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Abstract 

Phase change phenomena of a fluid flowing in a micro channel may be 
exploited to make the heat exchangers more compact and energy effi-
cient. Compact heat exchangers offer several advantages such as light 
weight, low cost, energy efficiency, capability of removing high heat 
fluxes and charge reduction are a few to mention. Phase change phe-
nomena in macro or conventional channels have been investigated since 
long but in case of micro channels, fewer studies of phase change have 
been conducted and underlying phenomena during two-phase flow in 
micro channels are not yet fully understood. It is clear from the literature 
that the two-phase flow models developed for conventional channels do 
not perform well when extrapolated to micro scale. 

In the current thesis, the experimental flow boiling results for micro 
channels are reported. Experiments were conducted in circular, stainless 
steel and quartz tubes in both horizontal and vertical orientations. The 
internal diameters of steel tubes tested were 1.70 mm, 1.224 mm and the 
diameter of quartz tube tested was 0.781 mm. The quartz tube was 
coated with a thin, electrically conductive, transparent layer of Indium-
Tin-Oxide (ITO) making simultaneous heating and visualization possi-
ble. Test tubes were heated electrically using DC power supply. Two re-
frigerants R134a and R245fa were used as working fluids during the 
tests. Experiments were conducted at a wide variety of operating condi-
tions. 

Flow visualization results obtained with quartz tube clearly showed the 
presence of confinement effects and consequently an early transition to 
annular flow for micro channels. Several flow pattern images were cap-
tured during flow boiling of R134a in quartz tube. Flow patterns re-
corded during the experiments were presented in the form of Reynolds 
number versus vapour quality and superficial liquid velocity versus su-
perficial gas velocity plots. Experimental flow pattern maps so obtained 
were also compared with the other flow pattern maps available in the lit-
erature showing a poor agreement. Flow boiling heat transfer results for 
quartz and steel tubes indicate that the heat transfer coefficient increases 
with heat flux and system pressure but is independent on mass flux and 
vapour quality. Experimental flow boiling heat transfer coefficient results 
were compared with those obtained using different correlations from the 
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literature. Heat transfer experiments with steel tubes were continued up 
to dryout condition and it was observed that dryout conditions always 
started close to the exit of the tube. The dryout heat flux increased with 
mass flux and decreased with exit vapour quality. The dryout data were 
compared with some well known CHF correlations available in the litera-
ture. Two-phase frictional pressure drop for the quartz tube was also ob-
tained under different operating conditions. As expected, two-phase fric-
tional pressure drop increased with mass flux and exit vapour quality. 

Keywords: Micro channels, Mini channels, Phase change, Boiling, Two-
phase, Heat Transfer, Pressure Drop, Dry out, Critical Heat Flux, Visu-
alization, Flow patterns. 
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1 Introduction 

1 . 1  B a c k g r o u n d  a n d  m o t i v a t i o n  
Miniaturization in the field of electronics has led to dense packaging and 
integration of more components on an electronic circuit. Integration of 
components in an electronic circuit has been driven by Moore’s law 
Moore (1965; Moore (2003) according to which the number of transis-
tors incorporated on a chip roughly doubles every 24 months. Today 
more than 2 billion transistors are integrated on a chip Moore (2003; In-
tel (2010) as compared to around 10000 transistors in 1967 as seen in 
Figure1.1. Apparent consequences of Moore’s law are the reduced size 
and increased performance of a microprocessor and at the same time a 
decrease in production cost of transistors. Production cost of transistors 
in the recent years has decreased surprisingly as shown in Figure 1.2, 
mainly due to advanced and novel micro manufacturing technologies 
available, providing further impetus to integration and dense packaging 
of electronic components. Miniaturization of electronics, motivated by 
new and exciting application areas and modern fabrication techniques, 
has made it possible to obtain faster chip speeds but at the same time the 
chip power densities have increased dramatically. Consequently, recent 
developments in the field of microelectronics due to miniaturization 
have resulted in dissipation of much higher heat fluxes than ever before 
which has exceeded the fan cooling limits. Heat fluxes generated in mi-
croelectronics have reached about 100 W/cm2 today and this number 
keeps rising and might reach 200 W/cm2 to 300 W/cm2 in near future. 
The surface temperature of high heat dissipating microchips has to be 
maintained below 80 to 85 °C in order to ensure the effective and reli-
able operation of the electronic circuitry. Practically, the ineffective cool-
ing of high heat flux devices is a major constraint in dense packaging of 
microelectronics and has to be resolved in order to nurture the minia-
turization process. Smaller and light weight design of spacecrafts also 
needs miniaturization of different electronics and avionics components 
including integration of single components in a small space/volume and 
the resulting dense packaging of components poses serious thermal 
management problems. Therefore, novel technologies for thermal man-
agement need to be developed in order to promote the miniaturization 
process. 
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Figure1.1.Increase of number of transistors with time, taken from 
Moore (2003) 

 

 

Figure 1.2 Transistor price decreasing with time Moore (2003) 
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Since, the pioneering work done by Tuckerman and Pease (1981) in early 
1980s, the micro channel heat sinks have received much attention from 
scientific and industrial community due to their very promising and ef-
fective cooling potential. Microchannels have comparatively larger heat 
transfer surface area and higher surface-area-to-volume ratio, therefore, 
the use of microchannels in heat exchangers makes them compact, light 
weight and thermally more efficient as compared to their conventional 
counterparts. Latent heat associated with phase change of the fluids can 
be exploited to maintain the required temperature of the micro electron-
ics devices, as during the phase change process, the temperature of the 
fluid is dictated by the saturation temperature. Also the use of boiling of 
a fluid will allow the design of compact heat exchange devices using the 
less fluid inventory, for the same heat transfer performance, in compari-
son to the cases when single phase liquid is used as a coolant.  

Although the impetus for microchannel work comes from miniaturiza-
tion of microelectronics, the application of micro channels is not only 
limited to microelectronics industry, instead, there are several other ap-
plication areas which can benefit from the numerous advantages offered 
by the micro channels. Micro channel heat exchangers may be used in 
automotive industry to reduce the refrigerant charge significantly as 
compared to conventional sized heat exchangers for the same effective-
ness and heat transfer performance, great design flexibility may be 
achieved and space constraints can be overcome due to compactness of 
the heat exchanger. The overall weight and cost of the heat exchange 
system may be reduced due to the less material required for manufactur-
ing and less requirements of fluid inventory. Manufacturing of multiport 
aluminium compact heat exchangers have already started in automotive 
industry.   

Domestic Refrigeration, heat pump and air-conditioning industry is po-
tential application area for compact heat exchangers employing micro 
channels. The compact and efficient evaporators and condensers will in-
crease the performance of the refrigeration and air-conditioning system 
at the same time reducing the charge of refrigerant. One such example of 
a typical mini/micro channel heat exchanger which could be used for 
heat pump, refrigeration and air-conditioning applications is shown in 
Figure 1.3. Few other application areas of micro channels which may be 
mentioned here are: fuel cells, chemical processing industry, microflu-
idics devices, separation and modification of cells in bio applications etc. 
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Figure 1.3 A multiport mini channel heat exchanger  

 

Global warming and depletion of ozone layer are most challenging prob-
lems of today’s fast developing era. The release of different refrigerants 
in to the atmosphere causes serious damage to ozone layer and promotes 
global warming. The ever increasing environmental concerns may be ad-
dressed by using the micro channels, as the compact heat exchangers 
employing the micro channels may help in reducing the charge of the re-
frigerant and increasing the efficiency of the heat exchange system.  

Enhanced heat transfer capability of micro channels have been demon-
strated in the literature in both single and two-phase flow. Several ex-
periments in the literature show the higher and effective heat transfer in 
case of compact heat exchangers employing micro channels as compared 
to their macro counter parts. Higher and effective heat transfer offered 
by compact heat exchangers can help promote sustainability and at the 
same time effective use of natural resources may be achieved. Advan-
tages of micro channels common to all the application areas mentioned 
above may be listed as under: 

• Enhanced heat transfer 
• Large surface area to volume ratio 
• Compactness 
• Reduction in the inventory of fluid being used for cooling 
• Less material required for manufacture of heat exchange device 
• Light weight 
• Low cost due to less material and fluid inventory required 
• Helpful in addressing environmental issues 
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Despite the attractive and motivating advantages of the micro channels, 
the understanding of the fundamental hydrodynamic and thermal trans-
port mechanisms especially during two-phase flow is far from satisfac-
tory. Therefore, more studies are essential focusing on the understanding 
of governing phenomena in order to be able to use the micro channel 
heat sinks in appropriate fields of application. 

 

1 . 2     S t r u c t u r e  o f  t h e  t h e s i s  
The current thesis is divided into several chapters. The second chapter 
presents a thorough literature survey in the field of two-phase flow and 
heat transfer in microchannels including visualization studies and flow 
pattern maps. The third chapter explains the objectives of the current re-
search work included in this thesis. 

The fourth chapter is devoted to the experimental set up and instrumen-
tation details. This chapter gives the general information regarding the 
instrumentation such as range, systematic errors. The data reduction me-
thods and uncertainty procedure have also been explained. Other expe-
rimental details are also covered thoroughly in this chapter. 

Chapters five through nine present the experimental results, main find-
ings and discussion on the results. Chapters five and six contain the visu-
alization results and flow pattern maps respectively. Chapter seven dis-
cusses and elaborates on the flow boiling heat transfer results in stainless 
steel and quartz microchannels and chapter eight discusses the dryout 
trends during flow boiling in microchannels and presents experimental 
results on dryout. Chapter nine is devoted to two-phase pressure drop of 
refrigerants and the results are also compared with different models and 
correlations available in the literature. 

Chapter ten concludes the current work and some recommendations for 
the continuation of microchannel research are given. 
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2 Micro Channel Two-
Phase Flow Literature 
Review 

2 . 1  D e f i n i t i o n  o f  a  m i c r o  c h a n n e l  
It is interesting to note that there exists no well-established criterion to 
define a threshold for transition from macro to a micro scale channel. 
However, the term “small diameter” has been used as early as 1962 by 
Bergles (1962) who performed his doctoral research work using small di-
ameter tubes of 0.584 to 4.584 mm. The word micro in fluid flow and 
heat transfer does not necessarily mean the channels of micron size. 

A micro channel could be one that exhibits different hydrodynamic or 
thermal behaviour as compared to conventional channels and the physi-
cal phenomena dominant in conventional channels are no more impor-
tant in micro channels. It is noted from the literature that single-phase 
classical theory is applicable in the case of micro channels. Conventional 
theory for two-phase flow is, however, not appropriate for micro chan-
nels due to the reasons that will follow. The terms mini and micro chan-
nel have been used in the literature without any particular criterion, al-
though there have been some attempts to define the two terms. Some 
researchers define the same transition criterion between macro and mi-
cro for both single and two-phase flow in a channel while others distin-
guish between the two depending upon whether single or two-phase 
flow is prevalent in the channel. 

One of the several criteria proposed in the literature is an easy-to-use cri-
terion suggested by Kandlikar and Grande (2003) which the authors sug-
gested for single phase gas, liquid flows and two-phase flows as well and 
is given as follows. 

Conventional Channels: Dh >3mm 
Mini channels: 3mm ≥ Dh >200 µm 
Micro channels: 200 µm ≥ Dh >10 µm 
Transitional Channels: 10 µm ≥ Dh >0.1 µm 
Transitional Micro Channels: 10 µm ≥ Dh >1 µm 
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Transitional Nano Channels: 1 µm ≥ Dh >0.1 µm 
Molecular Nano Channels: 0.1 µm ≥ Dh  

The criteria above is not based on any physical laws but was supported 
by testing it with different studies present in the literature and was found 
to be applicable for gas and liquid single-phase flows. A similar criteria 
was suggested by Mehendale et al. (2000). They suggested the channels 
having hydraulic diameters above 6mm as conventional channels, from 
1mm to 6mm as compact heat exchangers, 100 µm to 1mm as mesoscale 
channels and 1µm to 100 µm as micro channels. 

It is known that the surface tension becomes important and the effects 
of gravity diminish as the channel size is reduced. Based on this observa-
tion, Kew and Cornwell (1997) recommended using the confinement 
number as a basis for defining the channels as macro or micro scale. 
Confinement number is defined as: 

 

According to Kew and Cornwell, for a channel having certain hydraulic 
diameter if the confinement number is greater than 0.5, the channel can 
be termed as micro scale channel otherwise it is to be called a conven-
tional channel. The basic idea behind this recommendation is that the 
confinement effects become dominant beyond certain value of hydraulic 
diameter where surface tension plays a key role in defining the channel as 
a macro or micro. Thome et al. (2004) also suggested the confined bub-
ble as the threshold to define the transition from macro to micro scale 
channel. However, there are indications based on the studies in literature 
that the confinement effects are dependent upon operating conditions as 
well. 

Laplace constant λ and Eötvös number Eo (also known as Bond number 
Bo) defined as below were also suggested and used for defining the rela-
tive importance of gravity and surface tension by Suo and Griffith (1964; 
Serizawa et al. (2002) Brauner and Maron (1992). Suo and Griffith (1964) 
defined the criterion as λ/D ≥ 3.3 while Brauner and Maron (1992) pro-
posed a criterion in terms of Eötvös number Eo for the significance of 
surface tension in determining the departure from stratified flow to vari-
ous bounded flow patterns. They proposed the criterion given as Eo ≤ 
(2π)2. 
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Harirchian and Garimella (2010) suggested another criterion based on a 
convective confinement number. The authors defined the convective 
confinement number as Bo0.5×Re and suggested a critical value of 160 
for convective confinement number below which the channel is to be 
classified as micro channel. This in fact was an attempt to capture the ef-
fects of mass flux and viscosity on confinement of flow in a micro chan-
nel together with surface tension, gravity and density. 

The literature review, however, clearly suggests a lack in any unanimous 
approach towards defining a macro or micro scale channel. Therefore, 
there is a need of comprehensively well defined and universal criteria, 
based on thermo physical properties of a fluid and operating parameters, 
to know the threshold boundaries between macro and micro scale, where 
the expected deviation of macro scale models starts appearing. However, 
in the absence of concrete criteria, the test tubes used for two-phase flow 
in this thesis are termed as micro channels as it has been observed in the 
literature that the confinement effects are already present in this range. 

2 . 2   F l o w  V i s u a l i z a t i o n  
Formation of bubbles is termed as the nucleation process and the com-
bined formation, growth and departure of a bubble is termed as ebulli-
tion cycle. Nucleation may be heterogeneous or homogeneous. In the 
former type of nucleation, the bubble formation takes place at the gas 
entrapped cavities present on a solid surface and in the latter the nuclea-
tion occurs in the liquid. In the case of homogenous nucleation, the 
bubbles are formed in the bulk liquid and relatively higher degree of su-
perheat is required. Heterogeneous nucleate boiling phenomenon is the 
most commonly encountered phenomenon characterized by the forma-
tion of vapor bubbles on a solid surface. Therefore, the bubble nuclea-
tion and surface properties of the heater surface are closely related with 
each other. The smoother the surface, the higher will be the superheat 
required to initiate the bubble nucleation. However, technical surfaces 
are never perfectly smooth instead there are always imperfections in the 
form of cavities present on the surfaces. The presence of the cavities is 
usually accompanied with some entrapped gases which greatly help to 
lower the superheat required to initiate the bubble nucleation. As the su-
perheat increases, more cavities or nucleation sites become active. It will 
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also be expected that the wetting properties of the liquid may have some 
influence on bubble nucleation as the entrainment of the gas in a cavity 
is also dependent on how well wetted is the solid surface. The less wet-
ted the solid surface is, the higher are the chances that the gas will be 
trapped in the cavities.  

A fairly good prediction of nucleate boiling heat transfer is possible by 
knowing the ebullition cycle (number of nucleation sites, bubble growth 
and departure size) and the bubble frequency. The bubble growth at the 
solid surface is controlled by different forces such as surface tension 
(acting along the contact line) which tends to keep the shape of the bub-
ble and holds the bubble on the surface while the other forces such as 
buoyancy force, drag force and inertia forces resulting from the motion 
of nearby liquid tend to pull the bubble out of the surface. The bubble is 
released as the surface tension loses hold on the bubble and other forces 
become stronger. The diameter of the bubble at the time of departure 
then shall be dictated by the force balance between theses forces.  Other 
factors affecting the bubble growth could be the thermo-physical proper-
ties of the fluid and the contact angle. Several correlations for determin-
ing the bubble departure diameter can be found in the literature such as 
one by Fritz (1935) based on the surface properties, fluid properties, op-
erating conditions and balance between different forces such as buoyan-
cy and surface tension forces.  

The bubble frequency is also related to the bubble departure diameter 
and growth rate. The relations between bubble departure diameter and 
bubble frequency have long been established for pool boiling such as 
one suggested by Zuber (1963; Ivey (1967) thereby gaining some insight 
into boiling of fluids and its relation to heat transfer. Some relations 
connecting the heat flux and the wall superheat have also been formu-
lated and discussed Gaertner and Westwater (1960; Kurihara and Myers 
(1960; Nishikawa and Yamagata (1960). From the flow boiling studies 
conducted for conventional channels it has been shown that nucleate 
boiling is characterized with formation of vapor bubbles at the active 
nucleation sites present on the heater surface (with the help of visualiza-
tion studies) and heat transfer coefficient in this region has been shown 
to be dependent on heat flux and system pressure and independent of 
vapor quality and mass flux in macro scale channels. Flow visualization 
studies in micro channels focusing on bubble behavior and it’s relation 
to boiling heat transfer are very limited in literature. 

Lee et al. (2004) performed experiments to study the bubble dynamics in 
a trapezoidal microchannel of 41.3 µm. The mass fluxes tested were 170, 
341 and 477 kg/m2 s and heat flux was in the range 2 to 449 kW/m2. 
They observed a decrease in bubble departure radius with increase in 
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heat flux but mass flux had a mixed effect. For low heat fluxes, the bub-
ble departure radius was highest while bubble departure radius at G=341 
kg/m2 s was smaller than that at G=477 kg/m2 s. Bubble frequency in-
creased with heat flux at relatively low heat fluxes, but at higher heat 
fluxes, the bubble frequency decreased while for highest mass flux the 
bubble frequency was higher than the two lower mass fluxes. 

Experimental investigation was carried out by Lie and Lin (2005; Lie and 
Lin (2006) to study the saturated and sub cooled flow boiling heat trans-
fer and bubble characteristics of R134a in narrow annular ducts having 
gap sizes of 1 mm and 2 mm (hydraulic diameters of 2 mm and 4 mm). 
The results indicated that the heat transfer coefficient increased with de-
crease in duct size while it decreased with increasing inlet sub cooling 
degree. The bubble size was observed to decrease with increasing the 
mass flux and inlet sub cooling degree. The confinement effects were al-
so observed due to limited gap size which according to the authors 
squeezed and deformed the bubbles. The increase in heat flux caused an 
increased bubble frequency, coalescence rate and bubble population. The 
bubble frequency also increased with decreasing the duct gap size due to 
increased effect of shear force at small hydraulic diameter. 

Owhaib et al. (2007) used a high speed camera to investigate bubble be-
havior in a micro channel of 1.33 mm inner diameter using R134a as 
working fluid. Mass flux was in the range 29 to 202 kg/m2 s, heat flux 
ranged from 5 to 20 kW/m2 and system pressure was 6.425 bar. Experi-
mental results indicated that as the mass flux increased, the bubble fre-
quency increased and bubble departure diameter decreased. At higher 
heat fluxes, bubbles merged to form larger bubbles. 

Huh et al. (2007) investigated the effects of elongated bubble behavior 
during flow boiling, both experimentally and numerically. Experiments 
were conducted in a rectangular, horizontal microchannel of 0.1 mm hy-
draulic diameter during flow boiling of water. The elongated bubbles 
grown from single bubbles dominated the major flow regimes and heat 
transfer mechanism. The growth of the elongated bubble was governed 
by thin film evaporation. The bubble frequency could be calculated with 
Zuber (1963) relationship of bubble frequency and diameter. 

Hsieh et al. (2008) experimentally investigated the flow boiling heat 
transfer and associated bubble characteristics of R407 in narrow annuli 
of 1mm and 2 mm gap size. Experimental conditions were: heat flux 
from 0 to 45 kW/m2, system pressure 776 to 899 kPa and mass flux 
from 300 to 600 kg/m2 s. Experimental results showed that the mean 
bubble departure diameter decreased with increase in mass flux and the 
bubble departure frequency increased with decrease in diameter. At 
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higher heat fluxes, the bubbles departing from cavities increased and 
merged with each other to form larger bubbles. 

Elongated bubble length and velocity were experimentally investigated 
by Revellin et al. (2008) for R134a flowing in a 0.5 mm  micro channel. 
Measurements were carried out at the exit of the micro evaporator. Ve-
locity of the bubbles increased linearly with the length of the bubbles up 
to a point where a plateau was observed which was explained as the 
merging point for the bubbles. Lower saturation temperature resulted in 
higher bubble length and bubble velocity. 

A detailed study of thin liquid film formed between vapor and the chan-
nel wall was carried out by Han and Shikazono (2009). They used five 
different tubes of diameters 0.3 to 1.3 mm and air, ethanol, water and 
FC-40 were used as working fluids. The authors concluded that at small 
capillary numbers, the liquid film thickness is determined by capillary 
number but as the capillary number increases the inertial effects cannot 
be neglected. 

A study of bubbly laminar two-phase flow in an open capillary channel 
was conducted by Salim et al. (2010) under micro gravity conditions. The 
channel consisted of two parallel plates of width b=25 mm and a dis-
tance of 10 mm between them. The bubbles were injected at the nozzle 
of capillary channel via six capillary tubes of 100 µm inner diameter. The 
mean bubble velocities were measured by processing the images ob-
tained and the mean velocities were found to be directly proportional to 
the mixture velocity. The bubble size was also observed to increase along 
the channel due to coalescence. 

