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Abstract 

Microchannel heat exchangers present many advantages, such as reduced 
size, high thermal efficiency and low fluid inventory; and are increasingly 
being used for heat transfer in a wide variety of applications including 
heat pumps, automotive air conditioners and for cooling of electronics. 
However, the fundamentals of fluid flow and heat transfer in microscale 
geometries are not yet fully understood. 

The aim of this thesis is to contribute to a better understanding of the 
underlying physical phenomena in single-phase and specially flow boiling 
heat transfer of refrigerants in small channels. For this purpose, well-
characterized heat transfer experiments have been performed in un-
iformly heated, single, circular, vertical channels ranging from 0.64 to 
1.70 mm in diameter and using R-134a, R-22 and R-245fa as working 
fluids. Furthermore, flow visualization tests have been carried out to cla-
rify the relation between the two-phase flow behavior and the boiling 
heat transfer characteristics. 

Single-phase flow experiments with subcooled liquid refrigerant have 
confirmed that conventional macroscale theory on single-phase flow and 
heat transfer is valid for circular channels as small as 640µm in diameter. 

Through high-speed flow boiling visualization of R-134a under non-
adiabatic conditions seven flow patterns have been observed: isolated 
bubbly flow, confined bubbly flow, slug flow, churn flow, slug-annular 
flow, annular flow, and mist flow. Two-phase flow pattern observations 
are presented in the form of flow pattern maps. Annular-type flow pat-
terns are dominant for vapor qualities above 0.2. 

Onset of nucleate boiling and subcooled flow boiling heat transfer of R-
134a has been investigated. The wall superheat needed to initiate boiling 
was found as large as 18 ºC. The experimental heat transfer coefficients 
have been compared to predictions from subcooled flow boiling correla-
tions available in the literature showing poor agreement. 

Saturated flow boiling heat transfer experiments have been performed 
with the 640 µm diameter test section. The heat transfer coefficient has 
been found to increase with heat flux and system pressure and not to 
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change with vapor quality or mass flux when the quality is less than ∼0.5. 
For vapor qualities above this value, the heat transfer coefficient de-
creases with vapor quality. This deterioration of the heat transfer coeffi-
cient is believed to be caused by the occurrence of intermittent dryout in 
this vapor quality range. The experimental database, consisting of 1027 
data points, has been compared against predictions from correlations 
available in the literature. The best results are obtained with the correla-
tions by Liu and Winterton (1991) and by Bertsch et al. (2009). However, 
better design tools to correctly predict the flow boiling heat transfer 
coefficient in small geometries need to be developed. 

Dryout incipience and critical heat flux (CHF) have been investigated in 
detail. CHF data is compared to existing macro and microscale correla-
tions. The comparison shows best agreement with the classical Katto 
and Ohno (1984) correlation, developed for conventional large tubes. 

 

Keywords: microchannel, heat exchanger, heat transfer, flow boiling, flow 
patterns, onset of nucleate boiling, dryout, critical heat flux. 
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1 Introduction 

1 . 1  B a c k g r o u n d  
In the recent years, compact heat exchangers have attracted much atten-
tion in commercial and industrial applications where energy conserva-
tion, space, weight and cost savings are important considerations.  

Microchannel heat exchangers present several advantages, such as re-
duced size, high thermal efficiency and low fluid inventory; and with the 
rapid development of micro electronic devices and micro-manufacturing 
technology, microchannel heat exchangers are increasingly being used 
for heat transfer in a wide variety of applications including but not li-
mited to heat pumps, automotive air conditioners and for cooling of 
electronics. 

Accurate prediction of the heat transfer and pressure drop is a funda-
mental requirement for safe operation and optimal design of a heat ex-
changer. Heat transfer and fluid flow in conventional large channels have 
been extensively investigate since the beginning of the 20th century, and 
theoretical models and widely-accepted empirical correlations for pre-
dicting pressure drop and heat transfer coefficients, have been devel-
oped.  

On the other hand, and in spite of the intensive activity in the recent 
years, at the current state-of-the-art many issues related to the heat trans-
fer characteristics in small geometries still need to be clarified. Despite 
the large discrepancy existing among different authors it seems that while 
single-phase flow and heat transfer is in agreement with classical theory, 
two-phase heat transfer and pressure drop cannot be properly predicted 
by the existing macroscale correlations. Previous studies have reported 
higher heat transfer capability in microchannels than in ordinary sized 
large tubes. This difference is commonly explained by the fact that the 
physical mechanisms that are potentially dominant in microchannels are 
less important in macrochannels, and vice versa. However, the governing 
phenomena are not yet well understood and before predictions of flow 
and heat transfer rates in microchannels can be made with confidence, 
high-quality, reliable experimental data is needed to resolve the discre-
pancies in the literature. 
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1 . 2  A i m  a n d  s c o p e  o f  t h e  s t u d y  
The purpose of this thesis is to contribute to a better understanding of 
the underlying physical phenomena in single-phase and specially boiling 
two-phase flow heat transfer of refrigerants in small channels. 

Whereas saturated flow boiling heat transfer in small channels is the 
main concern of this investigation, single-phase liquid flow and heat 
transfer and subcooled flow boiling heat transfer in these geometries 
have also been studied, and are presented in the thesis. Although the re-
sults are not restricted to any specific domain, the application in mind 
has been the use of microchannel evaporators for heat pumping applica-
tions. 

