 
ー。巴 GasSocci古cVolume什leader) mJIk世 1.081E-OI 1.070ら01 1.065E-0 1 I.008E・01 9.987E-02 8.424E-02 1.033E-0 1 1.098E-OI 1.199E・01 1.008E-OI 1.087E-OI 9.846E-02 
ー伺 Gas Density (hcadcr) k!!lm' 9.2490 9.3440 9.3923 9.9177 10.0132 11.8715 9目6787 9.1050 8.3389 9.91.77 9.2013 10.1564 
-E U Gas sllperficial velocity (header) mJs 0.12 0.06 0.10 0.08 0.12 0.15 0.14 0.12 0.1 I 0.19 0.16 0.21 
υ 調 Liquid Spccific Volllme (hcader) m"1k且 7.496E・04 7.501 E-04 7.503E・04 7.5296・04 7.533巳・04 7.6186・04 7.517ι04 7.489E・04 7.449E・04 7.529E-04 7.494E・04 7.540E-04 

Liquid Dcnsity (hcader) k!!l町13 1334.03 1333.17 1332.76 1328.23 1327.42 1312.71 1330.26 1335.31 1342.41 1328.23 1334.45 1326.22 
Liquid supcrflcill vcl田 ity(hcadcr) mJs 0.0013 0.0017 0.0027 0.0022 0.0035 0.0032 0.0023 0.0019 0.0015 0.0020 0.0016 0.0028 

PrcsslIrc drop (Plcavin且-I's) mPa 0.00 (0.00) (0.00) 。01 0.02 。φ02 0.01 0.01 (0.01) 0.03 0.01 0.02 
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s/6 A ....'.......... .. ......，.， .. .~r .， ，'...... ， ............~' ~，...." 

Channel orientation Downward Intrusion height h Omm 

lnlet pipe diameter 4，7mm Branch quanlity 22 
' 

，..，. - _" _曹"ー 円。~ . _..，圃

Test date 6C(201Ml3/10) 61 62(201的 3111) 63 64 65 66 67 68(20'醐 3112) 69 70 71 
cvp out now djr官ction reversc 今一 骨一 ←一 モー ←ー ←一 舎一 令ー やー 骨一 骨一
R 134a amount 日 380 ←一 420 モー モー ←- 令ー 令ー 舎一 モー 420-a 421-a+日

。曲剖』.a oomp Rev rpm 1650 2650 4200 1950 3350 3700 3000 2350 2000 3700 3100 1850 

E Exp Valve op~ning value pl1lse 60 84 74 67 89 84 66 59 50 72 65 48 
帽』 water now mllmin 300 365 20 250 255 70 50 40 25 15 55 10 
白伺岡 。utdoorfan speed V 5，24 5，2 4，17 4，99 5，13 4，82 4.31 4，28 4，19 4.19 4，13 4，12 

A 0，08 0.07 0，04 0，08 0.08 0.07 0，06 0，06 0，04 0.05 0，04 0，04 
rcmark II"~，叫，21.阿 令ー モー やー 令ー ←- 令ー 令ー 舎一 十一 モー ←-
:fIow rate ml/min 56 87.63 127.16 71.01 114.91 121.28 91.07 73，79 59.65 98.17 77，28 63，94 
P enterin且Expvalve mPaG 0.480 0，509 1.307 0，607 0.716 1，012 0，994 0，939 0.927 1.342 1，205 1.250 

P absolute mPa 0.581 0.610 1.408 0.708 0.817 1.113 1.095 1.040 1.028 1.443 1.306 1.351 
P leaving exp valve mPaG 0，078 0.083 0，107 0，093 0，106 0.113 0，086 0.081 0，062 0，112 0，087 0.067 

・明~ P absolutc mPa 0，179 0，184 0.208 0，194 0.207 0，214 0，187 0.182 0，163 0，213 0，188 0，168 

司司= T entering Exp val.ve 。C 18.444 20.511 46.608 20.283 21.066 36.075 33.700 33.735 31.360 49.719 47.602 47.782 

c.o T leaving exp valve 。c -12.209 -1 1.416 -8.337 -10φ030 -8.366 -i.392 -10.898 -11.532 -14，194 -7.649 -10，692 -13.517 
ロ mPaG 0.08 0.08 0.08 0.09 0，09 0，08 0.08 0.08 0.06 0，08 0，08 0.06 
H 。曲曲ー Ps 

mPa 0.181 0.181 0.181 0.191 0.191 0.181 0.181 0.181 0.161 0.181 0.181 0.161 
mPaG 0.55 0.60 1.42 0.70 0.82 1.10 1.10 1.05 1.05 1.45 1.28 1.35 Pd 
mPa 0，651 0.701 1.521 0，801 0.921 1，201 1，201 1.151 1.151 1.551 1.381 1.451 

T al now metcr 。C 18.400 20，7 48.5 19.6 20，6 35，9 34.3 34，600 33.800 50.300 47，100 48.400 
Cs 。c 10.60 10.90 11.30 12.40 14，60 14.20 13.10 13.00 9.20 13.10 12.00 11.50 
Cd 。c na na na na na na na na na l1a na na 
saturated point temp 。c 20，51 22.10 52，66 27.09 32，06 43.42 42，79 40，85 40.41 53，65 49.64 50.99 
subcool amOlUlt 。c 2，07 1.59 6，05 6，81 10.99 7.35 9，09 7，12 9.05 3，93 2，04 3，21 
Enthalpy at entering cxp valve (h kJ/k且 225.29 228.19 266.33 227.88 228.99 250.56 247.08 247.14 243.68 271. 13 267.9 268.16 
-:1目的略目p時 I叫(co1印刷1制時1u.) 。c -12，19 -9，22 -10.86 -9，22 -8.37 -1 1.78 -12.46 -15，16 -8.49 -11.65 ー14.42

柚 IQuality (~) kg/kg 0.2037 0.2]38 0.3827 0.2049 0.2009 0.3013 0.3027 0，3066 0.3042 0.4024 0.4025 0.4174 = 
関B砂 Density ki!/m' 1231.21 1223.62 1119.82 1225，02 1222_68 1 L64.63 1174.5 1173.96 1183.67 1105.06 1117.03 1113，61 

H E D 
¥IIass sOIV kg/h 4.14 6.43 8，54 5.22 8.43 8.47 6.42 5.20 4.24 6.:51 5.18 4.27 
Gas Soecilic Volume (header) m'/ki! LlIOE-OI 1.081E-OI 9.664E-02 1.028E-OI 9.664E-02 9.362巳-02 1.065E-01 1.()93E-OI 1.213E-OI 9.404E-02 1.059E-OI 1.179E-01 

ー関 Gas Density (header) ku.lmJ 9.0098 9.2490 IOJ4H 9，7267 10.3473 10，6810 9.3923 9，1533 8，2427 10，6333 9.4402 8.4825 
-2 U 

Gas sl1perficial vel.ocitv (hωder) mJs 0.06 0.10 0.22 0.08 {).II 0，17 0，14 0.12 0.11 0.17 0，15 0.15 υ 関
(.，iq l1id Speci fic Vol ume (header mJIku. 7.484E-04 7.496E-04 7.549E-04 7.520E-04 7.S49E-04 7.565&04 7.503E-04 7.()91 E-04 7.444E-04 7.563E・04 7.506E-04 7.457E-04 
LiQuid Dcnsitv (hcadcr) knlml 1336，17 1334，03 1324，64 1329，86 1324.64 1321.93 1332，76 1410，18 1343.33 1322.31 1332.34 1341.04 
I-:iq日icl s~IJer日cia1 ve~ci1y (headcr) mJs 0.0017 0.0026 0，0028 0.0022 0，0035 0.0031 0，0023 0，0018 0.0015 0，0020 0.0016 0.0013 

Pressure drop (Pleaving -Ps) ml)a (O.OO} 0.00 0，03 0，00 {).02 0，03 0，01 0，00 0.00 0，{)3 0，01 0.01 
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，，，，，，，g，. '11 g""， "I~/ ' ・・101" ， gv"~""'''" 

Channel orientation Horizontal Branch， Top paral-el Intrusion height h Omm 

Inlet pipe diameter 4.7mm Branch quantily 22 - ~-ーーー司" ， . ~. . ~ . . ~明. "0"  ~.曹司・

Test date 制201帥 3/30) 81 82(201ω3131) 83 84 85 泌(201帥 4/01) B7 制20附加/02) 89 制2010.蜘 03) 91 
C型I>_QU!_flow dirC_C!Ì~l1 Parallel 十一 ←- ←- ←- +ー 十一 +ー ←- ←- ←- 十一
RI34a amount R 365 ←一 f- f- ←一 +ー ←一 +ー ←一 365-α ←一 ←一

-』u U como Rev rom 1650 2650 1950 3350 4000 3000 2300 1950 4200 3800 2950 1850 

E Exp Valve op~ninll. value pulse 60 79 64 93 77 63 55 45 74 57 53 45 
帽』 water flolV ml/min 420 430 320 220 70 50 45 20 20 60 50 35 

白明" outdoor fan spccd V 8.67 6.88 8.71 8.14 4.28 4.26 4.22 4.19 4.2 4.22 4.11 4.1 
A 0.14 0.1 0.13 0.12 0.06 0.05 0.05 0.04 0.05 0.05 0.04 0.03 

remark in4，oU12111)'Cf ←一 +ー ←一 +ー やー ←一 +ー ←- ←- ←- ←一
flow ratc I11l/min 56.64 87.21 70.71 116.01 119.66 91.8 74.98 58.74 127.35 93.94 76.01 62.94 
P entering Exp valve mPaG 0.526 0.551 0.570 0.670 1.081 1.004 0.943 0.992 1.353 1.335 1.197 1.307 

1) absolule mPa 0.627 0.652 0.671 0.771 1.182 1.105 1.044 1.093 1.454 1.436 1.298 1.408 
P leaving exp valve mPaG 0.079 0.081 0.086 0.102 0.1 0.083 0.08 0.068 0.101 0.069 0.061 0.076 

命同... 
P absolule mPa 0.180 0.182 0.187 0.203 0.201 0.184 0.181 0.169 0.202 0.170 0.162 0.177 

匂国 T entering Exp valve 。c 19.202 18.019 19.185 20.645 34.343 33.081 33.894 32.359 46.227 44.858 44.425 46.903 
~ T leavi ng exp valve 。C -11.499 -11.347 -11.425 -8.667 -8.865 -11.304 -11.552 -13.249 -9.117 -13.290 -14.171 -12.076 
E mPaG 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.07 0.08 0.06 0.05 0.08 
い‘g 回a PS 

mPa 0.181 0.181 0.181 0.181 0.181 0.181 0.181 0.171 0.181 0.161 0.151 0.181 
mPaG 0.60 0.62 0.65 0.75 1.18 1.10 1.08 1.10 1.45 1.45 1.30 1.40 Pd 
mPa 0.701 0.721 0.751 0.851 1.281 1.201 1.181 1.201 1.551 1.551 1.401 1.501 

T at nolV mclcr 。c 18.300 17.4 19.4 20.5 34.4 34.3 35.8 34.000 47.300 47.100 44.425 49.800 
Cs 。c 12.90 13.20 12.50 14.90 14.20 13.80 9.60 8.00 11.10 8.60 12.00 11.30 
Cd 。c na na na na na na na na na na na na 
salurated point lemp 。c 23.01 24.31 25.27 30.03 45.73 ~3. 1 4 40.99 42.73 53.96 53.45 49.40 52.66 
subcool amount 。c 3.81 6.29 6.09 9.39 11.39 10.06 7.10 10.37 7.73 8.59 4.98 5.76 
Enlhalpy al cnlcring cxp valvc (h kJ/kの 226.35 224.7 226.33 228.39 248.02 246.18 247.37 245.13 265.73 263.65 263.03 266.78 
Tleaving叫 valve(cal叫鋭lCls叫 叫 。c -12.73 -12.46 -11.78 -9.72 -9.97 -12.19 -12.59 -14.28 ー9.84 ー14.14 ー15.31 -13.15 

叫 Qu..lit}， (x) kg/l‘g 0.2080 0. 198~ 0.2026 0.2008 0.2976 0.3005 0.308.t 0.3(Wi 0.3829 0.39.t.t 0.3972 O..tO.t5 
2 

帽》 Densitv k!!lm' 1228.63 1233.16 1228.93 1224.01 1172.45 1177.14 1173.32 1180.03 1122.07 1128.31 1129.05 1118.41 

.・E0 •• ， 

Mass nC)¥¥ kg/h .t.18 6A5 5.21 8.52 8..t2 6.48 5.28 .t.16 8.57 6.36 5.15 U2 
Gas Soccilic Volume (header) m~欣E 1.1 04E-0 1 1.¥l93E-0 I 1.065E-01 9.846E-02 9.939ら021.081 E-O 1 1.098E-01 1.I72E-01. 9.893E-02 1. 1 66E-0 1. 1.220E-01 1.122E-0 1 

ー帽 Q_a~ ()en~t:y Cile_a_derl kl!Lm' 9.0572 9.1533 9.3923 10.1564 10.0610 9.2490 9.1050 8.5302 10.1087 8.5785 8.1947 8.9135 
5 

Gas superlicial velocity (header) m/~ 0.07 0.10 0.08 0.12 0.17 0.15 0.12 0.10 0.23 0.20 0.17 0.1.3 u 司
Liquid Speci日cVol ume (header mJ/h 7.487E-04 7.49IE-04 7.503E-04 7.540E-04 7.536E-04 7.496E・047.489E-04 7.459E-04 7.538E-04 7.462E-04 7.442E-04 7.479E-04 
Liquid Dcnsity (hcadcr) kulmJ 1335.74 1334.88 1332.76 1326.22 1327.02 1334.03 1335.31 1340.59 1326.63 1340.14 1343.80 133i.04 
Liquid SU(即日cialvcloc.ity (hcadcr) m/~ 0.0017 0.0027 0.0022 0.0036 0.0031 0.0024 0.0019 0.0015 0.0028 0.0020 0.0016 0.0013 

Pre雪U陀 drop(Plcaving -P~ mPa (0.00) 0.00 0.01 0.02 0.02 0.00 0.00 (0.00) 0.02 0.01 0.01 (0.00) 
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E 曹'曹曹.. 曹 '~ .・曹， - .._.. . ---~'~'曹口