 The literature survey conducted for micro tubes focusing on the studies 
of bubble dynamics shows that a very limited data bank is available as 
compared to conventional channels. Looking at the importance of visua-
lization studies in understanding the phase changing process in channel 
flows, more visualization studies in microchannels are certainly required 
to enrich the knowledge of two-phase flow.  
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2 . 3  F l o w  P a t t e r n s  a n d  F l o w  P a t t e r n  M a p s  
Gas-liquid two-phase flow in a system can exhibit different patterns de-
pending upon the system (or geometric) boundaries. Different geometric 
configurations and orientations have been studied for flow patterns in 
conventional channels and most common of those being vertical and ho-
rizontal tubes. Discrepancies exist among the researchers in identifica-
tion of flow patterns and about 100 different flow pattern names have 
been used in the literature Whalley (1987) and most of which are merely 
alternative names for the similar flow patterns. According to Whalley 
(1987) the minimum number of flow patterns in a gas-liquid two-phase 
flow which can ‘sensibly’ be defined in vertical up flow and horizontal 
orientations are shown in Figure 2.1 and Figure 2.2 respectively. Flow 
patterns usually depend upon several factors such as channel orientation, 
operating parameters, fluid thermo-physical properties and surface prop-
erties. In the case of vaporization and condensation, the vapor quality 
along the channel changes and so do the flow patterns. These changing 
flow patterns are usually presented on two-dimensional graphs called the 
flow pattern maps. The flow pattern maps can be plots between mass 
flux and vapor quality or plots between superficial liquid and vapor ve-
locities or any other suitable dimensional or non-dimensional numbers. 
Superficial liquid and vapor velocities which are more often used in flow 
pattern maps are defined by the following equations: 

 

 

One of the most widely believed causes of deviation of gas-liquid two-
phase flow behavior in micro channels from that of conventional scale 
channels is due to the confinement of vapor bubbles which consequently 
results in difference of flow patterns occurring during the flow. Flow 
pattern studies will greatly help in understanding the complex interaction 
of liquid and vapor phases occurring in two-phase macro and micro 
channels. 
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Figure 2.1 Flow patterns in a conventional vertical tube for upward 
flow Whalley (1987) 

 

 

 

Figure 2.2 Flow patterns in a conventional Horizontal tube flow 
Whalley (1987) 
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One of the earliest studies was conducted by Suo (1963) to investigate 
the flow patterns in capillary tubes of 0.5 to 0.7 mm. Different combina-
tions of liquid-vapor were used during the experiments with water, n-
heptane and n-octane as liquids and helium, air and nitrogen as gases. 
The photographs were taken with a Polaroid camera. The author pre-
sented transition from bubbly to slug and from slug to annular flows by 
using the method of dimensional analysis and based on some physical 
reasoning. The authors concluded that the surface tension was an impor-
tant parameter controlling the flow patterns evolved.  

A flow pattern study was conducted with air-water two-phase flow by 
Damianides and Westwater (1988) in which they used horizontal tubes 
of hydraulic diameter 1 mm to 5 mm.  The flow patterns observed dur-
ing the experiments were: bubbly, slug, dispersed droplet and annular. 
They obtained a flow regime map and also suggested the surface tension 
as an important parameter for lower diameters than 5 mm. The bubbly-
slug transition in their flow map was predicted by the Taitel and Dukler 
(1976) while the other transition boundaries were not predicted. 

Triplett et al. (1999) experimentally investigated the flow patterns of air-
water flow in circular channels with diameters of 1.1 mm and 1.45 mm 
and semi triangular channels with diameters of 1.09 mm and 1.49 mm. 
The liquid superficial velocity was in the range 0.02-8 m/s and the gas 
superficial velocity was in the range 0.02-80 m/s. Five distinct flow pat-
terns were recorded for both the microchannel diameters which were: 
bubbly, slug, slug-annular, churn and annular. The experimental data was 
observed to be matching with similar studies performed by Damianides 
and Westwater (1988) and Fukano and Kariyasaki (1993), with slight dis-
crepancies mainly attributable to difficulties in identification of flow pat-
terns. The flow pattern map was compared with the models and correla-
tions available in the literature with generally poor agreement. 

Air-water two-phase flow pattern visualization experiments were con-
ducted by Fukano and Kariyasaki (1993), Mishima and Hibiki (1996), Xu 
et al. (1999), Chung and Kawaji (2004). Bubbly, slug and annular flows 
were observed in the experiments as major flow patterns among other 
sub categories and channel size was concluded to have significant effect 
on transition boundaries of different flow patterns. Surface tension was 
noted to be important e.g. in Fukano and Kariyasaki (1993; Coleman and 
Garimella (1999). Chung and Kawaji (2004) observed different behav-
iour for smaller channels from 50 to 100 µm. 

Huo et al. (2004) performed experiments to study flow patterns and flow 
boiling heat transfer of R134a in small diameter tubes of 2 mm and 4.26 
mm. The experimental operating conditions were: G=100 kg/m2 s to 
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G=500 kg/m2 s, system pressure 8-12 bar, heat flux from 13 to 150 
kW/m2 and vapor quality up to 0.9. The flow patterns were also record-
ed using high speed digital camera and it was found that the flow pat-
terns were the same for the two diameters but the transition boundaries 
of slug to churn and churn to annular flow patterns shifted to higher gas 
velocities as the diameter reduced. They presented the flow maps for the 
4.26 mm diameter and the 2.01 mm. The transition lines for the 4.26 mm 
diameter tube were compared with Taitel (1990) model and Mishima and 
Ishii (1984) model with poor match between the experimental and pre-
dicted transition lines.  

In Fu et al. (2008) flow patterns were studied during flow boiling of liq-
uid nitrogen in a vertical mini channel of 1.93 mm inner diameter. The 
test conditions were: mass flux G=26- 906 kg/m2 s, vapor quality 
x=0.001-0.91 and pressure p=1.12-2.96 bar.  Bubbly, slug, churn and 
annular flow patterns were observed during the tests together with some 
interesting phenomena of liquid entrainment and deposition. Flow rever-
sal, usually found in parallel microchannels was also observed in their 
single channel study. The authors observed that the bubbly flow was not 
stable and did not prevail long and was converted to elongated bubble 
and slug flow patterns. The annular flow pattern was the dominant and 
was the only flow pattern observed above a vapor quality of 0.15 for all 
the mass fluxes tested. Flow maps were presented in different coordi-
nates such as mass flux and vapor quality, Weber number and superficial 
liquid and gas velocities. 

More recently, flow visualization studies were conducted by Martin-
Callizo et al. (2010) in a vertical circular channel having internal diameter 
of 1.33 mm and R134a was used as working fluid. The experimental op-
erating conditions were: System pressure 7.70 and 8.87 bar, heat flux 5-
45 kW/m2, mass flux 100-500 kg/m2 s, inlet sub cooling degree 3 to 8 
°C and vapor quality -0.05 to 0.97. Seven distinct low patterns were iden-
tified as: bubbly, elongated bubble, slug, churn, slug-annular, annular and 
mist flow. Experimental flow pattern maps were presented in the form 
of mass flux versus vapor quality and superficial gas and liquid velocities. 
The effect of system pressure and inlet sub cooling on flow pattern tran-
sition were discussed. Higher saturation pressure shifted the transition 
boundaries to higher vapor qualities. Experimentally obtained flow pat-
tern maps were compared with existing macro and micro scale methods, 
such as Taitel et al. (1980) and Triplett et al. (1999), with poor agree-
ment. However, the transition lines of intermittent and non intermittent 
flow patterns were predicted surprisingly well with flow map of Garimel-
la et al. (2002), basically developed for condensation process. 
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A literature review concerning the flow patterns and flow pattern maps 
has been presented in this section and some studies are also presented in 
Table 2-1. The following observations can be made based on the litera-
ture review: 

The relative importance of surface tension increases and that of gravity 
decreases as the channel size is reduced. 

Definitions for flow patterns do not fully agree. Most common and 
agreed flow patterns are bubbly, slug and annular. Sub categories of 
these flow patterns also exist. 

Most of the studies employ air-water as working medium and are for 
adiabatic conditions. Therefore, a lack of flow pattern studies with other 
fluids of interest such as refrigerants is clearly felt. 

Flow pattern transition lines in microchannels are not predicted well by 
existing models and flow pattern maps developed for conventional 
channels. 
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Table 2-1 Previous flow pattern studies in micro channels 

Author(s) & 
Ref 

Fluid  Dh [mm]  q” 
[kW/m2]  

G [kg/m2s]  Tsat [°C]  Adiabatic/Diabetic  Remarks 

        

Cornwell and 
Kew (1992) 

R113  Two multiport 
channels of 

1.2×0.9mm and 
3.25×1.1mm  

3-33  124-627  -  Diabatic Flow patterns observed included isolated bubble, confined bubble and slug-
annular. Isolated bubble regime was nucleate boiling dominant, heat flux 

was less important in confined bubble and slug-annular regime was convec-
tion dominant. Also reported that flow was unstable at low flow rate condi-

tions. 
Coleman and 
Garimella 
(1999) 

Air-water  1.3 to 5 mm round 
and rectangular  

-  0.1-100m/s 
gas velocity 
and 0.01-
10m/s liq-
uid velocity  

-  Adiabatic  The flow patterns observed during experiments included the bubble, elon-
gated bubble, slug, stratified wavy, wavy annular, dispersed and annular. The 

smooth stratified was not observed for any of the diameters tested while 
stratified wavy was not observed for diameters less than 5.50 mm. 

Yang and Shieh 
(2001) 

Air-water & 
R-134a  

1 to 3  -  300 to 
1600 for 
R134a  

30 for 
R134a 

Adiabatic  Air-water results agreed with previous work but with R134a transition from 
slug to annular boundary shifts to lower values of gas velocity. They con-
cluded that surface tension is important parameter for flow pattern transi-
tion with decreasing diameter. No model predicts flow pattern transitions. 

Kawahara et al. 
(2002) 

Nitrogen-
water  

0.1  -  -  -  Adiabatic  Flow patterns observed were intermittent and semi-annular. Bubbly and 
churn flow were not observed.  A serpentine-like gas core with deformed 
liquid film was observed. Differences were observed with existing flow 

maps but not discussed.  
Hetsroni et al. 
(2003) 

Air-water and 
Steam-water  

15×15, triangular 
Multi-channels  

51-500  - Atmos-
pheric  

Adiabatic and Dia-
batic  

For air-water, bubbly, slug and annular flow patterns were observed. Flow 
reversal was observed in case of steam-water flow. Different behaviour of 

steam-water flow was observed in comparison to air-water flow. 
Nino et al. 
(2003) 

R134a  1.5, Multichannel  -  50-300  -  Adiabatic  Flow visualizations revealed that different flow configurations may exist at 
maintained flow and quality conditions in parallel microchannels. Stratified, 
dispersed flow and annular mist flow pattern were not observed. 

Chen et al. 
(2005) 

R-134a  1.10 to 4.26  -  -  21, 39 and 
52  

Diabetic  Flow patterns were observed from the Pyrex glass tube located at the exit of 
the steel test tube. Flow patterns observed were: bubbly, dispersed bubble, 

confined bubble, slug, churn, annular and mist. Slug-churn and churn-
annular transition boundaries are diameter and pressure dependent. Poor 

agreement was found with existing flow maps.  
Revellin et al. 
(2006) 

R-134a  0.5  3.7-
129.7  

350-2000  30  Diabetic  Flow patterns observed were bubbly, slug, semi-annular and annular at the 
exit of the test tube. Flow patterns did not compare well with macro and 
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micro scale flow maps.  

Ide et al. (2007) Air-water  1, 2.4 and 4.9  -  -  -  Adiabatic  Flow separation was not found and hence flow direction was observed to 
have small effect on flow patterns. Flow patterns become axisymmetric and 

liquid film becomes uniform. Rectangular channels were also tested. 
Megahed and 
Hassan (2009) 

FC-72 0.276×0.225 rec-
tangular Mul-

tichannels 

60.4-
130.6 

341-531  Diabatic Flow patterns observed were: bubbly, slug and annular. Flow maps were not 
presented and compared. 

Ong and 
Thome (2009) 

R-134a, 
R236a, 
R245fa  

1.030  2.3-250  100-2000  29,31and 
33  

Adiabatic  Flow patterns observed were: Bubbly, elongated bubble, slug, churn annular 
and mist flow. The flow pattern agreed with Revellin and Thome obtained 

for same fluid and tube diameters of 0.5 and 0.79 mm. 
Arcanjo et al. 
(2010) 

R134a, 
R245fa 

2.32 - 50-600 22,31 and 
41 

 Flow patterns were recorded through a glass tube placed at the exit of the 
test section. Flow patterns observed were: bubbly, elongated bubble, slug, 
churn and annular. Ong and Thome (2009) and Felcar et al. (2007) flow 

maps predict their data reasonably well. 
Saisorn and 
Wongwises 
(2010) 

Air-water 0.15, 0.22 and 0.53 - - - Adiabatic Flow pattern observed are slug, throat-annular, churn, annular-rivulet, annu-
lar. Additionally for 0.15 mm tube, the serpentine-like gas core flow and liq-
uid-alone flow were observed. Transition criteria by Garimella et al. (2002) 

predicts the transion boundary of intermittent and non-intermittent regimes. 
Partial agreement was also found with Revellin and Thome (2007) flow pat-

tern map. 
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2 . 4  F l o w  B o i l i n g  H e a t  T r a n s f e r  
Flow boiling has been investigated since long, as early as 1950s, to un-
derstand the basic phenomena involved in the boiling process. The boil-
ing of a fluid is associated with the formation of bubbles and is characte-
rized by higher heat transfer rates at relatively uniform temperatures and 
small temperature differences as compared to single-phase liquid flows. 
Boiling may take place in a situation when the fluid is still i.e. not moved 
with external means, or it may occur when the fluid is set to motion by 
external means such as circulation of a fluid by a pump. The former type 
is called pool boiling and the latter flow boiling and may exist in the 
form of sub cooled or saturated boiling. In the case of sub cooled flow 
boiling the bulk of the liquid is below saturation and bubbles formed at 
the solid surface collapse in the sub cooled liquid thereby transferring 
their latent heat to the liquid. In saturated flow boiling, the bulk liquid is 
maintained at saturation state. The wall is at a higher temperature than 
saturation in both types of processes. The surface properties such as sur-
face roughness play an important role in both pool boiling as well as in 
flow boiling. The basic knowledge of boiling has been augmented with 
the understanding obtained from pool boiling. Pool boiling helped in 
understanding different mechanisms during phase change and based on 
this knowledge, different boiling mechanisms such as nucleate boiling, 
transitional boiling and film boiling have been identified. These different 
regimes can be seen in a pool boiling curve produced in many heat trans-
fer books such as in Holman (1992).  

Based on the knowledge gained from flow boiling in conventional chan-
nels, it is generally believed that there are two contributions in boiling 
process, one is from nucleate boiling characterized by the nucleation of 
bubbles and the other is convective boiling where a thin liquid film exists 
between the wall and the vapor and the evaporation takes place at the 
liquid-vapor interface. Different flow boiling heat transfer prediction 
correlations and models for conventional channels are based on the gen-
erally agreed idea of relative importance of the two mechanisms; nucleate 
boiling and convective boiling. The heat transfer models for predicting 
the local heat transfer coefficient can be classified into three main groups 
as enhancement models, superposition models and asymptotic models. 
Correlations for predicting the average heat transfer coefficient also ex-
ist. Many models and correlations for predicting local and average heat 
transfer coefficients in macro and micro channels can be found in Watel 
(2003; Owhaib (2007).  
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The two-phase flow in micro channels has not been investigated exten-
sively and is relatively a developing filed. The investigations performed 
thus far reveal that the two-phase flow is affected by confinement effects 
present mainly due to reduction in channel size. Therefore, the two-
phase studies in micro channels were initiated to investigate the underly-
ing phenomena responsible for deviations from macro scale models. A 
brief overview of flow boiling heat transfer in micro channels is pre-
sented below. 

One of the early studies concerning two-phase flow in small diameter 
tubes was conducted by Lazarek and Black (1982). They used a vertical 
circular tube of 3.1 mm internal diameter and two heated lengths of 126 
mm and 246 mm to measure the two-phase heat transfer, pressure drop 
and critical heat flux. The refrigerant used in the experiments was R113. 
The experimental conditions included: a mass flux range of 125 kg/m2 s 
to 750 kg/m2 s, heat flux from 14-380 kW/m2 and inlet sub cooling 
from 3 to 73 ºC. The experimental results indicated that the saturated 
boiling heat transfer coefficient increased with heat flux and was inde-
pendent upon vapour quality. The authors concluded from the results 
that the nucleate boiling mechanism was dominant during the tests and 
convective heat transfer mechanism was not found to be important in 
the experimental range covered. The authors used their 728 saturated 
flow boiling data points to obtain a curve fit and suggested the following 
correlation for predicting the flow boiling heat transfer coefficient. 

 

Wambsganss et al. (1993) reported similar nucleate boiling dominated re-
sults as Lazarek and Black (1982) for a 2.92 mm diameter tube. They 
used the flow pattern map of Damianides and Westwater (1988) ob-
tained for a 3 mm inner diameter tube and identified the slug flow pat-
tern up to vapour qualities of about 0.6 to 0.8 and concluded that the 
slug flow pattern with thick liquid film and high boiling number cause 
the nucleate boiling dominant heat transfer mechanism. The authors 
tested the applicability of several correlations taken from the literature. 
The flow boiling correlation of Lazarek & Black (1982) and the pool 
boiling correlation by Stephan and Abdelsalam (1980) predicted their ex-
perimental data well. The Liu and Winterton (1988) and the Jung and 
Radermacher (1991) correlations were next after the Lazarek & Black 
and Stephan & Abdelsalam correlations. 

Kew and Cornwell (1997) experimentally studied the flow boiling heat 
transfer coefficient in small diameter tubes. They tested different diame-
ter tubes ranging from 1.39 to 3.69 mm having fixed heated length of 
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500 mm and used R141b as working fluid. Their experimental results in-
dicated that the tubes with diameter of 3.69 and 2.87 mm behaved in a 
similar fashion as conventional channels and the heat transfer coefficient 
was a function of heat flux at low vapour qualities and at higher vapour 
qualities the heat transfer coefficient increased with vapour quality and 
was essentially independent of heat flux. They observed different behav-
iour of the small 1.39 mm diameter tube compared to the other tubes. 
They observed that for a higher mass flux (G=1480 kg/m2 s) the heat 
transfer coefficient in this tube decreased rapidly with increase in vapour 
quality while this behaviour was not found for low mass flux (G=478 
kg/m2 s). They concluded that local dryout occurred for the small diame-
ter tube. The correlations available in the literature performed poorly es-
pecially for the smaller diameter tubes having confinement number of 
0.5 and above. 

Kureta et al. (1998) experimentally investigated the flow boiling heat 
transfer and pressure drop of water in small diameter tubes and conven-
tional diameter tubes. The diameter ranged from 6 mm down to 2 mm 
and the heated length from 4 mm to 680 mm. During the experiments, 
mass flux was varied from 100 to 10170 kg/m2 s, the inlet sub cooling 
from 70 to 90 K and the maximum heat flux achieved was 33 MW/m2. 
The heat transfer coefficient was observed to increase with local quality 
in sub cooled region. The dependence on vapour quality diminished at a 
local vapour quality below zero and slightly higher than zero. A local 
peak was found in heat transfer after that the heat transfer coefficient in-
creased monotonically with quality which was attributed to vaporization 
of a thin liquid film and higher vapour velocity. Surprisingly, they found 
higher heat transfer coefficients for the 6 mm diameter tube than that for 
the 2 mm diameter tube. This was attributed to the suppression of nu-
cleate boiling heat transfer and the fact that flow was laminar in the 
smaller diameter tube. 

Warrier et al. (2002) studied the flow boiling heat transfer and pressure 
drop of FC-84 in narrow aluminium rectangular parallel channels having 
hydraulic diameters of 0.75 mm. The range of heat flux and mass flux 
was not clearly stated but the results presented in the paper are for a heat 
flux up to 4.5 W/cm2 and mass flux of 557 to 603 kg/m2 s. Their results 
indicated that the heat transfer coefficient decreased monotonically with 
increase in vapour quality for all the cases. The deterioration of heat 
transfer was attributed to a dryout region occurring under the bubble. 
They examined different correlations taken from literature for predicting 
their experimental data but with poor agreement and found that most of 
the correlations were over predicting their experimental data. 
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Owhaib et al. (2004a) investigated the heat transfer of R134a during flow 
boiling in vertical channels of diameters 1.70, 1.224 and 0.826 mm and a 
fixed heating length of 220 mm. The heat flux was in the range 3 to 
34kW/m2, mass flux 50 to 400 kg/m2 s, system pressures 8.626 and 
6,458 bar and vapour qualities up to slightly above 0.6. Their results indi-
cated that heat the transfer coefficient was a strong function of heat flux 
and was only weakly dependent on mass flux and vapour quality up to 
vapour qualities of about 0.6 above which the heat transfer coefficient 
decreased. The authors explained the decrease in heat transfer coefficient 
by the phenomenon of partial dryout. They obtained higher heat transfer 
coefficient for a smaller diameter tube. 

Sobierska et al. (2006) performed experiments for flow boiling of water 
in a rectangular vertical micro channel of 1.2 mm hydraulic diameter. 
Mass flux was varied from 50 to 1000 kg/m2 s, heat flux up to 100 
kW/m2 and inlet sub cooling from 2 to 20 degrees. Heat transfer coeffi-
cient decreased with increase in vapour quality and was influenced with 
both heat and mass flux. The authors, based on their visualization re-
sults, observed no nucleation occurring at comparatively higher vapour 
qualities.  

Harirchian and Garimella (2008) used rectangular micro channels of 
widths ranging from 100 to 5850 µm and a depth of 400 µm. They used 
FC-77 as the working fluid and the experiments were performed for a 
mass flux range of 250 to 1600 kg/m2 s, the heat flux range is not spe-
cifically mentioned but from experimental data maximum limit is ap-
proximately 650kW/m2. They observed that nucleate boiling was present 
at low heat fluxes and the heat transfer coefficient was dependent upon 
heat flux. However, at higher heat fluxes the convective mechanism was 
found to be the dominating contributor to the heat transfer coefficient. 
At higher heat fluxes a decrease in heat transfer coefficient was also ob-
served and was attributed to partial dryout. The authors observed that 
heat transfer was independent of channel width for channel widths of 
400 µm and higher. For 250 µm channel the heat transfer coefficients 
were lower than larger channels. They compared the experimental results 
with predictions from several correlations, including pool boiling and 
flow boiling correlations, from literature and found that the pool boiling 
correlation by Cooper (1984) best predicted their data among all the cor-
relations considered. 

A literature survey for flow boiling heat transfer in micro channels has 
been conducted and a few of these studies are also listed in Table 2-2. 
For several tube diameters, many working fluids and a wide range of op-
erating parameters the results can be summarized as follows: 
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Different mechanisms have been found to be controlling the heat, for 
example it has been shown by Lazarek and Black (1982; Wambsganss et 
al. (1993; Tran et al. (1996; Bao et al. (2000; Huh and Kim (2007) that 
the nucleate boiling heat transfer mechanism dominated for most of the 
experimental conditions. Contrarily, other studies Kureta et al. (1998; Oh 
et al. (1998; Lee and Lee (2001; Sumith et al. (2003; Kuznetsov and Sha-
mirzaev (2007; Madrid et al. (2007) show that the heat transfer was main-
ly due to forced convective evaporation of thin liquid film between the 
wall and the vapor core. In some studies Owhaib et al. (2004a; Saitoh et 
al. (2005; Bertsch et al. (2009) the nucleate boiling dominated for a cer-
tain vapor quality range and beyond that the heat transfer coefficient de-
creased with increase in vapor quality. Interestingly, studies by Raviguru-
rajan (1998; Warrier et al. (2002; Yen et al. (2003; Steinke and Kandlikar 
(2004; Yen et al. (2006) show that the heat transfer coefficient decreased 
with increase in vapor quality even from the beginning of the boiling 
process i.e. decrement in the heat transfer coefficient starts from very 
low vapor qualities. Kew & Cornwell also observed that the heat transfer 
coefficient decreased rapidly with increasing quality and was essentially 
independent of heat flux for a tube diameter of 1.39 mm and a mass flux 
of 1489 kg/m2 s. The effect of channel dimensions has also been 
checked in a few studies and an increase in heat transfer coefficient is 
observed with decrease in hydraulic diameter in Owhaib et al. (2004a; 
Saitoh et al. (2005; Hsieh et al. (2008) and a reverse trend is found in Ku-
reta et al. (1998; Harirchian and Garimella (2008). Partial dryout has also 
been found to exist in microchannels e.g. in Kew and Cornwell (1997; 
Warrier et al. (2002; Owhaib et al. (2004a; Saitoh et al. (2005; Harirchian 
and Garimella (2008). Interestingly, the study by Saitoh et al. (2005) 
clearly indicated that the dryout occurred at lower vapor qualities when 
the channel diameter was reduced. Notably, results from an experimental 
study by Sobierska et al. (2006) showed a mechanism similar to nucleate 
boiling but no nucleation was seen to occur from visual observations. 

