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Experimental Study of Evaporation Heat Transfer of
R-134a in a Narrow Annular Duct

Student: Chun-Yu Li Advisor: Prof. Tsing-Fa Lin

Institute of Mechanical Engineering

National Chiao Tung University

ABSTRACT

An experiment is carried out in the present study to investigate the evaporation heat
transfer and associated evaporating flow characteristics for refrigerant R-134a flowing in a
horizontal narrow annular duct. The gap of the duct is fixed at 1.0, 2.0 and 5.0 mm. In the
experiment, the effects of the duct gap, refrigerantrmass flux and saturation temperature,
imposed heat flux and vapor quality_of the refrigerant on the measured evaporation heat
transfer coefficient h, and the evaporating flow-chatacteristics will be examined in detail. For
the duct gap of 5.0 mm, the refrigerant-mass flux G is varied from 100 to 300 kg/m’s,
imposed heat flux q from 5 to 15 kW/m?, vapor quality X,, from 0.05 to 0.95 and refrigerant

saturation temperature Tgy from 5 to 15°C. While for the gap of 2.0 and 1.0 mm, G is

respectively varied from 300 to 500 and from 500 to 700 kg/m’s with the other parameters

varied in the same ranges as those for 6=5.0 mm.

The experimental data for 6=1.0 and 2.0 mm clearly show that evaporation heat transfer
coefficient increases almost linearly with the vapor quality of the refrigerant and the increase
i1s more significant at a higher G. Besides, the evaporation heat transfer coefficients also rise
substantially at increasing q. Moreover, a significant increase in the evaporation heat transfer
coefficients results for a rise in Ty, but effects are less pronounced in the narrower duct at a

low imposed heat flux and a high refrigerant mass flux. Furthermore, the evaporation heat



transfer coefficients increase substantially with the refrigerant mass flux except at low vapor
quality. We also note that reducing the duct gap causes a significant increase in h,. For the
duct with the wider gap of 5.0 mm the effects of the experimental parameters on h, resemble
that in the small duct gap except the liquid film covering the heating surface becomes dryout
at some downstream locations at low mass flux and high vapor quality. This liquid film dryout

results in a reduction of h, with X,.

In addition to the heat transfer data presented above, the photos of R-134a evaporating
flow are taken from the duct side over the entire duct and over a small region around the
middle axial location. In the flow visualization for the small ducts with 6=1.0 and 2.0 mm the
bubble nucleation on the heating surface is found to be important at low vapor quality.
Besides, at low vapor quality merging of small bubbles to form big bubbles and merging of
big bubbles into bubble slugs take place, which is:more pronounced at the smaller duct gap
for 6=1.0 mm. Moreover, bubbles dispersed in a large liquid slug appear in the duct. At the
intermediate vapor quality some bubble nucleation on the heating surface still exists and the
flow in the duct is dominated by the vapor flow over thin liquid film around the inner pipe, an
annular two-phase flow pattern. Irregular waves appear at the vapor-liquid interface. At the
very high vapor quality bubble nucleation can still be seen at high imposed heat flux although
the liquid film covering the heating surface is relatively thin. At this high quality the duct is
also dominated by the annular two-phase flow. The annular two-phase flow prevails in a
larger portion of the duct at higher imposed flux, lower refrigerant mass flux, and higher
refrigerant saturated temperature. In the duct with the wider gap of 5.0 mm the effects of the
gravity on the evaporating flow are larger, resulting a stratified two-phase flow with the vapor
and liquid flows respectively dominated in the upper and lower parts of the duct. Besides, at
low refrigerant mass flux and high vapor quality dryout of the liquid film on the heating

surface occurs at some downstream locations. These dryout locations move upstream at

1



higher vapor quality, higher imposed heat flux and lower refrigerant saturated temperature.

Finally, the empirical correlations for the present measured heat transfer coefficient for

the R-134a evaporation in the annular ducts were provided.
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CHAPTER 1

INTRODUCTION

1.1 Motivation of the Present Study

In air conditioning system design, the refrigerant chosen to be used in the refrigeration
loop is known to play an important role. The hydrochlorofluorocarbons refrigerants (HCFCs)
such as refrigerant R-22 and the chlorofluorocarbons refrigerants (CFCs) such as refrigerants
CFC-11, CFC-12, CFC-113, CFC-114 and CFC-115 have been employed for many years.
However, the chlorine ions contained in these refrigerants have resulted in the destruction of
the ozone layer in the arctic area and the global warming. Thus the Montreal Protocol signed
in 1987 only allowed the use of the CFCs up'to 1996 and the HCFCs are going to be phased
out in 2020. Consequently, the search for the replacement of CFCs and HCFCs becomes very
urgent. Various non-chlorine alternative  refrigerants such as R-134a, R-290, R-401A,

R-407C and R-410A have been considered to be suitable and some are currently in use.

It is well known that R-134a is a single-component HFC refrigerant and has similar
thermophysical properties to R-12. Hence refrigerant R-134a has been extensively used
currently in many refrigeration and air-conditioning systems to replace R-12 and R-22. The
operating conditions of refrigerants R-134a, R-407C and R-410A are compared in Table 1.1

based on the information from Cavallini (1996) [1] & Devotta et al. (2001) [2].

In many refrigeration and air-conditioning systems, using small channels is a good
choice because of its low thermal resistance, very high ratio of surface area to volume, low
inventory, small volumes and lower total mass of working fluids. Thus the use of compact

heat exchangers to promote the thermal performance of these systems is beneficial. The



understanding of the evaporation heat transfer characteristics of R-134a in small channels is

therefore needed.

1.2 Literature Review

The size of the channels in a compact heat exchanger can significantly affect the
performance of the exchanger, suggesting that the channel confinement effects on the
two-phase flow in the loop are important. In classifying the channel size Kandlikar [3,4]

proposed : (1)D» >3mm for the conventional channels, (2) 200um< D» <3mm for the

mini-channels, (3) 10pm< D»<200um for the micro-channels, (4) 1pm< Dw<10um for the
transitional micro-channels, (5) 0.1pum< Dw<lpm for the transitional nano-channels, and (6)

Dn =0.1um for the molecular nano-channels:/Cornwell and Kew [5] investigated refrigerant

R-141b boiling in a horizontal tube with its inner diameter ranging from 1.39 to 3.69 mm. In
this study, they introduced a new dimensionless group named as the confinement

[or(alei-p,))]

number,N_ .= D
h

, which'represented the importance of the restriction of

the flow by the small size of the channel. They showed that the confined boiling occurred

whenN_ . >0.5. Accordingly, the effects of the tube confinement can be significant for

conf

two-phase flow in micro and mini channels.

1.2.1 Single-Phase Heat Transfer in Small Channels

In 1995, Peng and Wang [6] studied single-phase heat transfer for liquid methanol in a
small rectangular channels with Dy=0.31, 0.51 and 0.646 mm. Their experimental data
showed that liquid velocity, liquid properties, and geometry of the channels all exhibited

significant effects on the heat transfer performance. Specifically, increasing the liquid velocity



and channel number caused enhancement in heat transfer. In a continuing investigation for
water [7] they also found that the geometric configuration of channels had a significant effect
on the single-phase convective heat transfer and flow characteristics. Besides, the turbulent

min(H, W)

heat transfer was noted to depend on a new dimensionless variable, Z defined as ,
max(H, W)

H and W are the height and width of the channel, respectively.

Recently in an experiment for R-134a liquid flow in mini-channels for a vertical liquid
up-flow, Agostini et al. [8] compared their heat transfer data with some existing correlations.
They concluded that the correlation of Gnielinsky correlation [9] was good for 2300< Re <10°
and 0.6< Pr <10°, and the Dittus-Boelter correlation [10] was good for Re >10° and 0.7< Pr

<16700.

1.2.2 Evaporation Heat Transfer in Conventional Channels

In the following the relevant literature on the evaporation heat transfer of Refrigerants in

conventional and other enhanced tubes is reviewed.

Lazarek and Black [11] studied evaporative heat transfer, pressure drop and critical heat
flux in a vertical tube with R-113 (Dy=31 mm). They showed that the R-113 evaporative heat
transfer coefficient increased with the heat flux for the vapor quality up to about 60%.
Experimental data was taken for the two-phase heat transfer characteristics of R-22/R-407C in
a smooth tube (Dy=6.5 mm) by Wang and Chiang [12] for the vapor quality varied from 0.1 to
0.9 with the refrigerant saturated temperature T,= 2°C. The R-22 evaporation heat transfer
coefficient was found to increase with increasing mass flux and vapor quality. However, the

R-407C evaporation heat transfer coefficient increased with increasing mass flux but

decreased with increasing vapor quality. The evaporative heat transfer of refrigerant R-134a



under forced flow conditions in a horizontal tube (D;,=7.2 mm) was examined by Hartnett and
Minkowycz [13]. Their results indicated that the evaporation heat transfer coefficients of
R-1314a increased with increasing vapor quality for the vapor quality varied from 0.1 to 0.8

with the refrigerant saturated temperature Tg,= 4°C and 25°C. At low refrigerant vapor

quality for X < 0.35 and low saturation temperature, the refrigerant mass flux was found to
have almost no effect on the evaporation heat transfer coefficient. For the vapor quality
ranging from 0.35 to 0.6, the evaporation heat transfer coefficient increased slightly at
increasing mass flux. When the vapor quality was much higher than 0.6, the evaporation heat
transfer coefficient increased evidently with the refrigerant mass flux. Choi et al. [14]
investigated the evaporation heat transfer of R-32, R-134a, R-32/134a, and R-32/125/134a
inside a horizontal smooth tube (Dy=7.75 mm) for the vapor quality ranging from 0.05 to 0.95

with the refrigerant saturated temperature varied from -12°C to 17°C. They found that the

evaporation heat transfer coefficient increased also with increasing mass flux and vapor
quality. Besides, at low vapor quality ithe evaporation heat transfer coefficient increased
strongly with heat flux. But at high vapor quality, the heat flux, however, does not exhibit
noticeable effect on the evaporation heat transfer coefficient. Yu et al. [15] studied the heat
transfer and flow pattern in flow boiling of R-134a in horizontal smooth and microfin tubes
(Dp=10.7 mm). Their results also indicated that the evaporation heat transfer coefficient
increased with increasing mass flux and vapor quality for the vapor quality up to 0.7 with