Channel orientation Horizontal Branch， Top reverse Intrusion height h Omm 

Inlet pipe diameter 4.7mm Branch quantity 22 .- ， ..... - ._.・_ .'-- "0"'"・・・』

Test date 10例201 OlOlll2) 101 1~2(20100llll) 103 104 IOl(2010IOl/l!) 
evp out flow direction Reverse 令ー 今一 全一ー 今一 モー
R 134a amount E 3筑ト・・ 11~トトjOゅ。 ←一 ←- ←一 +ー ←+(40-1)) 

帽G。』d comp Rev rp町】 1950 4000 2900 2300 1800 2750 
g Exp Valve opening value pulse 73 92 69 54 44 57 
帽』 water flow ml/min 435 130 80 70 65 35 
自司司 outdoor fan speed V 8.31 4.3 4.19 4.16 4.14 4.13 

A 0.13 0.06 0.04 0.04 0.04 0.04 
『官mark in4.oul2、旬、" ←一 +ー 全一 奇ーー ←一
now ratc ml/min 71.45 121.79 90.3 73.75 58.47 77.38 
P entering Exp valve mPaG 0.541 0.924 0.909 0.936 0.955 1.210 

P absolute mPa 0.642 1.025 1.010 1.037 1.056 1.311 
P leaving exo valve mPaG 0.094 0.094 0.075 0.076 0.078 0.08 

-帽a 
P absolute mPa 0.195 0.195 0.176 0.177 0.179 0.181 

帽 T entering Exp valve 。c 21.934 33.875 32.236 32.413 33.248 46.168 
セコ

T leaving exp valve 。C -9.927 -9.927 ー12.746 ー12.511 -12.243 ー11.903。a
-国-

Ps 
mPaG 0.10 0.08 0.07 0.07 0.08 0.07 

h g mPa 0.201 0.181 0.171 0.171 0.181 0.171 
mPaG 0.62 1.02 1.00 1.02 1.05 1.28 

Pd 
mPa 0.721 1.121 1.101 1.121 1.151 1.381 

T at now Il1cter 。C 21.800 34.1 33.6 34.2 35.4 46.7 
Cs 。c 12.00 13.10 6.50 7.80 9.10 9.30 
Cd 。c na na na na na na 
~aturated QQint ternp 。c 23.80 40.30 39.75 40.74 41.42 49.79 
subcool amount 。c 1.87 6.43 7.51 8.33 8.17 3.62 
巳nthalovat cntcring exo valvc (h) kJlkg 230.2 247.34 244.95 245.21 246.43 265.69 
T Ic-aving回 P刊 lvc(cal叩 IalionvaJtlc) 。c -10.73 .10.73 .13.29 -13.15 -12.87 -12.59 

ω ヨ Oualil‘.(川 ke/ke 0.215.t O.298.t 0.300.t 0.3009 0.3053 0.3965 
ー符診 Density kl!lrnJ 1218.4 n 173.27 1179.96 1179.42 1176.12 1120.97 

。ロ Ma附 now k!!ih 5.22 8.57 6.39 5.22 .t.J3 5.20 
Gas Speci fic Volume (header) n/lkg 1.023E-0 1 1.023E-01 1.128E-01 1.122E-0 1 1.11 OE-O 1 1.098E-01 

ー.. Gas Density (header) k且1m' 9.7742 9.7742 8.8660 8.9135 9.0098 9.1050 
-u 2 Gas suoer:ficial velocitv (header) m/s 0.08 0.18 0.15 0.12 0.10 0.16 υ 伺

しiquidSpecific Volume (header) m3fkl! 7.522E-04 7.522E-04 7.477E-04 7.479E-04 7.484E-04 7.489E-04 
しiquidDensitv (header) kl!/m

J 1329.45 1329.45 1337.47 1337.04 1336.17 1335.31 
Liquid supcrficial vcJocily (head吋 町115 0.0021 0.0031 0.0023 0.0019 0.0015 0.0016 

Pressure dlrop (Pleaving -PS) mPa (0.01) 0.01 0.01 0.01 (0.00) 0.01 
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F older: 5 evp vis/9 fi側 recogition

Channelori巴ntation Flat channel， reverse 1 ntrusion height h Omm 言 議担
!nlet pipe diameter 4.7mm Branch quantity 22 ..，.・.- . ~. . ~. ". ~- .、ロ . _.司曹司・

Test date 110(201町'Oll2S) III I 1 2(20 1 01OS126) 113 114 IIS(20川地S128) 116 117 118(20州地SIJO)11叫2010巾SlJI)12叫2010/l)()/OJ)121(201')i06I仰)
evp 0ωflow direction Reverse を- 今一 骨ー 骨一 骨一 時一 +-- モー +-- モー double 
RI34a amount 且 425・α+165 ←-8 ←--'" ←ー ←-d ←一 令ー モー ←一一。 ←+τ 355 全一

』

1650 1950 2350 3350 4000 3000 2300 1950 4200 2950 4300 1650 ‘q副-ω e comp Rev rpm 

冨 Exp Valve opening value pulse 48 60 73 90 80 67 54 44 84 64 74 45 
伺』 watcr now mllmin 310 450 490 +-- 105 95 95 90 68 65 20 I{l 
E明』 outdoor fan speed V 9.68 +ー +一一 ←- 4.2 4.19 4.18 4.15 4.12 4.12 4.18 4.15 

A 0.16 +ー ←一 ←一 0.05 0.04 0.04 0.04 0.04 0.04 0.005 0.04 
I官mark in4.曲目la)'cr 令ーー を一一 奇ーー ←- ←- +ー をーー f- モ一一 ←- 全一ー
flow rate ml/min 56.87 71.07 87.92 116.:n 119.32 90.29 73.n 58.06 95.98 76.27 12M 63.08 
P entering Exp valve mPaG 0.711 0.675 0.710 0.803 1.121 0.926 0.909 0.988 1.323 1.175 1.312 1.108 

P absolute mPa 0.812 0.776 0.811 0.904 1.222 1.027 l.010 1.089 1.424 1.276 1.413 1.209 
l' Icavin且expvalvc mPaG 0.082 0.095 0.105 0.106 0.104 0.077 0.077 0.067 0.111 0.085 0.091 0.074 

司.伺周園コ
l' absolute ml'a 0.183 0.196 0.206 0.207 0.205 0.178 0.178 0.168 0.212 0.186 0.192 0.175 

T entering Exp valvc 。c 21.634 21.221 21.724 21.713 35.639 32.680 32.199 31.915 50.204 46.485 45.889 45.992 

ト。EEg .e B 

T leaving exp valve 。C -!卜623 -9.957 -9.021 -8.873 -8.849 -12.451 -12.369 -13.576 -8.153 -11.427 -10.067 -12.468 

I's 
mPaG 0.08 0.09 0.10 0.10 0.09 0.07 0.08 0.07 0.09 0.08 0.08 0.08 
ml'a 0.181 0.191 0.201 0.196 0.191 0.171 0.181 0.171 0.191 0.181 0.181 0.181 
mPaG 0.80 0.75 0.80 0.90 1.20 1.02 1.00 1.10 1.42 1.25 1.42 1.30 Pd 
mPa 0.901 0.851 0.901 1.001 1.301 1.121 1..101 1.201 1.521 1.351 1.521 1.401 

T at flow meter 。c 21.600 21.2 21.& 21.9 36.1 34.1 33.9 33.600 50.000 46.500 47.400 46.000 
Cs 。c 9.10 9.30 11.30 12.60 12.20 9.70 11.30 11.70 14.60 13.60 10.20 13.70 
Cd 。c na na na na na na na na na na na na 
saturated point tcmp 。c 31.85 30目25 31.80 35.68 47.02 40.38 39.75， 42.59 53.11 48.72 52.80 46.61 
subcool am ount 。c 10.22 9.03 10，08 13.97 11.38 7.70 7.55 10.68 2.91 2.24 6.91 0.62 
Enthal百vat enterine: exp valve (h kJfk且 229.78 229.2 229.91 229.9 249.91 245.6 244.9 244.48 271.9 266.18 265.23 265.45 
rl岨...inJ&制P紙.J吋(皿lcuhuicn咽1，，<) 。c -12.32 -10.6 -9.34 -9.22 -9.47 -13.01 -13.01 -14.42 -8.61 -1 1.92 ぺ1.12 -13.43 

副= Quality (。 kl!lkl! 0.2222 0.2098 0.2061 0.2053 0.304J 0.3021 0.2987 0.3041 0.4067 0.3955 0.3870 0.3995 

時診
Density kl!./m' 1220.51 1221.87 1220.16 1223.73 1167.3 1178.25 1180. ~ 1 1181.82 1102.44 1119.11 1123.28 1120.82 

・ー‘E 0 国ー回
l¥1ass flo¥¥' kelh 4.16 5.21 6.4.& 8.54 8.36 6.38 5.22 4.12 (1.35 5_12 8.53 4.24 
Gas Specific Volumc (header) m'/kl!. 1.087E-Ol 1.018E-Ol 9.709E-02 9.664E-02 9.754E-02 1.I16E-Ol 1.1 16E-Ol 1.179E-01 9.450E・021.070E-01 1.038E-0 1 1.134E-0 1 

= Gas Densitv (hcader) kl!/m' 9.2013 9.8222 10.2996 10.3473 10.2519 8.9614 8.9614 8.4825 10.5823 9.3440 9.6311 8.8183 。Gas superfi cial velocitv (headcr) mls 0.07 0.08 0.09 0.12 0.17 0.15 0.12 0.10 0.17 0..15 0.24 O.日
Liquid SpcciIlc Volumc (h喧adcr) m'/kl! 7.494E-04 7.52412-04 7.547E-04 7.54912-04 7.54512-04 7.48212-04 7.48212-04 7.45712-04 7.56012固 047.50112-04 7.51512-04 7.47412-04 
LiQuid Dcnsitv (header) kelm' 1334.45 1329.04 1325.05 1324.64 1325.43 1336.61 1336.61 1341.04 1322.70 1333.17 1330.67 1337.92 
Liquid加I即日cialvclocily (hcadcr) mls 0.0017 0.0022 0.0027 0.003-6 0.0030 0.0023 0.0019 0.0015 0.0020 0.0016 0.0027 0.0013 

Pressure drop (Pleaving -Ps) mPa 0.00 0.01 0.00 0.01 0.01 0.01 (0.00) (0.00) 0.02 0..01 0.01 (0.01} 
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sl ， .." ... 甲 1.U IC'Vμ n""、， ，，，，，"・司、_̂'民'''''''

Channel orientation Downward Intrusion height h Omm 

lnlct pipe diameter 2.0mm Branch quantity 22 
' 

司，ー一

TeSl date 131(2010・8丘町 132(2刷(¥'0&且3)¥33(201側 812S) 134 135 136(201ωm均 137 13町却IOI09，~I) 139 l‘叫2010109吊3) 141 142 
evロoutOow direction 全一ー モーー 骨一ー 骨ー 舎一 骨一ー +一 骨一ー モー 毛ーー モー モー

R 134a amount 且 400 毛- 405("<<10"，，) 毛ーー +一 +一 460 460-α 460・H 510・a ーーー モーー

.ω u g 』.e comp Rcv rpm 4似)() 3∞o 2300 2000 3800 2850 1650 43∞ 1850 2650 1650 3350 
Exp Va1ve 0ロeninl(va1ue pωse 91 71 59 52 74 54 65 78 47 74 59 89 

明』 water flow mVmin 150 100 130 <- 75 50 550 15 5 300 300 300 
白明』 olltd附 fanspc唖 V 4.4 4.44 4.18 ゃー 4.19 4.11 7.57 4.23 4.21 8.23 9.09 争ー

A 0.06 0.07 0.04 今ーー 0.05 0.04 0.12 0.06 0.04 0.13 0.14 令ーー

rcmark in4，岨2同計 ，_ 令ー・ ーー ‘ー- ‘- 争ー 争ー ‘ー- 争ー・ -ーー ‘F・

日owratc mVmin 122.18 89.85 74.73 58.13 94.78 76.45 72.27 128.22 62.15 86.63 56.87 116.75 
P enlerine. Exp valve mPaG 0.980 0.886 0.959 0.897 1.159 1.280 0.686 1.316 1.335 0.654 0.623 0.745 

Pぬ，solule mPa 1.081 0.987 1.060 0.998 1.260 1.381 0.787 1.417 1.436 0.755 0.724 0.846 
P leavine. exo va1ve mPaG 0.105 0.093 0.087 0.067 0.09 0.069 0.12 0.109 0.084 0.087 0.085 0.107 

・剖... P abso1ulc mPa 0.206 0.194 0.188 0.168 0.191 0.170 0.221 0.210 0.185 0.188 0.186 0.208 
国 T enterine. Exp va1ve 。c 36.247 34.314 35.230 32.737 45.648 42.613 26.464 48.143 49.357 21.200 23.710 23.137 
て=

T 1eavine. exロva1ve 。c -8.6∞ ー10.236 -11.076 -11.982 .10.442 ー13ι12 -6.651 -8.048 ー10.390 ー11.218 -9.276 -8.438 国国
mPaG 0.08 0.08 0.08 0.07 0.07 。白06 0.12 O.ω 0.08 0.08 0.09 0.10 

H -g -e Ps 
mPa 0.181 0.181 0.181 0.171 0.171 0.161 0.221 0.191 0.181 0.181 0.191 0.201 
mPaG 1.08 1.00 1.05 1.00 1.25 1.38 0.78 1.42 1.40 0.72 0.70 0.85 