Single vertical tubes with internal diameters ranging from 0.64 to 1.70 
mm have been used in the experimental investigation. An accepted defi-
nition of the term microchannel is not yet available. In this thesis, small 
channel will preferentially be used instead of microchannel, for channels of 
diameter around the millimeter range. Several channel classifications ac-
cording to the hydraulic diameter are available in the literature. The two 
most cited classifications are perhaps these of Kew and Cornwell (1994) 
and Kandlikar (2003). The evaluation of such boundaries is outside the 
scope of this thesis and the reader is referred to the original publications.  

1 . 3  R e s e a r c h  m e t h o d o l o g y  
The emphasis of this work has been focused on the experimental inves-
tigation and analysis of the results. 

Well-characterized heat transfer experiments have been performed in un-
iformly heated, single, circular, vertical channels ranging from 0.64 to 
1.70 mm in diameter, to investigate the effect of independent parameters 
on the heat transfer characteristics of single-phase liquid flow, subcooled 
flow boiling and saturated flow boiling. The effects of channel diameter, 
mass flux, heat flux, and for boiling, vapor quality, pressure and inlet 
subcooling degree on the heat transfer coefficient have been studied in 
detail. 

Furthermore, flow visualization tests have been carried out to clarify the 
relation between the two-phase flow behavior and the boiling heat trans-
fer characteristics in small channels. 

Experimental results are analyzed, discussed and, when available, com-
pared against results from similar investigations, and existing models and 
correlations. An extensive literature survey has been conducted prior and 
in parallel to all experimental investigations. 
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1 . 4  T h e s i s  o v e r v i e w  
The present chapter contains the background and motivation for the 
thesis and outlines the objectives of the research and the methods used. 
Chapter 2 reviews the fundamentals of boiling, two-phase flow patterns 
and boiling heat transfer. A state-of-the-art literature review on single-
phase flow and heat transfer, two-phase flow patterns, flow boiling heat 
transfer and critical heat flux in microchannels is presented in Chapter 3. 
Chapter 4 addresses the description of the experimental facility, data re-
duction and experimental uncertainties. Chapter 5 shows the pressure 
drop and heat transfer results from the single-phase experiments with 
liquid refrigerant. Chapter 6 presents results from the two-phase flow vi-
sualization investigation. Flow patterns are presented in the form of flow 
pattern maps, effects of saturation temperature and the inlet subcooling 
degree on the two-phase flow pattern transitions are elucidated, and the 
experimental flow pattern map is compared to flow pattern maps and 
models available in the literature. Chapter 7 reports the results from the 
investigation on subcooled flow boiling. The effects of heat flux, mass 
flux, inlet subcooling degree, system pressure and internal channel di-
ameter on boiling incipience and subcooled boiling heat transfer are ex-
plored. Chapter 8 shows the results of the saturated flow boiling experi-
ments. Results are shown in the form of boiling curves and heat transfer 
coefficients, and the experimental heat transfer coefficients are com-
pared against predictions from four generalized correlations. Chapter 9 
presents and discusses in detail the dryout incipience and critical heat 
flux results from the saturated flow boiling experiments. Finally, key ac-
complishments from the present study as well as suggestions for further 
work are presented in the Conclusions.  

 

I hope that you, dear reader, will enjoy the reading. 
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2 Theoretical  Background 

2 . 1  F u n d a m e n t a l s  o f  b o i l i n g  
Boiling is defined as the process of phase changing the state of a sub-
stance from liquid to gas by heating it past its boiling point. Different 
types of boiling can be defined according to the geometric situation and 
to the mechanism occurring. Regarding the geometry, it is possible to 
distinguish between pool boiling, where the heat is transferred to a stagnant 
fluid; and flow boiling, where the fluid has a velocity relative to the heating 
surface. The three different boiling heat transfer mechanisms are nucleate 
boiling, where heat is transferred by means of vapor bubbles nucleating, 
growing and finally detaching from the surface; convective boiling, where 
heat is conducted through the liquid and this one evaporates at the liq-
uid-vapor interface without bubble formation; and film boiling, where the 
heat is transferred by conduction and radiation through a film of vapor 
that covers the heated surface and the liquid vaporizes at the vapor-
liquid interface. Nucleate boiling and film boiling may occur in both pool 
boiling and flow boiling, while forced convective boiling occurs only in 
flow boiling. In addition, if the temperature of the liquid is below the sa-
turation temperature, the process is called subcooled boiling, whereas if 
the liquid is maintained at the saturation temperature the process is 
known as saturated boiling. 

2 . 1 . 1  P o o l  b o i l i n g  
Pool boiling is defined as boiling from a hot solid surface submerged in 
an extensive volume of liquid which, apart from any convection induced 
by the boiling process, is stagnant. The relationship between heat flux q” 
and the wall superheat (ΔTsat =Twall – Tsat) is known as the boiling curve, 
and qualitatively illustrated for saturated pool boiling in Figure 2.1, with 
the nature of vapor formation also depicted. 
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Fi gu r e  2 .1 .  Typ i c a l  b o i l i n g  c u r v e  and  h ea t  t r an s f e r  m e c han i sms  i n  p o o l  
b o i l i n g  (Kand l ika r  and  Chung ,  2006) .  