Ts= 6°C. Characteristics of condensing and evaporating heat transfer using hydrocarbon
refrigerants were investigated by Lee et al. [16] for R-290, R-600a, R-1270 and R-22
(Dy=12.7 mm) covering the vapor quality from 0.1 to 0.99 with Ts,= 14°C. They reported that

the evaporation heat transfer coefficient increased with the vapor quality. Besides, the
evaporation heat transfer coefficient is highest for R-1270 and lowest for R-22. Moreover,

R-290 has higher evaporation heat transfer coefficient than R-600a. Wongwises and



Polsongkram [17] investigated the evaporation heat transfer and pressure drop of HFC-134a
in a helically coiled concentric tube-in-tube heat exchanger (Dy=7.2 mm). Their results show
that the evaporation heat transfer coefficient increases with increasing vapor quality, mass
flux, heat flux and saturation temperature for the vapor quality ranging from 0.1 to 0.9 with

Ts= 10°C to 20°C. Park and Hrnjak [18] studied the CO, and R-410A flow boiling heat

transfer, pressure drop, and flow pattern at low temperatures in a horizontal smooth tube
(Dp=6.1 mm). They found that the evaporation heat transfer coefticient of R-410A increased
with the mass flux and vapor quality. Besides, the evaporation heat transfer coefficient of CO,

is higher than R-410A for the vapor quality varied from 0.1 to 0.8 with Tg,=-15"C and -30C.

Condensation heat transfer of R-134a inside a microfin tube with different tube inclinations
(Dp=8.92 mm) examined by Akhavan-Behabadi et al. [19] indicated that the condensation
heat transfer coefficient increased also withsinereasing mass flux and vapor quality for the

vapor quality ranging from 0.2 to 0,8 with Tg,= 26~ 32C.

1.2.3 Evaporation Heat Transfer in'Small Channels

A comprehensive review of saturated flow boiling in small passages of compact
heat-exchangers conducted by Watel [20] suggests that the heat transfer mechanism in the
evaporation of refrigerants in small channels is dominated by conduction and convection
through the liquid film and the interfacial vaporization. The evaporation heat transfer

coefficient depends mainly on the refrigerant mass flux and vapor quality.

Evaporation heat transfer and pressure drop of refrigerant R-134a in a bank of 28 small
pipes (Dy=2.0 mm) were experimentally investigated by Yan and Lin [21,22] for the vapor

quality ranging from 0.1 to 0.95 with the refrigerant saturated temperature Tg,= 5C to 31°C.

They found that the evaporation heat transfer coefficient increased with increasing heat flux at



low vapor quality. But the evaporation heat transfer coefficient decreased with increasing heat
flux at high quality. Besides, an increase in the refrigerant saturated temperature results in an
increase in the evaporation heat transfer coefficient. Yun et al. [23] studied the convective

boiling heat transfer characteristics of CO, in small channels (D,=1.08 and 1.54 mm) covering
the vapor quality from 0.15 to 0.9 for Tg,= 0°C to 10°C. Their results indicated that before

the liquid film dryout the evaporation heat transfer coefficient increased with heat flux.
Besides, the evaporation heat transfer coefficient increased with increasing refrigerant
saturated temperature and decreasing channel hydraulic diameter. Moreover, the CO;
evaporation heat transfer coefficient was higher than R-134a by 53%. An experimental study
was carried out by Lie et al. [24] to examine the evaporation heat transfer characteristics of

refrigerants R-134a and R-407C in horizontal bank of small tubes (D,=0.83 and 2.0 mm) for
the vapor quality ranging from 0.2 t0'0.8 at the refrigerant saturated temperature To,= 5°C to
15°C. They showed that the evaportation heat transfer coefficient increased at increasing heat

flux, saturated temperature and mass-flux. Besides, the evaporation heat transfer coefficient
increases almost linearly with the vapor quality. Moreover, the evaporation heat transfer
coefficient of R-407C was higher than R-134a. Evaporative heat transfer and pressure drop of

R-410A in small channels (Dy=1.33 and 1.44 mm) were investigated by Yun et al. [25] for the
vapor quality varied from 0.05 to 0.9 at the saturated temperature Tg,= 0°C to 10°C. Their

results indicated that before the dryout, the evaporation heat transfer coefficient was
independent of the refrigerant saturated temperature, heat flux and mass flux. But after the
dryout the evaporation heat transfer coefficient increased at increasing refrigerant saturated
temperature, heat flux and mass flux. Choi et al. [26] studied the flow boiling heat transfer of

R-22, R-134a, and CO; in horizontal minichannels (Dy=1.5 and 3.0mm) covering the vapor

quality from 0.05 to 0.95 at the refrigerant saturated temperature Ts,= 10°C. They reported



that the heat transfer coefficient increased with the heat flux. Besides, they found that the

dryout quality became lower for a higher heat flux.

1.3 Objective of the Present Study

In recent years, environmental concerns over the use of CFCs as working fluids in
refrigeration and air-conditioning systems have led to the development of alternative
refrigerants. Among these alternatives, refrigerants R-134a, R-407C and R-410A are often
used as substitutes for refrigerant HCFC-22. Besides, the use of compact heat exchangers in
these systems is beneficial in improving their efficiencies. The above literature review,
however, indicates that the experimental data for the evaporation heat transfer of HFC
refrigerants in small tubes are still rare. In,this investigation we intend to measure the
evaporation heat transfer coefficiént. and?vistalize the associated evaporating flow
characteristics of refrigerants R-134a in horizontal narrow annular ducts. The effects of the
refrigerant vapor quality, saturated temperature, mass flux and the imposed heat flux on the
evaporation heat transfer and evaporating flow characteristics in the narrow annular ducts will

be examined in detail.



Table 1.1 Comparison of some properties of three HFCs refrigerants for air conditioning and refrigeration applications

Refrigerant R-134a R-407C R-410A
Component HFC-134a HFC-32/125/134a HFC-32/125
Wt % 100 % 23/25/52% 50/50%

Comparison with R-22

1. lower working pressure.

2. friction pressure drop is larger in
the same capability of freezing.

1. zeotropic refrigerant, and the
components charge easy.

2. working pressure is same with
R-22.

1. near-azeotropic refrigerant.

2. working pressure is five times
higher than R-22.

3. friction pressure drop is smaller.

The energy efficiency
ratio relative to R-22 7290 90~-97 94~100
Molecule quality 102.3 85.62 72.6
1. the volume of operating system 1. the solutions of variation of 1. the design of system must to
" becomes larger. R-407C components. consider the strong and optimum
Remar elements.

2. the air-out volume of compress is
larger.

Green-house effect

(100 years) 1300 1526 1725
Toxicity limit (kg/m®) 0.25 0.31 0.44
-43.6 -52.7

Boiling point (‘C) -26.2 R32 (-51.8°C) /R125 (-48.5C) / R32 (-51.8°C) /

R134a (-26.2°C)

R125 (-48.5C)

Temperature glides

10°F

<1°F




CHAPTER 2

EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental apparatus used in the present study to investigate the evaporation heat
transfer of refrigerant R-134a in a horizontal narrow annular duct is schematically shown in
Fig. 2.1. The apparatus consists of three main loops, namely, a refrigerant loop, a water-glycol
loop and a hot-water loop for preheater, along with a data acquisition system and a 100V-50A
programmable DC power supply (model 62012P-100-50). Refrigerant R-134a is circulated in
the refrigerant loop. We need to control the temperature and flow rate in the water-glycol loop
to obtain enough cooling capacity for condensing the refrigerant vapor and for maintaining
the refrigerant liquid at a preset tempgérature. The liquid-vapor mixture of the refrigerant in the
narrow duct is heated by passing a-DC current-through the inner pipe in the test section from

the programmable DC power supply:.

2.1 Refrigerant Loop

The main components in the refrigerant loop include an oil-free variable-speed
refrigerant pump, an accumulator, a mass flow meter, a test section, a condenser, a sub-cooler,
a receiver, a filter/dryer, and four sight glasses. An AC motor is used to control the refrigerant
mass flow rate through the change of the inverter frequency. The flow rate can also be
adjusted by regulating a by-pass valve installed in the by-pass flow path. The refrigerant at the
outlet of the refrigerant pump is kept subcooled to avoid any vapor flow through the mass

flow meter. The flow meter (Micro motion RFT9739) has an accuracy of *1%. The preheater

is used to heat the subcooled refrigerant R-134a to a specified vapor quality at the test section

inlet by receiving heat from the hot water in the hot-water loop. The vapor generated in the



test section is reliquefied in an oversized condenser/subcooler in the cold water-glycol loop.
Leaving the subcooler, the liquid refrigerant flows back to the receiver at the bottom of the
system. An accumulator is connected to a high-pressure nitrogen tank to dampen the
fluctuations of the flow rate and pressure. The filter/dryer is used to filter the impurities and
noncondensable gas possibly existing in the loop. Varying the temperature and flow rate of the
water-glycol mixture flowing through the condenser and subcooler allows us to control the
pressure of the refrigerant loop. Two absolute pressure transducers are respectively installed at

the inlet and exit of the test section with a resolution up to +2kPa. All the refrigerant and

water temperatures are measured by copper-constantan thermocouples (T-type) with a

calibrated accuracy of £0.2°C. The test section is thermally insulated with a polyethylene

insulation layer of 19.5 mm thick so that heat loss from it can be reduced significantly.