Pd 
mPa 1.181 1.101 1.151 1.101 1.351 1.481 0.881 1.521 1.501 0.821 0.801 0.951 

Tal Oow mCll:r 。c 36.4 35.1 36.6 33.7 45.8 44.8 27.∞o 49.ωo 50.ωo 20.900 23.000 22.900 
Cs 。C 15.20 14別 14.50 13.20 14.00 11.30 9.70 16.70 13.10 14.40 11.60 15.20 
Cd 。c 77.70 69.00 63.50 60.20 79.40 70.80 48.80 86.20 60.70 55.40 50.20 67.60 
saluralcd poinllcmp 。c 42.31 38.90 41.57 39.31 48.22 51.87 30.75 52.91 53.45 29.30 27.86 33..30 
subc∞1 amounl 。c 6.06 4.59 6.34 6.57 2.57 9.26 4.29 4.i7 4.ω 8.10 4.15 10.16 
Enthalpy al enlering exp valve (h kJ，'kl( 250.82 247.99 249.33 245.68 264.9 260.26 236.64 268.69 270.57 229.17 232.71 231.91 
T lcaVI時四p叫時:cII四国問、.1.<) 。c -9.34 -10.86 -11.65 -14.42 -11.25 -14.14 -7.54 -8.85 -12.05 -11.65 -11.92 -9.1 
IOualil、(刈 kl!ikl! 0.3078 0.3022 0.3129 0.3099 0.3860 0.3782 0.2287 0.3923 o.~m 0.2155 0.23~1 0.2 l~~ 

-U 2 Density kl!l'm
j 

1163.66 1171.15 1167.82 1177.81 1122.95 1138.11 1201.72 1112.53 1106.78 1221.83 1212.07 1214.99 
e3砂邑 MllSS flon' kWh 8.53 6.31 5.H ~. ll 6.3ヲ 5.:n 5.21 8.お ~.13 6.35 ~. I~ 8.:-1 。富 Gas Spccific Vo1umc (hcadcr) mJ/ke. 9.709E-02 1.028E.01 1.059E.01 1. 179E.0 1 1.044E.01 1. 166E.01 9.079E.02 9.533ε.02 1.076E.01 1.059E.01 1.070E.01 9.620E.02 
ー-eω ・Gas Density Cheadcr) kl!J'm

j 
10.2996 9.7238 9.4402 8.4825 9.5831 8.5785 11.0147 10.4903 9.2963 9.4402 9.3440 10.3950 

Gas su-perficial vclocity (header) mls 0.18 0.14 0.12 0.10 0.18 0.16 0.08 0.22 0.13 0.10 0.07 0.12 。 (lnlcl DiDC O2mm) mls 22.54 17.35 15.35 13.27 22.74 20.35 9.57 28.30 16.38 12.82 9.16 15.52 
Liquid Spcci fic Volumc (headcr) mj/ke. 7.547E.04 7.520E.04 7.506E.04 7.457E.04 7.513E.04 7.462E.例 7.580E.04 7.556E.04 7.499E.04 7.506E.04 7.501 E.04 7.551 E.04 
Liquid Densily (header) kl!lm' 1325.05 1329.86 1332.34 1341.04 1331.10 1340.14 1319.28 1323.49 1333.60 1332.34 1333.17 1324.26 
Liquid supcr目cialvclocity (hcadcr) mls 0.0031 O.∞23 O.∞19 0.0015 0.0020 0.0017 0.0ωl 0.0027 0.0013 0.0026 0.0017 0.0035 

(ln1cl pipe O2mm) mls 0.3940 0.2929 0.2388 0.1869 0.2605 0.2142 0.2694 0.3475 0.1594 0.3306 0.2101 0.4464 
Pressu陀 drop(P1eaving -Ps) mPa 0.03 0.01 0.01 (0.00) O.ω 0.01 0.00 0.02 0.00 0.01 (0.00) 0.01 
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冒 "司~_.. . 曹.".司司~. .. .._.. . ---O'~'_ 

山山Channel orientation Downward Intrusion height h Omm latm = 0.101325 mPa 

Inlet pipe diameter 1.0mm 8ranch quantity 22 lmPa = 10.197162 kgf/cm2 
Test date 110(2010/09/14) 151 日2(201町田'111) 113(2010用9/17) 154(2010/09.厄4) 155 116(2010吊9厄7) 157 Il町2010/09128) 159 
evp out flow direction Reverse 骨ーー 骨一ー 骨一ー 骨一ー 骨一ー 骨一ー 骨一ー 骨一ー 骨一ー

R I 34a amount E 380 モー 400 400・α 350(re<h.噌~ 舎一 十一 モー +ー モー

・eeha a ， como Rev rom 3000 2300 3400 3450 2300 2800 3400 4400 4400 4200 
Exo Valve ooening value oulse 64 55 69 95 45 51 66 80 70 48 

E water flow ml/min 230 ←ー 65 140 60 守一 75 100 35 15 
何』

water bath temperature 。C 13 14.2 13 13 26 令ー 金一 令ー 30 告ー
zeh • 

outd∞r fan speed V 5.08 4.72 4.79 6.58 4.14 @ーー 4.15 4.13 4.13 4.1 I 
A 0.08 0.07 0.07 0.1 0.04 令・・ 0.04 0.04 0.04 0.04 

remark in4，ouL2la)'cr ーーー をーー ‘- +- +- +- +- @ー・ +-

flow rate ml/min 70.16 57.07 87.41 116.4 59.9 73.44 90.33 125.86 77.49 65.21 
P entering Exp val ve mPaG 0.594 0.583 0.802 0.712 1.036 1.096 1.129 1.223 1.320 1.334 

P absolute mPa 0.695 0.684 0.903 0.813 1. 137 1.197 1.230 1.324 1.421 1.435 
P leavin且expvalve mPaG 0.097 0.084 0.134 0.199 0.104 0.132 0.169 0.25 0.218 0.157 

現 P absolute mPa 0.198 0.185 0.235 0.300 。白205 0.233 0.270 0.351 0.319 0.258 
、相e= 号 T entering Exp valve 。c 19.079 20.718 22.936 29.776 34.422 38.586 39.608 43.406 50.490 46.696 

CJ) T Icaving exp valve 。c -9.532 -11.216 -5.267 1.264 -8.847 -5.068 -1.3 14 5.963 3.031 -2.614 
国 mPaG 0.05 0.05 0.05 0.08 0.05 0.05 0.05 0.08 0.05 0.01 
ド-ω@ e B 

Ps 
mPa 0.151 0.151 0.151 0.181 0.151 0.151 0.151 0.181 0.151 0.1 I I 
mPaG 0.68 0.65 0.85 0.80 1.10 1.18 1.20 1.32 1.40 1.40 

Pd 
mPa 0.781 0.751 0.951 0.901 1.201 1.281 1.301 1.421 1.501 1.501 

T at flow meter 。C 18.500 19.8 23.0 30.2 36.8 40.0 40.9 44.600 49.200 49.600 
Cs 。c 11.60 14.20 10.20 13.20 12.80 13.10 11.30 13.00 8.10 6.20 
Cd 。c 60.10 54.80 65.40 66.60 59.90 65.80 67.70 82.10 80.20 71.80 
saturated point temp 。c 26.46 25.92 35.64 31.89 44.23 46.22 47.28 50.19 53.03 53.43 
subcool amount 。c 7.38 5.20 12.70 2.11 9.81 7.63 7.67 6.78 2.54 6.73 
Enthalpy at enterin且expvalve (h) kJlkg 226.19 228.49 231.63 241.4 248.14 254.27 255.78 261.47 272.35 266.46 
T lcaving e.x-p ¥'alvc (caleulation四 lu.:) 。c ー10.35 ー12.05 -5.94 0.66 -9.47 -6.16 -2.23 5.1 2.37 -3.46 
QU:llit~' Cx) kglk:;: 0.1，937 0.21~5 0.19~8 0.2045 0.2955 0.3076 0.2935 0.2804 0.351~ 0.3533 

dゆ

Density k!!.lmJ .: 1229.46 1223.25 1216.08 1188.66 1171.79 1154.46 1150.25 1133.99 1100.97 1119.67 
e》e Mass flow klUh 5.18 4.J9 6.38 8.30 4.21 5.09 6.23 8.56 5.12 ~.38 

--H 。z -ee 
Gas Specific Volumc (header) m'lk!!. 1.008E・01 1.076E・01 8.561E・02 6.770&02 9.754&02 8.631E・02 7.493E・02 5.815E・02 6.380E・02 7.828ら02
Gas Density (header) k!!.lm' 9.9177 9.2963 11.6813 14.7715 10.2519 11.5860 13.3458 17.1960 15.6742 12.7753 

ーヨω Gas superficial velocity (header) m/s 0.07 0.07 0.07 0.08 0.08 0.09 0.10 0.10 0.08 0.08 
heJ e (Inlct oioeのImm m/s 35.75 34.18 37.62 40.65 42.93 47.77 48.49 49.39 40.59 42.85 

Liquid Specilic Volume (header) m'lke. 7.529E-04 7.499E-04 7.610E-04 7.736E-04 7.545E-04 7.605E-04 7守680E-04 7.826E-04 7.77IE-04 7.656E-04 
Liquid Density (header) kl!.lmJ 1328.23 1333.60 1314.15 1292.61 1325.43 1314.86 1302.12 1277.74 1286.90 1306.1 I 
Liqu;d supcrficial veloc堅{hCil台r) m/s 0.0022 0.0017 0.0027 0.0035 0.0016 0.0019 0.0023 0.0033 0.0018 0.0015 

(Inlet oioe o 1 mm m/s 1.1112 0.8726 1.3821 1.8069 0.7917 0.9474 1.1963 1.7057 0.9125 0.7672 
Pr官~suredrop (Plcaving -PS) mPa 0.05 0.03 0.08 0.12 0.05 0.08 0.12 0.17 0.17 0.15 
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日」Channel orientation Oownward Intrusion height h Omm 1atm = 0.101325 mPa 

Inlet pipe diameter 3.0mm Branch quantity 22 1mPa = 10.197162 kgf/cm2 

Test date 170(201町11112) 171 172 (restarl 173 174 (2010111115) 175 176 177 17S(2010111117) 179 180 181 
evp out flow direction Reverse ‘ーー 令ー・ ←ーー 争ーー ←ー φー +- 令ー ‘ーー ‘ーー 舎一ー

R 134a amount 且 370 守一 ← 令一 ←ー 争ーー <- ←ー <- ←ー ‘ーー ←ー

』 comp Rev rpm 2400 3400 2100 1700 4000 3000 2200 1800 2600 2550 3500 3300 
輔曲副 Exp Valve opening value pulse 83 95 69 56 82 63 54 47 50 44 74 60 
E water f10w mllmin 510 315 250 150 110 75 70 60 40 20 75 55 
』噂

water bath temperature 。c 14 @・・ ← 争圃圃 27 ..... ←ー +- 41.8 41.9 40.3 39.3 
t司』

outdoor fan speed V 5.48 4.92 4.98 4.35 4.27 4.2 4.15 ..... 4.11 4.1 4.15 4.13 
A 0.08 0.07 0.08 0.06 0.06 0.05 0.04 毎ー・ 0.04 0.04 0.05 ().04 

remark in4削 tllayc:r 争ー -ーー +- <- <- ー- <- ←ー 争・・ ーー- +-

flow rate mllmin 87.21 116.26 69.56 55.63 120.13 89.3 73.48 60.02 74.77 57.41 126.88 94.24 
P entering Exp valve mPaG 0.547 0.673 0.563 0.615 1.031 1.045 1.080 1.025 1.294 1.350 1.337 1.321 

P absolute mPa 0.648 0.774 0.664 0.716 1.132 1.146 1.181 1.126 1.395 1.451 1.438 1.422 
P Jeaving exp valve mPaG 0.093 0.1 0.075 0.077 0.095 0.079 0.09 0.087 0.07 0.041 0.109 ().08 

令司国

P absolute mPa 0.194 0.201 0.176 0.178 0.196 0.180 0.191 0.188 0.171 0.142 0.210 0.181 

吃調コT entering Exp valve 。C 18.441 19.851 18.017 19.750 35.472 34.873 34.880 33.366 42‘013 38.229 46.470 42.886 

bE a T leavin且expvalve 。c ー10.191 -9.086 -12.811 -11.994 -9.840 -11.847 ー10.403 ー10.798 ー13.149 -17.462 -7.982 -11.655 
mPaG 0.10 0.09 0.08 0.08 0.08 0.07 0.09 0.09 0.07 0.04 0.10 0.07 

H g 
PS 

mPa 0.201 0.191 0.181 0.181 0.181 0.171 0.191 0.191 0.171 0.141 0.201 0.171 
mPaG 0.62 0.78 0.63 0.68 1.24 1.15 1.18 1.11 1.38 1.44 1.42 1.40 

Pd 
mPa 0.721 0.881 0.731 0.781 1.341 1.251 1.281 1.211 1.481 1.541 1.521 1.501 

Tat fl。、，vmeter 。c 18.700 19.6 18.4 19.6 35.8 36.0 36.3 35.100 44.200 41.600 47.600 39.300 
Cs 。c 14.30 15.60 9.30 9.90 12.50 12.20 13.20 13.10 11.40 10.90 14.00 12.40 
Cd 。C 51.70 65.70 45.50 47.60 75.50 69.10 63.20 58.30 68.50 63.40 78.40 76.50 
saturated point temp 。c 24.11 30.16 24.92 27.48 44.06 44.53 45.70 43.86 52.28 53.88 53.51 53.06 
subcool amount 。C 5.67 10.31 6.90 7.73 8.59 9.66 10.82 10.49 10.27 15.65 7.04 10.17 
Enthalpv at enteri墜 e塑 valve_(h kJ些E 225.29 227.28 224.7 227.13 249.68 248.76 248.8 246.59 259.35 253.7 266.11 260.66 
T IC3ving exp val暗(，.1印刷朗 唱lue-. 。c -10.86 -9.97 ー13.29 ー13.01 ー10.6 ー12.73 ー11.25 ー11.65 ー13.99 ー18.45 -8.85 -12.59 

ω 
IOuality (x) kg/kg 0.1923 0.1969 。却32 0.1133 0.3090 0.3158 0.3082 0.1996 0.3731 0.3684 0.3797 0.3723 

E Densitv k!!/m
J 1231.58 1227 1233.23 1227.07 1167.34 1170.07 1170.19 1176.11 1140.94 1158.02 1120.77 1137.24 

ep e l¥1ass sow ~ 6.44 8.56 5.15 4.JO 8.41 6.27 5.16 4.24 5.12 3.99 8.53 6.43 

ーa 。同 Gas Soecific Volume (he.aderl m3
1k!! 1.028E-01 9.939E-02 1.128E-Ol 1.116E-01 1.018E-01 1.104E-01 1.044E-01 1.059E-01 1.159E-01 1.383E-01 9.S33E-02 1.098E-01 