Initially (O-A), as the heat rate to the surface is increased there’s no bub-
ble formation and heat is transferred by natural convection between the 
hot surface and the liquid vapor interfaces. At a certain value of wall su-
perheat (A) bubble nucleation is initiated on cavities present on the hea-
ter surface. This condition is called onset of nucleate boiling (ONB). In liq-
uids that wet the surface well, the onset of nucleation may be delayed 
(A’); for these liquids a sudden activation of a large number of cavities at 
an increased wall superheat causes a reduction in the surface temperature 
while the heat flux remains constant (A’-.A’’). After inception, the slope 
of the curve increases dramatically. At first, discrete bubbles are released 
from randomly located active sites (A-B). At higher heat flux the density 
of active sites and the frequency of bubble release increase. Transition 
from isolated bubbles to fully developed nucleate boiling (B-C) occurs 
when bubbles at a given site begin to merge in the vertical direction and 
with bubbles from the neighboring sites. Further increasing the heat flux, 
intense evaporation near the bubble base leads to periodic dry patches 
on the surfaces that are rewetted by the surrounding liquid (C-D). This 
results in a reduction in the slope of the curve. Eventually, liquid is una-
ble to rewet the heating surface and a large area becomes covered by a 
vapor blanket, causing a large temperature excursion on the heating sur-
face (F). The heat flux corresponding to this condition (D) is known as 
the critical heat flux (CHF), and represents the upper limit of fully devel-
oped nucleate boiling or safe operation of equipment. If the temperature 
at F exceeds the melting temperature of the heating material, the heater 
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will fail (burn out). The curve E-F represents the stable film boiling -the 
surface is totally covered with vapor film and the liquid does not contact 
the solid- and the system can be made to follow this curve by reducing 
the heat flux. With a reduction in heat flux in film boiling, a condition is 
reached when the vapor film can no longer be sustained and collapses. 
The heat flux corresponding to this condition (E) is called the minimum 
heat flux. The region falling between nucleate and film boiling (D-E) is 
known as the transition boiling region. Transition boiling is very unstable 
and essentially inaccessible with constant heat flux boundary condition. 

2 . 1 . 2  F l o w  b o i l i n g  
A boiling curve similar to that in pool boiling is obtained when flow oc-
curs inside a heated tube. The underlying mechanisms however, are 
more complex as the liquid-vapor flow configurations change due to the 
addition of vapor along the flow direction. Figure 2.2 shows a conceptual 
picture of forced flow boiling process, with qualitative temperature pro-
file, for a circular tube with uniform heat flux boundary condition in 
which subcooled liquid enters the tube. 

 

Fi gu r e  2 .2 .  F l ow  b o i l i n g  i n  a  un i f o rm l y  h e a t e d  c i r c u l a r  t ub e  
(Co l l i e r  and  Thome ,  1994 ,  p .170 ) .  
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The first mode of heat transfer as subcooled liquid enters the tube is sin-
gle-phase convection. The heat transfer coefficient in this region is con-
stant except for the variations due property change with increasing liquid 
temperature in the flow direction. Boiling will not occur until the wall 
temperature reaches a certain value (wall superheat) above the saturation 
temperature. The primary formation of bubbles is known as onset of 
nucleate boiling, ONB. Subcooled flow boiling exists when the bulk liquid 
temperature remains below its saturation value but the surface is hot 
enough for bubbles to form. Bubbles formed at the wall will condense as 
they move out of the developing saturation boundary layer, but the ap-
pearance of these bubbles will affect the heat transfer between the wall 
and the fluid. Initially, only few nucleation sites are active and a portion 
of the heat is transferred by single-phase convection between patches of 
bubbles. As more nucleation sites are activated the contribution to heat 
transfer from nucleate boiling increases while the single-phase convective 
contribution diminishes. This region is termed partial nucleate boiling. 
When the surface becomes fully active for nucleation, fully developed nuc-
leate boiling, is established. In addition, as the bulk fluid is heated the satu-
ration boundary layer continues to grow and eventually covers the entire 
channel: the saturated nucleate boiling region is reached. Further down-
stream, the addition of vapor to the flow leads to a transition in the heat 
transfer mechanism. The thickness of the thin liquid film in annular flow 
(see section 2.2) is often such that the effective thermal conductivity is 
enough to prevent the liquid from being superheated to the temperature 
needed to sustain nucleate boiling. Heat is transferred from the wall by 
forced convection to the liquid-vapor interface, where evaporation oc-
curs. The suppression of nucleate boiling indicates the beginning of the 
convective boiling region. Ultimately, at some critical vapor quality complete 
evaporation of the liquid film will occur. This transition is known as 
dryout and is accompanied by a rise in the wall temperature. The area be-
tween the dryout point and the transition to dry saturated vapor is com-
monly referred to as the liquid deficient region. 

2 . 2  T w o - p h a s e  f l o w  p a t t e r n s  
Two-phase vapor-liquid flow can take on many geometrical configura-
tions according to the spatial distribution of the vapor and liquid phases 
in the channel. These configurations are known as flow patterns. Al-
though the flow pattern classification is not yet clear, from the literature, 
three main flow patterns seem to exist for vertical flow, as depicted in 
Figure 2.2:  
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• Bubbly flow. The gas phase is dispersed in the form of discrete bub-
bles in the continuous liquid phase. The bubbles may vary widely in 
size and shape but are typically nearly spherical and smaller than the 
diameter of the tube. 

• Intermittent or slug flow. Bubble collision and coalescence at increased 
void fraction results in larger bubbles that will eventually fill the 
tube diameter and become elongated. These bubbles, bullet shaped 
with a hemispherical nose and a blunt tail end, are commonly 
known as Taylor bubbles. Taylor bubbles are surrounded by a thin 
liquid film between them and the tube wall, and separated from one 
another by plugs of liquid. 