Based on the literature review conducted, it is clear that the experimental 
results for flow boiling heat transfer coefficient in microchannels are in-
conclusive and are found to have different trends.  Therefore, more ex-
periments and investigations in this area are certainly needed to clarify 
further the behavior of boiling fluids in small diameter channels.    
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Table 2-2 Previous flow boiling heat transfer studies for micro channels 

Author(s) & 
Ref 

Fluid  Dimensions/Dh 
[mm]  

q” 
[kW/m2]  

G 
[kg/m2s]/other  

Psat/Tsat [°C]  Geometry/Orientation  Remarks 

 Tran et al. 
(1996) 

R12, 
R113  

2.46, 2.40 and 
2.92 

3.6-129  44-832  - Circular and Rectangular  The heat transfer coefficient was observed to be only dependent on heat 
flux and fairly independent of vapour quality and mass flux. This made 

authors conclude that the nucleate boiling was the controlling mechanism 
during the heat transfer process. A correlation was also recommended by 

the authors for calculating heat transfer coefficient. 
Oh et al. 
(1998) 

R134a  2, 1 and 0.75 10 to 20 240-720  4 bar Circular, Horizontal  Heat transfer coefficient for 0.75 mm tube increased linearly with vapour 
quality from very low vapour qualities up to 0.6. For larger tube diame-

ters the heat transfer coefficient increment was small at low vapour quali-
ties up to 0.3 and then increased up to vapour qualities of about 0.9 and 

then decreased which was attributed to dryout.    
Bao et al. 
(2000) 

R11, 
R123  

1.95 5-200 50-1800  200-500 kPa Circular, Horizontal  The dominant heat transfer mechanism was concluded to be nucleate 
boiling where mass flux and vapour quality had relatively low impact on 

heat transfer coefficient. The correlations tested did not predict the 
whole range of their data.  

Lee and Lee 
(2001) 

R113  0.4 to 2 mm gap 
size 

Up to 15 50-200  - Rectangular, Horizontal  The heat transfer coefficient and pressure drop were measured. The heat 
transfer coefficient increased with mass flux and vapour quality and heat 
flux was of minor important. For the smallest tube the thin film evapora-

tion was concluded to be the dominant heat transfer mechanism. For 
higher flow rate conditions, the Kandlikar correlation predicts the data 

with a mean deviation of 10.7%.  
 Sumith et al. 
(2003) 

Water  1.45  10-715 23.4-152.7  Atmoshpheric 
pressure  

Circular, vertical  Slug-annular and annular were the dominant flow patterns during the 
tests. The correlations from literature under predicted their data. Vapour 
Reynolds number dependence of heat transfer coefficient was found for 
Reg> 2000 while below this value Reg had negligible effect on heat trans-

fer coefficient.  
Sumith et al. 
(2003) 

Water  1.45  10-715 23.4-152.7  Atmoshpheric 
pressure  

Circular, vertical  Slug-annular and annular were the dominant flow patterns during the 
tests. The correlations from literature under predicted their data. Vapour 
Reynolds number dependence of heat transfer coefficient was found for 
Reg> 2000 while below this value Reg had negligible effect on heat trans-

fer coefficient.  
Yen et al. 
(2003) 

R123, 
FC-72  

0.19, 0.3 and 0.51   7-27  50-300 Atmospheric 
pressure at exit 

Circular  Mass and heat fluxes are not specifically mentioned but have been de-
duced from the data in the paper. In saturated boiling regime, the heat 

transfer coefficient decreased with increase in vapour quality but was in-
dependent of mass flux.  
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Steinke and 
Kandlikar 
(2004) 

Water  0.207  5-930  157-1782  Atmospheric 
pressure at exit 

 Heat transfer coefficient decreased with increase in vapour quality and 
heat flux dependency was also found for lowest mass flux tested. Flow 
patterns were recorded; flow reversal and dryout were also visualized. 

Kuznetsov 
and Shamirza-
ev (2007) 

R21 1.6×6  Up to 40  50 and 215  1.5 to 2.4 bar  Rectangular/Vertical  Convective boiling dominated for G=215 kg/m2 s and for this mass flux 
and q”=6 kW/m2, the degradation in heat transfer coefficient was not 
observed up to vapour quality of 0.97. The data was not predicted by 

correlations in general except from modified form of Cooper correlation 
and Kandlikar & Balasubramanian correlation which predicted values up 

to vapour quality of 0.5.  
Huh and Kim 
(2007) 

Water 0.1  200-500  90-267  -  Rectangular  Flow patterns were also observed. Nucleate boiling was the dominant 
heat transfer mechanism; however, the flow pattern observed was very 

long slug and semi-annular flow. Correlations by Chen, Shah, Kandlikar, 
Gungor-Winterton and Liu-Winterton were tested for predictions with 

mostly over prediction and poor agreement. 
Madrid et al. 
(2007) 

HFE-
7100 

0.840 1.0490-
6.156  

69-194  61 ºC  Rectangular/Vertical 
Multichannels  

Heat flux was observed to have no effect on heat transfer coefficient 
hence; the authors concluded the convective boiling to be the dominant 
heat transfer mechanism. Heat transfer coefficient deteriorated at higher 
vapour quality which was attributed to dryout. Dryout was said to be de-

pendent on superficial velocity of two-phase fluid in the experiments. 
Bertsch et al. 
(2009) 

R134a, 
R245fa 

1.09 and 0.54  0-220  20-350  8 to 30 ºC  Rectangular  Nucleate boiling was concluded to be the dominant mechanism. At 
higher vapour qualities the heat transfer coefficient decrease with in-

crease in vapour quality. Flow boiling heat transfer coefficient for R134a 
was higher than R145fa. Heat transfer increased with decrease in hydrau-

lic diameter.  
Tibiriçá and 
Ribatski 
(2010) 

R134a, 
R245fa 

2.3  5-55  50-700  22,31 and 41 ºC  Circular/Horizontal Heat transfer coefficient was found to be a function of heat flux, mass 
flux and vapour quality. Ten correlations from literature were used to 

compare with experimental data. Liu-Winterton, Saitoh et al. and Zhang 
et al. worked best for their data for all data. 
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2 . 5  D r y o u t  
Critical heat flux (CHF) during the boiling process represents the situa-
tion when liquid deficiency occurs at the heater surface. Usually this is a 
consequence of either vapor blanketing on the heater surface or com-
plete dryout of the liquid film at the channel wall. The situations where 
CHF occurs, pose a serious challenge for the designers of heat exchange 
devices as the CHF has to be avoided for the safe and effective opera-
tion of the heat exchange device and the device being cooled. Two dif-
ferent mechanisms usually lead to CHF condition, termed as departure 
from nucleate boiling (DNB) and dryout. At relatively higher inlet sub 
cooling and low vapor quality conditions where normally the nucleate 
boiling is the dominant heat transfer mechanism; the CHF is reached at 
high heat flux through DNB and is characterized by wall temperature 
excursion and burn out of the heater surface. Dryout occurs at compara-
tively higher vapor fractions when the annular flow is usually prevalent in 
the channel and a liquid film is formed between the vapor core and hea-
ter surface and convective boiling is the dominant heat transfer mechan-
ism. Dryout of the liquid film usually occurs due to complete evapora-
tion of the liquid film but may also be prompted due to the effects of 
liquid entrainment and deposition. Dryout can also be reached also at 
low heat flux and is characterized by wall temperature fluctuations and 
deterioration of heat transfer.   

Dryout type CHF is the focus of the current thesis. Dryout or CHF de-
fines an upper or critical limit for the safe and efficient operation of the 
heat exchange devices. Practically, the heat exchange devices are operat-
ed below this critical limit as serious temperature excursions result due to 
deterioration of heat transfer. In case of micro channels, the heat transfer 
is deteriorated at the onset of dryout i.e. below dryout point, where the 
fluctuations in wall temperature start appearing. In applications where 
the uniformity of wall temperature is a key issue such as in cooling of 
electronics, the onset of dryout is very important to be known which 
otherwise can give rise to what is called the local hot spots and might 
cause failure of the electronic components. Dryout during flow boiling in 
micro channels is, therefore, a critical issue to be understood before the 
utilization of micro heat exchange devices starts in demanding situations 
such as in high heat flux cooling applications as also suggested in many 
reviews and critical studies on CHF in micro channels. 

Bergles (1962) was probably among first few researchers to conduct 
forced convective and burn out experiments in small diameter tubes 
ranging from less than a mm to approximately 4.5 mm diameter tubes 
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using water as working fluid. Direct heating of the test section was 
adopted for all the tests. The burn out was observed to start always at 
the exit of the test tube. The author observed an increase in burn out 
heat flux with decrease in diameter. It was further observed that at high 
sub cooling conditions, the burn out heat flux decreased with decrease in 
sub cooling degree. Due to system limitations, the effect of pressure was 
not studied and the exit pressure was fixed at 15.5 psi for all the tests. 
Burn out flux was observed to be inversely related to L/D ratio. 

Lazarek and Black (1982) investigated CHF in a 3.1 mm diameter tube, 
the experimental details for which have already been given in section 2.4. 
They presented a temperature profile obtained close to the exit of the 
test section where oscillations due to intermittent rewetting of the tube 
wall were observed. The dryout type CHF conditions were observed to 
occur always from the exit of the tube. The authors proposed a correla-
tion to predict the critical quality at which CHF conditions would be 
reached. 

Bowers and Mudawar (1994) measured CHF and two-phase pressure 
drop in mini and micro channels of diameters 2.54 mm and 0.510 mm 
respectively using R113 as working fluid. The experiments were per-
formed at a pressure of 1.38 bar, at inlet sub cooling from 10 to 32 ºC 
and mass flow rate from 19 to 95 ml/min. For the low flow rates tested, 
the authors did not find any dependency on inlet sub cooling. Interes-
tingly, superheated exit conditions were observed for the lowest mass 
flow rate tested. Higher CHF values were achieved when using a micro 
channel. Later, Qu and Mudawar (2004) investigated CHF in parallel mi-
crochannels and found that CHF increased with mass velocity. Based on 
their data and data from Bowers and Mudawar (1994) they presented a 
CHF correlation for micro channels. 

Inasaka and Nariai (1992) and Celata et al. (1995) carried out sub cooled 
CHF experiments mainly for fusion reactor component cooling. They 
found an increasing trend of CHF with mass velocity, as expected and 
found that CHF also increased with inlet sub cooling. However, the ef-
fect of pressure on CHF was negligible at least compared to the effect of 
inlet sub cooling and mass velocity. 

Sumith et al. (2003) performed experiments to measure the flow boiling 
heat transfer and CHF in a vertical channel of 1.45 mm inner diameter 
and further experimental details are given in Table 2-2. They observed 
that near the CHF conditions the wall temperature close to the exit oscil-
lated with a period of 10 second or longer. The authors attributed these 
fluctuations in wall temperature to the intermittent rewetting of the tube 
wall. The dryout vapor quality varied from 0.5 to 0.7 depending on the 
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mass flux. Moreover, they observed that the CHF conditions always was 
initiated close to the exit of the tube. The Katto (1980) captured the 
trend but over predicted the data by 20%. 

Kosar and Peles (2007) presented experimentally obtained CHF charac-
teristics of R123 in parallel rectangular microchannels, 0.2 mm wide and 
0.264 mm deep. Experimental conditions were: mass flux 291-1118 
kg/m2 s, system pressure 227-520 kPa, heat flux 53-196 W/cm2. Flow 
patterns obtained during their experiments revealed that CHF was 
reached through dryout of the liquid film during the annular flow of the 
refrigerant. Increased heat flux caused complete evaporation of the liquid 
film which was thicker at relatively lower heat fluxes. CHF increased 
with mass flux and decreased with exit quality at which CHF occurred. 
The effect of system pressure was complex and CHF first increased to a 
maximum with increase in system pressure and then decreased. Correla-
tions by Katto and Ohno (1984) and Shah (1987) provided better predic-
tions of the experimental data as compared to micro channel correlations 
by Kosar et al. (2005), Bowers and Mudawar (1994) and Qu and Muda-
war (2004). However, none of the correlations predicted the variation in 
CHF with pressure. Therefore, a new CHF correlation was proposed ac-
counting for the system pressure increment. 

CHF studies just reviewed and some studies presented in Table 2-3 show 
almost a similar trend with respect to variation of mass flux but the ef-
fects of tube diameter, inlet sub cooling, vapor quality and system pres-
sure on CHF are not clear and different trends are found in different 
studies. For example, the dryout/CHF increases almost linearly with 
mass flux as found in the studies by Inasaka and Nariai (1992; Celata et 
al. (1995; Kuan and Kandlikar (2006; Wojtan et al. (2006; Kosar and Pe-
les (2007; Martin-Callizo et al. (2008). The quality at dryout decreased 
with increase in heat flux Bowers and Mudawar (1994; Kuan and Kand-
likar (2006; Kosar and Peles (2007) but a more complex relationship of 
CHF and vapour quality was obtained by Roday and Jensen (2009) 
where CHF first decrease with vapour quality in sub cooled region and 
increased with increase in vapour quality in saturated condition. The ex-
periments by Lazarek and Black (1982; Sumith et al. (2003; Chen and 
Garimella (2007) show that critical conditions started at the exit. Simi-
larly discrepancies exist for the trends of CHF dependence on diameter, 
pressure and inlet sub cooling, as observed in studies reviewed in this 
section.  

It can easily be observed from the literature survey presented that most 
of the CHF/dryout experiments conducted are for water. The CHF data 
for refrigerants and other fluids is scarce. To the author’s best knowl-
edge, quantitative dryout incipience results have not been reported ex-
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cept by Martin-Callizo et al. (2008). Therefore, a clear need is felt for 
more CHF/dryout tests in mini and micro channels using fluids other 
than water such as refrigerants for refrigeration and heat pumping tech-
nologies and dielectric fluids which are of interest in electronics cooling. 



 

 30 

Table 2-3 Previous CHF and dryout studies conducted for micro channels 

Author(s) & 
Ref 

Fluid  Dimensions/Dh [mm]  q” 
[kW/m2]  

G 
[kg/m2s] 
/other 

Psat/Tsat [°C]  Geometry/Orientation  Remarks 

Mishima 
and Nishi-
hara (1985) 

Water 2.4 mm gap size and 40 
mm width 

Up to 
1300 

7 to 610 Atmospheric 
exit pressure 

Rectangular/Vertical Experiments in both upward and downward direction were performed. 
Increasing trend was found for CHF with increase in mass flux. Effect 
of inlet sub cooling was not obvious in up flow while in case of down 
flow the CHF increased with increase in sub cooling. 

Oh and 
Englert 
(1993) 

Water 1.98 mm gap size - 20 to 80 20 to 85 kPa exit 
pressure 

Rectangular/Vertical Temperature fluctuations were observed close to CHF condition. Ef-
fect of inlet sub cooling was negligible while with increase in mass flux 
the CHF increased. For their low rates tested, the CHF increased with 
pressure.  

Celata et al. 
(1995) 

Water 2.5 to 8 - 2 to  40 
m/s liquid 

velocity 

Exit pressures 
from atmos-

pheric to 5MPa 

Circular/Horizontal and 
Vertical 

Sub cooled flow boiling CHF was presented. CHF increased almost 
linearly with mass flux and inlet sub cooling. Pressure effect was negli-
gible on CHF as compared to the effect of inlet sub cooling and mass 

flux but slightly increasing effect of CHF was concluded. For velocities 
2 to 8 m/s, the influence of channel orientation was negligible while 

CHF increased with decrease in inner tube diameter. 
Roach et al. 
(1999) 

Water 1.17, 1.45 and 1.131 - 250-1000 344-1043 kPa 
exit pressure 

Circular and triangular Dryout type CHF was concluded to be the mechanism due to high 
qualities achieved in the tests. CHF increased with mass flux however 

unlike high mass flux tests, the CHF decreased with decreasing channel 
diameter. Bowring correlation predicted their CHF data reasonably 

among many correlations tested. 
Yu et al. 
(2002) 

Water 2.98 - 50-200 200 kPa Circular/Horizontal Flow boiling heat transfer, pressure drop and CHF were obtained from 
experimental data. CHF increased with mass flux and occurred at com-
paratively higher vapour qualities as compared to conventional chan-

nels. 
Kuan and 
Kandlikar 
(2006) 

Water 1.054×0.157 203.6-
538.9 

50.4-231.7 34.1-91.5 kPa  CHF increased with mass flux and decreased with vapour quality. 

Wojtan et al. 
(2006) 

R134a, 
R245fa 

0.8 and 0.5 3.2 to 600 400-1600 30 ºC and 35 ºC Circular/Horizontal CHF increased with mass flux and CHF for larger diameter tube was 
higher. For mass flux up to 1000 the effect of saturation temperature 
was not obvious but at higher mass flux CHF was higher for Tsat=35 
ºC. Inlet sub cooling had negligible effect on CHF. With increase in 

heated length, the CHF dropped. Existing correlations did not predict 
the experimental results.  
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Chen and 
Garimella 
(2007) 

FC-77 0.839 - 30 to 50 
ml/min 

- Horizontal Temperature fluctuations were observed close to CHF condition and 
CHF condition was identified with abrupt rise in wall temperature. 

Based on wall temperature measurements, it was observed that CHF 
first occurred near the exit of micro channels. CHF increased with 

mass flow rate.  
Martin-
Callizo et al. 
(2008) 

R134a, 
R245fa, 

R22 

0.64 5 to 69 185 to 535 26.6 to 35 ºC Circular/Vertical Temperature fluctuations were observed close to CHF condition. Dry-
out incipience heat flux was also determined which increased with mass 
flux. CHF increased with mass flux. Dryout incipience occurred earlier 
for R245fa than other two refrigerants. Katto-Ohno correlation gave 
reasonable predictions. Pressure showed negligible effect for the nar-

row band of pressures tested.  
Roday and 
Jensen 
(2009) 

Water 
and R123 

0.700, 0.427and 0.286  320-1570 26 to 225 kPa 
exit pressure 

Circular/Horizontal CHF increased with mass flux. CHF increased with decrease in diame-
ter from 0.427 to 0.286 but increment in CHF also occurred when in-

creasing diameter from 0.427 to 0.700 so the effect of diameter on 
CHF was rather complex. CHF decreased with exit quality first in sub 

cooled region but in saturated region after vapour quality CHF in-
creased with increase in exit vapour quality. 

Mauro et al. 
(2010) 

R134a, 
R236fa, 
R245fa 

0.199 mm width and 
0.756 mm deep 

- 250 to 
1500 

20 to 50 ºC  Experiments were performed by employing a split flow system with 
one inlet at the middle of the channels and two outlets at either end 
which resulted in enhanced CHF as compared to single inlet and single 
outlet system. CHF base values increased with all fluids with increase in 
flow rate. Saturation temperature increment gave a slightly decreased 
CHF for R134a and R236fa but for R245fa there was no change in 
CHF. 

Park and 
Thome 
(2010) 

R134a, 
R236fa, 
R245fa 

0.467mm 
wide,4.052mm deep 

and 0.199 mm 
wide,0.756 mm deep 

37 to 342 
W/cm2 

1000 to 
4000 

10 to 50 ºC 2 types of multi port mi-
crochannels 

CHF increased with mass flux, as expected. When channel size de-
creased, the inlet sub cooling was less important. CHF showed reverse 

tendency with increasing saturation temperature. Experimental data 
was in good agreement with Katto-Ohno, Wojtan et al. and Tevellin & 

Thome models. 
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2 . 6  T w o - P h a s e  P r e s s u r e  D r o p  
In general, a decrease in channel diameter will cause an increased pres-
sure drop; therefore, use of micro channels may result in a penalty in the 
form of increased pressure drop in the heat exchange system. However, 
to mitigate the problem and optimize the overall efficiency of the heat 
exchange system it will be expected to have more parallel micro chan-
nels. The two-phase pressure drop is more complicated than single phase 
flow due to complex interaction of liquid and vapor phases during the 
flow. The increased pressure drop in a two-phase flow is a consequence 
of increased vapor velocity and resulting higher vapor shear.  Diabatic 
two-phase pressure drop in a horizontal channel will generally comprise 
of two components one of which is contributed by frictional pressures 
drop and the other is due to change in momentum of the vapor along 
the channel (acceleration pressure drop). If the channel orientation is 
other than horizontal then an additional part caused by gravity will have 
to be added to get the total two-phase pressure drop. The acceleration 
and gravitational parts can be calculated by the relations found in the li-
terature such as in Collier and Thome (1994). The most challenging and 
most frequently investigated part of the two-phase pressure drop is the 
frictional part. 

The two-phase pressure drop is of great importance in a wide variety of 
industrial applications such as in refrigeration evaporators and condens-
ers, process industry applications, petroleum and gas industry and has 
been investigated extensively in conventional channels. There are models 
available to estimate the two-phase pressure drop reasonably well in 
conventional channels. Two widely used models are the homogeneous 
model and the separated flow model. The homogeneous model consid-
ers the two phases flowing with same velocity as a single phase with mix-
ture averaged properties while the separated flow model considers the 
two phases flowing as two separated streams with constant velocity but 
not necessarily the same velocity. Other correlations for two-phase fric-
tional pressure drop include Pierre (1969; Friedel (1979). However, in 
micro channels there have been comparatively fewer studies of two-
phase pressure drop and the models developed for macro channels do 
not seem to work well as can be seen in several studies found in the lite-
rature. 

Bergles and Dormer (1969) investigated the sub cooled flow boiling 
pressure drop of water in small diameter tubes ranging from 0.062 inch 
(1.57 mm) to 0.198 inch (5.029 mm). Other experimental conditions 
were: exit pressure 30-80 psia (2.06-5.51 bar), liquid velocity 5-60 ft/s 
(1.52-18.28 m/s) and heat flux 0-5500000 Btu/hft2 (0-17.5 MW/m2). 
The data were obtained by setting the flow and inlet conditions and in-
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creasing the heat flux in steps up to just below CHF or up to a point 
where exit saturated conditions were reached. There was a general in-
crease in pressure drop once the boiling initiated, as expected. 

Lin et al. (1991) investigated local frictional pressure drop during vapori-
zation of R12 in capillary tubes of 0.66 mm and 1.17 mm internal diame-
ter. Experimental conditions included: mass flux from 1440 to 5090 
kg/m2 s, inlet pressure from 6.3 to 13.2 bar and inlet sub cooling from 0 
to 17 degrees. The two-phase flow multiplier increased with vapor quali-
ty. It was noted that in adiabatic capillaries the variation of quality was 
non-linear. Acceleration and frictional pressure drops both increased 
more rapidly in the part of the tube where equilibrium two-phase flow 
was established. 