ー鍵 Gas Densitv (headerl k!!lmJ 9.7267 10.0610 8.8660 8.9614 9.8222 9.0572 9.5831 9.4402 8.6266 7.2322 10.4903 9.1050 
ーιヨ， Gas superficial velocitv (header) m/s 0.09 0.12 0.08 0.07 0.18 0.15 0.12 0.09 0.15 0.14 0.21 0.18 
heJ e (Inlet pipe 03mm m/s 5.01 6.58 4.64 3.83 10.40 8.59 6.52 5.28 8.70 7.98 12.14 10.33 

LiQuid Soecific Volume (header) mJIk!! 7.520E・04 7.536E・04 7.477E・04 7.482E・04 7.524E・04 7.487E・04 7.513E・04 7.506E・04 7.464E・04 7.388ら04 7.556E・04 7.489E・04
LiQuid Density (header) k!!lmJ 1329.86 1327.02 1337.47 1336.61 1329.04 1335.74 1331.10 1332.34 1339.69 1353.49 1323.49 1335.31 
Liquid supcrJicial vclocil)' (hcadcr) m/s 0.0027 0.0036 0.0021 0.0017 0.0030 0.0022 0.0019 0.0015 0.0017 0.0013 0.0028 0.0021 

{Inlet pipe O3mm m/s 0.1538 0.2036 0.1205 0.0947 0.1719 0.1262 0.1054 0.0875 0.0941 0.0731 0.1571 0.1188 
Pre~号uredr(lp (Pleaving -PS) mPa (0.01) 0.01 (0.01) (0.00) 0.02 0.01 0.00 (0.00) 0.00 0.00 0.01 0.01 
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I VIUQI， l' QVL' VI~' ，.. Ilvn J'II;lI，"，V且J"IVI岨

II
JJ
， I:'，f Channel orientation Upward Intrusion height h Omm 1atm = 0.101325 mPa 

Inlet pipe diameter 2.0mm 8ranch quantity 22 L 1mPa = 10.197162 kgf/cm2 

114冊。w

Test date 21叫2CI町11/29) 211 212 213 214(2010111130) 215 216 217 218(2010111130) 219 220 221 
evp out f10w direction Reverse @ー 6嶋. ←ー・ φー・ ‘ー- ‘噌- 争・・ ‘ー・ ‘ーー @ー・ 争・・

R 134a amounl 且 450 舎一 +ーー <- φー ‘ーー ←ー 舎一 舎一 480 <- 480・a

.』ω 副-

COI11D Rev rpl11 370Q 2800 2200 1800 4200 3400 2800 2200 4000 3600 3050 2800 
Exp VBlve opcninl? valuc pulse 111 81 74 64 94 71 59 50 100 60 52 46 

E water tlow ml/lIlin 590 470 390 380 280 200 130 110 200 20 。 。
時』

water bath temperatll陀 。c 14 φー・ 争圃圃 φー 25.9 27.4 29.1 30 40.3 45 45 45 
E帽』

olltdoor fan spccd V 4.21 4.21 ‘帽. <- 4.24 4.17 φー 4.16 4.15 4.14 4.11 4.1 
A 0.04 0.04 0.03 令一 。守04 0.04 <- 0.03 0.04 0.04 0.04 0.04 

remark in4，副官harc:r <- 争・・ 令咽' <- 毛ー・ 争ー <- 〈開田 ーーー <- <-

f10w rate IIll/lIlin 116.68 84.79 70.57 55.64 121.45 90.44 73.1 58.44 130.42 91.22 75.72 58.35 
P cntcrin且巳xpvalvc mPaG 0.551 0.529 0.525 0.497 0.815 0.886 0.903 0.889 1.260 1.306 1.335 1.344 

P absohllc IIlPa 0.-652 0.630 0.626 0.598 0.916 0.987 1.004 0.990 1.361 1.407 1.436 1.445 
P leavinl? e凡pvalve mPaG 0.087 0.074 0.078 0.072 0.087 0.068 0.055 0.051 0.149 0.0;1 0.06 0.039 

匂制帽調

P absolute lIl?a 0.188 0.175 0.179 0.173 0.188 0.169 0.156 0.152 0.250 0.172 0.161 0.140 
T enterin且Expvalve 。c 17.327 17.165 17.822 17.790 30.826 31.141 32.432 31.873 48.251 41.883 39.492 39.703 

巳ES T leavinl? exp valve 。c ー11.059 ー12.822 -12.170 -12.110 11.196 13.658 ー15.576 ー15.720 3.900 ー13.007 14.587 ー17.622
IIlPaG 0.08 0.07 0.08 0.08 0.08 0.06 0.05 0.05 0.12 0.06 0.05 0.04 

ドお
PS 

IIlPa 0.181 0.171 0.181 0.181 0.181 0.161 0.151 0.151 0.221 0.161 0.151 0.141 
mPaG 0.65 0.62 0.60 0.58 0.92 0.98 1.00 0.98 1.33 1.40 1.42 1.44 

Pd 
mPa 0.751 0.721 0.701 0.681 1.021 1.081 1.101 1.081 1.431 1.5()1 1.521 1.541 

T at f10w mcter 。c 18.000 17.4 17.9 17.6 31.8 32.3 34.4 34.900 40.300 43.800 42.100 44.400 
Cs 。C 9.90 10.00 11.00 11.00 9.70 8.70 8.80 9.20 11.70 10.30 10.00 10.00 
Cd 。C 58.90 54.20 50.30 46.80 69.90 66.80 61.80 55.10 74.70 75.00 70.00 64.10 
saturatcd point tcmp 。c 24.31 23.17 22.96 21.45 36.16 38.90 39.53 39.01 51.29 52.63 53.45 53.71 
subcool amollnt 。C 6.98 6.01 5.14 3.66 5.33 7.76 7.10 7.14 3.04 10.7'5 13.96 14.01 
Enthalpy at cnterin且expvalve (h kJ/kg 223.74 223.51 224.42 224.38 242.91 24-3.37 245.24 244.43 268.88 259.16 255.58 255.89 
T Ic:aving e:<p val時(日!副lauon叫叫】 。c ー11.65 -13.43 ー12.87 -13.71 ー11.65 ー14.28 -16.22 ー16.84 -4.3 ー13.85 -15.46 ー18.78
Quality (x) kWkl:. 0.1893 0.1983 0.1995 0.2040 0.2819 0.2981 0.317] 0.3164 0.36!)8 0.3715 0.3614 0.3804 

問ω g e2・・Dcnsity kl!lmJ 1235.72 1236.2 1233.75 1233.72 1185.09 1184.29 1179.11 1181.31 1111.43 1141.63 1152.44 1151.59 
M制 sflow k!!/h 8.65 6.29 5.22 ".12 8.64 6.50 5.17 4.14 8.70 6.25 5.24 4.03 

3 g O Gas Soecific Volumc (header) mJlke 1.059E-01 1.134E.OI I.J 10E.01 1.I47E.0 1 1.059E-01 1.1 72E-O 1 1.265E-01 1.296E・01 8.068E.02 1.153E-01 1.228E.Ol 1.401 E.OI 

2 Ga~ Qcn~ity (hcader) kl!lm
J 9.4402 8.8183 9.0098 8.7222 9.4402 8.5302 7.9064 7.7143 12.3948 8.6745 8.1466 7.1362 

-g u Cas ~uperficial velQcity (lieader) m/s 0.12 0.10 0.08 0.07 0.18 0.16 0.14 0.12 0.18 0.19 0.16 0.15 
teJ e (Inlet pipe 02mm) m/s 15.34 12.50 10.23 8.52 22.80 20.08 18.34 15.02 22.94 23.66 20.59 19.00 

Liauid Sllccific Volumc (hcader) mJ/kQ 7.506E・04 7.474E・04 7.484E・04 H69E・04 7.506E・04 7.459E-04 7.426E・04 7.416E-04 7.640E-04 7.467E・04 7.439E・04 7.383E・04
Liauid Dcnsitv (header) kl!lm

J 1332.34 1337.92 1336.17 1338.80 1332.34 1340.59 1346.60 1348.53 1308.85 1339.24 1344.25 1354.52 
Liquid supcrlicial vclocily (hcadcr) m/s 0.0037 0.0026 0.0022 0.0017 0.0032 0.0024 0.0018 0.0015 0.0029 0.0020 0.0017 0.0013 

(Jnlet pIpe 02mm) m/s 0.4654 0.3332 0.2767 0.2165 0.4115 0.3008 0.2319 0.1857 0.3703 0.2593 0.2196 0.1631 
Prc_~surc dr9P (Plcaving -Pj) mPa 0.01 0.00 (Qj)Q) eO.QI) 0.01 0.01 0.01 0.00 0.03 0.01 0.01 (0.90) 
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山ゆChannel orientation Downward Intrusion height h Omm 1atm = 0.101325 mPa 

Inlet pipe diameter 1.5mm Branch quantity 22 1mPa = 10.197162 kgf/cm2 

Test date 310(2011岬5居。) 311 312 313 J 14(201110l/23) 315 316(2011IOlI24) 317 318 J 1 '1(20 II/Oll2l) 320 321(2011岬l126)

evp out f10w direction Reverse 舎一 令ー <- <- 守一 @ー 舎一 令ーー 今一 争ー 争ーー

R 134a amount 且 330 令ー 舎一 舎一 355 355-(1 <- <- 与一 全一 争ー 360 
』 comp Rev rpm 3400 2700 2400 1850 3800 3000 2400 2000 4200 3900 3100 2600 
e副曲d Exp Valve opening value pulse 104 80 68 55 92 70 65 52 74 60 49 44 
E water f10w ml/min 395 295 285 <- 220 175 180 160 125 145 190 65 
司』

water bath temperature act/set 。c 13.6/6.7 13.316.7 12.7/6.7 12.416.7 32.4β5.0 33.8β5 34.8/35 34.8/35 47/47 47/47 47/47 47/47 
自司同

outdoor fan speed V 5.13 4.24 4.22 4.21 4.3 4.17 4.17 <- 4.11 4.16 4.16 4.13 
A 0.07 0.04 0.04 0.04 0.06 0.04 0.04 @ー 0.04 0.04 0.04 0.04 

remark 凶4叫t21aycr 骨一ー 骨一ー 骨一ー 骨一ー 骨ー 奇ーー 骨ー 骨一ー 骨一ー 奇一ー 骨一ー

f10w rate ml/min 115.07 87.2 69.42 54.95 119.98 89.08 74.48 57.09 127.05 91.49 74.63 59.44 
P enterin且Expvalve mPaG 0.585 0.616 0.575 0.527 0.948 1.007 0.972 0.884 1.368 1.441 1.256 1.154 

IP absolute mPa 0.686 0.717 0.676 0.628 1.049 1.108 1.073 0.985 1.469 1.542 1.357 1.255 
P leaving exp valve mPaG 0.106 0.085 0.065 0.063 0.114 0.087 0.078 0.059 0.101 0.081 0.055 0.039 

匂ー帽帽

IP absolute mPa 0.207 0.186 0.166 0.164 0.215 0.188 0.179 0.160 0.202 0.182 0.156 0.140 
T entering Exp valve 。C 23.447 20.501 19.151 19.018 34ゐ920 34.018 31.424 30る803 45る899 45.393 40.763 38.364 

bE a T leavin且expvalve 。c -8.584 ー11.184 ー13.855 -14.228 -7.622 -11.044 -12.830 -14.952 -9.124 -11.745 ー15.380 -18.019 
mPaG 0.09 0.08 0.07 0.07 0.08 0.08 0.07 0.06 0.07 0.05 0.04 0.03 

H g 
PS 

mPa 0.191 0.181 0.171 0.171 0.181 0.181 0.171 0.161 0.171 0.151 0.141 0.131 
mPaG 0.59 0.70 0.65 0.60 1.06 1.10 1.08 0.98 1.46 1.52 1.35 1.20 

Pd 
mPa 0.691 0.801 0.751 0.701 ト161 1.201 1.181 1.081 1.561 1.621 1.451 1.301 

丁目tf10w ll1eter 。C 23.600 20.8 18.8 18.3 35.5 35.1 33.1 32.9 47.2 47.1 44.3 (36.6) 
Cs 。c 13.00 11.70 10.60 10.80 13.50 11.80 8.90 9.00 11.40 7.10 6.00 (9.5) 

Cd 。C 62.90 58.60 54.60 50.10 73.20 68.00 50.40 55.50 81.00 74.70 67.00 (56) 
saturat巴dpoint temp 。c 26.02 27.52 25.52 23.06 41.17 43.24 42.03 38.82 54.38 56.38 51.17 48.07 
subcool amount 。c 2.57 7.02 6.37 4.04 6.25 9.22 10.61 8.02 8.48 10.99 10.41 9.71 
Enthalpy at enterin且 ~valv~白 1011<.R 232.34 228.18 226.29 226.1 248.87 247.55 243.77 242.88 265.23 264.43 257.49 253.93 
T lc3ving exp val時(ca1ωlati曲四luc) 。C -9.22 ー11.92 ー14.72 ー15.01 -8.25 ー11.65 -12.87 -15.61 -9.84 ー12.46 ー16.22 -18.78 

ω IQuality (x) ke/k!! 0.2]72 0.2122 0~2.187 0.1195 0.2924 0.3043 0.2925 0.3027 0.383] 0.3898 0.3753 0.37] I 
ーヨ DensilY k!1/mJ 1212.86 1224.25 1229.09 1229.32 1169.05 1173.27 1183.72 1185.65 1123.76 1126.81 1146.2 1155.89 
eP - Mas直flow liIlL!! 8.37 6.41 5.12 4.05 8.42 6.27 5.29 4.06 8.57 6.19 5.13 4.12 

・ー。由圃 Gas Spccific Yo1ume (headerl m'fk!! 9.664E-02 1.070E-01 1. 192E-Ol 1.206E-01 9.32IE-02 1.059ι01 1.1I0E-01 1.235ら01 9.893E-02 1.093E-01 1.265E-01 1.401E-01 

ー調 Gぉ Densitv(headerl k!1lmJ 10.3473 9.3440 8.3864 8.2905 10.7287 9.4402 9.0098 8.0985 10.1087 9.1533 7.9064 7.1362 
= Gas superficial ve10city (header) m/s 0.12 0.10 0.09 0.07 0.16 0.14 0.12 0.11 0.23 0.18 0.17 0.15 ~ 
t冒」 (Inlet pipe 01.5ll1m Il1/s 27.63 22.87 20.99 16.87 36.05 31.77 26.99 23.86 51.03 41.41 38.30 33.70 