2.2 Test Section

The evaporation of the refrigerant R=134a-flow; in/an annular duct with a small clearance
between the inner and outer pipes is explored:=As schematically shown in Fig. 2.2, the test
section of the experimental apparatus is a horizontal annular duct with the outer pipe made of
Pyrex glass to permit the visualization of evaporation processes in the refrigerant flow. The
outer Pyrex glass pipe is 160-mm long and 4-mm thick with inside diameter of 20 mm. Both
ends of the pipe are connected with a copper tube of the same size by means of flanges and
are sealed by O-rings. The inner smooth pipe has 10.0, 16.0 or 18.0 mm nominal outside
diameter (the pipe wall thickness is 1.75 or 2.75 mm) and is 0.41 m long, so that the hydraulic
diameter of the annular duct Dy, is 10.0, 4.0 or 2.0 mm ( corresponding to the gap size of 5.0,
2.0 or 1.0 mm for the duct). In order to insure the gap between the ducts being uniform, we
first measure the average outside diameter of the inner pipe and the mean inside diameter of

the Pyrex glass pipe by digital calipers having a resolution of 0.00lmm. The absolute
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accuracy of the measurement is in the range of 0.01 mm. Then we photo the top and side view
pictures of the annular ducts and measure the average distance between the inside surface of
the Pyrex glass pipe and the outside surface of the inner tube, with an absolute accuracy also
in the range of 0.0lmm. From the above procedures the duct gap is ascertained and its
absolute uncertainty is estimated to be 0.019 mm. An electric cartridge heater of 160 mm in
length and 12.5 mm in diameter with a maximum power output of 800W is inserted into the
inner pipe. Furthermore, the pipe has an inactive heating zone of 10-mm long at each end and
is insulated with Teflon blocks and thermally nonconducting epoxy to minimize heat loss
from it. Thermal contact between the heater and the inner pipe is improved by coating a thin
layer of heat-sink compound on the heater surface before installing the heater. Then, 8 T-type
calibrated thermocouples are electrically insulated by covering their beads with the
electrically nonconducting thermal bond before they.are fixed on the inside surface of the
inner pipe so that the voltage signals_from the thermocouples are not interfered by the DC
current passing through the cartridge heater.-The-thermocouples are positioned at three axial
stations along the smooth pipe. At each‘axial station, two to four thermocouples are placed at

top, bottom, or two sides of the pipe circumference with 180" or 90" apart. The outside

surface temperature T,, of the inner pipe is then derived from the measured inside surface
temperature by taking the radial heat conduction through the pipe wall into account. Figure
2.3 shows the detailed thermocouple locations at each axial station and the arrangement of the

cartridge heater.

2.3 Hot-Water Loop for Preheater

In order to maintain the preset refrigerant temperature and vapor quality at the test
section inlet, a water loop is used to preheat the refrigerant before it arrives at the inlet. The

water loop for the preheater system includes a double-tube heat exchanger, having a heat
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transfer area of 0.12 mz, a 125-liter hot water container with three 2.0-kW heaters in it, and a
0.5-hp water pump which can deliver the hot water at specified temperature and flow rate to
the preheater. In the preheater the hot water passes through the outer pipe while the liquid
refrigerant flows in the inner pipe. The water flow rate is controlled by an AC motor through
the change of the inverter frequency and by the by-pass valve. The connecting pipe between
the preheater and test section is thermally insulated with a 5-cm thick polyethylene layer to

reduce the heat loss from the pipe.

2.4 Water-Glycol Loop

The water-glycol loop is designed for condensing the refrigerant vapor and for
subcooling the liquid refrigerant. The water-glycol loop is cooled by a water cooled R-22
refrigeration system. The cooling capaeity 1s 3.5-kW. for the water-glycol mixture at -20°C.
The cold water-glycol mixture at a specified flow rate-is driven by a 0.5-hp pump to the
condenser as well as to the subcooler. Auby-pass_loop is-provided to adjust the flow rate. By
adjusting the mixture temperature and flow rate, the bulk temperature of the refrigerant in the

subcooler can be controlled at a preset level.

2.5 Programmable DC Power Supply

As described above, the inner pipe in the test section is heated by a 800-W cartridge
heater. A 100V-50A programmable DC power supply (model 62012P-100-50) delivers the
required electric current to the cartridge heater. A Yokogawa (WT210) digital power meter is
used to measure the DC current through the cartridge heater and the voltage drop across the

heater with an accuracy of *1%. Thus the power input to the heater can be calculated. Figure

2.4 schematically shows the detailed heat flux control loop.

2.6 Photographic System

12



The photographic apparatus established in the present study to picture the qualitative
characteristics of the evaporating flow in the annular duct consists of an IDT (X-Stream'™
VISION XS-4) high speed CMOS digital camera, a Mitutoyo micro lens set, a 3-D
positioning mechanism, a personal computer, and a Nikon digital camera. The high-speed

digital camera can take photographs up to 143,307 frames/s with an image resolution of 512x
16. Here, a recording rate of 10,000 frames/s with the highest image resolution of 512x256 is

adopted to obtain the images of the evaporating flow. The digital camera shutter speed can be
as short as 1/4000 second in taking the overview of the flow. In particular, the flow
characteristics of the refrigerant in a small region around the middle axial location (z = 80 mm)
are visualized. Note that the symbol z denotes the axial coordinate measuring from the inlet of
the heated test section. After the experimental system reaches a statistically steady state, we
start recording the evaporation activity. Theghigh=speed digital camera can store the images

which are later downloaded to a personal computer.

2.7 Data Acquisition

The data acquisition unit includes a recorder (Yokogawa MX-100), a 24V-3A power
supply, and a controller. The water flowmeter and differential pressure transducer need the
power supply as a driver to output an electric current of 4 to 20 mA. The data signals are
collected and converted by a hybrid recorder (Micro Motion RFT9739). The converted signals

are then transmitted to a host computer through a GPIB interface for further calculation.

The unit automatically monitors all the T-Type thermocouples, pressure transducers,
differential pressure transducer and mass flowmeters. The thermodynamic and transport
properties of the refrigerants are obtained by a manual from AlliedSignal Co. Ltd. and by the

ASHRAE handbook [27].
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2.8 Experimental Procedures

Before a test is started, the temperature of refrigerant R-134a in the test section is
compared with its saturation temperature corresponding to the measured saturation pressure
and the allowable difference is kept in the range of 0.2-0.3K. Otherwise, the experimental
system is re-evacuated and then re-charged to remove noncondensible gases existing in the
refrigerant loop. A vacuum pump is used to evacuate noncondensable gases in the system to a
low pressure of 0.010 pa in the loop. In the test the liquid refrigerant at the inlet of the test
section is first maintained at a specified temperature by adjusting the water-glycol
temperature and flow rate. In addition, we adjust the thermostat temperature in the hot-water
loop to stabilize the refrigerant temperature at the test section inlet. Next, the temperature and
flow rate of the hot-water loop for the preheater are adjusted to keep the vapor quality of
R-134a at the test section inlet at the desiredivalue: Theén, we regulate the refrigerant pressure
at the test section inlet by adjusting the opening of the gate valve locating right after the exit
of the test section. Meanwhile, by changing the-currént of the DC motor connecting to the
refrigerant pump, the refrigerant flow rate‘can ‘be varied. The imposed heat flux from the
heater to the refrigerant is adjusted by varying the electric current delivered from the
programmable DC power supply. By measuring the current delivered to and voltage drop
across the heater, we can calculate the heat transfer rate to the refrigerant. All tests are run at
statistically steady-state conditions. The whole system is considered to be at a statistically
steady state when the time variations of the system pressure and imposed heat flux are

respectively within 1% and 14% of their mean levels, and the time variations of the heated
wall temperature are less than $0.2°C for a period of 100 minutes. Then all the data channels

are scanned every 0.05 second for a period of 20 seconds.

2.9 Experimental Parameters

14



The ranges of the experimental parameters and the corresponding dimensionless groups
to be covered in the present study are listed in Table 2.1. It should be mentioned here that the
range of the refrigerant mass flux is chosen to be different for different duct gap. This is due
to the fact that the evaporating flow becomes relatively unstable outside the range of the
refrigerant mass flux chosen in the present study. The unstable range of the refrigerant flow
varies with the duct size. Moreover, some thermophysical properties of refrigerant R-134a is

given in Table 2.2.
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Table 2.1 List of conditions of the experimental parameters for R-134a

) ) G q Tsat
refrigerant 5 5 - Re Neont Xm Olm /AX
(mm) (kg/m<s) (kW/m"?) (C)
5 [100~200~300| 5~10~15 | 5~10~15 (3,931~13,375/0.089~0.094 0.0006~0.0027
R-134a 2 1300~400-~500|5~10~15|5~10~15 {4,717~8917| 0.22~0.23 0.05~0.95 | 0.66~0.99 | 0.0007~0.0085
1 [500-~600-~700f5~10~15|5~10 15 13,9306,242 | 0.44~0.47 0.0018~0.0164




L1

Table 2.2 Thermophysical properties of refrigerant R-134a

Thermophysical

properties R-134a
Temperature ('C) 5 10 15
(Saturated Pressure) (349.8 kPa) (414.6 kPa) (488.6 kPa)
Viscosity | Liquid by 254.4 238.8 2243
5 AL= - | 24346 227.65 212.94
(RN-s/m’) Vapor | 10.94 11.15 11.36
(kg/m) Ap=pi-pal  1260.86 1240.77 1219.735
Vapor pg 17.14 20.23 23.765
Enthalpy i Liquid iz 206.75 213.6 220.5
(kJ/kg) /N1 =1, -ig 19475 190.7 186.55
Vapor i, 401.5 404.3 407.05
Conductivity k Liquid k 0.0898 0.0876 0.08545
(W/mK) Vapor k, 0.01195 0.0124 0.01286
Smfii;{g;s“’n Liquid 0.01075 0.01014 0.00944
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CHAPTER 3

DATAREDUCTION

In the present study of the evaporation heat transfer of R-134a in a narrow annular duct,
the gap between the inner and outer circular pipes is fixed at 1.0, 2.0 and 5.0 mm with the

refrigerant saturated temperature set at 5°C, 10°'C and 15°C. The refrigerant mass flux

ranges from 100 kg/m’s to 700 kg/m”s, the imposed heat flux is chosen at 5, 10 and 15KW/
m’, and the mean refrigerant vapor quality is varied from 0.05 to 0.95. A data reduction
analysis is needed to calculate the evaporation heat transfer coefficient from the raw data
measured in the horizontal annular duct,Fherdata reduction process is described in the

following.