• Annular flow. The liquid flows in a thin film on the wall while the gas 
flows as a continuous phase in the center of the tube. The interface 
is disturbed by high frequency waves and ripples and liquid may be 
entrained in the gas core as small droplets. 

Good knowledge of the actual bubble dynamics is fundamental for the 
understanding and prediction of flow boiling heat transfer. 

2 . 2 . 1  F l o w  p a t t e r n  m a p s  
No satisfactory method has yet been developed to predict the correct 
flow pattern for any specified local flow conditions. One simple method, 
however, is to present the flow patterns in the form of so-called flow 
pattern maps, plotting the transition boundary lines on two-dimensional 
graphs. The difficulty of identifying flow regimes and their transitions 
comes mainly from the lack of agreement in the description and classifi-
cation of the flow patterns and from the subjectivity of the observer. 

The earliest flow pattern map for two-phase gas-liquid flow was pro-
posed by Baker (1954) based on observations on co-current flow of gas-
es and condensate petroleum products in horizontal pipes. Many more 
flow pattern maps have been presented since then; among them, the 
most commonly accepted are perhaps those of Mandhane et al. (1974) 
for horizontal flow and Hewitt and Roberts (1969) for vertical channels. 
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Fi gu r e  2 .3  F l ow  pa t t e r n  map  f o r  v e r t i c a l  f l ow  (Hew i t t  and  Rob e r t s ,  1969 ) .  

Most of the earlier flow pattern maps, however, result from experimental 
observations and are limited to conditions near those of the measure-
ments. Taitel and Dukler (1976) for horizontal flow, and Taitel et al. 
(1980) for vertical flow, suggested a generalized model to predict flow 
patterns based on a momentum balance. In their model, each flow pat-
tern transition is defined by a separate transition criterion using a set of 
non-dimensional parameters. The model was validated using available 
experimental data taken in horizontal, vertical and inclined pipes ranging 
in size from 13-60mm in diameter, and with air-water at low pressure. 
Mishima and Ishii (1984) argued that traditional flow regime criteria 
based on the gas and liquid superficial velocities is not sufficient to the 
two-fluid model formulation, and that geometrical parameters such as 
the void fraction should be used. From this point of view, a new flow re-
gime model was developed. They claimed good agreement with existing 
data for atmospheric air-water flow as well as for steam-water and boil-
ing flow. A large comprehensive review of available flow pattern maps 
and predictive models for conventional tube sizes can be found in Sped-
ding and Spence (1993). 
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2 . 3  B o i l i n g  h e a t  t r a n s f e r  
For modeling purposes, accurate heat transfer correlations are needed to 
properly design heat exchangers. The boiling heat transfer coefficient is 
defined as: 

fluidw TT
qh

−
=

"  (2.1) 

where q” is the heat flux from the wall of the solid substrate into the flu-
id, Tw is the wall temperature, and Tfluid is the  bulk fluid temperature, 
which in saturated  boiling is Tsat, the saturation temperature at the pre-
vailing pressure P. 

2 . 3 . 1  N u c l e a t e  p o o l  b o i l i n g  h e a t  t r a n s f e r  
Heat transfer in nucleate pool boiling is very closely related to the bubble 
activity and results from the combination of a number of interacting me-
chanisms: 

1. Transient conduction. The thermal boundary layer formed by conduc-
tion into the liquid in the vicinity of the heated wall is periodically 
removed by the hydrodynamic drag during bubble growth and de-
parture. 

2. Enhanced convection. The motion of the liquid induced by the growing 
and departing bubbles introduces convective currents that contri-
bute to the heat transfer. 

3. Evaporation. Vaporization of superheated liquid surrounding the 
bubbles and in the thin-liquid layer trapped between the bubble and 
the heated surface (microlayer evaporation) 

In principle, the heat transfer rate could be predicted by knowing the 
bubble frequency, active nucleation site density and heat transfer in each 
ebullition cycle (e.g. Stephan and Hammer, 1994). However, the contri-
bution to heat transfer from each mechanism is still not conclusively 
proven and complete analytical treatments have not yet been developed 
for practical applications. 

Instead, a number of empirical and semiempirical correlations are availa-
ble in the literature. One of the first correlations is that of Rohsenow 
(1952), based on the liquid Reynolds number in the vicinity of a bubble. 
By accurate regression analysis of more than 5000 data points from 72 
published sources and different fluids, Stephan and Abdelsalam (1980) 
obtained the following correlation for refrigerants: 
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where db is the bubble departure diameter calculated from Fritz (1935) as 
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The most widely used correlation for nucleate boiling heat transfer is 
perhaps the one developed by Cooper (1984), based on reduced pres-
sure, surface roughness (expressed in µm) and molecular weight of the 
fluid: 

( ) ( )( ) 67.05.055.0
10

log2.012.0 "log55 10 qMPPh r
R

r
a −−⋅− −=  (2.4) 