LiQuid Specific Yo1ume (header) mJfkl1 7.549E・04 7.501E・04 7.452E・04 7.447E・04 7.567E・04 7.506E・04 7.484E・04 7.437E・04 7.538&04 7.491E・04 7.426E・04 7.383E・04
LiQuid Density (header) k!1lmJ 1324.64 1333.17 1341.94 1342.86 1321.55 1332.34 1336.17 1344.72 1326.63 1334.88 1346.60 1354.52 
Liquid supcrficial vclocity (hcadcr) m/s 0.0034 0.0026 0.0021 0.0016 0.0031 0.0023 0.0019 0.0015 0.0028 0.0020 0.0017 0.0013 

{Inlet pipeの1.5mm m/s 0.7779 0.5950 0.4685 0.3703 0.7083 0.5147 0.4403 0.3310 0.6262 0.4445 0.3743 0.3009 
Pres_sure dr(lp (Pleaving -PS) mPa 0.02 0.01 (_O.QI) (O.() 1) 0.03 0.01 0.01 (0.00) 0.03 0.03 0.02 0.01 
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Channel orientation Downward Intrusion height h 3mm 

Inlet pipe diameler 1.5mm Branch quantity 22 .臥-- ー -_.. _. 曹司..屯，，-'_.-ー

Test date 330(20111脈拍8) 331 332 333 334(2011/0ω9) 335 336 337 338 339 34町2011働110) 341 
evo out f10w direction Reverse ‘ーー ‘ーー 争ーー ‘ーー +- φー <- 争ー φーー 争ーー 争ーー

R 134a amount 良 325 ←ー <- 今一 345 +- ←ー 金ーー -ーー 守一 345-(1 ←ーー
』 comロRev rp町、 3400 2700 2400 1850 4000 3100 2400 2000 4200 3800 3100 2600 
ー曲世 Exp Valve opening value pulse 116 86 74 64 92 75 64 52 75 67 53 46 
E water f10w ml/min 420 290 285 争自司 275 φ- 200 <- 120 110 70 90 
司』

water bath temperature act/set 。c 6.616.0 9.2/6.0 11.2/6.0 11.716.0 33.6，β5.0 32.9/35.0 32.5/35.0 33.5135.0 47.0/47.0 ゃー やー・ や・・
Eeh ， 

outdoor fan spωd V 4.77 4.24 4.2 4.18 4.23 4，19 4.17 +- 4.12 4.09 4.13 4.16 
A 0，07 0，04 0.04 0.04 0，05 0，04 0，04 <- 0，04 0.04 0，04 0，04 

remark In4.out2la阿 今ー・ 争ー・ ←ー e帽. (- <- @・・ 舎周 . 争ー 争四' +-

f10w rate ml/min 113.66 89.33 69.71 54.58 126.84 91.07 73.57 57.82 121.98 95，12 74，01 60.97 
P enterin且Expvalve mPaG 0.474 0.540 0.525 0.493 0.953 0.910 0.894 0.854 1.302 1.370 1.421 1.214 

P absolute mPa 0.575 0.641 0.626 0.594 1.054 1.011 0.995 0.955 1.403 1.471 1.522 1.315 
P leaving exp valve mPaG 0.098 0.087 0.065 0.061 0，109 0.085 0.078 0.06 0.103 0.091 0.069 0.041 

岨蝿
P absolute mPa 0.199 0.188 0.166 0.162 0.210 0.186 0.179 0.161 0.204 0.192 0.170 0，142 

勺1'1 T entering Exp valve 。C 18.912 22.044 20.927 20.874 36.360 32.751 31.469 30.122 46.201 43.343 43.811 40.710 

国国
T leavin虫expvalve 。C -9.617 ー11.162 ー14.112 ー14.636 -8.599 ー11.517 -12.369 ー14.766 -8.811 -10.570 -13.656 ー17.588

mPaG 0，08 0.08 0.06 0.06 0.08 0.07 0.08 0.06 0.06 0.06 0.05 0.04 

H S 
PS 

mPa 0.181 0.181 0.161 0.161 0.181 0.171 0.181 0.161 0.161 0.161 0.151 0.141 
mPaG 0，58 0.62 0.60 0.58 1.05 1.00 0.98 0.98 1.38 1.45 1.52 1.28 

Pd 
mPa 0.681 0.721 0.701 0.681 1.151 1.101 1.081 1.081 1.481 1.551 1.621 1.381 

T at t10w meter 。c 20.100 22.3 21.6 21.0 37.4 34.0 32.7 32.0 47.5 45.1 48，2 45.4 
Cs 。c 12，60 12.50 11.60 11.70 11，50 10.50 10.40 9.70 11.00 12.20 6，80 13.50 
Cd 。C 57.40 55.70 53.20 49.40 69，70 67.10 61.20 54.80 77.70 76.40 64.10 55.30 
saturated point temp 。c 20，18 23.74 22.96 21.23 41.35 39.79 39.20 37.68 52.51 54.44 55.84 49.91 
subcool amount 。c 1.27 1.70 2.03 0.36 4.99 7.04 7.73 7.56 6.31 11.10 12.03 9.20 
Enth&J>y at entering ~塑 valve(t kJ些旦 225.94 230.35 228.78 228.7 250.99 245.7 243.84 241.89 265.7¥ 261.34 262.04 257.42 
TI曲川崎悶P四1叫(姐Jculation叫 .c) 。c ー10.22 ー¥1.65 -14.72 -15.31 -8.85 ー¥1.92 -¥2，87 ー15.46 -9.59 -11.¥2 -14.¥4 ー18.45

ω 
Quality (x) kl!fk2 0.1918 0.22.11 0.2306 0.2335 0.3030 0.2968 0.2929 0.2972 0.3816 0.3682 0.3867 0.3860 I 

E Densitv kQ/m' 1229.43 1217.98 1222.14 1222，16 1162.96 1177.84 1183 1188.21 1121.71 1135.59 1133.92 1146.08 
e、P 号

Mass t10w h凶E 8.38 6.53 5.11 4.00 8.85 6.44 5.22 4.12 8.21 6.48 5.04 4.19 

ー信。周 Gas Soecific Volume (header) m五IkQ 1.004E-01 1.059E-01 1.192E-OI 1.220ε-01 9.533E-02 1.070E-01 I.IIOE-OI ト228E-OI 9.800E-02 J.038E-OI 1. 1 66E-0 1 1.383E-01 

ー調 Gas Densitv (header) kQ/mJ 9.9651 9.4402 8.3864 8.1947 10.4903 9.3440 9.0098 8.1466 10.2042 9.6311 8.5785 7，2322 
ーω ヨ Gas superficial velωitv (header m/s 0.11 0.11 0.10 0.08 0.18 0.14 0.12 0.10 0，21 0.17 0.16 0.16 
ta J (lnlet pioe o 1.5mm m/s 25.37 24.04 22.09 17.93 40.18 32.13 26.68 23.64 48，26 38，95 35.68 35.17 

LiQuid Specific Volume (header mJ/kQ 7.531E心4 7.506E・04 7.452E・04 7.442E・04 7.556E・04 7.501 ら04 7.484E・04 7.439E・04 7.542E・04 7.515E・04 7.462E・04 7‘388E・04
LiQuid Density (header) k!!lm' 1327.83 1332.34 1341.94 1343.80 1323.49 1333.li 1336.17 1344.25 1325.84 1330，67 1340.14 1353.49 
L.iquid supcrficial vclocily (hcadcr) mfs 0.0035 0.0026 0.0020 0.0016 0.0032 0.0024 0.0019 0.0015 0.0027 0.0021 0.0016 0.0013 

(In1el pipeの1.5mm m/s 0.8022 0.5998 0.4607 0.3589 0，7327 0.5336 0.4344 0.3388 0.6019 0.4837 0.3622 0.2990 
Pre~sure dr()p (P1eaving -PS) mPa 0.02 0.01 0，01 0.00 0.03 0.02 (0.00) 0.00 0.04 0，03 0.02 0.00 
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Folder: 18 evp vis/21 f10w recogition 

Channel orientation Downward Intrusion hcight h 301m 111 1 '1 1atm = 00.1001325 mPa 

Inlet pipe diameter 2.00101 Branch quantity 22 1mPa = 100.197162 kgf/cm2 

Tcst date 3SO(lOl川&20) 351 3Sl(lOI剛 健l句 353 354 355 356 357 358 359 360 361 
evp OUI now direcLion Rc~crsc +ー・ 争ー 争ー @四・ +- @ー・ +- +- 争ー・ φー 争ー

R134a amount E 3300 +ーー 舎一 ←ー 345 争ーー 令一 ‘ーー φーー 守一 守一 345-α 

‘抽副』圃
∞mp Rev rom 3500 270000 20000 18500 3900 310000 240000 2∞o 4200 ← 34000 2800 
Exp Valve opening valuc Dulse 116 86 81 68 92 73 61 500 79 67 56 44 

日 water n。、v mlJmin 395 4300 2100 2100 30000 争ー・ 215 +- 125 1005 1005 500 
』司

water ba出 temperatu陀 act/set 。C 11.0/6.00 13.5/6.00 6.716.00 7.1/6.0 33.7/35.0 32.7，乃5.00 33.2/35.00 33.7β5.00 47.0/47.0 ‘ー- ‘ー- -ーー
E司』

outd∞r fan speed v 4.34 4.25 4.22 4.22 4.27 4.22 4.19 争ー 4.11 4.1 ‘ーー 4.09 
A 00.06 0.005 00.004 00.004 00.005 00.004 0.004 令ー・ 00.04 0.004 ‘ー- 00.04 

remark in4， out2 laye +ー・ +- ーー- 争ー・ 争ー・ @ー・ +- +- ..... 争ー・ 争ー

n。、V!百te m1Jmin 112.59 85.85 69.71 55.001 119.33 88.49 70.77 58 131.28 92.12 75.31 57.14 
P entcrinl! EXD val'lc mPaG 00.528 00.518 00.534 0.496 1.0038 00.973 0.985 0.948 1.392 1.331 1.254 1.333 

P absolulc mPa 00.629 00.619 00.635 0.597 1.139 1.0074 1.0086 1.049 1.493 1.432 1.355 1.434 
P leaving exロvalve mPaG 00.089 00.0075 00.008 00.0058 0.0098 00.0074 0.0071 0.066 0.124 00.0084 0.0061 00.0035 

勺・帽咽... 
P absolule 町lPa 00.1900 00.176 00.181 0.159 0.199 00.175 0.172 0.167 00.225 00.185 00.162 00.136 

，. cnlerinl! EXD valvc 。C 22.774 22.363 21.988 17.889 35.327 31.223 30.428 30.220 47.995 43.961 41.840 39.783 

OJ) ，. leaving exp valve 。C -10圃.735 -12.666 -11.855 -15.049 -9.730 -12.994 -13.298 -13.996 -6.468 -11.461 -14.823 -18.366 

H z g Ps 
mPaG 0.08 0.008 0.008 0.07 00.008 0.07 0.08 0.07 0.08 0.05 0.04 。ω
mPa 0.181 0.181 0.181 0.171 0.181 0.171 0.181 0.171 0.181 00.151 0.141 0.121 
mPaG 0.65 0.62 0.61 0.58 1.15 1.05 1.008 1.02 1.45 1.42 1.35 1.36 

Pd 
mPa 00.751 0.721 0.711 0.681 1.251 1.151 1.181 1.121 1.551 1.521 1.451 1.461 

，. al n ow mClcr 。C 23.∞o 22.4 22.4 17.3 36.3 31.4 31.3 30.6 49.6 45.3 41.2 44.3 
Cs 。C 13.00 12.200 10.40 9.60 10.40 9.80 9.70 9.70 14.40 10.70 8.60 11.50 
Cd 。c 61.60 56.00 47.40 46.00 65.90 66.80 60.40 56.60 79.70 77.30 71.90 61.80 
saluraled point temp 。C 23.12 22.59 23.43 21.40 44.30 42.06 42.48 41.14 55.04 53.34 51.11 53.40 
subcool amount 。C 0.35 0.23 1.44 3.51 8.97 10.84 12.05 10.92 7.05 9.38 9.27 13.62 
Enthalpy at entering exp 四 1ve(1 kJlkg 231.38 2300.8 230.27 224.51 249.46 243.48 242.33 242.03 268.44 262.29 259.1 256.01 
TI田 川町耳目p、叫吋(回Icula前冊、場叫) 。c ー11.39 ー13.29 ー12.59 .15.76 ー10.22 ー13.43 .13.85 ー14.57 ー7.07 ー12.05 ー15.31 .19.46 
IQualilr (x) kl!fkl! 0.22"7 O.口25 0.2261 0.2160 0.3059 0.2941 0.2908 0.2932 0.3820 0.3775 0.3785 0.38-42 

ーω = Density kl!/m' 1215.11 1216.63 1218.16 1233.35 1168 1184.54 1187.85 1188.44 1114.02 1132.42 1141.37 115l..15 
由> Mass nO¥¥ k2fb 8.21 6.27 5.10 4.07 8.36 6.29 5.04 4.14 8.77 6.26 5.16 3.95 

-ーa = 。e・Gas Specific Vo1umc (headcr) m'lkl! 1.049E・01 1. 128E・01 1.098E・Ol 1.242E・01 1.004E・01 1.134E・01 1.153E・01 1，186E・01 8.925E.02 1.076E・01 1.220E-01 1.440E・01
Gas恥 nsity(hcadcr) kl!/m' 9.5356 8.8660 9.1075 8.0509 9.9651 8.8183 8.6745 8.4345 11.2051 9.2963 8.1947 6.94300 

tE M eJ e 
Gas superficial velQcity (header mls 0.13 00.11 00.09 0.08 0.18 00.15 0.12 0.10 0.21 00.18 00.17 0.15 