3.1 Single-Phase Heat Transfer

The imposed heat flux to the refrigerant flow in the annular duct is calculated on the
basis of the total power input Q; and the total outside heat transfer area of the inner pipe of
the annular duct As. The total power input is computed from the product of the measured
voltage drop across the cartridge heater and the electric current passing through it. Hence
the net power input to the test section Q, is equal to (Q; — Qioss)- The imposed heat flux at

the outside surface of the inner pipe is then evaluated from the relation

q=Q,/A, (3.1

where V and I respectively represent the measured voltage drop and current. The total heat
loss from the test section Qs i1s evaluated from the correlation for natural convection

around a circular cylinder proposed by Churchill and Chu [28]. Their correlation is

23



0.387Ra,"*
[ 1+(0.559/Pr)"" |

Nu,=40.6+ (3.2)

8/27

where
Ra,=gB(T,,-T,)D,, fav (3.3)

To reduce the heat loss from the test section, we cover the test section with a 2.5-cm thick

polyethylene insulation layer. We measured the mean temperature of the outside surface of

the insulation layer Kand ambient temperature T,. Hence Q,_ =hN-(K—Ta )-AOS ,

where A, is the outside surface area of the insulation layer and h,=Nu, -ka D - Note that

D,s is the outer diameter of the cylindrical insulation layer. The results from this heat loss
test indicate that the heat loss from the test section is generally less than 1% of the total

power input no matter when single-phase-flow-or-two-phase evaporating flow is in the duct.

The average single-phase convection heat transfer coefficient for the refrigerant flow

over the entire heated surface in the annular duct is defined as

h, Q, (3.4)

and
T =—&rto (3.5)

where Q, is the net power input to the liquid refrigerant in the annular duct and T e 1S the

average of the measured inlet and outlet temperatures of the refrigerant flow through the test
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section, which is taken as the average bulk liquid refrigerant temperature. Note that ﬁ

denotes the average outside surface temperature of the inner pipe measured at the selected
thermocouple locations. The outside surface temperature at each thermocouple location is
deduced from the measured inside surface temperature of the inner pipe by subtracting the

radial temperature drop due to the radial heat conduction in the pipe wall. Thus we have

In(D,/D,)

T, =T, .-
T, 2nk L

(3.6)
3.2 Two-Phase Heat Transfer

In the two-phase test, we also estimate the heat loss from the test section by measuring
the outside surface temperatures of the polyethylene insulation layer and the ambient
temperature. The estimated heat loss from the test.section by the procedures outlined above

in section 3.1 is less than 0.5% for all ¢ases and hénce can be neglected.

The vapor quality of R-134a entering the test section inlet is evaluated from the energy
balance for the preheater. Based on the temperature drop on the water side, the heat transfer

in the preheater is calculated from the relation,

Qup =W, € (T, T

w.p - p.Ww W,p,o)

(3.7)

While the heat transfer to the refrigerant in the preheater is the summation of the sensible
heat transfer (for the temperature rise of the refrigerant to the saturated value) and latent

heat transfer (for the evaporation of the refrigerant),
Qw,p :Qsens +Qlat (3 . 8)

here
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Qsens =Wrcp,r (Tr,sat _Tr,p,i )

: (3.9)
Qlat :erfg Xp,o

The above equations can be combined to evaluate the refrigerant quality at the exit of the
preheater that is considered to be the same as the vapor quality of the refrigerant entering
the test section. Specifically,

(3.10)

rsat ,p,i )

X, =% = %-cm(T T,

The total change of the refrigerant vapor quality in the test section is then deduced from the
net heat transfer rate from the electric heater to the refrigerant in the test section, thus
Ax =t (3.11)
erfg
The mean vapor quality for the evaporation‘of R-134a in‘the test section at the middle axial

location z=80 mm is

X, =X +g (3.12)
2
Finally, the circumferential by average heat transfer coefficient for the evaporation of

R-134a at the middle axial location in the test section is determined from the definition

Qu/A, (3.13)

h —=n_ s
r (Twall _Tr,sat)

Here T, is the circumferential average outside surface temperature of the inner pipe at

the middle axial location.
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3.3 Uncertainty Analysis
Uncertainties of the heat transfer coefficients are estimated according to the procedures
proposed by Kline and McClintock for the propagation of errors in physical measurement

[29]. The results from this uncertainty analysis are summarized in Table 3.1.
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Table 3.1 Summary of the uncertainty analysis

Parameter

Uncertainty

Annular duct geometry

Length, width and thickness (%) *1.0%

Gap size (%) 15.0%

Area (%) 2.0%
Parameter measurement

Temperature, T ('C) 10.2

Temperature difference, AT ('C) 10.28

System pressure, P (MPa) 10.002

Mass flux of refrigerant, G (%) 12
Single-phase heat transfer

Imposed heat flux, q (%) 4.5

Heat transfer coefficient, h;; (%) *12.5
Evaporation heat transfer

Imposed heat flux, q (%) 4.5

Mean vapor quality;-Xm (%) 9.5

Heat transfer coeffieient, h; (%) t14
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CHAPTER 4

RESULTS AND DISCUSSION

Results from the present measured heat transfer data for the evaporation of R-134a in

the narrow annular duct affected by the five experimental parameters, namely, the

refrigerant mass flux, vapor quality, imposed heat flux, system pressure and duct size are

illustrated here. The experiments are performed for the refrigerant mass flux G varying from

100 to 700 kg/m?s, imposed heat flux q fixed at 5~ 10 ~ 15 kW/m?” and the system pressure p

set at 349.8 kPa, 414.6 kPa and 488.6 kPa (corresponding respectively to the R-134a

saturation temperature Tg,= 5°C, 10°C andy15°€»); and the vapor quality at the middle axial

location of the duct Xy, ranging from*0.05 to 0.95 for the annular gap of the duct 6=1.0, 2.0

and 5.0 mm.

The mean void fraction o, and liquid film thickness t, at the middle axial location

are estimated from the separated two-phase flow model proposed by Lockhart and

Martinelli [30] as

And

R, R
tlf=0.5(1-am)Ro(R -R—j

i o

where
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Xzz[ﬁj | [p_gj (h] 4.3)
X P1 J\ Ky

The results from this estimation are listed in Table 4.1. Note that the above results are
only applicable to annular two-phase flow. The measured evaporation heat transfer data are

expressed in terms of the evaporation heat transfer coefficient.

In what follows the effects of the experimental parameters on the R-134a
circumferentially average evaporation heat transfer coefficient at the middle axial location
are examined in detail. Besides, the results from visualizing the evaporation of the R-134a

flow in the annular duct will be presented.

4.1 Single-Phase Heat Transfer

Before beginning the evaporation experiments, ‘the single-phase convective heat
transfer tests are conducted for liquid R-134a flow in’the annular duct. The measured
single-phase convection heat transfer coefficients are compared with the correlations
proposed by Gnielinski [9] and Dittus-Boelter [10]. In the single-phase heat transfer tests
the refrigerant mass flux is varied from 75 to 1,200 kg/m’s for the annular gap of the duct
0=1.0 mm, 6=2.0 mm and 6=5.0 mm (corresponding to the Reynolds number of the

refrigerant flow from 2,675 to 15,412) for the refrigerant saturated temperature Tg,=15C
and inlet liquid subcooling AT,=4C. Selected results from these tests are plotted in Figs.

4.1 and 4.2.

The Gnielinski correlation is

f/)(Re 1000) Pr

1+12. 7,/ g (Pr 31

for 2,300 < Re < 10° (4.4)
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where  f, =(1.82xlog,,Re—1.64)~ (4.5)

The Dittus-Boelter correlation is

Nu, = 0.023-Re®*-Pr**  for Re >10* (4.6)

The results in Figs. 4.1 and 4.2 manifest that the present data for h; can be well

correlated by the Gnielinski correlations with a mean absolute error of 6.3%.

4.2 Evaporation Heat Transfer in Narrow Annular Duct with 6=2.0 mm

At first, the measured heat transfer data for the R-134a evaporation for the duct gap of
2.0 mm are presented in Figs 4.3 to 4.11 to illustrate the variations of the evaporation heat
transfer coefficient at the middle axial location in the€.duct with the local vapor quality for
various refrigerant mass flux G, imposed heat flux q.and refrigerant saturated temperature
Tt These results indicate that for given-q;+Twe and G the evaporation heat transfer
coefficients increase almost linearly with the-vapor quality, which is more prominent at a
higher mass flux. The increase of the evaporation heat transfer coefficients with the vapor
quality is considered to result from the fact that at a higher vapor quality the liquid film of
the refrigerant on the heating surface becomes thinner. Hence the thermal resistance of the
liquid film is reduced and heat transfer across the film is improved. Besides, at a higher
vapor quality the mass flux of the vapor is larger and the vapor flow moves faster. This also
improves the liquid-vapor interfacial heat transfer. To be more quantitative, the data in Fig.

4.5(a) show that at =5 kW/m?%, G=500 kg/m’s and Te=15C, the R-134a evaporation heat
transfer coefficients at x,=0.07 and 0.92 are respectively 1,822 and 2,837 W/m*‘C. Hence

an increase of 55.7% in h; occurs for X, raised from 0.07 to 0.92 for this case.