2 . 3 . 2  F l o w  b o i l i n g  h e a t  t r a n s f e r  
There are a large number of correlations available in the literature on 
flow boiling of saturated liquids. Most of these consider the contribution 
from two heat transfer mechanisms: nucleate boiling (hnb) and convective 
boiling (hcb). Nucleate boiling is characterized by the formation of vapor 
bubbles at the heated wall and convective boiling by conduction and 
convection through a liquid film at the heated wall and vaporization at 
the liquid/vapor interface. From numerous macroscale investigations it 
is known that when flow boiling is dominated by the nucleate boiling 
mechanism the heat transfer coefficient increases with increasing heat 
flux (or wall superheat) and saturation pressure, and is independent of 
mass flux and vapor quality. In convective-dominated flow boiling, on 
the other hand, the heat transfer coefficient is independent of heat flux 
and increases with increasing mass flux and vapor quality. It has been 
shown by several experimental studies –e.g. Cooper (1989), Kenning and 
Cooper (1989), Jung et al. (1989, 1991)–, that boiling heat transfer in 
conventional single channels is dominated by the convective mechanism, 
with nucleate boiling being usually suppressed at qualities x > 0.2. 

Webb and Gupte (1992) classified available heat transfer models into 
three categories: superposition, asymptotic and enhancement models. 

Superposition models consider the heat transfer coefficient to be the ad-
dition of the nucleate boiling and the convective boiling contribution. A 
well-known correlation based on this model was developed by Chen 
(1966). The nucleate boiling term is calculated using Forster and Zuber 
(1955) pool boiling correlation and a suppression factor S, and the con-
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vective term using Dittus-Boelter (1930) corrected by the enhancement 
factor E based on the Lockhart Martinelli parameter. Chen correlation 
works reasonably well with low pressure water data, but yields signifi-
cantly higher errors with high pressure water data and refrigerants. Ben-
net and Chen (1980) modified the original Chen correlation by introduc-
ing a Prandtl number factor in order to generalize the correlation for 
other fluids than water. Gungor and Winterton (1986) modified Chen 
correlation by including the dependence on the boiling number in the 
enhancement factor. The two-phase correction factors E and S were ob-
tained iteratively from over 4300 data points from 28 independent stu-
dies using seven different fluids. They also chose the Cooper (1984) pool 
boiling correlation for the nucleate boiling coefficient. 

Asymptotic models assume one of the two mechanisms to be dominant. 
This is mathematically achieved by means of a power-type addition of 
the two terms: 

( ) ( )ncb
n

nb
n hhh +=  (2.5) 

This model first suggested by Kutateladze (1961) was later used by Liu 
and Winterton (1991) and Steiner and Taborek (1992) for their correla-
tions with n = 2 and 3, respectively. Nucleate boiling suppression and 
single-phase enhancement factors are also present in these correlations. 
Liu and Winterton recommended Cooper (1984) pool boiling correlation 
for the nucleate term calculation, whereas Steiner and Taborek proposed 
a new method somewhat similar to that of Gorenflo (1993). 

The enhancement model introduced by Shah (1976, 1982) is based on 
the enhancement on single phase heat transfer due to the two-phase 
flow. The boiling heat transfer coefficient is calculated multiplying the 
single phase heat transfer coefficient with the largest of three possible 
enhancement factors: nucleate boiling, bubble suppression or convective 
boiling. A similar enhancement approach is employed in the correlation 
of Kandlikar (1990). 

Webb and Gupte (1992) conclude their review article by recommending 
the Steiner and Taborek (1992) correlation for vertical saturated flow 
boiling in conventional tubes. The asymptotic features together with the 
mechanistic foundation made this correlation distinguished. 

S u b c o o l e d  f l o w  b o i l i n g  

Shah (1977) compiled experimental data on different fluids and pre-
sented a correlation to predict heat transfer coefficients in subcooled 
boiling. The correlation is expressed in two equations applicable in the 



 14

low and high subcooling regions, respectively. Essentially, the low sub-
cooling region corresponds to fully developed boiling and the high sub-
cooling region corresponds to partial or local boiling. The demarcation 
between the regions is dependent on the ratio ΔTsub/ΔTsat and the boiling 
number, Bo. Gungor and Winterton (1986) adapted their correlation to 
predict local heat transfer coefficients in the subcooled boiling regime by 
using separate temperature differences for driving the nucleate boiling 
and the convective boiling processes, respectively. The enhancement fac-
tor was eliminated due to no net vapor generation, but the suppression 
factor remained effective. A comprehensive review of subcooled boiling 
heat transfer correlations is presented by Kandlikar (1998). In the paper, 
he also reviews the different regions and locations of subcooled flow 
boiling, and introduces a newly defined significant void flow region, 
where the convective effects become important due to noteworthy void 
fraction. Kandlikar re-examines his correlation for saturated flow boiling 
and proposes methodology with correlations to predict heat transfer in 
each region.  

More recently, Yin et al. (2000) showed that the subcooled boiling heat 
transfer of R-134a in a horizontal annular duct was not significantly af-
fected by the mass flux, imposed heat flux nor saturation temperature, 
but an increase in the subcooling resulted in much better heat transfer. 
From their visualization tests, only the subcooling degree showed a large 
effect in the bubble size. Empirical correlations for the boiling heat 
transfer coefficient and bubble departure diameter were proposed. Pro-
danovic et al. (2002) studied the transition from partial to fully developed 
boiling by experimental observations of bubble behavior during sub-
cooled flow boiling of water in a vertical heated annulus. They reported a 
sharp transition due to a change in the heat transfer mechanisms. Micro-
layer evaporation was suggested to be the governing mechanism during 
partial boiling while bubble agitation and microconvection becomes the 
leading heat transfer mode for fully developed boiling. The information 
is used to develop a new model.  