(Inlet pipe 02mm) mls 17.10 14.53 11.18 9.66 22.70 18.55 14.95 12.71 26.45 22.47 21.06 19.31 
LiQuid Specific Volumc (hcadcr m'lkl! 7.510E・04 7.477E・04 7.489E・04 7.434E・04 7.531E・04 7.474E・04 7.467E.04 7.454E，・04 i.589E・004 7.499E・04 7.442E・04 7.371 E・04
LiQuid Density (header) kl!/m

J 1331.500 1337.47 1335.29 1345.19 1327.83 1337.92 1339.24 1341.49 1317.78 1333.60 1343.80 1356.59 
Liquid supc而ci剖 vcl悦 ily(hcodcr) mls 0.0033 O.∞25 0.0021 0.0016 0.0030 O.∞23 O.∞19 O.∞15 0.0029 0.0020 0.0017 0.00012 

(Inlet pipe 02mm) mls 0.4226 0.3180 0.2611 0.2098 0.3865 0.2934 0.2362 0.1927 0.3639 0.2583 0.2109 0.1584 
Pressure drop (Plcaving .Ps) mPa 0.01 (0.001) 00.00 (0.01) 0.02 00.00 (0.01) (0.∞) 0.04 00.003 0.02 0.02 
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，...，...""" ，...""・"..、"ー..."..... '''''''&'''''''' 

出dChannel orientation Downward Intrusion height h Imm 1atm = 0.101325 mPa 

Inlet pipe diameter 2.0mm 8ranch quantity 22 1mPa = 10.197162 kgf/cm2 

T巴stdate 37叫201111>6123) 371 372 373 37刊4(:ロ20削11の耐2剖4句) 375 376 377 378 379 380 381 
evp out flow direction Reverse 争ーー 争ーー <- +ーー ← ← ← ← ← 今一 争ー

RI34a amount 直 345 ← 令一 守一一 守一一 e一一 舎一一 <-ー 370 守一 そ一一 争一一手

』 comp Rev rpm 3400 2700 2400 1850 3800 3100 2400 2000 4200 3800 3100 2800 
輔曲副 Exp Valve opening value pulse 116 88 80 70 96 84 73 65 90 80 64 55 
g water flow mllmin 415 305 310 <- 285 240 <- ← 100 令ーー 60 40 
帽』

water balh temperature actJset 。c 9.0/6.0 8.8/6.0 9.1/6.0 9.8/6.0 25.0/25.0 令一一 令一一 25.6/27.0 40.0/40.0 守一 44.0/44.0 ← 
白司凶 outdoor fan speed V 4.77 4.24 4.21 <- 4.22 4.19 争ーー ← 4.12 4.11 4.1 <-

A 0.07 0.04 0.04 <- 0.04 0.04 ..... 』 0.04 0.04 0.04 -
remark in( ou12 J.ycr 争ー 争ー .... φー 争ー ーー 争ー ー- 争ー 争ー 争ー

flow rate ml/min 113.45 85.21 72.62 55.19 123.18 91.12 71.88 58.8 117.42 94.88 78.31 59.81 
P entering Exp valve mPaG 0.531 0.549 0.525 0.486 0.929 0.914 0.837 0.815 1.328 1.312 1.331 1.272 

P absolute mPa 0.632 0.650 0.626 0.587 1.030 1.015 0.938 0.916 1.429 1.413 1.432 1.373 
P leaving exp valve mPaG 0.092 0.076 0.067 0.06 0.098 0.087 0.08 0.074 0.082 0.079 0.061 0.044 

・時a --
P absolute mPa 0.193 0.177 0.168 0.161 0.199 0.188 0.181 0.175 0.183 0.180 0.162 0.145 

T entering Exp valve 。c 19.711 19.725 18.487 19.190 36.884 34.691 32.404 31.735 47.309 44.304 43.546 40.542 
't) 

T leaving exp valve 。c -10.230 -12.574 -13.847 -14.916 -9.583 -11.059 -11.895 -12.612 -11.614 -12.114 -17.125 。Il -14.551 
E mPaG 0.08 0.08 0.07 0.07 0.08 0.08 0.08 0.08 0.07 0.06 0.06 0.04 
ト‘u副-同η 

Ps 
mPa 0.181 0.181 0.171 0.171 0.181 0.181 0.181 0.181 0.171 0.161 0.161 0.141 
mPaG 0.65 0.65 0.61 0.58 1.02 1.02 0.92 0.88 1.42 1.40 1.45 1.32 

Pd 
mPa 0.751 0.751 0.711 0.681 1.121 1.121 1.021 0.981 1.521 1.501 1.551 1.421 

T at flow meter 。c 20.800 19.1 18.1 17.6 37.1 35.3 33.3 31.5 48.2 45.4 46.1 44.3 
Cs 。c 16.00 14.60 14.10 14.00 14.80 14.40 14.10 13.90 10.10 9.80 8.90 8.60 
Cd 。c 60.90 58.80 54.30 51.40 75.70 70.80 65.80 61.40 78.30 77.20 71.20 63.10 
saturated point temp 。c 23.27 24.21 22.96 20.85 40.49 39.94 37.03 36.16 53.26 52.80 53.34 51.64 
subcool amount 。c 3.56 4.49 4.47 1.66 3.61 5.25 4.63 4.43 5.95 8.50 9.79 11.10 
Enthalpy at entering exp valve (1 kJ/kg 227.07 227.09 225.35 226.33 251.77 251.77 245.2 244.23 267.4 262.81 261.66 257.15 
TJ回vingcxpval四 (回 Iculati酬明白。) 。c ー10.99 -13.15 -14.42 ー15.46 -10.22 ー11.65 ー12.59 ー13.43 -12.32 -12.73 -15.61 ー17.95

@ 
IQuality (.x) k~/k~ 0.2017 0.2139 0.2126 0.22.30 0.3171 0.3246 0.2979 0.2977 0.4034 0.3834 0.3907 0.3823 

.: Density kg/mJ 1226.75 1226.8 123卜29 1228.46 1160.53 1160.41 1178.76 1181.36 1116.68 1130.67 1132 1147.31 
g診. 
~ass s()w E宜/h 8.35 6.27 5.36 4.07 8.58 6.34 5.08 4.17 7.87 6044 5.32 4.12 

・。回" 
GasSp昏cificVolume (header) mJ/k1! 1.033E・01 1.122E-01 1.179E-01 1.228乙01 1.004E-Ol 1.0595-01 1.09813・01 1. 134E-01 1.087E-01 1.104E-01 1.220E心l 1.356E-01 

回何 Gas Density (header) kg/mJ 9.6787 8.9135 8.4825 8.1466 9.9651 9.4402 9.1050 8.8183 9.2013 9.0572 8.1947 7.3774 

ku a E J 
Gas superficial velocity (header mls 0.12 0.10 0.09 0.08 0.19 0.15 0.12 0.10 0.24 0.19 0.18 0.15 

(Inlet pipe 02mm) mls 15.39 13.31 11.89 9.85 24.13 19.29 14.71 12.44 30.50 24.09 22.42 18.87 
Liquid $pecific Volume (header m

3
/k1! 7.51713・04 7.479E・04 7.457E・04 7.43913-04 7.53113-04 7.50613・04 7.489ι04 7.47413・04 7.49413・04 7.48713・04 7.442E・04 7.39713・04

LiQuid Density (headcr) k!!/m
3 1330.26 1337.04 1341.04 1344.25 1327.83 1332.34 1335.31 1337.92 1334.45 1335.74 1343.80 1351.99 

Liquid supcrticia' vclocily (hcadcr) mls 0.0035 0.0026 0.0022 0.0016 0.0031 0.0022 0.0019 0.0015 0.0024 0.0021 0.0017 0.0013 
(Inlet pipeの2mm) mls 0.4431 0.3261 0.2785 0.2079 0.3900 0.2844 0.2363 0.1934 0.3110 0.2627 0.2132 0.1663 

Pressure drop (Pleaving・PS) mPa 0.01 (0.00) (0.00) (0.01) 0.02 0.01 0.00 (0.01) 0.01 0.02 0.00 0.00 
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Folder: 20 evp vis/23 flow recogition 

Channel orientation Downward Intrusion hcight h 1 111m I '1 1atm = 0.1001325 mPa 

Inlet pipe diameter I.Smm Branch quantity 22 唖F
1mPa = 10.197162匂f/cm2

Test date 390(20目同ωη 391 392 393 394 395 396 397 398 399 400 401 
evp OUI flow direcLion Rcνcrsc +ー・ 争ー 争ー @四・ ゃー ゃー +- 争ー・ 争ー・ φー ←ー

R134a amount E 345 +ーー @ー ←ー 令ー <- 令一 ‘ーー 令ーー 令ー 守一 令ーー

‘抽副』圃
∞mp Rev I'J)m 3400 2700 2400 1850 4200 3100 2500 2100 4∞o 3700 3100 2800 
Exp Valve opening valuc pulse 119 91 84 73 108 91 80 71 110 69 57 48 

日 water fl。、v mlJmin 390 300 +- ‘ー- 250 争ー・ 240 +- 120 120 争・・ l∞ 
明』

water ba出 lemperatu陀 act/set 。C 8.016.0 11.3/6.0 10.4/6.0 9.9/6.0 25.0/25.0 ← +- 25.9n7.0 39.7/40.0 39.8/.靴 O ‘ー- 44.0/44.0 
E司』

outd∞r fan spced V 4.77 4.26 φ同ー 令ー 4.23 4.16 争ーー 争ー 4.11 4.11 <- ← 

A 0.07 0.05 令ー ゃー 0.04 0.04 @ー 令ー・ 0.04 0.04 ‘ー- ... ・

remark 1n".out2同官 +ー・ +- +- 争ー・ 争ー・ +- 令ー・ ..... ..... 争ー・ +-

flow!百te mlJmin 114.96 84.69 69.44 55.63 122.17 89.61 72.13 59.35 127.97 95.99 74.44 58.76 
P cntcring Exp val'lc mPaG 0.556 0.621 0.553 0.505 0.871 0.865 0.811 0.773 1.343 1.409 1.233 1.231 

P absolulc mPa 0.657 0.722 0.654 0.606 0.972 0.966 0.912 0.874 1.444 1.510 1.334 1.332 
P leaving exロvalve mPaG 0.112 0.09 0.076 0.078 0.104 0.092 0.082 0.073 0.116 0.101 0.074 0.05 

勺・帽咽... 
P absolute mPa 0.213 0.191 0.177 0.179 0.205 0.193 0.183 0.174 0.217 0.202 0.175 0.151 

T cnlcril1j~ Exp valvc 。C 20.067 21.781 19.491 19.569 35.402 33.056 32.090 30.198 47.825 45.850 44.413 40.887 

OJ) T leaving exp valvc 。C -7.5∞ -10.515 -12.454 -12.170 -8.694 -10.310 -11.591 -12.875 -7.503 -9.251 -12.819 -16.267 

H z g Ps 
mPaG 0.09 0.09 0.08 0.08 0.07 0.08 0.07 0.08 0.08 0.08 0.06 0.04 
mPa 0.191 0.191 0.181 0.181 0.171 0.181 0.171 0.181 0.181 0.181 0.161 0.141 
mPaG 0.65 0.71 0.65 0.59 0.98 0.98 0.90 0.85 1.43 1.50 1.33 1.32 

Pd 
mPa 0.751 0.811 0.751 0.691 1.081 1.081 1.∞l 0.951 1.531 1.601 1.431 1.421 

T at flow mClcr 。C 21.∞o 21.6 19.2 18.4 35.4 33.8 32.6 31.1 48.4 47.0 46.3 43.4 
Cs 。C 16.00 15.00 14.10 14.00 13.50 13.30 13.20 13.∞ 13.10 13.50 13.60 12.60 
Cd 。c 58.70 59.60 57.40 53.80 68.90 68.60 62.80 59.80 79.20 74.80 75.60 68.10 
Salur81ed point Icmp 。c 24.57 27.76 24.41 21.89 38.33 38.11 36.00 34.46 53.68 55.51 50.49 50.43 
subcool amount 。C 4.50 5.98 4.92 2.32 2.93 5.05 3.91 4.26 5.86 9.66 6.08 9.54 
Enthalpy at entering exp 四 Ive(1 kJ/kg 227.57 229.99 226.76 226.87 249.59 246.15 244.75 242.01 268.19 265.14 263 257.68 
T I国vlnge~p 、叫吋(回Icula前冊、省時) 。c -8.49 -11.25 ー13.15 -12.87 争9.47 ー10.99 -12.32 ー13.57 -8.01 -9.84 -13.43 -16.99 
IQuali1r (x) kl!fke 0.1898 0.2173 0.2123 0.2113 0.3025 0.2940 0.2943 0.2878 0.3856 0.3801 0.3878 0.3801 

ーω = Density k!!/m' 1225.55 1219.44 1227.7 1227.14 1166.43 1176.26 1179.87 1187.36 1114.34 1124.38 1129.44 1145.44 
由> Mass nO¥¥ k2fb 8.45 6_20 5.12 4.10 8.55 6.32 5.11 4.23 8.56 6.48 5.04 4.04 

-ーa = 。e・Gas Spccific Volumc (headcr) mJflm 9.404E・02 1.044E・01 1.122E・01 1.I10E・01 9.754E・02 1.033E・01 1.087E・01 1.140E・01 9.239E.02 9.893E・02 1. 134E-01 1.305E・01
Gas DcnsilY (hcader) k!!/m' 10.6333 9.5831 8.9135 9.0098 10.2519 9.6787 9.2013 8.7704 10.8240 10.1087 8.8183 7.6658 

ts u eJ e 
Gas superficial velQcily (header mfs 0.10 0.10 0.08 0.07 0.18 0.13 0.11 0.10 0.21 0.17 0.15 0.14 

(Inlet pipe 01.5mm mfs 23.72 22.09 19.15 15.10 39.66 30.20 25.67 21.81 47.91 38.28 34.87 31.48 
LiQuid Spccific Volumc (hcadcr m'flm 7.563E・04 7.513E・04 7.479E・04 7.484E・04 7.545E・04 7.517E・04 7.494E.・04 7.475E.・04 i.571E・04 7.538E・04 7.474E・04 7.413E・04
LiQuid Densily (header) k2/m' 1322.31 1331.10 1337.04 1336.17 1325.43 1330.26 1334.45 1337.83 1320.79 1326.63 1337.92 1349.02 
Liquid制 pcrficiaJvcl悦 ily(hcodcr) mfs 0.0036 O.∞25 0.0021 0.0017 0.0031 O.∞23 O.∞19 O.∞16 0.0028 0.0021 0.0016 0.0013 