 

Cavallini et al. (2005) obtained adiabatic pressure drop data in a rectangu-
lar multiport micro channel with a hydraulic diameter of 1.4 mm using 
three refrigerants. The refrigerants tested were R236ea, R134a and 
R410A at a saturation temperature of 40 ºC. Tests were performed for a 
mass flux range from 200 to 1400 kg/m2 s. The frictional pressure gra-
dient was obtained from saturation temperature drop measurement. The 
Lockhart and Martinelli (1949) worked partially for R236ea but not for 
the other refrigerants. The Friedel (1979) worked better for R134a and 
R236ea but R410A data was over predicted by this correlation. The Mul-
ler-Steinhagen and Heck (1986) correlation worked well for R134a and 
R236ea while data for R410A was over predicted. R134a data was also 
well predicted with correlations by Mishima and Hibiki (1996; Zhang and 
Webb (2001). 

An experimental study was conducted by Pehlivan et al. (2006) for air-
water two-phase flow and pressure drop in micro channels having di-
ameters of 3, 1 and 0.8 mm. The homogenous model gave reasonable 
predictions but the model validity decreased as the diameter was re-
duced. The Friedel (1979) over predicted the experimental data. In gen-
eral it was concluded that the available conventional two-phase pressure 
drop models are not valid when reducing the channel size to micro level. 

Two-phase pressure drop was studied experimentally by Lie et al. (2008) 
in small diameter horizontal tubes of 0.83 mm and 2.0 mm inner diame-
ter. Other experimental conditions were: mass flux from 200 to 1500 
kg/m2 s, heat flux from 5 to 15 kW/m2, saturation temperature from 5 
to 15 ºC and inlet vapor quality from 0.2 to 0.8. Pressure drop increased 
with mass flux and decreased with increase in Tsat. Smaller diameter tube 
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resulted in a higher pressure drop penalty, as expected. A correlation was 
proposed based on their data. 

In Quan et al. (2008), the two-phase pressure drop was measured for 
condensation of water in trapezoidal micro channels of hydraulic diame-
ter 0.109 mm, 0.142 mm, 0.151 mm and 0.259 mm. Increased mass flux 
and vapor quality resulted in higher two-phase frictional pressure drop. 
Decreased hydraulic diameter resulted in higher pressure drop. The Frie-
del (1979) correlation, the homogeneous model, the Lockhart and Marti-
nelli (1949) model and Mishima and Hibiki (1996) correlation, all over 
predicted their experimental data. It was observed that the Lockhart-
Martinelli model even with a minimum C parameter value of 5 over pre-
dicted their data. 

The literature review presented in this section and in Table 2-4 for two-
phase pressure drop shows that most of the studies conducted are for 
two-phase air-water and for adiabatic conditions. Other than air-water, 
many studies focus on boiling of water in micro channels. Therefore, a 
clear lack of two-phase data for fluids other than water is observed. 
Another important point to note is the partial success of Lockhart-
Martinelli in predicting the experimental data with a modified value of 
Chisholm parameter C. This might be interpreted as, most of the studies 
found in the micro channels fall in laminar-laminar region. The value of 
parameter C in the Lockhart-Martinelli parameter is solely dependent on 
flow conditions and the value has since then been modified to incorpo-
rate the effects of different parameters such as channels size. A modified 
C value in many cases has proven to give reasonable predictions of the 
individual experimental data bases. As a conclusion, there is a need of 
more two-phase pressure drop experiments for micro channels focusing 
on refrigerants and diabatic test conditions and to develop new models 
for predicting the two-phase pressure drop. 
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Table 2-4 Previous two-phase pressure drop studies in micro channels 

Author(s) & 
Ref 

Fluid  Dimensions/Dh 
[mm]  

q” 
[kW/m2]  

G [kg/m2s]/other  Psat/Tsat [°C]  Geometry/Orientation  Remarks 

Mishima and 
Hibiki (1996) 

Air-
water  

1 to 4mm  -  -  - Circular  They considered the effect of tube diameter on parameter c and 
redefined it. Lockhart-Martinelli with modified c parameter was 

suggested to be used in small diameter tubes for the prediction of 
pressure drop. 

Tran et al. 
(2000) 

R12, 
R113 
and 

R134a 

2.46 to 2.92mm cir-
cular and 

4.06×1.7mm rectan-
gular  

2.2 to 
90.8  

0.03-2.39m/s liquid 
0.05-18.7m/s gas su-

perficial velocities  

138 to 856 
kPa  

Circular and Rectangu-
lar  

Pressure drop increased with increase in mass flux and vapour 
quality. Five large tube correlations worked poorly. A new correla-

tion based on β-coefficient method of Chisholm was proposed. 

Lee and Lee 
(2001) 

Air-
water  

0.4 to 4mm gap size 
and fixed width of 

20mm  

-  0.03-2.39m/s liquid 
0.05-18.7m/s gas su-

perficial velocities  

Atmospheric 
pressure  

Adiabatic  Lockhart-Martinelli model was suggested with a new definition of 
parameter c. Effects of mass flux and channel gap size were con-

sidered in the modified definition of C. 
Kawahara et 
al. (2002) 

Air-
water  

0.10 mm  -  -  -  Circular  Two-phase pressure drop increased with increase in superficial 
liquid and gas velocities. Homogeneous model with Dukler’s defi-
nition of viscosity was reasonably good to predict the experimen-

tal data. Lockhrt-Martinelli with even C=5, over predicted the data 
however, with a c value of about 0.24, the model worked well. 

Mishima-Hibiki correlation over predicted the experimental data 
by about 10%. 

Yu et al. 
(2002) 

Water  2.98mm  -  50 to 200 200 kPa Circular/Horizontal  Two-phase multiplier increased with increase in mass flux and exit 
vapour quality. A modification of Chisholm correlation was given 

which predicted their data well. 
Qu and Mu-
dawar (2003) 

Water  0.231×0.713mm  -  134.9 to 400.1 1.17 bar exit 
pressure 

21 Parallel micro chan-
nels  

Better accuracy is achieved by using micro and mini channel corre-
lations. Correlations based on tubulent-tubulent flow condition 

over predict the data which is the case in many macro scale corre-
lations. A new correlation was proposed taking into account the 

effects of channel dimensions and mass velocity. 
Wen and 
Kenning 
(2004) 

water  2×1mm2 cross sec-
tion  

25-105  57 to 211  -  Rectangular/Vertical Lockhart-Martinrlli model with a modified value of parameter c 
predicted the data with an uncertainty of ±35% while other mod-

els were poor. 

Sobierska et 
al. (2006) 

water  1.2  Up to 
100  

50 to 1000  -  Rectangular/Vertical Pressure drop increased with mass flux and vapour quality. 

 
Chen et al. 

 
Air-

 
3 to 9mm width and 

 
-  

 
100-700  

  
Rectangular/Horizontal  

 
It was observed that none of the few correlations tested could 
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(2007) Water  3mm fixed gap  predict the two-phase pressure drop data. Therefore, a modified 
form of c parameter in Chisholm method was proposed.   

Revellin and 
Thome 
(2007) 

R-134a, 
R245fa  

0.509 and 0.79  -  210-2094  26, 30 and 35  Circular/Horizontal  Increased pressure drop was obtained with increase in mass flux 
and vapour quality. However, a change of slope was observed at a 
mass flux corresponding to flow pattern change to annular flow. 
At higher saturation temperature, lower pressure drop was ob-
served. decreased diameter resulted inhigher pressure drop and 

also pressure drop for R245fa was higher than R134a.   
Saisorn and 
Wongwises 
(2008) 

Air-
Water  

0.51  -  Superficial gas velocity 
0.37-16, superficial 

liquid velocity 0.005-
3.04 m/s 

  

-  Circular/Horizontal  Two-phase pressure drop increased with increase in superficial 
liquid and gas velocities. Homogeneous model predictions were 

not in agreement while the Lockhart-Martinelli model predictions 
were in better agreement using a value of 5 for parameter c.  

Lee and Lee 
(2008) 

Air-
water  

1.62 to 2.16 mm  -  -  -  Adiabatic  In wet wall condition the two-phase pressure drop was correlated 
well by homogeneous model, Mishima-Hibiki and Chisholm 

methods. In dry wall conditions these models did not work well 
and a modified Lockhart-Martinelli type correlation was proposed 

by taking in to account the moving contact line. 
Lee and 
Garimella 
(2008) 

Water 0.102 to 0.997mm 
width and fixed 
depth 0.400mm  

10-340 
W/cm2  

46-126 ml/min - Multichannel  Mishima-Hibiki, Lee & Lee, Tran and Lockhart-Martinelli models 
were used for comparing the experimental data with a poor 
agreement with all. A new correlation was suggested based on 
Mishima-Hibiki model. 

Dutkowski 
(2009) 

Air-
Water 

1.05 to 2.3 mm  139-8582 - Circular Eight different channel diameters were checked. Results indicated 
that models developed for conventional channels are not applica-

ble to small diameter tubes.  
Megahed and 
Hassan 
(2009) 

FC-72 0.276×0.225 rectan-
gular Multichannels 

60.4-
130.6 

341-531  Rectangular Two-phase frictional pressure drop increased with increased in 
exit vapour quality and mass flux. Mishima-Hibiki, Lee & Lee and 
Qu & Mudawar were in agreement with data but Qu & Mudawar 

was best among the three followed by Mishima-Hibiki. 
        



 

 37 

3 Objectives and Scope of  
the cur rent study 

3 . 1  O b j e c t i v e s  o f  t h e  s t u d y  
It has now been well established that the classical single-phase theory for 
friction factor and heat transfer used in conventional channels, is also 
applicable in micro scale channels Lelea et al. (2004; Owhaib and Palm 
(2004b; Owhaib and Palm (2004c; Hrnjak and Tu (2007), with some mi-
nor deviations perhaps due to difficulties and uncertainties in experimen-
tation and measurements at such a small scale Palm (2001) and some un-
noticed parameters which did not prove to be important in macro scale 
or conventional channels. However, in the case of two-phase flow in mi-
cro channels, the underlying phenomena are not well understood and 
consequently the models are not fully established for design purposes. It 
has been shown in the previous chapter listing the previous micro chan-
nel studies that several discrepancies still exist among the researchers in 
almost all the aspects of micro channel two-phase flow pressure drop 
and heat transfer. Not surprisingly, based on the literature survey pre-
sented, the models and correlations developed for macro or conven-
tional channels are not suitable for the design of micro heat exchange 
devices in case of two-phase flow. The fundamental reason behind the 
inapplicability of macro scale models in case of micro scale is the de-
creased importance of the governing phenomena which otherwise play 
important role during two-phase flow in macro channels. 

Two-phase flow in micro channels is not straight forward and several 
different trends of boiling heat transfer, pressure drop, flow patterns and 
dryout are found in the literature. The relative importance of different 
hydrodynamic and thermal transport mechanisms in case of micro chan-
nels has not yet been investigated comprehensively. For this purpose an 
experimental study to investigate the two-phase flow phenomena in mi-
cro channels has been conducted. The objectives of the present study, 
based on the discussion in the first chapter on background and motiva-
tion and the conclusions drawn from the previous chapter on literature 
survey, are summarised below: 
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A fundamental requirement from a design point of view of micro heat 
exchange devices is that it should be possible to accurately predict the 
heat transfer and pressure drop. Open literature clearly suggests a lack of 
such models and correlations for the prediction of flow boiling heat 
transfer and two-phase pressure drop. Therefore, the basic purpose of 
the current work is to study the heat transfer and pressure drop charac-
teristics of micro channels to provide accurate data for developing mod-
els and correlations for the design of mini channel heat exchangers. 

During flow boiling, the most important requirement will be to define 
the upper limit of heat flux for a micro heat exchange device for a given 
set of other operating parameters and channel geometry. One of the im-
portant features of the current study is to investigate the critical heat flux 
(CHF) focusing on the dryout type of CHF. Also, the CHF data has 
mostly been obtained for water at highly sub cooled conditions. There-
fore, more CHF/dryout data for refrigerant flow in micro channels and 
at saturated and at low sub cooling conditions is needed which is also 
one of the objectives of the current study. 

The relative importance of different forces, such as inertial, viscous, 
gravitational and surface tension, changes and deviations from conven-
tional two-phase theory start when a transition to mini and micro scale 
takes place. It is widely believed that two-phase flow and heat transfer 
show different behaviour with changing flow regimes. A key objective of 
the current study is to conduct visualization based flow boiling experi-
ments in order to better understand the fundamental transport mecha-
nisms responsible for the deviating trends during two-phase flow in mi-
cro channels. 

The purpose of the present study is also: 

• To investigate the effects of channel diameter and orientation 
on bubble behaviour and flow patterns. 

• Explore and elucidate the effects of operating parameters and 
fluid properties on micro channel two-phase flow pressure drop, 
boiling heat transfer, dryout, flow patterns and bubble behaviour 
by using different channel diameters and different fluids. 

• To assess further the applicability of macro scale models and 
correlations to micro scale channels in case of single phase flow. 

• Contribute in the research and development of reliable and op-
timum design tools for compact heat exchangers. 
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3 . 2  S c o p e  o f  t h e  s t u d y  
At the beginning of this study, single phase tests were already carried out 
on the same experimental set up using the same test sections, except the 
quartz test section which will be described later. The scope of this thesis 
is, therefore, to study the phase change phenomena in micro channels. 
However, some single phase tests were performed with the quartz test 
section to validate the experimental set up and assess further the applica-
bility of conventional single phase theory in micro scale channels. The 
flow boiling experiments have been performed during the phase change 
of refrigerants including flow boiling heat transfer, two-phase pressure 
drop, dryout during flow boiling and flow boiling visualization experi-
ments to record the flow patterns evolved and to study the associated 
bubble dynamics. The visualization results have been compared to pre-
vious results from the same test rig for a vertical micro channel to study 
the effects of channel orientation and diameter.  
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4 Experimental Schemes 
and Instrumentation 

Experiments preformed during this study can be divided into two 
schemes. The first scheme involves the experimentation with steel tubes 
and the second one involves the experiments with a quartz tube. The 
major motive behind using the quartz tube was to visualize the two-
phase flow. The main flow loop however, was the same for both the 
schemes of experiments with some changes in measurement instrumen-
tation to improve the accuracy of measurements. A general description 
of the experimental set up is first given followed by specific descriptions 
of the two types of tests. 

4 . 1  E x p e r i m e n t a l  s e t  u p  
The flow boiling experiments with steel tubes were conducted in vertical 
up flow configuration. The schematic diagram of the set up for experi-
ments with vertical test tubes is given in Figure 4.1 and a photograph of 
the test rig is shown in Figure 4.2. The refrigerant, which was provided 
in sub cooled condition from the condenser to the suction side of the 
pump, was driven by a gear pump, type ISMATEC MCP-Z standard, to 
the pre heater section of the flow loop. Two Coriolis Effect mass flow 
meters were installed after the pump and one of the two flow meters was 
used to measure the refrigerant flow rate before entering the pre heater 
section. As can be seen in Figure 4.1, the pre heater is located before the 
test sections; therefore, the required inlet sub cooling degree was 
achieved by passing the fluid through the pre heater. The pre heater sec-
tion was basically a section of the main tubing with an electric heater 
wound around it. The electric power to the pre heater was controlled by 
using a PID controller. Just before the inlet of the test sections and after 
the pre heater, there was an absolute pressure transducer to measure the 
system pressure. The refrigerant in the required inlet state entered either 
of the test sections, absorbed the heat and finally returned to the con-
denser thereby completing the flow loop. The boiling incipience in the 
test section depended on the heat flux and the mass flow rate. The test 
sections were heated by joule effect utilizing a DC power supply. The 
temperature along the outer wall of the test tube was measured by ther-
mocouples attached on the surface of the tubes with a thermally conduc-
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tive epoxy. The tip of each thermocouple was insulated electrically be-
fore being glued onto the tube surface. The pressure of the system was 
adjusted by controlling the water flow rate to the condenser and further 
fine control of the system pressure was achieved by regulating the liquid 
level in the condenser by adjusting the heat to a refrigerant tank con-
nected after the condenser. Heat input to the refrigerant tank was con-
trolled by a PID controller to set the liquid level in the condenser and 
consequently the system pressure. The role of the refrigerant tank in the 
whole system may be visualized as a shock absorber in a mechanical sys-
tem where in the current system the refrigerant tank absorbed pressure 
fluctuations and maintained the system pressure to a very fine level. At 
the inlet and outlet of the test tubes, glass tubes of the same inner diame-
ter were placed just to isolate the test sections electrically and thermally 
from the rest of the experimental set up. The whole set up was thermally 
insulated with special attention given to the test sections. 

 

Figure 4.1 Schematic representation of experimental set up used 
for vertical steel test sections 
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Figure 4.2 Picture of micro channel test facility 

    

The test runs with the quartz tube were conducted using the same flow 
loop except that the orientation in this case was horizontal. A separate 
water line was provided for heating or cooling of the tubes connecting 
the differential pressure transducer to the system, for ensuring single 
phase liquid or vapour in these tubes. 

4 . 1 . 1  D i m e n s i o n s  o f  s t e e l  t e s t  s e c t i o n s  
Two steel test tubes were used with inner diameters of 1.700 mm and 
1.224 mm and the heated length of both the test tubes was fixed at 220 
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mm. The inner tube diameter was measured by taking the mass differ-
ence of the test tube when empty and filled with a fluid of known density 
(in this case with distilled water), for a given length of the test tube. In 
this way the inner volume was obtained and assuming the inner space of 
the tube as a cylinder, the inner tube diameter was calculated. The meas-
urements were repeated several times and an average value of the tube 
diameter obtained was used. A highly accurate balance (Mettler Toledo 
AX205) was used for carrying out the measurements. The uncertainty in 
the inner diameter was estimated to be ±0.0035 mm for 1.700 mm test 
tube and ±0.0047 mm for 1.224 mm test tube. Scanning electron micro-
scope (SEM) images obtained for the two test tubes can be viewed in 
Figure 4.3. 

                   (a)D=1.700 mm      (b)D=1.224 mm 

 

Figure 4.3 SEM images of the two test tubes of 1.700 mm and 1.224 
mm inner diameter 

 

Inner tube surface characterization was also performed to obtain the sur-
face roughness information of the test tubes to be employed later in the 
calculations of boiling heat transfer. The method of stylus profilometry 
was used to characterize the inner surface of the tubes with 5 independ-
ent profiles obtained for a fixed sampling length of each measurement. 
The average values were obtained for different surface roughness pa-
rameters from the measurements carried out. The arithmetic mean 
roughness Ra value and maximum valley depth Rv for test tube of 1.70 
mm were calculated to be 0.21 µm and -0.73 µm respectively and the 
same dimensions for test tube of 1.224 mm were calculated as 2.55 µm 
and -5.08 µm respectively. The scanning images obtained from surface 
characterization can be viewed in Figure 4.4 for 1.700 mm tube and in 
Figure 4.5 for 1.224 mm inner diameter tube. 
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Figure 4.4 Inner surface roughness, image obtained for D=1.700 
mm 

 

 

Figure 4.5 Inner surface roughness, image obtained for D=1.224 
mm 

  

4 . 2  E x p e r i m e n t s  w i t h  q u a r t z  t u b e  
The quartz tube made of fused silica was unique in two aspects. Firstly, it 
was coated with a thin electrically conductive layer of Indium-Tin-Oxide 
(ITO) to allow simultaneous heating and visualization of the boiling 
process. Secondly, two holes were drilled for pressure taps just at the 
inlet and outlet of the test section, contrary to many studies in the litera-
ture where pressure taps are located away from the inlet and outlet and 
compensation has to be made for the two-phase pressure drop measured 
in the unheated length of the section. The compensated two-phase fric-
tional pressure drop at the outlet is usually calculated by using models 
present in the literature. Since, there is no well agreed model for two-
phase frictional pressure drop calculations in micro channels; the result-
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ing frictional pressure drop calculations after compensation are then 
questionable with regard to accuracy. 

The main flow loop employed during the experiments with quartz test 
section was the same as shown in Figure 4.1 in the previous section for 
the steel test tube experiments except that the glass test section was de-
signed to have horizontal orientation mainly for two reasons. Firstly, to 
investigate the differences in flow patterns and heat transfer characteris-
tics of a horizontally and vertically oriented test section. Secondly, to 
eliminate the gravitational part of pressure drop from over all pressure 
drop. It is worthwhile to mention here that two phase flow visualization 
tests in a vertical quartz test section of 1.33 mm inner diameter were car-
ried out by (Owhaib 2007) and (Martin-Callizo 2010) using the same ex-
perimental set up and flow loop. 

The test section was connected to the rest of the flow loop with 
Swagelock connections at both ends. Brass cylinders having approxi-
mately same inner diameter (0.90 mm) was inserted into the Swagelock 
connections and brazed so that the cylinders meet in line with the two 
ends of the test section. For improved pressure drop measurements, two 
holes on the Swagelock connection, normal to the flow direction and just 
at the inlet and the outlet of the test section (approximately 3 to 4 mm 
from the inlet and exit of the test section) were drilled for pressure taps 
as shown in Figure 4.6. Having two pressure ports just at the inlet and 
outlet of the test section allowed to avoid the unheated two phase pres-
sure drop length which would otherwise introduce an unwanted contri-
bution in the two-phase frictional pressure drop calculations. The inner 
diameter of the connecting brass cylinder within the Swagelock was cho-
sen to be the same as that of the test tube in order to eliminate the sud-
den contraction and expansion pressure losses which will otherwise con-
tribute to the total pressured drop.   

 

 

Figure 4.6 Test section with pressure drop measurement points 
just at the inlet and outlet of the quartz tube 
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4 . 2 . 1  D i m e n s i o n s  o f  q u a r t z  t e s t  s e c t i o n  
The quartz test section used for visualization of the flow had an inner di-
ameter of 0.781 mm. The inner diameter was measured employing the 
same procedure as discussed in the previous section for the steel tubes. 
To check the homogeneity of the inner tube diameter along the whole 
length of the test section, different measurements were done by varying 
the length of water column in the tube. It was found that the diameter 
changed slightly along the tube but was within ±5% of the average from 
one end to the other end of the tube. The estimated uncertainty in the 
diameter for the quartz tube was ±0.004 mm. The inner surface charac-
terization of the glass tube was done with the same procedure as de-
scribed for the steel test tubes to obtain the surface roughness informa-
tion. The arithmetic mean roughness Ra value determined was 0.015 µm 
and the maximum valley depth was -0.036 µm. The image obtained for 
the inner surface characterization is shown in Figure 4.7. As expected, 
the inner tube surface of the quartz tube is quite smooth as compared to 
the steel tubes. 