2 . 4  C r i t i c a l  h e a t  f l u x  i n  f l o w  b o i l i n g  
The critical heat flux (CHF) condition is characterized by a sharp reduc-
tion of the local heat transfer coefficient as a result of the replacement of 
liquid by vapor adjacent to the heat transfer surface (Collier and Thome, 
1994). The CHF condition in flow boiling can be of different nature:  

• At low vapor quality, it has strong similarities to pool boiling critical 
heat flux, both in mechanism and in behavior. It is associated with 
subcooled boiling or saturated boiling and high heat fluxes encoun-
tered for example in nuclear reactor applications, and will thus not 
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be treated in here. The reader is referred to e.g. Collier and Thome 
(1994), Tong and Tang (1997) or Hewitt (1998) for a detailed trea-
tise on this topic.  

• At medium or high quality, it is commonly termed dryout and it is cha-
racterized by the discontinuation of the liquid film on the tube wall, 
usually in annular flow. It is associated to moderate heat flux condi-
tions. Dryout condition may occur due to disruption of the liquid 
layer caused by surface wave instabilities (at medium vapor qualities) 
or by dry up of the liquid layer on the heated wall due to entrain-
ment and vaporization (at high vapor qualities). 

Critical heat flux has been extensively studied and vast amounts of data 
have been collected, in particular for steam-water flow in vertical tubes. 
The CHF for a uniformly heated tube usually varies linearly with the inlet 
subcooling degree, increases with mass flux and tube diameter and 
asymptotes to zero as the tube length increases. One of the most widely 
used correlations for CHF in vertical channels is that of Katto and Ohno 
(1984). The Katto generalized correlation distinguishes two types of 
CHF, depending on whether the relation between CHF and the sub-
cooled enthalpy of the liquid at the tube is linear or non-linear, and four 
regimes, L-, H-, N-, and HP-regimes. Dryout of the liquid film at high x 
corresponds to the L-regime CHF, and for zero inlet subcooling the cor-
relation is given by: 
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3 Review of  the Literature 
on Heat Transfer in 
Microchannels 

In the last 15 years, much effort has been dedicated to the study of both 
single and two-phase flow and heat transfer in microchannels. This chap-
ter presents a state-of-the-art literature review relevant to the research 
topics covered in this thesis; namely, single-phase flow and heat transfer, 
two-phase flow patterns, flow boiling heat transfer and critical heat flux 
in microchannels. 

3 . 1  S i n g l e - p h a s e  f l o w  a n d  h e a t  t r a n s f e r  i n  
m i c r o c h a n n e l s  

As the Reynolds number is directly proportional to the diameter, flow in 
microchannels is usually expected to be in the laminar regime. If the 
Nusselt number is constant for laminar flow, as according to classical 
macroscale theory, the heat transfer coefficient is inversely proportional 
to the diameter, suggesting high potential for microchannel heat sinks. 
The first experimental investigations of flow through microchannels, in 
the early 1980s, were motivated by the interest in high-performance heat 
transfer devices, in particular for cooling of electronics. Tuckerman and 
Pease (1981) introduced the concept of microchannel heat sink. They 
demonstrated that the laminar flow in a rectangular microchannel has 
higher heat extraction capabilities than turbulent flow in conventional 
size tubes. This finding opened up a new research field and it has been 
followed by many more studies by numerous researchers.  

3 . 1 . 1  F r i c t i o n  f a c t o r  
Despite the essential simplicity of liquid flow in straight ducts, experi-
mental studies of microscale flow have often failed to reveal the ex-
pected relationship between friction factor and Reynolds number. The 
review of the literature over the past years exhibits large scatter and even 
contradictions in the experimental results for flow friction in microchan-
nels. The frictional resistance of the flow has been reported, under cer-
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tain conditions, to be consistent with predictions based on conventional 
macroscale Hagen-Poiseuille theory [Tuckerman and Pease (1981), 
Flockhart and Dhariwal (1998), Rahman (2000), Xu et al. (2000), Celata et 
al. (2002), Judy et al. (2002), Lee et al. (2002), Qu and Mudawar (2002), 
Wu and Cheng (2003a), Li et al. (2003), Yang et al. (2003), Kandlikar et al. 
(2003), Cui et al. (2004), Phares and Smedley (2004), Sharp and Adrian 
(2004), Lelea et al. (2004), Kohl et al. (2005), Celata et al. (2006a), Shen et 
al. (2006), Hrnjak and Tu (2007), and Yang and Lin (2007)]; larger than 
compared to conventional macroscale predictions [Yang and Webb 
(1996), Peng and Peterson (1996), Mala and Li (1999), Papautski et al. 
(1999), Qu et al. (2000a), Pfund et al. (2000), Celata et al. (2002), Brutin 
and Tradist (2003), Li et al. (2003), Kandlikar et al. (2003), Phares and 
Smedley (2004), Hrnjak and Tu (2007), and Qi et al. (2007a)], including 
increases of as much as 38% (Qu et al., 2000a), 37% (Li et al., 2003) or 
27% (Brutin and Tradist, 2003); and also smaller than compared to con-
ventional macroscale predictions [Yu et al. (1995), Peng and Peterson 
(1996)]. A summary of experimental studies of single-phase liquid pres-
sure drop in microchannels is listed in Table 3.1. 