(Inlet pipe 01.5mm 耐s 0.8142 0.5727 0.4737 0.3800 0.7073 0.5276 0.4245 0.3538 0.6256 0.4757 0.3628 0.2~17 

Pressure drop (Plcaving -Ps) mPa 0.02 0.00 (0.00) (0.00) 0.03 0.01 0.01 (0.01) 0.04 0.02 0.01 0.01 
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Folder. 21 evp visJ24 flow recogition 

Channel orientation Do¥vnward Intrusion hcighl h 3mm 
16p11F1F1F 11 latm = 0.101325 mPa 

Inlet pipe diameter 1.5mm 8ranch quanlity 11 ImPa = 10.197162 kgf/cm2 

Test date 剖0(2011/06iJO) 411 412 413 414 415 416 417 418 419 420 421 
CVJ) Oul now dircclion Rcvcrsc 争ー・ ←ー 争ー <- <- 争ー <- <- <- 争ー 争ー・

R 134a amounl E 345 争ーー 争ーー <- <- φーー +- ‘ーー +- ‘ー 舎一 -ーー

-』u u 
comp Rev rpm 3500 2700 2400 J850 41∞ 31∞ 2400 2100 4200 3800 3400 2600 
Exp Valvc 0閃ningvalue Dulse 130 93 79 68 99 81 69 56 78 70 57 45 

自 、岨lerflow mllmin 360 争・・ 争ー・ 350 250 争ー・・ 240 215 140 争ー・ 100 95 
明』

、咽lerba山 lemperalureact/sel 。c 8.3/6.0 9.9/6.0 10.216.0 10.7/6.0 25.0125.0 争ーー ‘ーー 26.9/2i.0 40.0/40.0 <- 44.0/44.0 <-
自司旬

oUld∞r fan speed V 4.77 4.24 争ーー 4.21 4.21 4.18 4.16 4.15 4.21 4.19 4.13 今一

A 0.07 0.04 争ー・ 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 令ー

remark 凶..加 121町er 令ー・ 争ー・ 令ー・ <- <- <- @・・ .... 争ー・ 争ー・ <-

flow rate ml/min 114.6 88.08 70.97 55.73 122.85 90.82 73.41 58.36 123.87 95.35 77.34 59.27 
P cntcrinl1. Exp valve mPaG 0.561 0.555 0.516 0.490 0.868 0.841 0.809 0.861 1.311 1.327 1.421 1.299 

P absolute ml'a 0.662 0.656 0.617 0.591 0.969 0.942 0.910 0.962 1.412 1.428 1.522 1.400 
P Icavinl1. exp valvc mPaG 0.109 0.096 0.077 0.078 0.1 0.092 0.086 0.074 0.104 0.09'3 0.071 0.056 

g P absolule mPa 0.210 0.197 0.178 0.179 0.201 0.193 0.187 0.175 0.205 0.194 0.172 0.157 

匂時 T cnlcrinl1. Exp valvc 。C 23.300 21.587 18.925 19.418 34.736 32.703 32.343 31.415 46.727 44.697 43.767 41.809 

巳且 TI回 vinl1.exp valve 。c -8.782 -9.864 -12.282 -11.940 -9.257 -10.698 -10.999 -12.840 -8.921 -10.357 -13.426 -15.587 

い命国~ Ps 
mPaG 0.09 0.09 0.08 0.08 0.06 0.08 0.08 0.08 0.07 O.Oi 0.06 0.04 
ml'a 0.191 0.191 0.181 0.181 0.161 0.181 0.181 0.181 0.171 0.171 0.161 0.141 
mPaG 0.66 0.64 0.62 0.58 0.96 0.94 0.90 0.95 1.40 1.40 1.50 1.38 

Pd 
mPa 0.761 0.741 0.721 0.681 1.061 1.041 1.001 1.051 1.501 1.501 1.601 1.481 

T at sow mClcr 。c 23.500 21.6 18.6 J8.5 35.1 33.8 33.0 31.9 48.2 45.8 46.5 45.0 
Cs 。C 15.30 14.50 13.80 13.30 11.50 11.80 11.60 12.10 10.10 10.10 8.10 9.10 
cd 。c 56.20 58.40 56.00 50.20 70.∞ 68.80 62.30 57.10 72.50 74.30 63.70 63.40 
S8tur百tedpOint temp 。c 24.82 24.52 22.48 21.07 38.22 37.18 35.92 37.95 52.77 53.23 55.84 52.42 
subc∞18mount 。c 1.52 2.93 3.56 1.65 3.48 4.48 3.58 6.54 6.04 8.53 12.07 10.61 
Enthalpy al entering exp valve 0 kJ/kl1. 232.13 229.71 225.96 226.65 248.61 245.64 245.12 243.76 266.51 263.4 261.97 259.05 
TI園、tingexpval叫(CaI四taf.i個以alue) 。c -8.85 ー10.48 ー13.01 ー12.87 -9.97 -10.99 ー11.78 ー13.43 -9.47 ー10.86 ー13.85 ー16.06
IQuality (x) kelke 0.2141 0.2115 0.2077 0.2102 0.3004 0.2915 0.2932 0.2954 0.3848 0.3768 0.3849 0.3820 

-ω g a 》 DensilY k(!/m' 1213.28 1215.87 1229.61 1227.62 1169.23 1177.55 1178.81 1183 1119.29 1128.99 1134.12 1141.9 
l¥1ass sow k2fh 8.34 6.43 5.24 .'-10 8.62 6.42 5.19 4.14 8.32 6.46 5.26 4.06 

ー=z 。司= 
Gas Spccific Volume (headcr) mJfkl! 9.533E-02 1.013E・01 1.116E・01 I.IIOE・01 9.939E-02 1.033E-Ol 1.065E・01 1.134E・01 9.754E・02 1.028E-OI 1.153E・01 1.257ι01 
Gas DensilY (hωder) kelm' 10.4903 9.8697 8.9614 9.∞98 10.0610 9.6787 9.3923 8.8183 10.2519 9.7267 8.6745 7.9548 

k2 a u J 
Gas superficial velocity (headcr mfs 0.12 0.10 0.08 0.07 0.18 0.13 0.11 0.10 0.22 0.17 0.16 0.14 

Clnlct pipe 0J.5mm m/s 26.76 21.64 19.08 15.05 40.45 30.38 25.48 21.81 49.08 39.33 36.71 30.65 
LiQuid Spccific Volumc (hcadcr mJfkl! 7.556E・04 7.527E・04 7.482E・04 7.481 E・04 7.536E・04 7.S17E・04 7.503&04 7.474E・04 i.545E・04 7.520E・04 7.467E・04 7.429E・04
LiQuid Dcnsity (header) kt:?Jm' 1323.49 1328.64 1336.61 1336.72 1327.02 1330.26 1332.76 1337.92 1325.43 1329.36 1339.24 1346.13 
Liquid supcrt1cial vel低 il)'(hc.dcr) mfs 0.0034 0.0026 0.0022 O.∞17 0.0032 0.0024 0.0019 0.0015 0.0027 0.0021 0.0017 0.0013 

(Inlet pipe 01.5mm m/s 0.7787 0.5994 0.4879 0.3812 0.7142 0.5372 0.4328 0.3429 0.6069 0.4758 0.3799 0.2930 
Pressurc drop (PleavinR -Ps) mPa 0.02 0.01 (0.00) (0.∞) 0.04 0.01 0.01 (0.01) 0.03 0.02 0.01 0.02 
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Folder: 22 evp vis/25 flow recogition 

Channel orientation Downward Intrusion hcight h 301m I '1 1atm = 00.1001325 mPa 

Inlet pipe diameter 3.00101 Branch quantity 11 
唖-・ -

1mPa = 100.197162 kgf/cm2 

Tcst date 430(2011107105) 431 432 433 434 435 436 437 438(2011市'7107) 439 440 441 
evp OUI now direcLion Rc~crsc +ー・ 争ー 争ー @四・ +- @ー・ +- +- 争ー・ φー 争ー

R134a amount E 345 +ーー 舎一 ←ー .- 争ーー 令一 ‘ーー 355 守一 守一 令ーー

‘抽副』圃
∞mp Rev rom 3300 270000 240000 18500 380000 320000 240000 2∞o 4200 38000 31000 26000 
Exp Valve opening valuc pulse 1300 1001 86 68 96 77 66 56 83 70 600 54 

日 water n。、v mlJmin 6300 +・・ 4100 3500 2400 2300 1700 1500 1400 10000 700 500 
』司

water ba出 temperatu陀 act/set 。C 9.816.00 13.00/6.00 6.116.0 10.216.0 25.00/25.0 ← 令ー <- 400.0/40.0 ‘ー- 41.5/42.0 42.0/42.0 
E司』

outd∞r fan speed v 4.18 4.14 4.21 4.19 4.14 4.12 4.13 争ー 4.11 φー 4.1 ← 

A 0.04 0.04 0.04 00.004 00.004 0.04 0.004 令ー・ 0.04 ‘ー- 0.004 @ー・

remark m4.out2同官 +ー・ +- ーー- 争ー・ 争ー・ @ー・ .- ..... ..... 争ー・ 争ー

n。、V!百te mlJmin 116.02 88.13 69.68 55.25 119.75 92‘008 74.75 58.15 116.93 93.72 75.36 59.56 
P entcrinl! Exp val'lc mPaG 00.511 0.520 0.493 0.5100 0.967 。‘933 0.927 0.885 1.350 1.278 1.254 1.224 

P absolutc mPa 00.612 0.621 0.594 0.611 1.0068 1.0034 1.028 0.986 1.451 1.379 1.355 1.325 
P leaving exロvalve mPaG 0.103 0.0088 0.0067 0.0074 00.1 0.082 0.085 0.07 0.1 00.072 0.006 00.0047 

勺・帽咽... 
P absolute 町lPa 00.204 0.189 0.168 0.175 0.2001 0.183 0.186 0.171 0.201 00.173 0.161 0.148 

，. cnterinl! Exp valvc 。C 20.692 20.453 16.746 17.991 35.901 31.637 32.649 30.974 45.603 42.595 41.906 39.521 

OJ) ，. leaving exp valve 。C -9.219 -11.146 -13.854 -12.954 -9.447 -11.799 -11.346 -13.398 -9.507 -13.276 -14.834 -17.003 

H z g Ps 
mPaG 0.09 0.009 0.007 00.008 00.008 0.08 0.009 0.08 0.09 0.06 0.006 00.05 
mPa 00.191 0.191 0.171 0.181 0.181 0.181 0.191 0.181 0.191 00.161 0.161 0.151 
mPaG 0.62 0.62 0.58 0.59 1.05 1.05 1.002 0.98 1.46 1.36 1.34 1.31 

Pd 
mPa 00.721 0.721 0.681 0.691 1.151 1.151 1.121 1.0081 1.561 1.461 1.441 1.411 

，. at n ow mctcr 。C 21.200 20.4 15.9 16.6 36.1 32.4 33.5 31.2 46.6 44.4 44.1 43.00 
Cs 。C 14.60 14.200 12.50 12.90 11.40 11.10 11.200 10.800 11.10 10.00 9.40 8.90 
Cd 。c 62.80 58.60 46.90 48.20 68.30 67.30 62.00 58.200 77.90 76.90 71.50 63.90 
saturaled point temp 。C 22.21 22.69 21.23 22.16 41.85 400.63 40.41 38.86 53.88 51.82 51.11 50.22 
subcool amount 。C 1.:52 2.24 4.48 4.17 5.95 8.99 7.76 7.89 8.28 9.23 9.20 10.700 
Enthalpy at entering exp 四 lve(1 kJlkg 228.44 228.11 222.92 224.66 250.31 244.08 245.55 243.12 2ω.78 260.23 259.2 255.64 
TI田 川町耳目p、叫吋(回Icula前冊、場叫) 。c -9.59 ー11.52 ー14.42 -13.43 争9.97 ー12.32 -11.92 ー13.99 -9.97 ー13.71 ー15.46 -17.47 
IQualilr (x) kl!lkl! 0.2003 0.2097 0.2010 0.2038 0.3087 0.2911 0.2960 0.2954 0.3789 0.3759 0.3797 0.3727 

ーω = Density kl!/m' 1222.95 1223.9 1237.55 1233.05 1165.03 1182.58 1178.38 1184.96 1124.98 1138.18 1141.008 1151..41 
由> Mass nO¥¥ k2fb 8.51 6-47 5.17 4.09 8.37 6.53 5.29 4.13 7.89 6.40 5.16 4.11 

-ーa = 。e・Gas Specific Volumc (headcr) m'lkl! 9.800E・02 1.054E・01 1.179E・Ol 1.134E・01 9.939E-ω 1.087E・01 1.070E・01 1，159E・01 9.939E-02 1.147E・01 1.228E-01 l.330E・01
Gas恥 nsilY(hcadcr) kl!/m' 100.2042 9.4877 8.4825 8.8183 10.06100 9.2013 9.3440 8.6266 10.06100 8.7222 8.1466 7.5216 

tE M eJ e 
Gas superficial velQcity (header mls 00.12 00.10 00.09 0.07 0.18 00.14 0.12 0.10 0.21 00.19 00.17 0.14 

(Inlel pipe 03mm mls 6.57 5.62 4.82 3.71 10.09 8.12 6.58 5.56 11.68 10.84 9.45 8，01 
LiQuid Specific Volumc (hcadcr m'lkl! 7.542E・04 7.508E・04 7.457E・04 7.474E・04 7.536E・04 7.494E・004 7.501E・04 7.464E・04 i.536E・004 7.469E・04 7.439E・04 7.405E・04
LiQuid Density (header) kl!/m

J 1325.84 1331.93 1341.004 1337.92 1327.002 1334.45 1333.17 1339.69 1327.02 1338.80 134425 13500.49 
Liquid supc而ci剖 vcl悦 ily(hcodcr) mls 0.0036 D.∞27 0.00021 0.00017 0.0030 O.∞24 O.∞19 O.∞15 0.0026 0.00021 00.000017 0.00013 