Then, the effects of the refrigerant mass flux on the R-134a evaporation heat transfer
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for 6=2.0 mm shown in Figs. 4.3 to 4.5 indicate that the increase of h, with the R-134a mass
flux is rather significant except at low vapor quality. More specifically, larger increase in h,
with G is noted at a higher vapor quality. The increase in the evaporation heat transfer
coefficients with the refrigerant mass flux is due to the higher liquid and vapor velocities for
a higher mass flux. Besides, the higher liquid and vapor speeds respectively in the liquid
film and vapor core can promote the turbulence level in the refrigerant flow and we have
stronger interfacial evaporation and better convection of the vapor flow over the liquid film.
Thus a higher evaporation heat transfer coefficient results for a higher mass flux.

uantitatively, according to the data in Fig. 4.5(a) for T = an = m- the
Quantitatively, ding to the data in Fig. 4.5(a) for Te=15C and q=5 kW/m® th

quality-averaged evaporation heat transfer coefficients for G=400 and 500 kg/m’s are 2,016

W/m*C and 2,345 W/m>°C, respectively. Thus, h, is increased by 16.3% for the mass flux

T

raised from 400 to 500 kg/m?’s.

Next, the effects of the refrigerant,saturated-temperature on the R-134a evaporation
heat transfer in the duct with 6 = 2.0 'mm are presented in Figs. 4.6 to 4.8 by showing the
variations of the evaporation heat transfer coefficients with the vapor quality at T=5, 10

and 15°C for the mass flux G=300 to 500 kg/m” at different imposed heat fluxes. The results

indicate that the R-134a evaporation heat transfer coefficients rise with the saturated
temperature of the refrigerant and the degree of this increase depends on the refrigerant
mass flux, vapor quality and imposed heat flux. This trend in the variation of the
evaporation heat transfer coefficient with the R-134a saturated temperature is ascribed to
the fact that at a higher saturated temperature the latent heat of vaporization hg, is lower,
which in turn results in a higher evaporation rate of the liquid R-134a. Hence, the R-134a
vapor in the duct flows at a higher speed, producing a higher convection effect and therefore

a higher h,. To quantitatively illustrate the effects of the saturated temperature on the R-134a
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evaporation heat transfer coefficient, the quality-averaged evaporation heat transfer

coefficients h,_ at G=500 kg/m’s and q=15 kW/m” are calculated from the data in Fig.
4.8(c). The results show that at Tg,= 5 and 15°C, Hr are about 3,079 W/m*‘C and 3,797

W/m*C, respectively. Thus for Ty raised from 5°C to 15°C, h, is increased by 23.3%.

Finally, based on the data shown in Figs. 4.9 to 4.11 for 6=2.0 mm the R-134a
evaporation heat transfer coefficient increases rather significantly with the imposed heat
flux for various T, and G especially at low vapor quality. This significant increase of h,
with q reflects that the R-134a evaporation at the liquid-vapor interface in the refrigerant
flow is substantially augmented by the increase in the imposed heat flux. Besides, at low
vapor quality bubble nucleation on the heated surface is more important in the refrigerant
flow. Thus raising the imposed heat flux can_increase the bubble nucleation density, bubble
generation frequency, and bubble growth, causing the evaporation heat transfer coefficient
to increase more significantly with the imposed-heat flux at low vapor quality. According to

the data in Fig. 4.11(b) for T,=10"C and G=500 kg/m"’s, the quality-averaged evaporation
heat transfer coefficients for q=5 kW/m?> and 15 kW/m’ are 2,277 and 3,424 W/mzoC,

individually. Thus for q raised from 5 to 15 kW/m® h, is increased by 50.4%.

4.3 Evaporation Heat Transfer in Narrower Annular Duct (6=1.0 mm)
Attention is then turned to examining the heat transfer data for the R-134a evaporation
for the smaller duct gap of 1.0 mm. The data for 6=1.0 mm measured here are presented in
Figs 4.12-4.20. Comparing these results with that in Figs. 4.3 to 4.11 for 6=2.0 mm
indicates that the effects of the refrigerant vapor quality, mass flux and saturated
temperature and the imposed heat flux on the R-134a evaporation heat transfer coefficient

exhibit similar trends for both 6=1.0 and 2.0 mm. A close inspection of these data, however,
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reveals that some differences do exist. Specifically, at the smaller 6 of 1.0 mm the increase
of the R-134a evaporation heat transfer coefficient with the vapor quality is slightly larger.
For example, at g=5 kW/m”, G=500 kg/m’s and Ty=15°C, the R-134a evaporation heat
transfer coefficients at x,=0.06 and 0.95 are respectively 2,201 and 3,571 W/m*C (Fig.
4.14(a)). Hence an increase of 62.2% in h; occurs for Xy, raised from 0.06 to 0.95 for this
case. Besides, we compare the data at the same Ty, G and q in Fig. 4.14 and Fig 4.5
respectively for 6=1.0 and 2.0 mm. Note that the R-134a evaporation heat transfer is
significantly better for =1.0 mm for the same G of 500 kg/m’s. For clear comparison we
compare the data for 6=1.0 and 2.0 mm in Figs. 4.21-4.23. Quantitatively, Fig. 4.21(c)
shows that the quality-averaged h, for 8=1.0 and 2.0 mm at G=500 kg/m’s, Te,=15"C and
q=5 kW/m” are 2,875 and 2,345 W/m*C, respectively. An increase of 22.6% in h, occurs
for the duct gap reduced from 2.0 mim to 1:0-mm. This increase in h, at reducing & can be
attributed to the fact that at a smaller gap the average liquid film thickness is thinner (Table
4.1). Hence the thermal resistance of‘the liquid film is reduced and heat transfer across the

film is improved.

Next, contrasting the results in Figs. 4.12-4.14 for 6=1.0 mm with that in Figs. 4.3-4.5
for 6=2.0 mm suggests that the refrigerant mass flux shows milder effects on h; in the
narrower duct for g=5 & 10 kW/m?, as evident from the data shown in Fig. 4.24. According

to the data in Fig. 4.13(c) for T,=10C and q=15 kW/m? the quality-averaged evaporation

heat transfer coefficients for G=600 and 700 kg/m?s are 3,801 W/m>°C and 4,139 W/m*C,

respectively. Thus, Hr is only increased by 8.8% in the narrower duct with 6=1.0 mm for

the R-134a mass flux raised from 600 to 700 kg/m®s.

Then, a comparison of the data in Figs. 4.15-4.17 for 6=1.0 mm with that in Figs.
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4.6-4.8 for 6=2.0 mm manifests that at low and intermediate imposed heat fluxes for g=5 &
10 kW/m? the effects of the refrigerant saturated temperature on the R-134a evaporation
heat transfer coefficient are slightly less pronounced in the narrower duct. This can be more

clearly seen in Fig. 4.25. Quantitatively, the quality-averaged evaporation heat transfer

coefficients h_ at G=700 kg/m’s and q=15 kW/m” are calculated from the data in Fig.
4.17(c) for 6=1.0 mm. The results show that at Tg,= 5, 10 and 15°C, Hr are about 3,826,

4,138 and 4,472 W/m*C, respectively. Thus for T, raised from 5°C to 15C, Hr is

increased by 16.9%.

Finally, the data shown in Figs. 4.18-4.20 for 6=1.0 mm, when contrasted with that in
Figs. 4.9-4.11 for 6=2.0 mm, indicate that in the narrower duct the effects of the imposed
heat flux on the R-134a evaporation-heat transfer ceefficient are stronger at low vapor
quality but the opposite is the case at high vapor quality, as clearly seen in Fig. 4.26.

According to the data in Fig. 4.18(b) for =10 C-and G=500 kg/m’s, the quality-averaged
evaporation heat transfer coefficients for g=5, 10.and 15 kW/m? are 2,761, 3,161 and 3,743

W/m?°C, individually. Thus for q raised from 5 to 15 kW/m? Er is increased by 35.6%.

4.4 Characteristics of R-134a Evaporating Flow in Narrow Annular Duct
In addition to the heat transfer data presented above, the photos of the R-134a
evaporating flow taken from the duct side over the entire duct and over a small region
around the middle axial location are shown in Figs. 4.27-4.50 for various experimental
parameters. The flow photos shown in Figs. 4.27-4.35 for 8=2.0 mm indicate that at the low
vapor quality of 0.05 bubble nucleation on the heating surface is not clearly seen at the low
imposed heat flux of 5 kW/m”. But at the much higher q of 15 kW/m® the bubble nucleation

density is rather high. This apparently results from the fact that the heating surface is
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entirely covered by the liquid R-134a even at the high vapor quality for x,,=0.95. Merging
of small bubbles into large bubbles takes place frequently. Some bubbles are relatively large.
Actually, they can be regarded as bubble slugs. Besides, bubbles dispersed in a large liquid
slug appear in the duct. Moreover, due to the gravity effects the top and bottom parts of the
duct are respectively dominated by the vapor and liquid flows. At the intermediate vapor
quality of 0.54 some bubble nucleation on the heating surface can also be observed at a high
g. Beyond the inlet region the flow in the duct is dominated by the vapor flow over thin
liquid film around the inner pipe and it is an annular two-phase flow. Irregular moving
waves appear at the vapor liquid-interface. We also observe a small liquid slug. In the
entrance region of the duct bubbles interdisperse with liquid and both move irregularly.
Coalescence of bubbles as they move downstream resulting in the annular flow. It is of
interest to note that at the very high vapor quality of 0:94 bubble nucleation can still be seen
at ¢=15 kW/m? although the liquid-film coveringsthe heating surface is very thin. Again at
this high quality the duct is dominated by the-annular two-phase flow except in the entrance

region. At the vapor-liquid interface irregular-waye still prevail. But no liquid slug exists.

Next, the effects of the experimental parameters on the global evaporating flow pattern
are examined. Comparing the results in Figs. 4.27 and 4.28 indicates that at the higher

imposed heat flux a big liquid slug forms at X,=0.05 and at X;,=0.54 the annular flow

prevails in a large portion of the duct. For a lowering of the refrigerant saturated

temperature from 15°C to 5°C at X,,=0.05 the liquid slug becomes larger due to less bubble

nucleation at the lower Ty, as evident from the photos in Figs. 4.28 and 4.29. Note that a

number bubbles disperse in the liquid slug. We also note that at X,;=0.94 for Ts,=5°C the

annular flow almost exists in the entire duct (Fig. 4.29(c)). As the refrigerant mass flux is

raised from 300 kg/m’s to 400 kg/m’s less bubbles nucleate on the heating surface (Figs.
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4.28 and 4.31). This results in the disappearance of the liquid slug at low X, and a smaller

region of annular flow in the duct for G=400 kg/mzs at T,=15°C . Note that at the lower Ty

of 5°C for G=400 kg/m’s a liquid slug exists (Fig. 4.32 (a)).