 

Fi gu r e  3 .1  Compa r i s o n  o f  ∗C  v s  Re yno l d s  numbe r  i n  t h e  l i t e r a t u r e :  ( )  c i r -
c u l a r  m i c r o t ub e s ,  ( )  t r ap e zo i da l  m i c r o c hann e l s ,  ( )  r e c t an gu l a r  m i c r o -
c hann e l s  (Sha rp  e t  a l . ,  2006) .  
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The wide variability of results in some of these studies is clearly shown 
by Sharp et al. (2006) in Figure 3.1 in terms of a normalized fiction fac-
tor ∗C , defined as: 

( )
( )pred

exp

f
f

C
Re
Re

=∗  (3.1) 

Furthermore, as also indicated in Table 3.1, several authors (Peng and 
Peterson, 1996; Mala and Li, 1999; Xu et al., 2000; Qu et al., 2000a) have 
reported transition from laminar to turbulent flow occurring for Rey-
nolds numbers ranging from 300 to 1500, significantly lower than the 
transition region indicated by Moody (1944) with 2000 < Re <3000.  

3 . 1 . 2  H e a t  t r a n s f e r  c o e f f i c i e n t  
In what is for many considered to be the first study on convective heat 
transfer in microchannel geometries, Tuckerman and Pease (1981) stated 
that in their experiments with water in rectangular channels (50-56 µm 
height range and 287-320 µm width range) “the flow rate obeyed the 
Poiseuille’s equation and that the thermal resistance was independent of 
power level” thus in agreement with conventional macroscale theory. 
However, the capability of the Navier-Stokes and energy equations to 
adequately represent the heat transfer behavior in microchannels has 
been called into question in some of the subsequent studies. 

Yu et al. (1995) studied the convective heat transfer characteristics of wa-
ter in microtubes with diameters of 19, 52 and 102 µm. They found that 
at low Reynolds number the heat transfer results agreed with classical 
theory. However, for turbulent flow higher Nu values were observed and 
the divergence was found to increase with Re. Peng and Peterson (1996) 
investigated the single-phase forced convective heat transfer of water in 
microchannel structures/plates with small rectangular channels having 
hydraulic diameters of 0.133-0.367 mm. The aspect ratio was found to 
have a significant effect on the laminar heat transfer coefficient. Flow 
transition to fully developed flow occurred at much lower Reynolds 
numbers than for ordinary channels. Empirical correlations were sug-
gested for calculating both the heat transfer and the pressure drop. 
Adams et al. (1998, 1999) tested the turbulent convective heat transfer of 
water in circular microchannels with inner diameters of 0.76 and 1.09 
mm. Their results showed that the Nusselt number for the microtubes is 
higher (up to 100% enhancement!) than that predicted by conventional 
empirical correlations for macroscale tubes, e.g. the Gnielinski correla-
tion. Based on their results and those of Yu et al. (1995), a genera- 
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Table 3.1 Compilation of literature for single-phase liquid flow in microchannels. 
Reference Dh (µm) Geom.♣ L/Dh Ra/D (%) Fluid Re range Rec f C*ave

Tuckerman and Pease (1996) 86-95  105-117 NA water NA♠ - f = ftheory 1 
Yu et al. (1995) 19-102 510-1263 0.03 water 250-20000 2000 f < ftheory 0.79
Yang and Webb (1996) 1560-2640 212-358 NA R-12 2500-23000 - f > ftheory 1.25

Peng and Peterson (1996) 133-367  123-338 NA water 50-4000 300-1000 f > ftheory 
f < ftheory

1.75 (lam)
NA (turb)

Mala and Li (1999) 50-254 124-490 0.7-3.5 DI water 50-2500 300-900 f > ftheory 1.21
Papautski et al (1999) 57.1 52.5 0.038 water 1-20 - f > ftheory 1.12

Rahman (2000) 299-491  94-154 NA water 250-3250 no 
transition f = ftheory 1 

Xu et al. (2000) 30-344  145-1087 0.03-1.01 clean water 20-4000 1500 f = ftheory ∼1 
Qu et al. (2000a) 51-169 166-546 1.1-1.7 DI water 10-1500 500 f > ftheory 1.23 
Pfund et al. (2000) 252-1900 53-396 0.02-0.4 DI water 60-3450 1700-2200 f > ftheory 1.12
Celata et al.(2002) 130  692 2.65 R-114 100-8000 1880-2480 f ≥ ftheory 1 (Re<600)

Judy et al. (2002) 15-150 ,  1200-5650 NA 
DI water, Me-

thanol, iso-
propanol 

8-2300 2000 f = ftheory 1 

Lee et al. (2002) 86 116 NA DI water 119-989 - f = ftheory 1
Qu and Mudawar (2002) 349 128 NA DI water 139-1672 - f = ftheory 1
Owhaib and Palm (2002) 800-1700 182-388 NA R-134a 108-8314 2000-2500 f = ftheory 1
Wu and Cheng (2003a) 26-291 NA < 0.12 DI water 14-1452 1500-2000 f = ftheory 1 
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Reference Dh (µm) Geom.♣ L/Dh Ra/D (%) Fluid Re range Rec f C*ave

Brutin and Tradist (2003) 53-540 174-1454 < 0.02 water NA NA f > ftheory 1.16

Li et al. (2003) 80-205  145-715 0.1-4 DI water 350-2300 1700-2000 f ≥ ftheory
1 (smooth)
1.26 (rough)