 

 

Figure 4.7 Inner surface roughness, image obtained for D=0.781 
mm quartz tube 

  

4 . 3  I n s t r u m e n t a t i o n  a n d  S y s t e m a t i c  
U n c e r t a i n t i e s  

Most of the instrumentation used in the experiments is same as de-
scribed in Owhaib (2007) and Martin-Callizo (2010). Therefore, when 
the same instruments have been used, these will not be explained in de-
tail. Instead the reader is referred to the reference mentioned. 
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4 . 3 . 1  A b s o l u t e  p r e s s u r e  t r a n s d u c e r  
The system pressure was measured at the inlet of the test sections as 
shown in Figure1.1 using a highly accurate and calibrated absolute pres-
sure transducer PDCR 4060 having a range of 0 to 20 bar with an output 
range of 0-100 mV. A calibration of the sensor was performed before 
the experiments to check the compliance of the calibration curve pro-
vided by the manufacturer. In both schemes of experiments with vertical 
and horizontal test sections, the system pressure was measured with the 
same pressure transducer. The accuracy of the transducer, as provided by 
the manufacturer, was 0.04% of full scale including the non-linearity and 
hysteresis effects. The transducer was calibrated routinely using a certi-
fied pressure calibrator (DRUCK DPI 603) to check any offset during 
the time of the measurements. Therefore, as a conservative approach, 
the systematic uncertainty in the pressure measurements was estimated 
to be ±10 mbar.  

4 . 3 . 2  D i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  
Pressure difference was measured using a differential pressure trans-
ducer, PDCR 2160, having a range of 0 to 350 mbar differential with an 
output voltage range of 0-50 mV. The accuracy of the sensor, as pro-
vided by the manufacturer, was 0.06% of full scale. The sensor was cali-
brated regularly using a pressure calibrator (DRUCK DPI 603) to check 
the reliability and accuracy of the sensor during the time. A separate wa-
ter line was provided for heating or cooling to ensure single phase liquid 
or vapour in the lines connecting the differential pressure transducer to 
the flow loop as shown in Figure 4.1. In the case of single phase heat 
transfer and pressure drop tests, the connecting line was filled with re-
frigerant liquid by cooling the line with the secondary water line and in 
the case of two phase tests the connecting line was heated to have va-
pour in the line. 

 

4 . 3 . 3  T e m p e r a t u r e  M e a s u r e m e n t  S e n s o r s  
Wall temperatures were measured with T-type thermocouples using a 
method employed by Palm (1991). The idea with this method is to have 
the same reference temperature for all the thermocouples in order to 
eliminate the offset in temperature difference measurements. A Pt100 
was used as a reference temperature sensor in this method. The thermo-
couples for the test section wall temperature measurements were ob-
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tained from the same lot and were calibrated in an ice-water homoge-
nous mixture. All the thermocouples were found to be fluctuating within 
±0.1 ˚C for a time of 6 to 8 hours. The systematic error associated with 
data logger was due to two components. First component was due to the 
voltage resolution of the data logger which according to the manufac-
turer (Agilent Technologies) was 0.004 mV for a range of 100 mV signal 
which translates to 0.024 ºC. Second error was due to conversion from 
voltage to temperature which was less than 0.001 ºC. Therefore, the 
overall uncertainty in the temperature measurements was estimated to be 
within ±0.1 ˚C (i.e. error due to calibration). 

Apart from the wall temperature measurements, stainless steel sheathed 
thermocouples were used to measure the fluid temperatures at the inlet 
and outlet of the tests sections and at different locations in the flow loop 
as shown in Figure 4.1. These thermocouples were also calibrated in an 
ice bath before using them in the measurements. These thermocouples 
during the calibration fluctuated within ±0.05 ºC and considering the 
other contributions in systematic error due to data logger as stated be-
fore, the overall systematic uncertainty for these thermocouples was es-
timated to be ±0.06 ºC. More details concerning the temperature meas-
urements can also be found in Owhaib (2007) and Martin-Callizo (2010). 

4 . 3 . 4  P o w e r  m e a s u r e m e n t s  
The steel tubes were electrically heated using high current switching 
mode power supply, Manson SPS-9600, with remote sensing and con-
trol,. The power supply was controlled remotely using a remote control 
data cable connected to an Agilent data logger. The accuracy of the 
power supply was, as stated by the manufacturer to be ±(1%+1) of the 
reading. To improve the accuracy in power measurements, the voltage 
was measured separately with a FLUKE 45 Dual display multimeter meas-
uring instrument having uncertainty of ±(0.025%+2) of reading. 

The horizontal glass test section was provided with a low current high 
voltage power supply TTi EX752M and the power measurements were 
carried out using an accurate YOKOGAWA WT130 power measurement 
instrument. The accuracy of the power measuring instrument was 
(0.15% of reading+0.1% of range). 

4 . 3 . 5  F l o w  r a t e  m e a s u r e m e n t s  
Two highly accurate coriolis effect flow meters were installed in the flow 
loop to measure the low flow rates associated with the micro channel 
flow. One of the two flow meters was used depending on the diameter 
of the test section. Flow rates of about 0.3 g/s and higher were measured 
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using a Micro-motion DS006 flow meter and for flow rates smaller than 
0.3 g/s, a Bronkhorst Cori-Tech BV, was used. The accuracy of micro-motion 
DS006 flow meter was ±2.29% of flow rate at 1% of nominal flow and 
less than ±0.58% of flow rate for a nominal flow of 5% and accuracy 
improved as the flow rate increased as shown in Figure 4.8; therefore, 
the Micro-motion flow meter was never used for flow rates below 4% of 
nominal flow (i.e. 0.3 g/s). The accuracy of Cori-Flow meter was ±0.5% 
of reading and was used during the experiments for the flow rates below 
0.28 g/s. The systematic uncertainty in the measurements range of the 
current experiments was from ±1 to 1.25% for both the flow meters and 
including the error associated with the data logger. 

 

Figure 4.8 Accuracy in % of Corioli-flow meters with flow rate 

 

4 . 3 . 6  H i g h  s p e e d  c a m e r a  
A high-speed CMOS digital camera (Redlake HG50LE) with a maximum 
frame rate of 100000 together with tungsten lights was used for the visu-
alization of flow boiling along the test section. Close up lens was used 
with the camera to get the required magnification and obtain good spa-
tial and temporal resolution for studying the bubble dynamics. Flow pat-
terns were recorded at 1000 to 5000 fps at different positions along the 
test section. Images were taken at the thermocouple positions or just at 
the middle of any of the two thermocouple positions. Appropriate light-
ing intensity and conditions were first set to obtain good quality images. 
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4 . 3 . 7  D a t a  a c q u i s i t i o n  
All the signals from the related instrumentation were acquired using an 
Agilent data logger (34970A) with multiplexers (34901A). The data log-
ger supplied the converted analogue signal in a digital mode to a personal 
computer. The computer was connected with the data acquisition system 
using HP-VEE interface software. HP-VEE program was also used to 
acquire the real time data such as system pressure, temperatures, flow 
rates etc. The system was run for a long enough time to ensure the 
steady state before recording any data. In routine measurements, the data 
was recorded with a frequency of 0.3 Hz for about 5 minutes and more 
than 100 data points were recorded for each parameter. The average val-
ue and standard deviation of these recorded parameters were then used 
for calculating the derived parameters and corresponding uncertainties. 
In case of dryout tests, a continuous data recording was made to see the 
behavior of wall temperatures along the test section and other parame-
ters such as system pressure, flow rates. All the fluid properties were cal-
culated using REFPROP 7, developed by National Institute of Standards 
(NIST). 

4 . 4  D a t a  r e d u c t i o n  p r o c e d u r e s  
The data reduction methods for both single and two-phase are described 
in this section. The experimental single phase friction factor was calcu-
lated from the pressure drop measured during the experiments using 
Darcy-Weisbach equation as 

 

The Darcy friction factor obtained from the above equation was com-
pared with the friction factor calculated with the Hagen-Poiseuille equa-
tion for laminar flow and the Blasius (1913) equation for turbulent flow. 

 

 

The test sections were heated electrically using DC power supply. The 
power in watt applied to the test section was calculated using the voltage 
and current across the test section. 

 

The heat flux added to the test section was then determined as  
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Where q” is the heat flux, q is the power and A is the heat transfer area 
defined as,  

The single phase heat transfer coefficient was expressed in terms of di-
mensionless Nusselt number defined as 

 

The heat transfer coefficient  was calculated using the heat flux added 
to the section as 

 

Where  is the heat transfer coefficient, Tw is the inner wall temperature 
and Tf is the fluid temperature. The inner wall temperatures for steel 
tubes were calculated using steady state one dimensional heat conduction 
equation for cylinders with heat generation as given by the following eq-
uation 

 

 

The inner wall temperature for the glass tube was calculated using one 
dimensional heat conduction equation for cylinders. 

The fluid temperature used for calculations in case of boiling was the lo-
cal saturation temperature of the fluid where drop in saturation tempera-
ture due to pressure drop (assuming linear variation of pressure drop 
along the test section) was taken into account while in case of single 
phase it was calculated from the heat added to the fluid as 

 

The thermodynamic vapor quality in two phase flow was calculated using 
the following equation: 
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zsat is the axial position along the channel where saturated conditions are 
reached and was calculated as 

 

The thermo-physical properties were evaluated at the mean temperature 
between inlet and outlet for single phase tests and for boiling tests the 
properties were evaluated at the saturation temperature. 

4 . 5  E x p e r i m e n t a l  s e t  u p  V a l i d a t i o n  
As part of the experimental system and instrumentation validation, single 
phase heat transfer and pressure drop experiments were performed prior 
to the boiling tests. The single phase results for steel tubes can be seen in 
Owhaib and Palm (2004b; Owhaib and Palm (2004c) and will not be re-
peated here. A general conclusion from those tests was that the single 
phase classical correlations were able to predict the friction factor and 
Nusselt number for steel tubes reasonably well. It is emphasized that the 
heat losses to ambient were less than 2% and were therefore neglected in 
the calculations. 

4 . 5 . 1  S i n g l e  p h a s e  p r e s s u r e  d r o p  r e s u l t s  f o r  

q u a r t z  t e s t  s e c t i o n  
For the quartz test section the single phase friction factors and Nusselt 
numbers are reported in this thesis. As can be seen in Figure 4.9, Figure 
4.10 and Figure 4.11, the single phase friction factor for R134a and for 
R245fa is in reasonably good agreement with Hagen-Poiseuille 
(f=64/Re) equation in the laminar regime and with Blasius (1913) equa-
tion in the turbulent regime. The experiments for pressure drop mea-
surements were repeated several times for both diabatic and adiabatic 
conditions and an excellent repeatability was observed in the results as 
viewed in Figure 4.9 for adiabatic tests with R245fa and in Figure 4.10 
for diabatic tests with R245fa. 
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Figure 4.9 Single phase friction factor for R245fa, for adiabatic 
condition 

 

Figure 4.10 Single phase friction factor for R245fa, under heated 
conditions 
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Figure 4.11  Single phase friction factor for R134a 

 

4 . 5 . 2  H e a t  l o s s e s  f o r  g l a s s  t e s t  s e c t i o n   
The test section was enclosed in another glass tube having outer diame-
ter of about 40 mm and a low pressure was provided in the annulus in an 
effort to reduce the heat losses. However, it was found that this system 
was not effective enough to allow neglecting the heat losses. Therefore, 
the convective heat losses to the ambient were estimated by correlating 
the applied power with temperature difference between the tube wall and 
the ambient without refrigerant flow. The power was applied in small 
steps and the temperature was noted when the wall temperatures became 
stable. The ambient temperature was controlled in the room and was the 
same in all the cases. The heat losses so correlated were also compared 
with predictions from different correlations for natural convection taken 
from literature.  

Natural convection losses were estimated using single cylinder correla-
tions Churchill and Chu (1975); Kast and Klan (19929); Incropera and 
Dewitt (2006) and also correlations for cylindrical annuli Itoh et al. 
(1970) and for constant heat flux and constant wall temperature condi-
tions. Heat losses due to radiation heat exchange were also estimated and 
results obtained for combined convection and radiation heat exchange 
are in close agreement with our experimental heat losses obtained by 
correlating the wall temperature and applied power. Convective heat 
losses obtained with single cylinder correlations are 30 to 40% lower 
than the experimentally obtained heat losses and if heat losses due to ra-
diation are added then the results are very close to the experimental heat 
losses. Convective heat losses obtained with natural convection correla-
tions for horizontal cylindrical annuli are in good agreement with the ex-
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perimental heat losses and if heat losses due to radiation are added then 
depending upon the temperature difference, the total heat losses are 10 
to 20% higher than the experimentally determined heat losses.  
 
Moreover, for lower power levels encountered during flow boiling, the 
experimentally estimated heat losses are at most 10% of the actual power 
levels and for higher power levels the heat losses are less than 10%. 
Therefore, 10 to 20% difference in heat losses will give 1 to 2% differ-
ence in the actual power used for flow boiling experiments.  
In order to estimate the influence of any axial conduction heat losses, the 
conduction number as defined by Chiou (1980); Maranzana et al. (2004) 
was calculated. This number gives the relative importance of wall con-
duction and convection in the fluid. Maranzana et al. (2004) used a nu-
merical model to develop the criteria that if the conduction number M is 
less than 10-2 then the conduction losses may be neglected. The criterion 
for relative importance of conduction in wall and convection in fluid in 
terms of the conduction number M for a circular tube is given by the fol-
lowing equation 

 

The same above equation was also proposed by Chiou (1980). The expe-
rimental conduction number based on the above equation for different 
Reynolds numbers was calculated for all the single phase data points and 
it was found that M ranged from 0.000202 to 0.001226 which is very 
small as compared to the above criterion. Therefore, the axial conduc-
tion losses were assumed to be negligible.  

Single phase heat transfer measurement provides a reasonable estimate 
of the heat losses and thereby a way to evaluate the estimated losses. We 
can determine the heat transferred to the fluid by the flow rate of the flu-
id, specific heat and the temperature difference between the inlet and the 
outlet as given by the following equation 

 

where qf  is the heat transferred to the fluid. This value can be compared 
to the effectively applied electrical power, calculated by deducting the heat 
losses to the ambient from the applied electrical power, by defining a ra-
tio of heat transferred to the fluid to the effective applied electrical pow-
er as 
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The resulting values of the ratio η for single phase tests of R134a are 
plotted in the Figure 4.12 against the effective electrical power applied. 

.  
 

 

Figure 4.12 Electrical power plotted against the ratio ηth during 
single phase tests for R134a 

 

4 . 5 . 3  S i n g l e  p h a s e  h e a t  t r a n s f e r  r e s u l t s  f o r  

q u a r t z  t e s t  s e c t i o n  
The experimentally determined single phase heat transfer coefficients, 
expressed in the form of dimensionless Nusselt numbers, were com-
pared with the Gneilinski (1976) correlation and the Dittus-Boelter 
(1930) correlation for turbulent flow conditions. The uncertainty in sin-
gle phase heat transfer coefficient with a 95% confidence level was from 
10 to 30% depending up on the temperature difference i.e. the uncertain-
ty was higher for a smaller temperature difference. For laminar flow, the 
heat transfer coefficient expressed in dimensionless form was compared 
to the constant value of Nu=4.36 as determined by analytical solutions. 
Experimental results for single phase heat transfer of R245fa and R134a 
can be seen in Figure 4.13 and Figure 4.14 respectively. As seen in these 
figures, the agreement between experimental and predicted values is rea-
sonable and within the uncertainty of the experimental values. Experi-
ments for both the refrigerants were repeated with very good repeatabili-
ty of results. 
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Figure 4.13 Single phase Nusselt number for R245fa, experimental 
values and predicted values using Gneilinski (1976) and Dittus-

Boelter (1930) correlations for turbulent conditions and for Lami-
nar Nu=4.36 for a circular tube 

 

 

Figure 4.14 Single phase Nusselt number for R134a, experimental 
values and predicted values using Gneilinski (1976) and Dittus-

Boelter (1930) correlations for turbulent conditions and for Lami-
nar Nu=4.36 for a circular tube 
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Single phase heat transfer and pressure drop results together with the 
heat balance (Figure 4.12) of the micro evaporator thus confirm the ac-
curacy of the measuring instruments and show that the single phase clas-
sical theory is applicable for the range of channel sizes tested.  

4 . 6  U n c e r t a i n t y  A n a l y s i s  

4 . 6 . 1  I n t r o d u c t i o n  t o  u n c e r t a i n t y  
There is no need to estimate uncertainty if one can find the true value of 
a measurement quantity. Unfortunately, the correct value of a measured 
or a derived quantity cannot be calculated although it exists. Best practice 
is to estimate the uncertainty of a quantity and define the quantitative 
limits of the uncertainty of a calculated quantity. Uncertainty of a meas-
ured or a derived quantity defines a band or range where the actual or 
correct value is most probable to lie. Experimental results without stating 
the corresponding uncertainties will of course not be meaningful as one 
will not know how far a measured and derived parameter is from the 
correct value. Therefore, the experimental results have to be expressed 
together with an uncertainty limit. 

Uncertainty is defined as a combination of two components called un-
certainty of type A  and uncertainty of type B . Type A (also 
called random or precision error) uncertainty is statistical in nature and 
can be estimated by the standard deviation of the mean value for a quan-
tity which has been measured for a sufficiently large number of times 
(usually measured for more than 20 times). Type B (also called systematic 
or bias error) uncertainty is however, not statistical in nature and most of 
the times is constant and must be estimated Taylor and Kuyatt (1994) 
from the previous available measurement data, the documents and cali-
bration certificates provided by the manufacturers and personal know-
ledge of the operator regarding the behavior of the instruments. The var-
ious sources of error of type B, just mentioned, are independent and can 
be combined using the root-sum-square (RSS) method to calculate the 
total uncertainty due to type B. According to BIPM/ISO standards, the 
combined or overall uncertainty u of a quantity due to the two types of 
uncertainties i.e. A and B is thus determined by root-sum-square (RSS) 
method given as 
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The uncertainty obtained with the above relation lies within 68% (1σ) 
confidence level for a normal distribution of variables. However, many 
times the uncertainty is indicated in a 20:1 odds meaning that a measured 
or a derived parameter lies within 95% (2σ) confidence level for a normal 
distribution of random variables. 

4 . 6 . 2  U n c e r t a i n t y  o f  a  m e a s u r e d  o r  d e r i v e d  

p a r a m e t e r  
It is most of the times required to obtain or calculate a result y which can 
be a function of many independent variables such as heat flux which is a 
function of voltage, current and heating area. The uncertainty of the re-
sult y will therefore, be influenced by a change in independent or indi-
vidual variables. Consider the final result y which is a function of many 
independent variables as defined below 

 

In the above equation, x1 through xn are independent variables. One of 
the methods to calculate the combined or overall uncertainty in the result 
y is the sequential perturbation method (SPM). In SPM, at a time one in-
dependent variable xi is sequentially perturbed to estimate the influence 
on the results y and then all the independent variables are sequentially 
perturbed to estimate the uncertainty due to all the independent va-
riables. The combined uncertainty in the result y is estimated using the 
root-sum-square (RSS) method. If the uncertainty in an independent va-
riable xi is ui then the combined or overall uncertainty in the result y will 
be given by the following equation 

 (24) 

In the above equation xi is the independent variable which is perturbed 
with respective uncertainty ui composed of both type A and type B un-
certainties. 

4 . 6 . 3  U n c e r t a i n t y  a n a l y s i s  i n  t h e  c u r r e n t  t h e s i s   
In this thesis, the uncertainty analysis has been performed by the method 
recommended by Moffat (1988) and NIST Taylor and Kuyatt (1994). 
Type A uncertainty has been determined from the standard deviation of 
the mean of a measured quantity as obtained from the data acquisition 
system. As described in the section 4.3.7, the data was recorded to obtain 
more than 100 data points for each measured parameter and the average 
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and standard deviation were used in the calculation of derived parame-
ters and the respective uncertainties. It is worth mentioning here that the 
type A uncertainty for system pressure and mass flow rate has been neg-
lected as the standard deviation in the measurements was very small as 
compared to type B uncertainty. Uncertainty of type B was calculated by 
using the information provided by the manufacturers which has been de-
scribed in section 4.1, section 4.2 and section 4.3. The uncertainty in a 
derived parameter was calculated by the method of propagation of error 
or SPM as recommended in NIST Taylor and Kuyatt (1994) and the 
overall uncertainty in a parameter was determined using the RSS method 
as described in section 4.6.1 and section 4.6.2. Further details of the me-
thod are also available in the NIST document Taylor and Kuyatt (1994) 
and in Owhaib (2007). A program in an Excel sheet was developed for 
uncertainty analysis in each data point as per recommendations in the ci-
tations just listed. For each data point, the uncertainty uy in result y was 
calculated by perturbing the ith independent variable xi by its correspond-
ing uncertainty ui. This procedure was repeated for n independent va-
riables i.e. i=1 to n for xi. The overall uncertainty was the RSS of the 
terms f(xi+ui)-f(xi) as defined in the previous section 4.6.2. To elaborate 
more on the procedure, the uncertainty in the heat transfer coefficient 
was calculated by perturbing the heat flux, wall temperature and fluid 
temperature as given by the following equation: 

 

Uncertainties in all the other derived parameters were calculated using 
the similar equations and perturbing the individual variables. The maxi-
mum quantitative uncertainties calculated at a confidence level of 95% 
(i.e. 2σ) are given in Table1. 
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Table 4-1 Uncertainties in experimental parameters 

Parameter Uncertainty 

      R134a                            R245fa 

Steel Tube diameter 1.70±0.007 mm, 1.224±0.009 mm  

Glass tube diameter 0.781±0.008 mm 0.781±0.008 mm 

Wall temperature  ±0.1 ºC  ±0.1 ºC  

Absolute pressure ±10 mbar ±10 mbar 

Differential pressure ±1 mbar ±1 mbar 

Saturation temperature ±0.15 ºC ±0.2 ºC 

Mass flow rate ±2.5%  ±2.5%  

Mass flux: 

Steel tubes 

Quartz tube 

 

±3% 

±3.25% 

 

 

±3.25% 

Single phase friction factor 17% 15% 

Heat flux: 

Steel tubes 

Glass tube 

 

±4% 

±3% 

 

 

±3% 

Single phase heat transfer coefficient 25% 20% 

Vapor quality: 

Steel tubes 

Glass tube 

 

±5% 

±5% 

 

 

±5% 

Boiling heat transfer coefficient: 

Steel tube 

Glass tube 

 

±14% 

±12% 

 

 

 ±15% 
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5 Flow Boil ing 
Visual ization 

The objective of the flow boiling visualization experiments was to study 
the flow patterns and associated two-phase flow characteristics. Differ-
ent flow regimes show different behaviour which affects the heat trans-
fer, pressure drop and dryout mechanism during two-phase flow in a 
channel.  

5 . 1  E x p e r i m e n t a l  f l o w  v i s u a l i z a t i o n  
r e s u l t s  ( P a p e r  # 1 )  

Flow boiling visualization in a horizontal, circular quartz micro channel 
with an internal diameter of 0.781 mm was carried out. The outer surface 
of the tube was coated with a thin, electrically conductive layer of ITO, 
which made simultaneous heating and visualization possible. The results 
of bubbly and elongated bubble regime for R134a are presented in the 
following sections. A comparison is also made with a previous flow visu-
alization study conducted on same experimental facility for R134a with a 
vertical quartz tube of diameter 1.33 mm.  