Then, we summarize the effects of the experimental parameters on the local
evaporating flow characteristics in Figs. 4.36-4.38 by showing the flow photos taken from
the chosen small region at the middle axial location for various refrigerant mass fluxes at
0=2.0 mm. Some evaporating flow characteristics revealed above can be clearly seen here.
These results suggest that at the high vapor quality of 0.95 the waves at the interface is
rather pronounced and highly irregular. Moreover, at the higher mass flux of 500 kg/m’s the
interfacial waves are already highly irregular even at the intermediate quality of 0.52 (Fig.

4.38).

Finally, the photos of the evaporating flow in" the narrower duct (6=1.0 mm) are
presented in Figs. 4.39-4.47. The -effects’ of the vapor quality, imposed heat flux and
refrigerant mass flux and saturated temperature on the evaporating flow characteristics for
0=1.0 mm are qualitatively similar to that for 3=2.0 mm given in Figs. 4.27-4.35. The duct
gap, however, exhibits some important influences. Contrasting the flow photos for 6=1.0
mm in Fig. 4.39 with that in Fig. 4.33 for §=2.0 mm at the same G(=500 kg/m’s), Tey
(=15°C) and q(=5 kW/mZ) reveals that in the narrower duct the bubble coalescence is more
frequent and we have more big bubbles in the duct at low X,,. Besides, at high X,, annular
two-phase flow regions interrupted by liquid slugs prevail for 6=1.0 mm. This trend is also
valid for the higher q (Figs. 4.34 and 4.40) and lower T, (Figs. 4.35 and 4.41). The effects
of the experimental parameters on the local evaporating flow characteristics for 6=1.0 mm

are summarized in Figs. 4.48-4.50.
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4.5 Evaporation Heat Transfer and Flow Characteristics in Wider

Annular Duct with 6=5.0 mm

Having examined the evaporation of R-134a in the narrow annular duct with the duct
gap of 1.0 and 2.0 mm, we move further to explore the characteristics of the R-134a
evaporation heat transfer in the same duct but with a wider gap of 5.0 mm. The heat transfer
data measured in the middle axial location for 6=5.0 mm are presented in Figs. 4.51-4.59 to
illustrate the effects of the vapor quality, refrigerant mass flux and saturated temperature on
the evaporation heat transfer coefficient. These results, when contrasted with that for 6=2.0
mm given in Figs. 4.3-4.11, indicate that except at the low refrigerant mass flux of 100
kg/m’s the evaporation heat transfer for =5.0 mm shows a similar trend to that for §=2.0
mm. Specifically, the evaporation heat transfer coefficient increases with the local vapor
quality, refrigerant mass flux and safurated.temperature, and imposed heat flux. But for
G=100 kg/m’s and 5=5.0 mm the ‘evaporation heat transfer coefficient increases with the
vapor quality up to X, around 0.5. Beyond this X;, the evaporation heat transfer coefficient
first declines significantly with the increases in the vapor quality. Then it gradually levels
off for a further increase in Xy. This decay of h, with an increase in X is more pronounced
at a lower refrigerant temperature and a higher imposed heat flux (Figs. 4.54 and 4.57). This
decline in h; at increasing X, is the direct consequence of the partial dryout of the liquid film
on the heating surface in the middle axial location, which only occurs for the cases with low
refrigerant mass flux and at high vapor quality, as observed in the visualization of the
evaporating flow. A close inspection of the data presented in Figs. 4.54 and 4.57 reveals that
at G=100 kg/m’s and at low X, before the liquid film dryout the evaporation heat transfer
coefficient increases slightly with Xy, at the low q of 5 kw/m” but decreases slightly with Xy,
at the high q of 15 kw/m”. Besides, beyond the liquid film dryout the significant decline in

h, appears at a slightly lower X, for a lower refrigerant saturated temperature and higher
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imposed heat flux. Quantitatively, the evaporation heat transfer coefficients for G=100

kg/mzs, q=5 KkW/m?® and Ts= 15°C based on the data in Fig 4.57(c) at x,,=0.05, 0.69 and

0.95 are about 768, 795 and 654 W/mzoC, respectively. Thus for X, raised from 0.05 to 0.95,

h; is decreased by 14.9%. The quality-averaged evaporation heat transfer coefficient Hr is

757 W/m>C.

To illustrate the effects of the duct gap, the measured heat transfer coefficients for
0=2.0 and 5.0 mm are compared in Figs. 4.60-4.62 for the same G, Ty and q. Note that at
the same G of 300 kg/m’s the evaporation heat transfer coefficient for R-134a in the duct
with the wider gap of 5.0 mm is substantially lower than that in the narrow duct with 6=2.0
mm. Quantitatively, the quality-averaged h; for 6=5.0 and 2.0 mm at G=300 kg/m’s,

Tw=15C and q=5 kW/m’ are respectively 1,317 and. 2,649 (Fig. 4.60(c)). A reduction of

50.3% in h; occurs for the duct gap-reduced from 5.0 mm to 2.0 mm. This decrease in h, at
bigger d can be attributed to the fact-that at‘a larger duct-gap the liquid film is much thicker
(Table 4.1). Hence the thermal resistance’ of the liquid film is higher and heat transfer across

the film is reduced.

Finally, the photos of the evaporating flow in the horizontal annular duct with the wide
gap of 5.0 mm are shown in Figs. 4.63-4.71 for various G, T and q at selected local vapor
qualities in the middle axial location. The results indicate that the effects of the gravity on
the two-phase flow in the wider duct are rather significant. Specifically, in the upper part of
the duct the vapor flow prevails and the liquid flow dominates in the lower part of the duct.
Thus we have a stratified flow in the duct. Besides, at the low refrigerant mass flux of 100
kg/m’s and at higher vapor quality the liquid film on the heating surface dries out at certain
downstream locations (Figs. 4.63-4.65). These liquid film dryout locations move upstream

at higher vapor quality, lower refrigerant saturated temperature and higher imposed heat
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flux. Note that at the higher G of 200 and 300 kg/m’s the dryout of the liquid film on the
heating surface only occurs at the downstream locations near the duct exit (Figs. 4.66-4.71).
We also note that in the wide duct at low vapor quality the liquid flow contains a large
number of discrete disperse bubbles (Figs. 4.63(a)-4.71(a)). But at a high vapor quality the
liquid and vapor phases mix irregularly in the large portion of the duct and the annular
two-phase flow only prevails in a small portion of the duct, as evident from comparing the
photos in Figs. 4.69-4.71 for 6=5.0 mm with that in Figs. 4.27-4.29 for 6=2.0 mm. The
effects of the experimental parameters on the local evaporating flow characteristics for
0=5.0 mm are summarized in Figs. 4.72-4.74. Comparing the photos in Fig.4.74 for 6=5.0
mm with that in Fig. 4.36 for 6=2.0 mm at the same G, q, Tsy and X, reveals that the bubble
nucleation on the heating surface is significantly less in the wider duct, which is more

prominent at higher q, lower X, and higher T,

4.6 Correlation Equation for Evaporation Heat Transfer Coefficients

For practical application the présent data for the R-134a evaporation in the narrow
annular ducts need to be correlated empirically. The data presented above indicate that h,
varies linearly with the vapor quality except for cases with the liquid film dryout at the

middle axial location and the correlation is thus expressed as

Nu, = b, ‘D,
kl

=m,X tm, 4.7)

Where m; and m, can be correlated as

m, = f(Bo,Re)=a, +b,Bo” Re" (4.8)

m, = f (Bo,Re)=2a,Bo™ Re™ (4.9
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For the ducts with 6=1.0 and 2.0 mm, the values for the coefficients in the m; and m, are
a;=30, b;=0.187, ¢;=2.9, d;=3.09, a,=24.7, b,=0.68 and ¢,=0.855. For the wider duct with
0=5.0 mm, the values for the coefficients in the m; and m, are the same as that for the
narrower duct except ¢;=3.2 and ¢,=0.796. The Boiling number and Reynolds number for

the flow are defined respectively as

Bo=—1 (4.10)
G-1fg
Re=IDs (4.11)
Ly

Comparison of the above correlation with the present experimental data shown in Figs. 4.75
and 4.76 indicate that more than 96% and 98% of the present data for h, fall within £25% of
Eq. (4.7), and the mean absolute erron (MAE) between the present data for h, and the

proposed correlation for both the narrower and ‘wider ducts are 10.3% and 8.9%.
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Table 4.1 Relation between the mean vapor quality, void fraction and liquid film

thickness estimated from the separated two-phase flow model.