(Inlel pipe 03mm mls 0.2018 0.l509 0.1211 0.00956 0.1714 0.1364 0.1097 0.0854 0.1452 0.1172 0.0936 0.0751 
Pressure drop (Pleaving -Ps) mPa 00.01 (0.0000) (0.0000) (00.00 1) 00.02 00.00 (0.0000) (0.01) 00.001 00.001 00.00 (00.000) 
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r-ulucn. ，.. avlol VII::iI晶 、J 'IUW ，a'Vu凪II.IU司'

Channel orientation Upward Intrusion height h 3mm 

s/ 町;・
lnlet pipe diameter 2mm Branch quantity 11 

TeSl date 4'0同201111υ28) 451 452 453 454 455 456 457 458 459 460 461 
eVD out flow direction Reverse ~ ~ ~ ~ -ーー

R 134a amount E 410 令ー 争一 令ー +- 令ー

-』qqa J d 
comp Rev rom 2200 4200 3400 2800 2200 3ωo 
Exp Valve opening value pulse 83 105 86 67 58 64 

E water flow ml/min 270 210 190 145 120 80 
』明

water bath temperature acぴset 。C 14.0114.0 29.7/30.0 29.6130.0 30.0/30.0 +- 45.0/45.0 
E司』

outd∞rぬnspecd V 4.26 4.32 φー 4.24 4.21 4.2 
A 0.04 0.04 0.05 0.04 0.04 0.04 

n:mark In4.曲。1.同 +- ‘- 争ー @ー @ー・

flow rate ml/min 69.82 121.37 90.93 71.29 58.45 76.34 
P cnterin且 ~pvalve mPaG 0.553 1.∞5 0.906 0.980 0.971 1.309 

P absolute mPa 0.654 1.106 1.007 1.081 1.072 1.410 
P lcavinl!. cxp valve mPaG 0.083 0.106 0.076 0.065 0.067 0.072 

g P absolute mPa 0.184 0.207 0.177 0.166 0.168 0.173 
明 T enterin且Expvalve 。C 17.491 35.133 31.280 29.342 29.736 42.132 
匂

T leaving exp valve 。C -11.623 -8.564 ー12.525 -14.138 -13.827 -12.945 己£

ドE Z Ps 
mPaG 0.08 0.09 0.06 0.07 0.07 0.04 
mPa 0.181 0.191 0.161 0.171 0.171 0.141 
mPaG 0.63 1.10 1.00 1.06 1.06 1.40 

Pd 
mPa 0.731 1.201 1.101 1.161 1.161 1.501 

T at flow meter 。C 18.2 35.8 32.8 30.9 32.1 43.8 
Cs 。c 9.10 10.20 9.20 9.40 9.80 8.80 
Cd 。C 47.30 70.60 67.00 62.40 57.90 65.60 
saturated∞int temp 。C 24.41 43.17 39.64 42.31 41.99 52.71 
subc∞1 amount 。C 6.92 8.04 8.36 12.97 12.25 10.58 
Enthalpy at enterin且exp¥lalve (h) kJlkg 223.96 249.18 243.57 240.77 241.33 259.53 
TI曲"，.，四pv刻司(回lcul3li国司luc) 。c -12.19 -9.22 -13.15 -14.72 ー14.42 -13.71 

ーω ョ
IQUollity (x) ke/kl! 0.1934 0.2992 0.2930 0.2879 0.2843 0.3725 
Density k!!lm' 1235.12 1168.57 1183.86 1192.18 1190.54 1140.54 

伺> Mass now ke/h 5.17 8.51 6.46 5.10 4.18 5.22 

-ーe。伺官c 
gatful<坦ificVolume (header) mJIk且 1.081 E-OI 9，664E-02 1. 1 22E-0 1 1.1 92E-O 1 1. 1 79E-0 1 1.147E-OI 
Gas Density (header) k!!lm' 9.2490 10.347.3 8.9135 8.3864 8.4825 8.7222 

~ Gas suocrficial vclocitv (hcadcr) m/s 0.08 0.17 0.15 0.12 0.10 0.15 
ω 伺 (Inlct pi関 02mm) mls 9.57 21.76 18.77 15.48 12.37 19.73 

Liquid Spccific Volumc (headcr) mjlkl!. 7.496E-04 7，549E・04 7.479巴・04 7.452E・04 7.457E-04 7.469E-04 
LiQuid Density (headcr) k!!lm

j 
1334.03 1324.64 1337.04 1341.94 1341.04 1338，80 

Liquid剖pcrlicialvclocIly (hc剖lcr) m/s O.∞22 O.∞31 0.0024 O.∞19 O.∞15 O.∞17 
(Inlct pipe 02mm) mls 0.2766 0.3981 0.3020 0.2393 0.1970 0.2165 

Prcssu陀 drop(Plcavin且-Ps) mPa 0.00 0.02 0.02 (0.01) (0.00) 0.03 
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， v".....ハ晶、，甲"tI"'~/ ' J ""'"'甲、..VA''-''''''

~ t a I Channel orientalion Upward Intrusion height h 3mm latm = 0..10.1325 mPa 

Inlel pipe dlameler 2mm Branch quantity 22 
ー

lmPa = 10..197162 kgf/cm2 

s/27 fl 

Test date 470(20・2101111) 471 472 473 474 475 岬1(20121刷112) 477 478 479 480 481 
evp out flow direction Reverse 争・・ 争ーー +- .咽・ 争-

R 134a amount E 410. 争ーー <-- 争ーー -ーー
‘一-

・副副』・4
∞ITIP Rev rom 220.0. 420.0. 340.0. 280.0. 2200 380.0. 
Exp Valvc opcninl!. value ロulsc 90. 84 70. 64 50. 56 

自 water flow mlJmin 20.0. 220. 20.0. 170. 150. 25 
司』

water bath lemperatu陀 act/set 。c 14.0./14.0. 32.0.132.2 34.0.β4.4 36.0./35.6 36.0.β6.0. 48.0./48.5 
E四』

outd∞r fan speed v 4唱25 4.19 4.18 4.19 4.16 4.11 
A 0..0.4 0..0.4 0..0.4 0..0.4 0..0.4 0..0.4 

remark I.n4，叫由l匂W 争開司 令・・ .田町 守『・ <-

flowr司tc mlJmin 70..0.7 120..28 89.24 70..98 58.66 73.49 
P entcrinl!. Exp valve mPaG 0..625 1.0.0.4 0..979 0..859 0..915 1.263 

P absolutc mPa 0..726 1.10.5 1.0.80. 0..960. 1.0.16 1.364 
P leaving exp valve mPaG 0..0.74 0..0.95 0..0.68 0..0.47 0..0.53 0..0.41 

唱制閣帽

P absolutc mPa 0..175 0..196 0..169 0..148 0..154 0..142 
T enlering Exp valve 。C 19.420. 32.442 30..338 29.550. 30..161 39.814 

E bab T leaving exp valve 。C ー13.0.39 -9.953 ー13.671 ー17.30.9 -16.199 17.686 
mPaG 0..0.8 0..0.8 0..0.6 0..0.4 0..0.5 0..0.3 

~ 
PS 

mPa 0..181 0..181 0..161 0..141 0..151 0..131 
mPaG 0..70. 1.10. 1.0.6 0..94 1.∞ 1.35 

Pd 
mPa 0..80.1 1.20.1 1.161 1.041 1.101 1.451 

T al fl ow mCler 。C 19.4 34.4 31.0. 31.2 30..8 42.9 
Cs 。C 11.60. 12.70. 11.20. 5.80. 7.10. 8.30. 
Cd 。C 49.20. 75.60. 70..50. 49.40. 49.30. 68.90. 
satura1ed point temp 。c 27.95 43.14 42.27 37.88 39.98 51.38 
subcool amount 。C 8.53 10..70. 11.93 8.33 9.82 11.57 
Enthalpy al entering exp valve (1 kJlkg 226.67 245.25 242.2 241.0.7 241.95 256.07 
Tl叫vlng回p、世吋{曲Iculali叩 叫 出 } 。C ー13.43 ー10..6 ー14.28 -17.47 -16.52 -18.45 
IQUlllit). (x) kWk~ 0.213" 0.2876 0.2925 0.3038 0.3030 0.3796 

-ω g Density k2lmJ 1228.35 1179.77 1188.17 1190.55 1188.46 1150..44 
eb - MllSS nO¥¥ k凶B 5.16 8.51 6.36 5.07 4.18 5.07 

z ーg o e-
Gas Soecific Volume (header) m3

/k1! 1.134E-o.l 1.0.18E・0.1 l.I72E-o.l 1.330.E.・0.1 1.280.E-0.1 1.383E-o.l 
Qa~ Qcn~ity (hcad叫 k21m

J 8.8183 9.8222 8.530.2 7.5216 7.810.1 7.2322 

ts u eJ 電
Qas ~u!lCrficial velgcity (header mls 0..0.9 0..17 0..15 0..14 0..11 0..18 

(lnlet pioe 02mm) mls 11.0.5 22.0.4 19.29 18.11 14.35 23.54 
LiQuid Soecific Volume (header mJ/k1! 7.474E-0.4 7.524E・()4 7.459E・0.4 7.40.5ら0.4 7.42IE.・0.4 7.388E-04 
LiQuid Dcnsitv (header) kl!/m

J 1337.92 1329.0.4 1340..59 1350..49 1347.56 1353.49 
LiQuid suoerficial velocitv (head mls 0..0.0.21 0..0.0.32 o..∞23 0..∞18 0..0015 0..0.0.16 

(Inlct pi院の2mm) mls 0..2685 0..40.35 0..2969 0..2311 0..1913 0..20.56 
Prc~里urcdrQP (Plcaving -P~) 町lPa (0..91) 0..0.2 0..0.1 0..0.1 0..∞ 0..0.1 
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Folder: 25 evp vis/27 flow recogition 町『Channel orientation Upward Intrusion height h Omm 

Inlet pipe diameter 2.0mm 8ranch quantity 11 

T巴stdate 490(2012岬川町 491 492 493 4判(20日吊1m) 495 496 497 498 499 500 501 (repeat) 
evp out flow direction Reverse +ーー ← ← ← 今 一

RI34a amount 直 410 守一一 e一一 舎一一 <-ー そ一一

』 comp Rev rpm 2200 4200 3400 2800 2200 3800 4200 
輔曲副 Exp Valve opening value pulse 72 98 70 58 49 53 97 
g water flow ml/min 230 215 200 160 130 25 232 
帽』

water balh temperature actlset 。c 14.0/14.0 30.0/30.1 32.0132.4 34.0/34.0 34.0133.8 46.0/45.8 30.0/29.8 
白司凶 outdoor fan speed V 4.22 4.17 4.18 4.14 4.14 4.11 4.12 

A 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
remark 104. 0012 I>yでr φー 争ー ーー 争ー 争ー 争ー

flow rate ml/min 70.24 119 91.43 72.82 57.55 77.54 120.25 
P entering Exp valve mPaG 0.595 0.984 0.951 0.993 0.943 1.392 1.046 

P absolute mPa 0.696 1.085 1.052 1.094 1.044 1.493 1.147 
P leaving exp valve mPaG 0.071 0.101 0.078 0.068 0.063 0.056 0.106 

・時a --
P absolute mPa 0.172 0.202 0.179 0.169 0.164 0.157 0.207 

T entering Exp valve 。c 18.326 34.836 32.987 31.823 31.996 42.077 37.343 
't) 

T leaving exp valve 。c -13.439 -9.458 -12.151 -13.556 -14.244 -15.363 -8.816 。Il
E mPaG 0.08 0.08 0.07 0.06 0.06 0.04 0.08 
ト‘u副-同η 

Ps 
mPa 0.181 0.181 0.171 0.161 0.161 0.141 0.181 
mPaG 0.68 1.10 1.05 1.08 1.04 1.48 1.12 

Pd 
mPa 0.781 1.201 1.151 1.181 1.141 1.581 1.221 

T at flow meter 。c 18.7 35.6 33.6 33.1 34.5 44.3 38.2 
Cs 。c 10.20 11.90 10.80 10.70 10.50 9.80 13.70 
Cd 。c 44.60 72.50 61.90 61.30 56.30 69.30 77.60 
saturated point temp 。c 26.51 42.00 41.28 42.76 40.99 55.04 44.57 
subcool amount 。c 8.18 7.16 8.29 10.94 8.99 12.96 7.23 
Enthalpy at entering exp valve (1 kJlkg 225.13 248.75 246.05 244.35 244.6 259.43 252.43 
TI回vingcxpval四 (回 Iculati酬明白。) 。c -13.85 -9.84 -12.87 -14.28 -15.01 -16.06 -9.22 

@ 
IQuality (.x) k~/k~ (1.2084 0.3004 0.3035 0.3028 0.3078 0.3838 0.3150 

.: Density kg/mJ 1232.26 1169.67 1177.15 1182.23 1181.18 1141.5 1159.4 
g診. Mass sQw E宜/h 5.19 8.35 6.46 5.17 4.08 5.31 8.37 

・。回" 
C拙 Sp侃 ir.cVolume (headcr) mJ/kg 1.153E-01 9.893ら02 1.110ら01 1.172ら01 1.206E-OI 1.257丘-01 9.664E・02

回何 Gas Dcnsily (h同der) k?Jm' 8.6745 10.1087 9.0098 8.5302 8.2905 7.9548 10.3473 

ku a E J 
Gas supcr日cialvelocity (h伺 der) mls 0.09 0.17 0.15 0.13 0.11 0.18 0.18 

(Inlcl pipc 02mm) mls 11.03 21.94 19.23 16.21 13.39 22.66 22.52 
Liquid Sp∞ific Volumc (hcadcr) mJ/kg 7.467E-04 7.538E-04 7.484E-04 7.459E-04 7.4471"-04 7.429E・04 7.549E-04 
L.iquid Dcnsity (hcadcr) k$!/m' 1339.24 1326.63 1336.17 1340.59 1342.86 1346.13 1324.64 
Liquid supcr日cialvel田 ity(hcadcr) mls 0.0021 0.0031 0.0023 0.0019 0.0015 0.0017 0.0030 

(Inlcl pipc 02mm) mls 0.2714 0.3894 0.2976 0.2375 0.1859 0.2149 0.3825 
Prcssu陀 drop(Plcaving -PS) 問、Pa (0.01) 0.02 0.01 0.01 0.00 0.02 0.03 



 