5 . 1 . 1  F l o w  p a t t e r n s  i d e n t i f i e d  d u r i n g  e x p e r i m e n t s  
The following flow patterns were identified in the experiments that are 
explained below with some major visualization observations and are 
shown in Figure 5.1. 

Isolated bubble: Bubble diameter is smaller than the tube diameter. Bubble 
growth is not hindered by the tube walls. In addition there is enough 
space for evaporation at the liquid vapour interface. This flow regime is 
characterized with distinct and almost spherical bubbles. The bubbly 
flow regime was observed to prevail for very short lengths. After the on-
set of boiling, as the heat flux was increased, the nucleation sites shifted 
to upstream and ultimately at higher heat fluxes for a given mass flux, 
the bubbly flow was restricted to a region close to the inlet of the test 
section. For all mass fluxes this flow regime was only observed for very 
short lengths and in some situations the confined bubble regime was ob-
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served immediately after the departure of the bubbles (almost direct 
transition to confined bubble regime).  
Confined bubble: The bubbles soon after the departure from nucleation 
sites grow to the diameter comparable to the tube diameter and further 
growth of bubble in radial direction is restricted by channel walls. The 
confined bubbles are characterized by the non-spherical bubbles due to 
small diameter of the tube.  
Elongated bubble: Due to the restricted growth in radial direction because 
of the small diameter of the channel, the confined bubbles occupy al-
most the entire cross-section of the microchannel and start growing in 
axial direction. In the current study this type of flow pattern is termed as 
the elongated bubble. This flow pattern is characterized by a very thin 
liquid film which surrounds the elongated bubble and fills the gap be-
tween the vapour bubble and the channel walls. In the current study if 
the length of the bubble is from slightly larger than the diameter of the 
channel up to 5 times the diameter, it is termed as the elongated bubble.  
Slug flow: As the length of elongated bubbles grows along the tube, the 
face of the trailing bubble meets the rear of the leading bubble to form 
large vapour plugs which are very large compared to the elongated bub-
bles. Liquid slugs are present between the two successive vapour plugs 
where in some cases smaller bubbles are also present in these liquid 
slugs. The tail of vapour plugs is wavy and in many cases touching the 
upper or lower part of the channel as the flow proceeds along the tube. 
In the current study, the bubbles longer than 5D are considered to be 
slug flow regime.  
Wavy annular/semi annular flow: Slug-annular and churn-annular flow pat-
terns are included in semi annular flow regime. If transition to annular 
flow occurs through the slug flow (which is mostly true for low and me-
dium mass fluxes in present tests) then the two large plugs meet to form 
the wavy annular flow and the tail of the plugs which is wavy creates 
waves in the liquid film which flows along the channel walls. Waves in 
both top and bottom liquid layers are observed. Occasionally, the annu-
lar flow regime is interrupted by liquid plugs.  
Wavy annular flow is also reached through churn flow (at high mass 
fluxes). At increased mass fluxes usually annular flow is disturbed peri-
odically by chaotic waves of liquid originating somewhere upstream of 
the channel.  
Annular flow: annular flow pattern is characterized with a continuous liq-
uid ring surrounding the channel walls. The thickness of the liquid film 
decreases with increase in vapour fraction along the tube. The thickness 
of the liquid film also decreases with an increase in heat flux at a given 
position. The vapour flows in the channel core with very small liquid 
droplets entrained in the vapour core.  
Annular mist flow: this is a transitional flow regime between annular and 
mist flow where the mist flow is disturbed with flushing liquid coming 
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from upstream. This liquid which flows at the channel walls is then 
evaporated and tube walls again become dry while some tiny liquid drop-
lets flow in the centre of the channel.  
Mist flow: characterized with tiny liquid drops flowing mainly dispersed in 
the channel core while tube walls are blanketed with vapour. Heat trans-
fer is mainly due to vapour in contact with tube walls and due to the liq-
uid droplets hitting the wall. 
 
 

 
Figure 5.1 Flow patterns captured during the flow boiling of R134a 

  

5 . 1 . 2  B u b b l y  f l o w  r e g i m e  
Evaluation of the nucleate boiling part of the flow boiling requires in-
formation regarding active nucleation sites, bubble size and bubble fre-
quency. The number of active nucleation sites was counted from the 
videos obtained during the experiments and the results are shown in 
Figure 5.2 where the number of active nucleation sites is plotted against 
the heat flux. As the sub cooled liquid entered the test section, the heat 
was transferred to the fluid and boiling started for a given heat flux con-
dition at a certain axial length from the inlet of the test tube. For a given 
mass flux condition, further increase in heat flux either increased the 
number of nucleation sites as can be seen in Figure 5.2 or promoted vi-
gorous boiling. The previously active nucleation sites became inactive 
when the increment in heat flux shifted the boiling front towards up-
stream of the tube. The initiation of boiling was observed to require a 
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higher superheat as compared to a stainless steel tube due to the very 
smooth inner surface of the current fused silica tube as is also shown in 
Figure 4.7 which is the image obtained during surface characterization.  
Slightly higher heat flux was required for a higher mass flux to start the 
nucleation. 

    

 

Figure 5.2 Number of active nucleation sites for R134a obtained at 
two different system pressures corresponding to Tsat=25 ˚C and 

Tsat=30 ˚C 

 

The bubble growth after departure is shown in Figure 5.3 for different 
mass fluxes and at a saturation temperature of 25 ˚C. Due to insufficient 
image magnification and very quick growth of the vapor bubbles, it was 
not possible to calculate the bubble size just before the detachment. 
Therefore, the bubble diameter at time zero is not zero but it is the di-
ameter of the bubble at the detachment. It may be observed from the 
Figure 5.3 that for a given mass flux the bubble diameter increases with 
heat flux. Except for G=400 kg/m2 s it may be observed that for a 
higher mass flux the bubble diameter is smaller for a given heat flux 
condition. This decrease in bubble departure diameter with mass flux is 
in agreement with our previous flow visualization studies Owhaib et al. 
(2007) at the same test facility and a tube diameter of 1.33 mm and also 
with other studies in literature for example Chih-Jung et al. (2006) and 
the main reason for this trend is the increased drag force experienced by 
the departing bubbles with increase in mass flux. 
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Figure 5.3 Bubble growth after departure for R134a, Tsat= 25 ˚C 

 

Bubble frequency is shown in Figure 5.4 plotted versus heat flux for a sa-
turation temperature of 25 ˚C and for several mass flux conditions. The 
bubble departure frequency was determined by counting the number of 
frames between bubble departures, and as the frame rate for the particu-
lar case was known, the frequency of the departing bubbles could be cal-
culated. It was observed from the videos that for a given nucleation site, 
the frequency increased with heat flux. More than one value of bubble 
frequency is due to more than one active nucleation sites at a given heat 
and mass flux condition. It is noted that the frequency is different for 
different nucleation sites at a given heat and mass flux condition. A 
probable reason could be the different size and shape of the cavities 
present on the tube surface and also the amount of gas entrapped in the 
cavities. A comparison of the present study with our previous study 
Owhaib et al. (2007) carried out for a 1.33 mm inner diameter vertical 
test section shows that bubble frequency is higher for the smaller diame-
ter channel (i.e. current test tube) for the same operating conditions 
which may mean that the transition from bubble to slug will occur earlier 
and also the slug to annular transition will be expected to occur earlier 
for a smaller diameter channel. This intuition is also supported when 
looking at the major differences in flow pattern transitions between the 
macro and micro scale channels reported in the literature where it is 
shown that the annular flow is encountered earlier in micro scale chan-
nels than macro scale channels.  
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Figure 5.4 Bubble frequency for R134a, Tsat=25 ˚C 

 

   

5 . 1 . 3  E l o n g a t e d  b u b b l e  f l o w  r e g i m e  
Elongated bubble flow is a unique flow regime existing in microchannels 
evolving due to the confinement of flow and is characterized by a thin 
liquid film trapped between the vapour and the channel wall. The exis-
tence of this flow pattern also shows the increased importance of surface 
tension forces as the channel diameter is decreased. The thin liquid film 
contributes to heat transfer; therefore, the modelling of flow boiling heat 
transfer in microchannels will require a good knowledge of under what 
conditions the elongated bubble flow pattern and associated patterns ex-
ist. Experimental values of mean elongated bubble length and velocity 
were calculated from the images captured during the experiments. The 
procedure of calculating the length and velocity and the corresponding 
uncertainty of the elongated bubble is explained in paper no 2 attached 
with this thesis. Experimental results of mean elongated bubble length 
and velocity obtained for R134a are shown in Figure 5.5 and Figure 5.6 
respectively. As expected, the bubble velocity and bubble length increase 
with vapour quality which is in agreement with basic physics and with 
previous studies found in literature. The elongated bubble velocity at 
zero vapour quality in Figure 5.6 is that for single phase liquid calculated 
from mass flux and liquid density. Increase in elongated bubble velocity 
and length facilitate the transition to the annular flow regime because of 
the merger of the bubbles. It might be possible to propose transition cri-
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teria for annular flow regime with quantitative information of bubble ve-
locity and length. 

 

 

Figure 5.5 Mean length of elongated bubbles for R134a at two sys-
tem pressures corresponding to Tsat=25 ˚C and Tsat=30 ˚C 

 

 

 

Figure 5.6 Mean elongated bubble velocity of R134a at Tsat=30 ˚C 
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6 Flow Pattern Maps 

This chapter presents the experimental flow pattern maps obtained by 
plotting the data on mass flux versus vapour quality plots, Reynolds 
number versus vapour quality plots and superficial liquid versus superfi-
cial gas velocity plots. The experimental flow pattern transition lines have 
also been compared with other flow pattern maps present in the litera-
ture both for macro and micro scale channels. Paper # 2 attached with 
this thesis is regarding the flow pattern maps and comparisons with 
other flow maps and will be referred to in this chapter. 

 

6 . 1  E x p e r i m e n t a l  f l o w  p a t t e r n  m a p s  
( P a p e r  # 2 )  

The flow patterns defined in the previous chapter were combined into 
five main flow patterns and were plotted to show different flow regime 
zones on a graph. The isolated bubble and confined bubble flow patterns 
were combined to the bubbly flow regime. The elongated bubble and 
slug flow were combined and named the slug flow regime. The slug-
annular, wavy-annular were combined as the semi-annular flow pattern. 
The flow pattern maps were obtained at two system pressures corre-
sponding to saturation temperatures of 25 ºC and 30 ºC. Other operating 
conditions were: mass flux 100 to 400 kg/m2 s, heat flux 5 to 45kW/m2. 
The flow patterns were recorded at frame rates of 1000 to 5000 fps. All 
tests were made with R134a.  

The flow pattern maps in terms of superficial gas and liquid velocities at 
a saturation temperature of 30 ºC and 25 ºC are shown in Figure 6.1 and 
Figure 6.2 respectively. The flow patterns change with increase in super-
ficial gas velocity. As the nucleation starts, the vapour bubbles are travel-
ling at the velocities close to superficial liquid velocities. With the in-
crease in vapour fraction along the test section, the superficial gas veloc-
ity increases and the flow patterns change from slug to semi annular and 
then to annular. The mist flow was observed for the lowest mass flux at 
the saturation temperature of 25 ºC only. 
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Figure 6.1 Experimental flow pattern map in terms of superficial 
liquid and gas velocities for D=0.781 mm at Tsat=30 ºC,, B=Bubbly, 

S=Slug, SA=Semi Annular, A=Annular 

 

Figure 6.2 Experimental flow pattern map in terms of superficial 
liquid and gas velocities for D=0.781 mm at Tsat=25 ºC,, B=Bubbly, 

S=Slug, SA=Semi Annular, A=Annular and M=Mist 

 

The flow pattern maps in terms of Reynolds number and vapour quality 
are shown in Figure 6.3 and Figure 6.4 for Tsat=30 ⁰C and Tsat=25 ⁰C re-
spectively. The Annular flow is the dominant flow regime in the current 
tests as can be seen in these figures. The transition for annular flow 
shifts towards lower vapour qualities as the mass flux increases and this 
trend is in agreement in a previous study Martin-Callizo et al. (2010) in 
the same test facility which was conducted for a circular, vertical quartz 
tube of 1.33 mm inner diameter. It is observed from the figures that for 
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a given Reynolds number condition, two flow patterns coexist for a cer-
tain range of vapour quality. 

 

 

Figure 6.3 Experimental flow pattern map in terms of Reynolds 
number and vapour quality for D=0.781 mm at Tsat=30 ºC,, 

B=Bubbly, S=Slug, SA=Semi Annular, A=Annular 

 

 

Figure 6.4 Experimental flow pattern map in terms of Reynolds 
number and vapour quality for D=0.781 mm at Tsat=25 ºC, 

B=Bubbly, S=Slug, SA=Semi Annular, A=Annular and M=Mist 
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6 . 1 . 1  T h e  e f f e c t  o f  s a t u r a t i o n  t e m p e r a t u r e  o n  

f l o w  p a t t e r n  t r a n s i t i o n  l i n e s  
The effect of saturation temperature on flow pattern transition lines is 
shown in Figure 6.5. Transition line for bubbly to slug flow is shifted to 
lower superficial gas velocities while the annular flow transition line is 
shifted to higher superficial gas velocities for Tsat=30 ºC as compared to 
Tsat=25 ºC. The effect of saturation temperature on flow patterns transi-
tions can also be seen by comparing the Figure 6.3 and the Figure 6.4 
where the transition for annular flow shifts to higher vapour qualities for 
a higher saturation temperature. The difference in annular flow pattern 
transition line for the two saturation temperatures can be defined by the 
difference in liquid to gas density ratio. The lower the system pressure, 
the lower will be the vapour density (higher ρl/ρg) and consequently lead 
to higher vapour velocity which may result in a flow pattern change from 
slug to semi annular and ultimately to annular flow earlier (at lower va-
pour fractions) than at higher system pressure.     

  

 

Figure 6.5 Effect of system pressure on experimental flow pattern 
transition lines for D=0.781 mm, solid lines for Tsat=30 ºC and dot-

ted lines for Tsat=25 ºC 

6 . 1 . 2  T h e  e f f e c t  o f  c h a n n e l  d i a m e t e r  o n  f l o w  

p a t t e r n  t r a n s i t i o n  l i n e s  
It is believed that as the channel diameter gets smaller, the effect of grav-
ity diminishes and that of surface tension becomes enhanced. Therefore, 
it may be expected that the channel orientation will not influence so 
much on the evolving flow patterns in horizontal and vertical micro-
channels. The effect of channel diameter on flow pattern transition lines 
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has been assessed by comparing the present study for the horizontal tube 
of 0.781 mm inner diameter with a previous study using the same ex-
perimental set up by Martin-Callizo et al. (2010) for a vertical tube of 
1.33 mm inner diameter. The transition lines of 1.33 mm diameter tube 
taken from the previous study using the same experimental set up by 
Martin-Callizo et al. (2010) are plotted together with the current experi-
mental flow pattern map in Figure 6.6. The fact that the stratified flow 
was not observed in the current experiments for a horizontal tube sup-
ports the intuition that the effect of gravity is diminished. However, 
more experiments are necessary to test this assumption. The transition to 
slug flow occurs at slightly lower vapour fractions for the current study 
as compared to that of the 1.33 mm diameter tube. The confinement of 
vapour bubbles due to smaller channel dimensions in the case of current 
study is believed to be responsible for the earlier transition to confined 
bubble and consequently to slug flow. Slug to semi-annular transition for 
the current study is delayed to higher vapour fractions which might be 
due to increased effect of surface tension as the diameter becomes 
smaller. Semi-annular to annular transition however seems to be occur-
ring at similar vapour fractions. 

 

Figure 6.6 Flow pattern transition lines at Tsat=30 ºC from Martin-
Callizo et al. (2010) plotted on the flow pattern map obtained from 

the current study at Tsat=30 °C 

6 . 1 . 3  C o m p a r i s o n  w i t h  s o m e  e x i s t i n g  f l o w  p a t t e r n  

m a p s  
Comparison with flow pattern maps for conventional channels and for 
micro scale channels was done in order to assess the generality of flow 
patterns and flow pattern maps. There is no generally agreed, universal 
flow pattern map available neither for conventional channels nor for mi-
cro scale channels. The Figure 6.7 and Figure 6.8 show the comparison 
with the Baker (1954) flow pattern map and Figure 6.9 and Figure 6.10 
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show the comparison with the Mandhane et al. (1974) flow pattern map 
respectively, both developed for conventional sized channels. Baker’s 
map seems to predict the transition line for slug to annular flow for 
Tsat=30 ⁰C while slug flow to bubbly flow transition is poorly predicted. 
The data for Tsat=25 ⁰C is also poorly predicted by Baker’s map. The 
Mandhane et al. flow pattern map is in poor agreement with experimen-
tal data at both the saturation temperatures. The reason for this discre-
pancy might be the increased importance of surface tension which is not 
of importance for two-phase flow in conventional channels. Also the 
flow pattern maps developed for adiabatic conditions may not be ex-
pected to predict precisely the transition lines for a flow map obtained 
for non-adiabatic conditions. 

 

Figure 6.7 Comparison of experimental flow patterns at Tsat=25 ºC 
with Baker (1954) flow regime map 

 

Figure 6.8 Comparison of experimental flow patterns at Tsat=30 ºC 
with Baker (1954) flow regime map 
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Figure 6.9 Comparison of current experimental data points at 
Tsat=25 ºC with the flow regime map of Mandhane et al. (1974) 

 

Figure 6.10 Comparison of current experimental data points at 
Tsat=30 ºC with the flow regime map of Mandhane et al. (1974) 

The comparison with flow pattern maps developed for small diameter 
channels did not show a reasonable agreement either, except the correla-
tion of Garimella et al. (2002) which was developed for predicting the in-
termittent (this flow pattern is characterized by the discontinuity in liquid 
and vapor phases and includes slug flow and plug flow) and non-



 

 76 

intermittent (this flow pattern includes annular flow) flow pattern transi-
tion lines in a condensing flow. Comparisons with the flow pattern maps 
for small channel diameters are shown in Figure 6.11 to Figure 6.16.  

 

Figure 6.11 Comparison of experimental transition lines for inter-
mittent and non-intermittent flow pattern with the transition line 

prediction correlation of Garimella et al. (2002), Tsat=30 ºC 

 

Figure 6.12 Comparison of current experimental data points at 
Tsat=25 ºC with the experimental transition lines of Triplett et al. 
(1999) for air-water two-phase flow in a circular test section of 

1.097 mm 

 



 

 77 

 
Figure 6.13 Comparison of current experimental data points at 
Tsat=30 ºC with the experimental transition lines of Triplett et al. 
(1999) for air-water two-phase flow in a circular test section of 

1.097 mm 

 

 

Figure 6.14 Comparison of current experimental data points at 
Tsat=25 ºC with the experimental transition lines of Chen et al. 

(2005) for R134a in a circular test section of 1.10 mm at system 
pressures of 6 bar (blue lines) and 10 bar (red lines) 
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Figure 6.15 Comparison of current experimental data points at 
Tsat=30 ºC with the experimental transition lines of Chen et al. 

(2005) for R134a in a circular test section of 1.10 mm at system 
pressures of 6 bar (blue lines) and 10 bar (red lines) 

 

Figure 6.16 Comparison of current experimental data points at 
Tsat=30 ºC with the experimental transition lines of Revellin and 
Thome (2007) for R134a in a circular test section of 0.5 mm at 

Tsat=30 ºC and ΔT=3 ºC 

 

Generally, none of the flow pattern maps is able to catch the trends in 
the current experimental points except with partial agreement with tran-
sition lines of some of the flow maps.  
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7 Flow Boil ing Heat 
Transfer 

7 . 1  O b j e c t i v e s  o f  f l o w  b o i l i n g  h e a t  
t r a n s f e r  e x p e r i m e n t s   

The micro channel two-phase flow and heat transfer is a developing field 
and relatively less data is available for flow boiling in small sized chan-
nels. Moreover, discrepancies exist within the available heat transfer data 
for micro channels. Design tools are required for manufacturing com-
pact heat exchangers in many fields of industrial interest and predicting 
the heat transfer performance is fundamental for the design and optimi-
zation of such devices. The purpose of this study was to understand the 
flow boiling characteristics of micro channels. The experiments were car-
ried out for a steel tube and a glass tube. Two refrigerants were used dur-
ing the experiments one of which was a low pressure fluid R245fa and 
the other fluid was medium pressure R134a. Parametric effects on flow 
boiling heat transfer were ascertained. Discussion of the steel tube results 
was also supported by the visualization studies carried out on the same 
experimental set up for a micro channel glass test section in an attempt 
to get an insight into the underlying flow boiling phenomena. Macro 
scale and micro scale correlations were also tested to assess their appli-
cability for design purposes. 

 

7 . 2  E x p e r i m e n t a l  r e s u l t s  o f  f l o w  b o i l i n g  
h e a t  t r a n s f e r  i n  a  s t e e l  t u b e  ( P a p e r  #  
3 )  

Flow boiling heat transfer was studied for a micro channel having an in-
ternal diameter of 1.70 mm. The experiments were performed using 
R134a as working fluid for two different system pressures. The experi-
mental operating conditions can also be viewed in paper no 3 attached 
with the thesis. The following sections report on the experimental re-
sults. 
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7 . 2 . 1  B o i l i n g  c u r v e s  
Boiling curves at two different system pressures corresponding to 
Tsat=27ºC and Tsat=32ºC are shown in Figure 7.1. Data points on these 
curves were taken at steady state conditions and the figure shows the 
plot of the heat flux versus temperature difference between the outer 
wall temperature, recorded at the last thermocouple position (down-
stream of the channel) and the saturation temperature. As shown, the 
boiling curves for the different mass fluxes are almost identical up to a 
certain heat flux. Beyond this point the temperature difference increases 
considerably with only a minor change in heat flux. This indicates partial 
dryout of the heated surface. The heat flux at which the partial dryout 
occur increases with mass flux, as could be expected, as increased mass 
flux at a given heat flux corresponds to a decrease in vapour fraction. 
The boiling curves are similar to those obtained for pool boiling. How-
ever, the dryout appears at much lower heat fluxes than would be ex-
pected for critical heat flux in pool boiling. 

 

Figure 7.1 Boiling curves at Tsat=27 ºC and Tsat=32 ˚C 
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7 . 2 . 2  T h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  
The local heat transfer coefficients at different mass fluxes and satura-
tion temperatures are shown in Figure 7.2, Figure 7.3 and Figure 7.4. 
These diagrams show the heat transfer coefficients at five different axial 
locations along the test tube. The following observations can be made 
from the results shown: 

 Firstly, the heat transfer coefficient increases monotonically 
with heat flux in all the diagrams. 

 Secondly, even the heat transfer coefficients at x≈0 are 
strongly dependent on the heat flux, indicating that sub 
cooled boiling is of importance in most of the cases. Similar 
trends were also observed by Lazarek and Black (1982; Lin 
et al. (2001; Bertsch et al. (2008). 