Tsa=5"C (Psa=349.8kPa) Tsa=15°C (Ps,=488.6kPa)
0=1 mm|6=2 mm |6=5 mm 0=1 mm |0=2 mm |d=5 mm
Xm Om Xm Om
tis(pum) tif(pm)

0.05 0.69 333 708 2,359 0.05 0.66 359 762 2,539

0.10 0.77 242 513 1,711 0.10 0.75 262 555 1,851

0.15 0.81 196 416 1,388 0.15 0.80 213 452 1,506

0.20 0.84 167 354 1,179 0.20 0.83 181 385 1,282

0.25 0.86 145 308 1,026 0.25 0.85 158 336 1,119

0.30 0.88 128 272 906 0.30 0.87 140 297 990

0.35 0.89 114 242 808 0:35 0.88 125 265 884

0.40 0.90 102 217 722 0.40 0.89 112 238 793

0.45 0.91 92 194 648 0.45 0.90 101 214 713
0.50 0.92 82 174 581 0.50 0.91 91 192 640
0.55 0.93 73 156 519 0.55 0.92 81 172 574

0.60 0.94 65 138 460 0.60 0.93 72 153 511

0.65 0.95 57 122 405 0.65 0.94 64 135 451

0.70 0.95 50 106 352 0.70 0.95 56 118 393

0.75 0.96 42 90 300 0.75 0.96 48 101 336
0.80 0.97 35 74 247 0.80 0.96 39 84 279
0.85 0.97 27 58 193 0.85 0.97 31 66 220
0.90 0.98 19 41 137 0.90 0.98 22 47 157

0.95 0.99 11 23 76 0.95 0.99 12 26 88
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Fig. 4.3 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at Te,=5°C for various G for (a) q = 5 kW/m?, (b) q = 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.4 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at Ts,=10"C for various G for (a) q = 5 kW/m?, (b) q=10
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Fig. 4.5 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at Ts,=15C for various G for (a) q = 5 kW/m?, (b) q=10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.6 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at G=300 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.7 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at G=400 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.8 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at G=500 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.9 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at G=300 kg/m2s for various q for (a) Ts,=5"C, (b) Ts,=10C
and (¢) Te=15TC.
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Fig. 4.10 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at G=400 kg/m2s for various q for (a) Ts,=5"C, (b) Te=10C
and (¢) Te=15TC.
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Fig. 4.11 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
2.0 mm narrow duct at G=500 kg/mzs for various q for (a) Ts.=5"C, (b) Tsa=10C
and (¢) Te=15TC.
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Fig. 4.12 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at Te=5°C for various G for (a) q = 5 kW/m?’, (b) q = 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.13 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at Te=10"C for various G for (a) q = 5 kW/m’, (b) q = 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.14 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at Te=15"C for various G for (a) q = 5 kW/m’, (b) q = 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.15 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at G=500 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.16 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at G=600 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.17 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at G=700 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.18 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at G=500 kg/m2s for various q for (a) Ts,=5"C, (b) Ts,=10C
and (¢) Te=15TC.
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Fig. 4.19 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at G=600 kg/m2s for various q for (a) Ts,=5"C, (b) Te=10C
and (¢) Te=15TC.
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Fig. 4.20 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
1.0 mm narrow duct at G=700 kg/mzs for various q for (a) Ts.=5"C, (b) Tsa=10C
and (¢) Te=15TC.

62



5000 T[T T [T T[T T[T [T [T [T T[T TTT[ITTT]

— (a) Evaporation Heat Transfer Coefficient of R-134a -

atq= 5 kw/m?, Tgat =5 °C , G=500 kg/ms 7

4000 — € 5=2.0 mm —

~ <& 6=1.0 mm ]
5) _
=} [ —
N — —
§ 3000 [— —
a - _
\5: B * * B
<= B B
2000 — —
10007\\\\‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘\HF

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

50007\\\\‘\\\\‘\\\\‘HH‘HH‘HH‘HH‘HH‘HH‘\HL

— (b) Evaporation Heat Transfer Coefficient of R-134a —

B at q= 5 kw/m?, Tgae = 10 °C , G=500 kg/m?s 7

4000 — € 5=2.0 mm —
~ <& 6=1.0 mm ]
(S _
o C o~
§ 3000 [— —
Z C ]
£ oo ¢ :
2000 — —
10007\\\\\HH\HH\HH\HH\HH\HH\HH\HH\\HT

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

50007\\\\‘\\\\‘\\\\‘HH‘HH‘HH‘HH‘HH‘HH‘\HL

— (c) Evaporation Heat Transfer Coefficient of R-134a -

B at q= 5 kw/m?, Tgae = 15 °C , G=500 kg/m?s 7

4000 — € 5=2.0 mm —

—~ <& 6=1.0 mm ]

5) _

=} L —

S L ]

§ 3000 [— —

a [ —

N L _
—

<= B B

2000 — —

1000 e b b e b b b b b b

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

m

Fig. 4.21 Variations of R-134a evaporation heat transfer coefficient with vapor quality at q =5
kW/m? and G=500 kg/m’s for various & for (a) Tew=5C, (b) Tew=10C and (c)
Tsat=150C .
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Fig. 4.22 Variations of R-134a evaporation heat transfer coefficient with vapor quality at q =
10 kW/m? and G=500 kg/m’s for various & for (a) Ts=5'C, (b) Te=10°C and (c)
Tsat=150C .
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Fig. 4.23 Variations of R-134a evaporation heat transfer coefficient with vapor quality at q =
15 kW/m? and G=500 kg/m’s for various & for (a) Ts=5'C, (b) Te=10°C and (c)
Tsat=150C .
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Fig. 4.24 Variations of R-134a evaporation heat transfer coefficient with vapor quality at ¢ =5
kW/m?, =1.0 mm and 8 =2.0 mm for various G for (a) Ts=5C and (b) Ts=15C.
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Fig. 4.25 Variations of R-134a evaporation heat transfer coefficient with vapor quality at
G=500 kg/mzs, 0 =1.0 mm and 6 =2.0 mm for various Ty, for (a) g =5 kW/m? and
(b) =10 kW/m”.
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Fig. 4.26 Variations of R-134a evaporation heat transfer coefficient with vapor quality at
G=500 kg/mzs, 8 =1.0 mm and & =2.0 mm for various q for (a) Tu=5C, (b)
Tsa=10C and (¢) Ts=15TC.
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Fig.4.27 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=300 kg/m’s, Tgy =
q=>5kW/ m? for (a) Xm= 0.05, (b) X, =0.54 and (c) Xy, =0.94.

15C,8=2.0 mm,
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Fig.4.28 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=300 kg/m’s, Tgy = 15°C, = 2.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.54 and (c) X = 0.95.
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Fig.4.29 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=300 kg/m?s, T = 5°C, & = 2.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.06, (b) Xm=0.50 and (c) X = 0.94.
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Fig.4.30 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=400 kg/m’s, T = 15°C, 8 =2.0 mm,
q =5 kW/ m? for (a) Xm= 0.07, (b) Xm= 0.49 and (c) Xm= 0.94.
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Fig.4.31 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=400 kg/m’s, T = 15°C, 8 =2.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.52 and (c) Xm = 0.93.
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Fig.4.32 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=400 kg/m?s, T = 5°C, & = 2.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.07, (b) Xm=0.49 and (c) X = 0.95.
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Fig.4.33 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=500 kg/m’s, Tgy = 15°C, = 2.0 mm,
q =5 kW/ m? for (a) Xm = 0.06, (b) Xm= 0.50 and (c) Xm= 0.93.
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Fig.4.34 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=500 kg/m’s, Tgy = 15°C, = 2.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.07, (b) Xm=0.52 and (c) X = 0.93.
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Fig.4.35 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=500 kg/m?s, T = 5°C, & = 2.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.06, (b) Xm=0.53 and (c) X = 0.95.
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Fig. 4.36 Photos of flow in the evaporation of R-134a in a small region around middle axial location at & = 2.0 mm and G=300 kg/m’s for

various imposed heat fluxes, saturated temperatures and vapor quality.




08

6mm

=0.07

v

v

6mm

A

v

(@A) q =5kW/m?, To=15C, X,

(g) q =15kW/m’, T=5C, Xu= 0.07

(c) q =5kW/m?, T=15C, X

m=0.93

(f) q =15kW/m29 Tsat=150C, Xm= 0.93

(i) q =15kW/m?, Te= 5°C, Xp=0.95

Fig. 4.37 Photos of flow in the evaporation of R-134a in a small region around middle axial location at & = 2.0 mm and G=400 kg/m’s for

various imposed heat fluxes, saturated temperatures and vapor quality.




I8

6mm

A

v

6mm

d
<«

0.06

v

0.52

0.53

(c) q =5kW/m?, T=15C, Xu=0.93

(f) q =15kW/m29 Tsat=150C, Xm= 0.93

(h) q =15kW/m’, T=5C, Xp=

T -

(i) q =15kW/m?, Te= 5°C, Xp=0.95

Fig. 4.38 Photos of flow in the evaporation of R-134a in a small region around middle axial location at 8 = 2.0 mm and G=500 kg/mzs for

various imposed heat fluxes, saturated temperatures and vapor quality.
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Fig.4.39 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=500 kg/m’s, Ty = 15°C, 8 = 1.0 mm,
q =5 kW/ m? for (a) Xm = 0.06, (b) Xm= 0.50 and (c) X = 0.94.
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Fig.4.40 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=500 kg/m’s, Tgy = 15°C, 8 = 1.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.06, (b) Xm=0.49 and (c) X = 0.95.
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Fig.4.41 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=500 kg/m?s, T = 5°C, & = 1.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.52 and (c) Xm = 0.94.
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Fig.4.42 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=600 kg/m’s, Tgy =
q=>5kW/ m? for (a) Xm= 0.06, (b) Xn=10.51 and (¢) Xy, = 0.95.

15C,8=1.0 mm,
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Fig.4.43 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=600 kg/m S, Teat =
q =15 kW/ m?’ for (a) Xm= 0.06, (b) Xm=0.51 and (c) Xm= 0.95.

15C,8=1.0 mm,
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Fig.4.44 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=600 kg/m’s, T = 5°C, & = 1.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.06, (b) Xm=0.49 and (c) X = 0.94.
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Fig.4.45 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=700 kg/m?s, T = 15°C, 8 = 1.0 mm,
q =5 kW/ m? for (a) Xm= 0.05, (b) Xm= 0.50 and (c) Xm= 0.93.
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Fig.4.46 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=700 kg/m’s, Ty = 15°C, 8 = 1.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.06, (b) Xm=0.50 and (c) X = 0.94.
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Fig.4.47 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=700 kg/m?s, T = 5°C, & = 1.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm= 0.49 and (c) X = 0.93.
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Fig. 4.48 Photos of flow in the evaporation of R-134a in a small region around middle axial location at 8 = 1.0 mm and G=500 kg/mzs for

various imposed heat fluxes, saturated temperatures and vapor quality.
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Fig. 4.49 Photos of flow in the evaporation of R-134a in a small region around middle axial location at & = 1.0 mm and G=600 kg/m’s for

various imposed heat fluxes, saturated temperatures and vapor quality.
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Fig. 4.50 Photos of flow in the evaporation of R-134a in a small region around middle axial location at 8 = 1.0 mm and G=700 kg/mzs for

various imposed heat fluxes, saturated temperatures and vapor quality.
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(c) Evaporation Heat Transfer Coefficient of R-134a B
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Fig. 4.51 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at Te=5°C for various G for (a) q = 5 kW/m?, (b) q = 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.52 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at Te=10°C for various G for (a) q = 5 kW/m%, (b) q = 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.53 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at Te=15°C for various G for (a) q = 5 kW/m%, (b) q = 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.54 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at G=100 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.

97



1250 [ T T[T T[T T T T T T[T T[T T[T [TT]
B (a) Evaporation Heat Transfer Coefficient of R-134a :
at =5 kw/m?, 8=5.0 mm , G=200 kg/m?s |
A T,=5C |
7S 1000 — O T, =10°C —
o L
(o]
g L
3
N L
—
= 750 —
500 e b b b b b b b b b
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2000 T[T [T T[T [T [T T[T T[T T[T TTT 77T
B (b) Evaporation Heat Transfer Coefficient of R-134a :
at g= 10 kw/m?, 6=5.0 mm , G=200 kg/m?s |
L A T,=5°C |
/a 1500
=}
(o]
£
3
A
—
<~ 1000
500 ce b b e e L b b b
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
30007\H\‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘\HL
[ (c) Evaporation Heat Transfer Coefficient of R-134a ]
2500 | Atq= 15 kw/m?, 6=5.0 mm , G=200 kg/m?s i
: A Tsat: 5 C :
;a - OT,=10°C 7
o 2000 — o T =15°C -
S sat
X L ]
E 1500 ;W;
— C ]
£ BB oo, S e et s s
1000 |— —
5007\\\\HH\HH\HH\HH\HH\HH\HH\HH\\HF
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

m

Fig. 4.55 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at G=200 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.56 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at G=300 kg/mzs for various T for (a) @ =5 kW/m?, (b) q= 10
kW/m? and (c) q = 15 kW/m?.
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Fig. 4.57 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at G=100 kg/m2s for various q for (a) Ts,=5"C, (b) Ts,=10C
and (¢) Te=15TC.
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Fig. 4.58 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at G=200 kg/m2s for various q for (a) Ts,=5"C, (b) Te=10C
and (¢) Te=15TC.
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Fig. 4.59 Variations of R-134a evaporation heat transfer coefficient with vapor quality in & =
5.0 mm narrow duct at G=300 kg/mzs for various q for (a) Ts.=5"C, (b) Tsa=10C
and (¢) Te=15TC.
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Fig. 4.60 Variations of R-134a evaporation heat transfer coefficient with vapor quality at q =5
kW/m? and G=300 kg/m’s for various & for (a) Tew=5C, (b) Tew=10C and (c)
Tsat=150C .
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Fig. 4.61 Variations of R-134a evaporation heat transfer coefficient with vapor quality at q =
10 kW/m? and G=300 kg/m’s for various & for (a) Ts=5'C, (b) Te=10°C and (c)
Tsat=150C .
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Fig. 4.62 Variations of R-134a evaporation heat transfer coefficient with vapor quality at q =
15 kW/m? and G=300 kg/m’s for various & for (a) Ts=5'C, (b) Te=10°C and (c)
Tsat=150C .
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bubbles in liquids vapor liquid

Mean flow wetted heated surface  (a) X,,=0.05 (an=0.66, t;y=2,539um) vapor dry heated surface

liquid film liquid ( (b) Xn=0.49 (amr=;0791-,7 ‘t1f=654um)-” dry heated surface vapor

(€) Xn=0.95 (0;=0.99, t;r=89pm)

Fig.4.63 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=100 kg/m?s, T = 15°C, 8 = 5.0 mm,
q =5 kW/ m? for (a) Xm= 0.05, (b) Xm= 0.49 and (c) Xm= 0.95.
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bubbles in liquids vapor liquid

Mean flow wetted heated surface (@) X;n=0.05 (0;=0.66, t;r=2,539um)  vapor dry heated surface
/ /

(¢) Xu=0.94 (0;=0.99, t;r=102pm) liquid

Fig.4.64 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=100 kg/m’s, T = 15°C, 8 = 5.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.50 and (c) X = 0.94.
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bubbles in liquids vapor liquid

Mean flow

liquid film dry h srface \(b) Xw=0.50 ( dm;Oa 9 _2:";.'13le58 mm)._,_

- —

(¢) Xn=0.94 (0:,=0.99, t;r=89um) liquid

Fig.4.65 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=100 kg/m?s, T = 5°C, & = 5.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.50 and (c) X = 0.94.
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bubbles in liquids vapor liquid

Mean flow liquid film () x =0.05 (0, =0.66, t;r=2,539um) vapor dl;y heated surface
32 > g,.:-. - —

(¢) Xn=0.94 (0,4,=0.99, t;y=102pum) — vapor

Fig.4.66 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=200 kg/m’s, Tgy = 15°C, 8 = 5.0 mm,
q =5 kW/ m? for (a) Xm = 0.05, (b) Xmn= 0.51 and (c) Xm= 0.94.
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bubbles in liquids vapor liquid

Mean flow

liquid film (b) Xn=0.53 (0x=0:92, tr=600um)"  vapor liquid

(©) Xm=0.95 (0:4=0.99, t;;=89um) ~ liquid dry heated surface

Fig.4.67 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=200 kg/m’s, Tg = 15°C, 8 = 5.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.53 and (c) Xm = 0.95.
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Fig.4.68 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=200 kg/m?s, T = 5°C, & = 5.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.53 and (c) Xm = 0.94.
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Fig.4.69 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=300 kg/m S, Teat =
q=>5kW/ m? for (a) Xm= 0.05, (b) X, =10.50 and (¢) Xy, =0.94.
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Fig.4.70 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=300 kg/m’s, T = 15°C, 8 = 1.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.51 and (c) Xm = 0.94.
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Fig.4.71 Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G=300 kg/m?s, T = 5°C, & = 5.0 mm,
q =15 kW/ m?’ for (a) Xm= 0.05, (b) Xm=0.50 and (c) X = 0.95.
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Fig. 4.72 Photos of flow in the evaporation of R-134a in a small region around middle axial location at 8 = 5.0 mm and G=100 kg/mzs for

various imposed heat fluxes, saturated temperatures and vapor quality.
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Fig. 4.73 Photos of flow in the evaporation of R-134a in a small region around middle axial location at § = 5.0 mm and G=200 kg/m’s for

various imposed heat fluxes, saturated temperatures and vapor quality.
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various imposed heat fluxes, saturated temperatures and vapor quality.
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Fig. 4.75 Comparison of the measured data for heat transfer coefficient for the evaporation of
R-134a in gap of 1.0 mm and 2.0 mm narrower ducts with the proposed correlation.
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Fig. 4.76 Comparison of the measured data for heat transfer coefficient for the evaporation of
R-134a in gap of 5.0 mm wider duct with the proposed correlation.
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CHAPTER 5

CONCLUDING REMARKS

In this study, we have experimentally measured the heat transfer coefficients and
visualized the two-phase flow patterns for the R-134a evaporation in the horizontal narrow
annular ducts with 8=1.0, 2.0 and 5.0 mm. The effects of the refrigerant saturated temperature,
mass flux, imposed heat flux, vapor quality and gap size of R-134a on the evaporation heat
transfer coefficients at the middle axial location of the duct have been examined in detail. A

summary of the major findings from the present results is given in the following.

(1) The R-134a evaporation heat transfer coefficient in the small ducts(6=1.0 ~ 2.0 mm)

increases almost linearly with the vapor quality and-the increase is more significant at a
higher refrigerant mass flux. Besidesj.increases-in the refrigerant mass flux and saturated
temperature and imposed heat flux cansubstantially improve the evaporation heat transfer.

The effects of G and Ty on h; are less pronounced for 6=1.0 mm.

(2) The effects of the refrigerant vapor quality, saturated temperature, imposed heat flux and
mass flux in the wider annular duct with 6=5.0 mm on the R-134a evaporation heat
transfer coefficient exhibit similar trends to that in the narrow duct for 6=1.0 and 2.0 mm.
But partial dryout of the liquid film on the heating surface at high X, and low mass flux

occurs, leading to a reduction in h; at increasing Xp,.

(3) Reducing the gap size of the duct causes a significant increase in the R-134a evaporation

heat transfer coefficient.

(4) In flow visualization for the small ducts with 6=1.0 and 2.0 mm the bubble nucleation on
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the heating surface is found to be important at low vapor quality. Besides, at low vapor
quality merging of small bubbles to form big bubbles and merging of big bubbles into
bubble slugs take place, which is more pronounced at the smaller duct gap for 6=1.0 mm.
Moreover, bubbles dispersed in a large liquid slug appear in the duct. At the intermediate
vapor quality some bubble nucleation on the heating surface also exists and the flow in the
duct is dominated by the vapor flow over thin liquid film around the inner pipe, an annular
two-phase flow. Irregular waves appear at the vapor-liquid interface. At the very high
vapor quality bubble nucleation can still be seen at high imposed heat flux although the
liquid film covering the heating surface is relatively thin. At this high quality the duct is
also dominated by the annular two-phase flow. The annular two-phase flow prevails in a
larger portion of the duct at higher imposed flux, lower refrigerant mass flux, and higher

refrigerant saturated temperature.

(5) In the duct with the wider gap of 5.0 mm the effects of the gravity on the evaporating flow
are stronger, resulting a stratified two-phase flow with the vapor and liquid flows
respectively dominated in the upper and lower parts of the duct. Besides, at low
refrigerant mass flux and high vapor quality dryout of the liquid film on the heating
surface occurs at some downstream locations. These dryout locations move upstream at
higher vapor quality, higher imposed heat flux and lower refrigerant saturated

temperature.

(6) Empirical equation to correlate the present data for the heat transfer coefficient for the

R-134a evaporation in the annular ducts are provided.
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