 Thirdly, the heat transfer coefficient increases with vapour 
quality for low vapour qualities, levels out i.e. does not 
change, decreases slowly for a range of vapour qualities to 
finally decrease rapidly for vapour qualities above some spe-
cific value. The rapid decrease is not found in all tests as the 
vapour quality never reaches the critical value in the test sec-
tion. 

 

  

Figure 7.2 Local heat transfer coefficient at G=75 kg/m2 s, Tsat=27 
ºC 
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Figure 7.3 Local heat transfer coefficient at G=600 kg/m2 s, Tsat=27 
ºC 

  

Figure 7.4 Local heat transfer coefficient at G=200 kg/m2 s, Tsat=32 
ºC 

 

The effect of mass flux on the local heat transfer coefficient can be seen 
in Figure 7.5. It may be observed that for a given heat flux the heat 
transfer coefficient is not affected by the variation of mass flux up to a 
certain range of vapour quality. For the case of low heat and mass flux 
i.e. G=75 kg/m2 s, q”=7.6 kW/m2 and G=135 kg/m2 s, q”=7.7 kW/m2 
the heat transfer coefficient is independent on mass flux and vapour 
quality. For medium heat and mass fluxes the heat transfer coefficient 
shows the same trend except that heat transfer coefficient starts decreas-
ing above a certain vapour quality. Also at mass fluxes of 500 kg/m2 s 
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and 600 kg/m2 s and heat flux of 125 kW/m2, the heat transfer coeffi-
cient is independent on mass flux and not changing with vapour quality 
up to a vapour quality of about 0.4 to 0.5. 

The effect of system pressure on the local heat transfer coefficient is de-
picted in Figure 7.6. It can be seen that increasing system pressure 
slightly enhances the heat transfer coefficient. In general, the fact that 
the heat transfer coefficient is dependent on heat flux and sensitive to 
system pressure and is independent on mass flux and on vapour quality 
up to a certain range, shows a strong similarity with what would be ex-
pected for nucleate boiling. However, based on previous visualization 
tests using the same test facility by Owhaib et al. (2006); Martin-Callizo 
et al. (2010), it was observed that the nucleation of bubbles did not occur 
anywhere except at the very beginning of the test section. The similarity 
is rather a result of the close relation between the nucleate boiling and 
the thin film evaporation. This may, however, not explain the similarity 
in the part of the test section where annular flow is expected i.e. for xth > 
0.2-0.4. Similar trends in flow boiling heat transfer were also observed by 
Huo et al. (2004) and Martín-Callizo et al. (2007). 

  

Figure 7.5 Effect of mass flux on the local heat transfer coefficient 
at Tsat=27 ˚C 
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Figure 7.6 Effect of system pressure on local heat transfer coeffi-
cient 

7 . 2 . 3  T h e  a v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t  
The average heat transfer coefficients are plotted versus mass flux in 
Figure 7.7. It is seen that the heat transfer coefficient is, within the accu-
racy of the measurements, independent of mass flux and is only a func-
tion of heat flux, as can be expected based on the trends for the local 
heat transfer coefficients described above. The independence of heat 
transfer coefficient on mass flux also suggests the low impact of convec-
tive heat transfer mechanism. Similar observations were made by Huo et 
al. (2004; Owhaib et al. (2004a). 

  

Figure 7.7 Average heat transfer coefficient at Tsat=27 ˚C 
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7 . 2 . 4  H e a t  t r a n s f e r  a n d  w a l l  t e m p e r a t u r e  p r o f i l e  

c l o s e  t o  t h e  d r y o u t  c o n d i t i o n  
A continuous outer wall temperature profile for a mass flux of G=300 
kg/m2 s and Tsat=32 ºC is shown in Figure 7.8. The local heat transfer 
coefficients and the standard deviations in the wall temperatures for the 
same case are shown in Figure 7.9. It can be seen that fluctuations in wall 
temperature shown by last thermocouple start to appear at a heat flux of 
q”=74kW/m2 which can be observed by the slight increase in the corre-
sponding standard deviation of the wall temperature. It is conjectured 
that the fluctuations in wall temperatures appear due to appearance of 
dryout patches at the heater surface. Similar phenomena of wall tempera-
ture fluctuations and increase in standard deviation was also observed by 
Cavallini et al. (2007). They also performed similar experiments for con-
densation and did not observe the fluctuations in wall temperature and 
hence concluded that the observed fluctuations were due to some physi-
cal phenomena.  

When the heat flux is increased after the incipience of dryout, the dryout 
portion of the surface may get intermittently dried out and rewetted 
again by the incoming waves, or expand giving rise to complete dryout 
condition. If the rewetting of dry spots does not occur, complete dryout 
is reached. However, this was not allowed to happen in these tests. As 
shown in Figure 7.8, the heat flux was increased slowly from 91kW/m2, 
where the first sign of dryout was noted at the last thermocouple posi-
tion, to 94kW/m2 under a period of more than one hour. Similar plots 
can also be shown for all the other mass fluxes. As expected, the dryout 
conditions first started from the exit of the tube and propagated up-
stream as the heat flux was increased. 
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Figure 7.8 Continuous recording of outer wall temperatures at high 
heat fluxes, G=300 kg/m2 s, Tsat=32 ºC 

 

  

Figure 7.9 Standard deviation (SD) of wall temperatures and heat 
transfer coefficients (HTC) close to dryout conditions, G=300 kg/m2 

s, Tsat=32 ºC 

 



 

 87 

7 . 2 . 5  C o m p a r i s o n  w i t h  c o r r e l a t i o n s  
The average and local heat transfer coefficients were compared with 
some well known correlations taken from the literature and a summary 
of the results is shown in Table 7-1. The comparison of average heat 
transfer coefficient with some correlations is also viewed in Figure 7.10. 
The correlations selected are either for pool boiling or for flow boiling 
based on nucleate boiling as dominant heat transfer mechanism. In gen-
eral, the average heat transfer coefficient is predicted well by these corre-
lations which will be expected based on the trends found in experimental 
results.  

 

Table 7-1 Assessment of existing prediction methods for boiling 
heat transfer 

Correlation MAD (%) % of data within ± 30% 

Cooper (1984) 17 98 

Gorenflo (1992) 12 91 

Lazarek and Black (1982) 14 91 

Tran et al. (1996) 8 96 

Owhaib (2007) 15 90 

Kew and Cornwell (1997) 15 89 

Liu and Winterton (1991) 33 78 

Gungor and Winterton 
(1986) 

51 63 (within ± 50%) 

Chaddock and Brunemann 
(1967) 

34 46 

Kandlikar and Balasubra-
manian (2004) 

46 23 

Zhang et al. (2004) 23 77 
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Figure 7.10 Comparison of average heat transfer coefficient with 
(a) Tran et al. (1996) correlation (b) Cooper (1984) correlation (c) 
Lazarek & Black correlation (1982) (d) Owhaib (2007) correlation 

 

 

The local heat transfer coefficients were in better agreement with the Liu 
and Winterton (1991) correlation developed for conventional channels 
and Zhang et al. (2004) correlation developed for micro scale channels. 
However, the data close to dryout condition was not predicted well by 
these two correlations. The comparisons with two macro scale correla-
tions can be viewed in Figure 7.11 and with two micro scale correlations 
in Figure 7.12. 
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Figure 7.11 Comparison of local heat transfer coefficient with 
macro scale correlations (a) Liu & Winterton (1991) correlation  (b) 

Chaddock & Brunemann (1967) correlation 
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Figure 7.12 Comparison of local heat transfer coefficient with mi-
cro scale correlations (a) Zhang et al. (2004) correlation (b) Kand-
likar & Balasubramanian (2004) correlation 

 

7 . 2 . 6  S u m m a r y  o f  r e s u l t s  w i t h  s t e e l  t u b e  
The heat transfer coefficient increases with heat flux and system pressure 
while mass flux and vapour quality have negligible effect up to dryout in-
cipience. Beyond dryout incipience, the heat transfer coefficient de-
creases with vapour quality. The experimental flow boiling heat transfer 
data is compared to correlations developed for macro and microchannels 
and for pool boiling. Correlations developed for pool boiling show a 
good agreement with experimental data. 
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7 . 3  H e a t  T r a n s f e r  i n  G l a s s  T u b e  ( P a p e r  
# 4 )  

 

The experiments in the quartz test tube were carried out using R134a 
and R245fa as working fluids. The main objective with using two refrige-
rants was to study the effect of two refrigerants on the heat transfer 
coefficient and assess the capability of the existing correlations in pre-
dicting the experimental data with fluids having different thermo-
physical properties. As can be seen in Table 7-2, the thermo-physical 
properties R134a and R245fa are quite different. 

 

Table 7-2 Comparison of thermo-physical properties of R245fa and 
R134a at Tsat≈30 ˚C 

Refrigerant 
Pressure 
(bar) 

Liquid 
density 
(kg/m3) 

Vapour 
density 
(kg/m3) 

Liquid 
viscosity 
(µPa-s) 

Surface 
tension 
(mN/m) 

Liquid 
specific 
heat 
(J/kgK) 

Latent heat 
of vaporiza-
tion (kJ/kg) 

Liquid 
Prandtl 
number 

(-) 

Liquid 
thermal 
conductivity 
(W/mK) 

R134a 7.7 1187 37.60 183 7.40 1447 173 3.35 0.0789 

 

R245fa 

 

1.79 

 

1325 

 

10.16 

 

380 

 

13.4 

 

1350 

 

188 

 

5.80 

 

0.0883 

 

% Differ-
ence with 
R134a 

 

 

-78 

 

 

11.6 

 

 

-73 

 

 

107.7 

 

 

81 

 

 

-6.7 

 

 

8.7 

 

 

73 

 

 

11.9 

 

7 . 3 . 1  A v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t  
Single phase results for pressure drop and average heat transfer coeffi-
cient have already been presented in section 4.5.1 and section 4.5.2 re-
spectively where the classical single phase theory was shown to be appli-
cable in the case of micro channels. The average flow boiling heat trans-
fer coefficient results for the two refrigerants at Tsat=30 ºC are shown in 
Figure 7.13. Figure 7.13a shows the variation of the heat transfer coeffi-
cient as a function of exit vapor quality and the Figure 7.13b shows the 
variation of the heat transfer coefficient with mass flux for several heat 
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flux conditions. The heat transfer coefficient is observed to increase with 
exit vapor quality for a given mass flux and for a given exit vapor quality 
the higher mass flux gives a higher heat transfer coefficient. This trend 
with exit vapor quality is explained by the fact that for a given mass flux, 
a higher exit vapor quality means a higher heat flux and for a given exit 
vapor quality, the higher mass flux means a higher heat flux. In other 
words, it can be said that the heat transfer coefficient increases with heat 
flux which can also be seen in Figure 7.13b where for a given mass flux, 
the higher the heat flux, the higher is the heat transfer coefficient. The 
difference in heat transfer coefficient for the two refrigerants is however 
marginal which is surprising in view of the significant difference in ther-
mo-physical properties of the two refrigerants.  

 

Figure 7.13 Average heat transfer coefficient for R134a and R245fa 
at Tsat=30 ºC, vs. a) the outlet vapour fraction and b) the mass flux. 

Filled symbols are for R134a and empty symbols for R245fa 
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7 . 3 . 2  C o m p a r i s o n  w i t h  c o r r e l a t i o n s  
The comparisons were made with the correlations suggested by Lazarek 
and Black (1982), Tran et al. (1996), Cooper (1984) pool boiling correla-
tion and Owhaib (2007). The results of the comparisons with these cor-
relations can be seen in Figure 7.14 for R134a and in Figure 7.15 for 
R245fa. The Lazarek and Black correlation and the Cooper pool boiling 
correlation give reasonable predictions in the case of R134a while in the 
case of R245fa all the correlations under predict the experimental data. 
The main reason for this discrepancy is attributed to the different ther-
mo-physical properties of the two refrigerants. 

 

Figure 7.14 Comparison of R134a experimental data with correla-
tions from (a) Lazarek and Black (1982) (b) Tran et al. (1996) (c) 

Cooper (1984) pool boiling correlation (d) Owhaib (2007) correla-
tion 
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Figure 7.15 Comparison of R245fa experimental data with correla-
tions from (a) Lazarek and Black (1982) (b) Tran et al. (1996) (c) 

Cooper (1984) pool boiling correlation (d) Owhaib (2007) correla-
tion 
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8 Dryout During Flow 
Boil ing 

8 . 1  O b j e c t i v e s  o f  t h e  s t u d y  
 

Dryout heat flux in a flow boiling system is an upper limit for a given set 
of operating conditions for safe and effective operation of the heat ex-
change system. Both incipience and complete dryout conditions become 
important to be known when a uniform temperature of a surface has to 
be maintained such as in cooling of electronics where the temperature of 
the electronic chip has to be maintained around 80 to 100 ˚C. It has been 
observed in many studies in the literature, as shown and discussed in sec-
tion 2.4 and section 2.5, that partial dryout of the surface in microchan-
nels occurs at comparatively low vapour qualities characterized by tem-
perature fluctuations thereby deteriorating the heat transfer performance. 
Dryout incipience may therefore lead to hot spots and cause a premature 
failure of the device such as an electronic chip being cooled. Complete 
dryout on the other hand may cause a complete failure or burnout of the 
device. 

The objectives of the dryout study were to elucidate the dryout charac-
teristics during flow boiling of a fluid in a microchannel in order to en-
rich the data base with accurate data for developing design tools to pre-
dict the dryout condition in microchannels.  

8 . 2  E x p e r i m e n t a l  r e s u l t s  o f  t h e  d r y o u t  
s t u d y  ( P a p e r  # 5 )  

The following sections describe the experimental findings on dryout cha-
racteristics of R134a during flow boiling in two microchannels with in-
ternal diameters of 1.70 mm and 1.22 mm. 
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8 . 2 . 1  I d e n t i f i c a t i o n  o f  d r y o u t  i n c i p i e n c e  a n d  

d r y o u t  c o m p l e t i o n  c o n d i t i o n  
 
Dryout incipience (DI) and dryout completion (DC) were identified 
from boiling curves, recording of outer wall temperatures and standard 
deviation in corresponding wall temperatures. Boiling curves for tube di-
ameters of 1.70 mm and 1.22 mm at Tsat=27 ˚C are shown in Figure 8.1. 
In this figure, the heat flux is plotted versus the temperature difference 
between the wall (last thermocouple position) and the saturation tem-
perature, ΔTw=Tw-Tsat. Two different zones can easily be distinguished in 
these curves. The first zone is where the ΔTw increases very little with an 
increase in heat flux while in the second zone the increment in ΔTw is 
considerably larger for a small given heat flux increment. It may be ob-
served from the boiling curves that the mass flux has a negligible effect 
on wall superheat in the first zone. Increment in wall superheat with in-
crease in heat flux is small and almost all the points follow the same 
curve up to a certain point. The heat flux at the first shift from the boil-
ing curve is termed dryout incipience heat flux and the corresponding 
vapour quality is termed as dryout incipience quality. Beyond the dryout 
incipience point, a small increase in heat flux gives a much larger incre-
ment in wall superheat as compared to the conditions before dryout in-
cipience. Further increment in heat flux raises the wall temperature con-
tinuously even after waiting for long time (in most cases up to one hour 
during the experiments) and as the wall superheat is equal to or larger 
than 35 ºC (based on average wall temperature), the condition is consid-
ered to be the dryout completion and the power is cut-off.  
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Figure 8.1 boiling curves at Tsat=27 ˚C for (a) tube diameter D=1.22 

mm and (b) tube diameter D=1.70 mm 

 
Another indication of dryout incipience is the fluctuations in the outer 
wall temperature and the associated standard deviation. A continuous re-
cording of wall temperatures for the conditions D=1.22 mm, Tsat=27 ºC, 
G=500 kg/m2 s and the corresponding standard deviation in wall tem-
peratures up to the complete dryout is shown in Figure 8.2 a and b re-
spectively. The heat flux between 65kW/m2 and 69kW/m2, as seen in 
Figure 8.2a, was increased in very small steps after waiting for a long 
enough time. Similar plots for all the other cases and for both diameters 
can be produced. Figure 8.2a shows how the fluctuations start at the 
thermocouple positions at the downstream end of the test tube, at some 
critical heat flux, possibly as a result of dryout patches appearing on the 
heater surface. The same phenomenon was also observed by Owhaib et 
al. (2006) during visualization experiments and based on the videos it 
was explained to be caused by the heater surface temporarily becoming 
dry and temporarily flushed with a passing wave. These dryout patches 
are rewetted unless a certain heat flux is reached where no rewetting of 
the heater surface takes place and complete dryout occurs and this point 
is termed as dryout completion heat flux and the corresponding vapour 
quality is termed dryout quality. Moreover, as expected, Zhang et al. 
(2006) dryout conditions started close to the exit of the tube for all the 
mass fluxes tested and the dryout front moved upstream as the heat flux 
was increased. This can also be concluded by looking at the wall tem-
perature profile where the fluctuations always start close to the exit of 
the tube (measurements shown by last thermocouple attached close to 
the exit of tube) and propagate to the upstream of the tube. The move-
ment of the dryout front to further upstream can be observed by looking 
at Figure 8.2a where the temperature fluctuations start propagating from 
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the last thermocouple (T6) to second last thermocouple (T5) with in-
crease in heat flux. 
 

 

Figure 8.2 (a) A continuous temperature profile where T1 is the 
first thermocouple at the upstream end and T6 is the last thermo-
couple at the downstream end of the test section and (b) Corre-

sponding standard deviation in temperatures of six thermocouples 
along the axial direction of the test section 
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8 . 2 . 2  P a r a m e t r i c  e f f e c t s  o n  d r y o u t  i n c i p i e n c e  a n d  

d r y o u t  c o m p l e t i o n  h e a t  f l u x  

8 . 2 . 2 . 1  E f f e c t  o f  m a s s  f l u x  

Figure 8.3 shows the effect of mass flux on DI and DC heat flux for 
both the tubes and at two system pressures. Results show that the DI 
and DC both increase with mass flux. The increment in DC heat flux 
with increase in mass flux is in compliance with many studies found in 
the literature for macro and micro scale channels. However, for DI heat 
flux there are not many studies available to compare. One of our pre-
vious studies Martin-Callizo et al. (2008) using the same test facility and a 
microchannel of 0.64 mm internal diameter showed the same trend for 
DI heat flux. The reason for the observed trend of increase of DI and 
DC heat flux is simply that an increase in mass flux at a given heat flux 
leads to a lower vapor fraction at any given position in the tube, and that 
DI and DC are highly dependent on vapor quality, as shown in the next 
section.  

 

Figure 8.3 Effect of mass flux and system pressure on Dryout in-
cipience (DI) and Dryout completion (DC) heat flux  for Tsat=32 ˚C 

and Tsat=27 ˚C (a) D=1.22 mm (b) D=1.70 mm 
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8 . 2 . 2 . 2  E f f e c t  o f  v a p o r  q u a l i t y  

A plot of the effect of exit vapour quality on dryout heat flux for the test 
tube having internal diameter of 1.22 mm is shown in Figure 8.4. For 
each mass flux, the figure shows two points where the first point is the 
dryout incipience quality and the last point is the vapor quality for com-
plete dryout condition. A range of vapour qualities may be observed for 
dryout incipience to occur, for example at Tsat=27 ºC and G=75 to 200 
kg/m2 s, the dryout incipience occurs between vapour fractions of 0.48 
to 0.58 while for the same saturation temperature and G=300 to 600 
kg/m2 s, the dryout incipience occurs in the vapour quality range of 0.38 
to 0.48. For a mass flux range of 200 kg/m2 s to 600 kg/m2 s the vapor 
quality for complete dryout shifts to lower values and the heat flux for 
dryout completion increases with decrease in exit vapour quality. This 
shift to lower dryout vapour qualities for higher mass fluxes can be at-
tributed to the liquid entrainment effect. 

 

 

Figure 8.4 Effect of vapour quality on Dryout incipience and Dryout 
completion condition for D=1.22 mm at Tsat=32 ˚C and Tsat=27 ˚C 

 

Figure 8.5 shows the plot for D=1.70 mm tube showing the effect of 
vapour quality on DI and DC heat flux. For this tube i.e. D=1.70 mm 
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the dryout incipience seems to occur at a range of vapour quality from 
0.55 to 0.69 except for mass flux of 200 kg/m2 s and Tsat=27 ºC for 
which dryout incipience occurs at a vapour quality of 0.85. Contrary to 
the small diameter tube, a pronounced decrease in dryout incipience 
quality for an increase in mass flux was not observed for the larger di-
ameter tube. The heat flux at complete dryout for the larger diameter 
D=1.70 mm can be seen to decrease with increasing vapour quality. 
Unlike dryout incipience, the vapour quality for dryout completion is 
clearly seen to decrease with increase in mass flux which might be an ef-
fect of liquid entrainment. 

 

Figure 8.5 Effect of vapour quality on Dryout incipience and Dryout 
completion condition for D=1.70 mm at Tsat=32 ˚C and Tsat=27 ˚C 

 

Dryout completion occurs earlier (i.e. at lower vapour qualities) for 
higher mass fluxes for both the test tubes. In the current study the flow 
regime at the condition of dryout incipience and dryout completion is 
believed to be annular. This was also observed by looking at the flow in 
the glass tubes placed at the outlet of both the test tubes. Moreover, 
visualization studies with the same experimental facility also show that 
the flow is typically annular at these vapour qualities in a microchannel. 
Annular flow is characterized by a vapour core flowing at the centre of 
the tube and a liquid film of certain thickness flowing along the tube wall 
and vaporization occurs at the vapour liquid interface. The increase in 
mass flux creates an increase in the velocity difference between the liquid 
and vapour phases and vapour is moving with a higher velocity, which 
creates increased interfacial shear stress. This increased interfacial shear 
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may be able to tear the liquid film and increase the droplet entrainment 
rate in the vapour core. Consequently liquid is flowing in the form of 
droplets in the vapour core at the centre of the tube and the liquid film 
dries out at lower vapour qualities. 

8 . 2 . 2 . 3  E f f e c t  o f  c h a n n e l  d i a m e t e r  

Reduction in channel diameter enhances the relative importance of sur-
face tension and shear forces which changes the flow patterns and asso-
ciated transition between the flow patterns and consequently influences 
the occurrence of dryout. Figure 8.6 shows the effect of tube diameter 
on DI and DC heat flux. The heat flux for dryout incipience and dryout 
completion are both higher for larger diameter tube. At lower mass 
fluxes the difference in dryout heat flux is small but as mass flux in-
creases this effect of increment in heat flux becomes more pronounced. 
A similar trend was also observed by Wojtan et al. (2006). Figure 8.7 
shows the plot of dryout heat flux versus exit vapour quality for different 
mass fluxes and both tube diameters. Vapour quality at dryout incipience 
and dryout completion are marked by the two symbols for each case. 
Both are clearly seen to occur earlier (i.e. at lower vapour qualities) for 
1.22 mm diameter tube as compared to 1.70 mm diameter tube. Earlier 
occurrence of dryout for smaller diameter tube can be explained by the 
fact that with reducing the diameter the shear forces get stronger thereby 
promoting the increased interfacial shear and liquid entrainment which 
causes the liquid film to dry earlier. 

 

Figure 8.6 Effect of tube diameter on dryout incipience and dryout 
completion heat flux at Tsat=27 ˚C 
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Figure 8.7 Effect of tube diameter on dryout incipience vapour 
quality and dryout completion vapour quality at Tsat= 27 ˚C 

 

It is noted, however, that the heated length of both the channels in these 
experiments was the same which means that the effect of tube diameter 
may not be seen independently. Instead a more realistic approach will be 
to see the effect of the heated length to diameter (L/D) ratio. Current 
experimental results show that as L/D ratio increases the heat flux for 
dryout completion decreases which is also in agreement with many CHF 
studies in the literature for example Kim et al. (2000). It should also be 
noted that the effect of tube diameter and the effect of surface rough-
ness on dryout cannot be distinguished from the present tests as the sur-
face characteristics were different for the two tubes. 

8 . 2 . 2 . 4  E f f e c t  o f  s y s t e m  p r e s s u r e  

Effect of system pressure on the dryout incipience and dryout comple-
tion heat flux can be seen in Figure 8.3.  The effect of system pressure 
on dryout heat flux is marginal but for a tube diameter of 1.22 mm, the 
dryout completion occurs at a slightly higher heat flux for higher system 
pressure and the effect seems to be pronounced as the mass flux in-
creases. For the larger tube diameter the system pressure has no clear ef-
fect on heat flux at dryout completion. System pressure effect on dryout 
quality is depicted in Figure 8.4 and Figure 8.5. For a tube diameter of 
1.22 mm it can be seen that dryout completion is delayed to higher va-
pour qualities for a higher system pressure but for larger tube diameter 
the trend is not clear. Therefore, no clear conclusion can be made for the 
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effect of system pressure on dryout heat flux and vapour quality due to 
very narrow range of the two system pressures. It would be expected 
that as the density ratio (ρg/ρl) increases with pressure, thereby reducing 
the droplet entrainment rate in the vapour core, the dryout will be de-
layed to higher vapour qualities for a higher system pressure. A broader 
range of system pressures should be tested to see any clear effects of sys-
tem pressure on dryout. 

8 . 2 . 2 . 5  C o m p a r i s o n  w i t h  e x i s t i n g  m a c r o  a n d  m i c r o  s c a l e  

c o r r e l a t i o n s  f o r  c r i t i c a l  h e a t  f l u x  

Comparison of experimental results with predictions of several correla-
tions taken from literature is shown in Table 8-1. The Bowring (1972) 
correlation developed for macrochannels gives the best predictions 
among all the tested macro and micro channel correlations with a MAD 
of 13% and 81% of the data falling within ±20% error band. 100% of 
the larger tube diameter data is captured within ±20% by this correlation 
while for D=1.22 mm the low mass flux data is captured within the pre-
scribed error band but for G=300 kg/m2 s and above the data is below 
values predicted by the correlation. The comparison with Bowring’s cor-
relation is shown in Figure 8.8. The Katto and Ohno (1984) correlation 
which is widely used for prediction of CHF, predicts the present experi-
mental data with a MAD of 19%, with 67% of all the data falling within 
±20%. The higher mass flux data for both the tubes is over predicted by 
this correlation. The comparison of the experimental data with the 
Katto-Ohno correlation is viewed in Figure 8.9. The Zhang et al. (2006) 
correlation developed for mini channels from water data, is in reasonable 
agreement with the current experimental data with a MAD of 18% and 
with 70% of data falling within the ±20% error band. The comparison 
with this correlation is viewed in Figure 8.10 where it can be seen that 
the data of the larger diameter tube is predicted to 100% within the 
±20% error band, but the data points for the smaller diameter tube fall 
outside of the ±20% error band.  
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Table 8-1 Assessment of existing macro and micro scale CHF prediction 
methods 

 

 

Figure 8.8 Comparison of experimental data with Bowring (1972) 
correlation for the critical heat flux 

Correlation and reference MAD (%) % of data 

within ± 20% 

Katto and Ohno (1984) 19 67 

Bowring (1972) 13 81 

Wojtan et al. (2006) 30 48 

Martin-Callizo et al. (2008) 17 74 

Zhang et al. (2006) 18 70 

Qu and Mudawar (2004) 1800 0 
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Figure 8.9 Comparison of experimental data with Katto-Ohno 
(1984) correlation for critical heat flux 

 

 

Figure 8.10 Comparison of experimental data with Zhang et al. 
(2006) correlation for critical heat flux 
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9 Two-phase Pressure Drop 

9 . 1  M o t i v a t i o n  a n d  o b j e c t i v e s  o f  t w o -
p h a s e  p r e s s u r e  d r o p  e x p e r i m e n t s  

The pressure drop during flow boiling will define the pumping power 
requirements in a heat exchange system. The reduction of channel di-
mensions is associated with increase in pressure drop. Therefore, to op-
timize the system, it will be required to know the pressure drop and con-
sequently the pumping power requirements. The purpose of this study 
was to ascertain and analyze the pressure drop in a micro channel during 
flow boiling of refrigerants with different thermo-physical properties. As 
pointed out in the literature survey chapter, the previous two-phase pres-
sure drop studies have mostly been carried out for air-water and for 
adiabatic systems which lack the actual dynamic behaviour of the pres-
sure drop expected due to the diabatic evaporation process in a micro 
channel. The objectives of the two-phase pressure drop study are thus as 
summarised below: 

• To understand the basic phenomena involved in two-phase flow 
and pressure drop in micro channels. 

• To study the effects of operating parameters on two-phase flow 
in micro channels using different fluids. 

• To study the effects of thermo-physical properties on two-phase 
pressure drop by using fluids having different properties. 

• To augment the existing database of two-phase flow and pres-
sure drop in micro channels with reliable and accurate experi-
mental data. 

• To assess the prediction capability of existing two-phase pres-
sure drop models and correlations developed for macro and mi-
cro scale channels. 
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9 . 2  E x p e r i m e n t a l  r e s u l t s  o f  t w o - p h a s e  
p r e s s u r e  d r o p  ( P a p e r  #  6 )  

 
Single phase pressure drop tests were first performed to validate the in-
strumentation and experimental set up. The single phase results have al-
ready been presented in section 4.5.1 and in paper # 6 attached with this 
thesis. The details of experimental set up, data reduction and calculation 
procedures can also be seen in paper # 6. The parametric effects on two-
phase pressure drop for the two refrigerants R134a and R245fa and the 
assessment results of comparison with macro and micro scale correla-
tions are shown in the sections below. The detailed results can also be 
viewed in the paper mentioned before.  
 

9 . 2 . 1  E f f e c t  o f  v a p o r  q u a l i t y  
The variation of experimental frictional pressure drop with outlet vapour 
quality for R134a and R245fa is shown in Figure 9.1 and Figure 9.2 re-
spectively. For both the refrigerants the frictional pressure drop varies 
almost linearly with outlet vapour fraction for a given mass flux. As ex-
pected, for a given outlet vapour quality condition, the pressure drop in-
creases with the mass flux.  

 

 
Figure 9.1 Experimental frictional pressure drop plotted versus 

exit vapour quality for R134a, Tsat=30 ˚C 
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Figure 9.2 Experimental frictional pressure drop plotted versus 

exit vapour quality for R245fa, Tsat=30 ˚C 

9 . 2 . 2  E f f e c t  o f  s y s t e m  p r e s s u r e  
Increased system pressure will mean a lower liquid to vapor density ratio 
resulting in a lower two-phase frictional pressure drop for a higher pres-
sure. This trend is clearly seen for R134a at two different system pres-
sures corresponding to saturation temperatures of 25 ˚C and 30 ˚C as 
shown in Figure 9.3. However, for R245fa a clear effect of system pres-
sure was not observed as seen in Figure 9.4. The tests for R245fa were 
conducted at three different system pressures corresponding to satura-
tion temperatures of 30 ˚C, 35 ˚C and 40 ˚C.  

 

Figure 9.3 Effect of system pressure on experimental two-phase 
frictional pressure drop for R134a 
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Figure 9.4  Effect of system pressure on experimental two-phase 
frictional pressure drop for R245fa 

 

9 . 2 . 3  E f f e c t  o f  r e f r i g e r a n t  
The thermo-physical properties of R134a and R245fa are quite different 
as shown in Table 7-2. The properties are a major consideration when 
selecting a refrigerant for a specific application since the heat transfer 
and pressure drop are dependent on these properties. The comparison of 
experimental frictional pressure drop during flow boiling of the refrige-
rants R134a and R245fa is depicted in Figure 9.5. As expected, the pres-
sure drop of R245fa is significantly higher than that of R134a for the 
same saturation temperature. Liquid viscosity is higher and vapor density 
is lower for R245a than R134a at the same saturation temperature which 
results in a higher penalty in terms of pressure drop.       
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Figure 9.5 Comparison of two-phase frictional pressure drop of 

R134a and R245fa, Tsat=30 ˚C 
 
   

9 . 2 . 4  C o m p a r i s o n  w i t h  e x i s t i n g  p r e d i c t i o n  

m e t h o d s  
A number of models and correlations for two-phase frictional pressure 
drop were considered for comparison with experimental results. The fol-
lowing sections discuss the comparison to macro scale models and micro 
scale models for two-phase frictional pressure drop. 

9 . 2 . 4 . 1  C o m p a r i s o n  w i t h  m a c r o  s c a l e  m o d e l s  

Under this category, two frequently used models are the homogeneous 
model and the separated flow model (Lockhart and Martinelli (1949) 
model being the most popular one). Many of the other models and cor-
relations are modified forms of these two models. 

The experimental data was compared to the homogeneous model using 
several definitions of viscosity. The results for both the refrigerants with 
this model can be viewed in Table 9-1. The predictions with homogene-
ous model are not satisfactory for either of the refrigerants with any of 
the viscosity definitions. Certainly, the assumption in the homogeneous 
model that the liquid and the vapour move with the same velocity is not 
valid in micro scale two-phase flow, where the two-phases are expected 
to move with different velocities. 
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Table 9-1 Assessment of homogeneous model employing different 
definitions of homogeneous viscosity 

Viscosity definition MAD (%) % of data within ±20% 

 R134a R245fa R134a R245fa 

McAdams et al. (1942) 35 27 10 27 

Cicchitti et al. (1960) 21 70 58 16 

Dukler et al. (1964) 39 35 7 13 

Beattie and Whalley (1981) 29 52 27 25 

 

The comparisons with other macro scale models are listed in Table 9-2. 
Muller-Steinhagen and Heck correlation works best among all the tested 
correlations. The homogeneous model with Cicchitti et al. viscosity defi-
nition is second best for R134a after Muller-Steinhagen and Heck corre-
lation. 

The Lockhart-Martinelli model uses a two-phase multiplier expressed in 
terms of the Martinelli parameter X and the Chisholm parameter C. The 
value of the parameter C is selected on the basis of whether the liquid 
and vapour phases are in laminar or turbulent conditions. For the cur-
rent experimental conditions the C parameter as suggested by Lockart-
Martinelli will fall in the range 12 to 20 for most of the data points. The 
experimental value of the parameter C on the other hand gives a value 
between 2 to 5 as seen in Figure 9.6 and if this value is used in evaluating 
the two-phase multiplier, the predictions with the Lockhart-Martinelli 
correlation should be close to the experimental results. 
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Figure 9.6 Martinelli parameter versus two-phase multiplier for (a) 
R134a Tsat=30 ºC (b) R134a Tsat=25 ºC (c) R245fa Tsat=30 ºC (d) 

R245fa Tsat=35 ºC 

 

Table 9-2 Assessment of macro scale two-phase frictional pres-
sure drop correlations and models 

Correlation MAD (%) % of data within ± 
20% 

 R134a R245fa R134a R245fa 

Homogeneous (Cicchitti et al. (1960) 
definition of viscosity) 

21 70 58 16 

Lockhart and Martinelli (1949) 52 64 27 5 

Müller-Steinhagen and Heck (1986) 18 32 65 46 

Friedel (1979) 56 148 33 0 

Grönnerud (1979) 26 90 43 9 
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9 . 2 . 4 . 2  C o m p a r i s o n  w i t h  m i c r o  s c a l e  c o r r e l a t i o n s  

 

A comparison of the experimental results with predictions obtained from 
micro scale correlations is shown in Table 9-3. Experimental results for 
both refrigerants show a reasonable agreement with Mishima and Hibiki 
(1996) and Tran et al. (2000) correlations. Both the correlations take into 
account the effect of tube diameter while in addition Tran et al. (2000) 
correlation includes the effects of surface tension and buoyancy forces 
by incorporating the confinement number in the correlation. Interest-
ingly, the value of the parameter C calculated by the Mishima and Hibiki 
(1996) correlation is 4.6 which is close to the experimentally found C 
value of 2 to 5. 

 

 

Table 9-3 Assessment of micro scale two-phase frictional pressure 
drop correlations and models 

Correlation MAD (%) % of data within ± 20% 

 R134a R245fa R134a R245fa 

Mishima and Hibiki (1996) 20 16 57 65 

Tran et al. (2000) 17 26 71 62 

Zhang and Webb (2001) 47 520 27 0 

Lee and Mudawar (2005) 115 57 4 17 
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10 Conclusions and Future 
Recommendations 

An extensive survey of prior studies on micro channels, presented in 
chapter 2 indicated several discrepancies existing among the available 
data. A serious need was felt to conduct a comprehensive study of phase 
change phenomena in microchannels to understand the fundamental 
mechanisms involved in the process. Therefore, an experimental study 
was conducted in stainless steel and fused silica tubes to systematically 
investigate and analyse the flow boiling characteristics of micro channels. 
The heat transfer and pressure drop experiments were supported by a 
visualization study employing quartz tubes with two different diameters. 
The most important results of this study are summarized below and 
some recommendations are given based on the results obtained from the 
current study. 
 

1 0 . 1  R e s u l t s  f r o m  f l o w  b o i l i n g  
v i s u a l i z a t i o n  s t u d y  

 
High speed camera was employed for visualization of the flow boiling in 
vertical and horizontal quartz tubes. Unlike most adiabatic visualization 
studies found in the literature or other studies where visualization of the 
process is performed at the exit of the actual evaporator (not the heated 
length), the current experiments are unique in the sense that the actual 
micro evaporator (heated section of the tube) was visualized during the 
tests. The results show that the confinement effects are apparently pre-
sent in micro channels. A flow pattern unique to micro channels, called 
elongated bubble flow pattern which is formed due to restricted channel 
dimensions, was also observed. The bubbly flow zone exists for very 
short length after the nucleation point. The bubble departure diameter 
decreases with mass flux which is in agreement with our previous flow 
visualization study carried out for a 1.33 mm inner diameter tube Ow-
haib (2007) and it also increases with heat flux. A comparison with the 
same visualization study by Owhaib et al. (2007) for a larger diameter 
tube of 1.33 mm shows that bubble frequency is higher for the smaller 
diameter (0.781 mm) tube (current study). The mean length and velocity 
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of elongated bubbles increased with vapour quality and mass flux, as ex-
pected. Flow patterns were recorded and presented as charts in the terms 
of different parameters such as superficial gas and liquid velocity or in 
terms of Reynolds number and vapour quality. The effect of saturation 
temperature revealed that the annular flow transition lines shifted to 
higher superficial gas velocities for a higher saturation temperature. It 
was observed that the annular flow is reached earlier (i.e. at low vapour 
fractions) in smaller diameter tubes as compared to conventional sized 
channels. Increase in mass flux shifts the annular flow regime further 
towards lower vapour fractions. A comparison to an earlier study of flow 
patterns in a 1.33 mm diameter tube by Martin-Callizo et al. (2010) re-
vealed that the bubbly to slug flow transition line is shifted to lower va-
pour qualities which might be an effect of increased confinement effects 
as the diameter is reduced.  

1 0 . 2  R e s u l t s  f r o m  t h e  f l o w  b o i l i n g  h e a t  
t r a n s f e r  s t u d y  

Heat transfer experiments for R134a and R245fa were performed in 
stainless steel and quartz tubes and in general, the results show that the 
heat transfer coefficients under most conditions increase with heat flux. 
The heat transfer results for steel tube show that the heat transfer coeffi-
cient increases monotonically with heat flux. With respect to local va-
pour quality, the local heat transfer coefficient increases with vapour 
quality for low vapour qualities, levels out i.e. does not change, decreases 
slowly for a range of vapour qualities to finally decrease rapidly for va-
pour qualities above some specific value. For higher system pressure, the 
heat transfer coefficient was higher. The effect of mass flux was negligi-
ble in these tests. The study for the quartz tube was supported with si-
multaneous visualization of the flow boiling of R134a. 
A comparison of experimental results with existing correlations was also 
performed. Pool boiling correlations and flow boiling correlations based 
on nucleate boiling dominated effects are partially successful in predict-
ing the R134a experimental data but in the case of R245fa, none of the 
correlations is able to predict the experimental data satisfactorily which 
shows that the correlations are not able to take into account the thermo-
physical properties of the fluids. For the design purposes, the micro scale 
correlations by Tran et al. (1996; Zhang et al. (2004) and macro scale 
correlation by Liu and Winterton (1991) can be recommended based on 
the results of the current study. 

1 0 . 3  R e s u l t s  f r o m  t h e  d r y o u t  s t u d y  
Dryout experiments were carried out in stainless steel tubes with inner 
diameters of 1.70 mm and 1.22 mm. Dryout condition was identified by 
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recording the fluctuations in the outer wall temperature and the corres-
ponding standard deviation in temperature within the dryout zone. 
Dryout conditions always started at close to the exit of the test tube and 
propagated towards upstream as the heat flux was increased. The heat 
flux for dryout incipience as well as for complete dryout increased with 
increase in mass flux. The dryout for the smaller tube occurred at com-
paratively lower vapor qualities. The increase in mass flux also shifted 
the dryout towards lower vapor qualities. One of the reasons of this shift 
to lower vapor qualities is believed to be liquid entrainment due to in-
creased vapor shear. The experimental dryout data were compared with 
some well known CHF correlations. Reasonable agreement with the ex-
perimental data was observed with some macro as well as micro scale 
correlations. The macro scale correlations by Bowring (1972) and Katto 
and Ohno (1984) and the micro scale correlation by Zhang et al. (2006) 
can be recommended for the design purposes based on the results of the 
current study.    

 

1 0 . 4  R e s u l t s  f r o m  t h e  t w o - p h a s e  p r e s s u r e  
d r o p  s t u d y  

 
Diabatic two-phase pressure drop results were obtained for a quartz tube 
with an internal diameter of 0.781 mm using two refrigerants with sig-
nificantly different thermo-physical properties. The test section was 
unique in the sense that the holes for the pressure taps were drilled just 
at the inlet and outlet of the heated section. This eliminated the need to 
compensate for two-phase flow in a large part at the exit of the test tube 
and thereby eliminated the associated error otherwise introduced due to 
this unwanted two-phase flow part. The two-phase frictional pressure 
drop increases with exit vapour quality and mass flux for both the refrig-
erants. Increase in system pressure decreases the pressure drop for 
R134a but the effect of system pressure on R245fa is negligible which is 
not according to the generally available trends in the literature. Finally, 
the macro scale and micro scale correlations from the literature were se-
lected for the comparison with experimental data. The experimental data 
of R134a were in a reasonable agreement  with the macro scale correla-
tion by Müller-Steinhagen and Heck (1986) but in the case of R245fa 
none of the macro scale correlations worked satisfactorily. The micro 
scale correlation by Mishima and Hibiki (1996) was in agreement with 
R134a data. The micro scale correlation by Tran et al. (2000) predicted 
both the R134a and the R245fa data reasonably well. 
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1 0 . 5  F u t u r e  r e c o m m e n d a t i o n s  
Use of micro channels is usually associated with increased heat transfer 
and pressure drop. Increased pressure drop is, however, undesired due to 
large pumping requirements which will increase the cost and decrease the 
efficiency of overall heat exchange system. Increased pressure drop can 
be avoided by using multiple parallel tubes. However, this will also influ-
ence heat transfer. Therefore, it will be of interest to conduct an optimi-
zation study based on which a choice of optimum heat transfer and pres-
sure drop could be made by choosing a suitable channel size and re-
quired number of parallel channels. 
 
Experiments with parallel channels are suggested especially focusing on 
the issue of fluid mal-distribution at the inlet, which, based on the studies 
in literature, has been found a major issue in the area of micro channels. 
 
High speed visualization experiments are suggested with enhanced mag-
nification to investigate if any nucleation occurs in thin liquid film pre-
sent between vapour bubble and the channel wall. This will help in un-
derstanding if the nucleate boiling dominates even in elongated bubble 
and slug flows as reported in some studies. 
 
The current study and other studies in literature indicate that intermittent 
dryout is observed at comparatively lower vapour qualities which is not 
desirable. Studies focusing on developing different methods to delay the 
intermittent dryout will be essential in order to fully exploit the micro 
channel based compact heat exchangers.     
 
Finally it can be said that choosing the appropriate models and correla-
tions is fundamental for the evaluation of heat transfer and pressure 
drop in order to design the compact heat exchangers. This comprehen-
sive, flow pattern based study of micro channel flow boiling will assist in 
understanding the basic phenomena involved in phase change during 
fluid flow in microchannels and in developing accurate models and cor-
relations for compact and efficient micro evaporators for a number of 
applications.  
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Nomenclature 

Roman 

A  Heat transfer area (m2) 

Ac  Cross-sectional area (m2) 

Cp  Specific heat (kJ/kg-K) 

D  Diameter (m) 

DI  Dryout incipience 

DC  Dryout completion 

f   Friction factor (-) 

G  Mass flux (kg/m2-s) 

fgh   Latent heat of vaporization (kJ/kg) 

I  Current (A) 

J  superficial velocity (m/s) 

k  Thermal conductivity (W/mK) 

L   Length (m) 

MAD Mean absolute deviation (1/N Σ|Xpred - Xexp|)  

m&    Refrigerant mass flow rate (kg/s) 

P  Pressure (bar) 

q  Power (W) 

q”  heat flux (kW/m2) 
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T  Temperature (°C) 

t  Time (s) 

V  Voltage (V)  

x  Vapour quality (-) 

z  Axial location (m) 

z*  Normalized length (z/zhs) 

 

Greek 

α   Heat transfer coefficient (W/m2-C) 

Δ   Difference (-) 

∆P  Pressure drop (kPa) 

∆T  Temperature difference (°C) 

ρ   Density (kg/m3) 

µ  Dynamic viscosity (Ns/m2) 

σ  Surface tension (N/m) 

 

Subscript 

ele  Electrical 

exp  Experimental 

eff  Effective 

f  Fluid 

g  Gas 

h  Hydraulic 
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hs  Heated section 

i  Inner 

in  Inlet 

lo  Liquid only 

l   Liquid 

o  Outer 

out  Outlet 

pred  Predicted 

sat  Saturation 

t  Tube 

th  Thermal 

tot  Total 

tp   Two phase 

v  Vapour 

w  wall 

Dimensionless Numbers 

Bo  Boiling number, (q”/(Ghfg) 

Nu  Nusselt number, (αD/k) 

Pr  Prandtl number, (µCp/k) 

Re  Reynolds number, (GD/µ) 

We  Weber number, (G2D/(σρ) 
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