Yang et al. (2003) 173-4010 39-117 NA water, R-134a 120-50000 1200-3800 f = ftheory 1
Kandlikar et al. (2003) 620-1032  NA 0.16-0.36 water 500-2600 2300 f ≥ ftheory NA 

Cui et al. (2004) 3-10  4597-16471 < 0.7 DI water, CCl4, 
isopropanol 0.1-24 - f = ftheory 1 

Phares and Smedley (2004) 120-440  66-207 1.8-2.5 DI water
aq. solutions NA - f ≥ ftheory

1 (smooth)
1.17 (rough)

Sharp and Adrian (2004) 50-247  NA NA 
DI water

1-propanol 
20%-glycerol

20-2900 1800-2000 f = ftheory 1 

Lelea et al. (2004) 125-500 317-1200 NA DI water 50-800 - f = ftheory 1
Kohl et al. (2005) 25-100 220-533 0.27-0.47 water 4.9-2068 - f = ftheory 1
Celata et al. (2006a) 70-326 100-300 0.01-0.5 DI water 40-3300 2000-3000 f = ftheory 1
Shen et al. (2006) 436 115 4-6 DI water 160-1250 - f = ftheory 1

Hrnjak and Tu (2007) 69-305  315-691 0.21-0.48 R-134a 112-4000 2150-2290 f ≥ ftheory
1 (smooth)
1.09 (rough)

Qi et al. (2007a) 531-1931 129-471 0.03-0.4 liquid N2 10000-90000 - f > ftheory -
Yang and Lin (2007) 123-962 370-1138 0.14-1.4 water 200-2100 2300-3000 f = ftheory 1
♣ : circular; : rectangular; : trapezoidal. ♠NA: not available 
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lized correlation for Nusselt number for single-phase turbulent convec-
tion in microtubes was proposed. Rahman (2000) measured the heat 
transfer coefficient and pressure drop of water flowing through multiple 
rectangular microchannels of hydraulic diameter 299-491 µm. The expe-
rimental friction factors were in accordance with the classical equations 
for developing laminar flow in circular channels, but the measured values 
of the Nusselt number were usually higher than those predicted by corre-
lations for larger size channels. The larger heat transfer was believed to 
be caused by the breakage of the velocity boundary layer adjacent to the 
wall by surface roughness. No sharp transition from laminar to turbulent 
flow was ever observed with Reynolds numbers up to 3250. Experiments 
were conducted by Qu et al. (2000b) to investigate the heat transfer cha-
racteristics of water flowing through trapezoidal silicon microchannels 
with hydraulic diameters ranging from 62 to 169 µm. It was found that 
the experimentally determined Nusselt number in microchannels is lower 
than that predicted by a numerical analysis based on conventional heat 
transfer theory. A modified Nu relationship was proposed based on a 
roughness-viscosity model. Similar results were reported by Shen et al. 
(2006). The effect of surface roughness on the single-phase heat transfer 
in microchannels was also addressed in Kandlikar et al. (2003), finding 
the opposite trend. Two tubes of 1.032 and 0.62mm inner diameter were 
treated to provide three different roughness values for each tube. For the 
large tube, heat transfer and pressure drop remained unaffected to the 
change in roughness but for the 0.62 mm tube, experimental data 
showed an increase in both heat transfer and pressure drop with rough-
ness. Transition to turbulence was also affected by the roughness in the 
smaller tube. Celata et al. (2002) experimentally investigated liquid R-114 
flowing in six parallel microchannels with a diameter of 130 µm and 90 
mm in length. Transition from laminar to turbulent flow, based on the 
pressure drop measurements, occurred in the range 1880<Re<2480, al-
though the friction factor deviated slightly from that of Poiseuille flow at 
Re>600. The Nusselt number was a strong function of Re in the laminar 
regime, and Gnielinski correlation failed to predict the heat transfer coef-
ficient in turbulent regime, particularly at high Reynolds numbers. Qu 
and Mudawar (2002) performed experimental and numerical investiga-
tions of pressure drop and heat transfer in laminar flow in an array of 
rectangular microchannels 231 µm wide and 713 µm deep with deionized 
water as a working fluid. Good agreement was found between the mea-
surements and numerical predictions based on the conventional Navier-
Stokes and energy equations. 

More recent results have confirmed that the thermal behavior of single-
phase liquid flow in microchannels is quite similar to that of convention-
al channels. Owhaib and Palm (2004) conducted heat transfer experi-
ments for single-phase forced convection flow of R-134a through vertic-
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al microtubes of 1.7, 1.2 and 0.8 mm of diameter. They found that the 
experimental data agreed well with the classical macroscale correlations 
and not those specially developed for microchannels. Lelea et al. (2004) 
performed experiments on laminar (Re<800) heat transfer and fluid flow 
using water in three microtubes of 0.1, 0.3 and 0.5 mm in diameter. The 
experimental results confirmed that, including the entrance effects, the 
conventional or classical theories are applicable for water flow through 
microchannels of the above sizes. Lee et al. (2005) measured single-phase 
heat transfer of deionized water in rectangular microchannels ranging 
318-903 µm in hydraulic diameter for Reynolds numbers from 300 to 
3500. Measured data showed good agreement with numerical simulations 
based on a conventional Navier Stokes analysis accounting for matched 
entrance and boundary conditions. Grohmann (2005) conducted expe-
riments on turbulent heat transfer of liquid argon in microtubes of 250 
and 500 µm in diameter. No physical difference of heat transfer mechan-
isms between micro- and macrotubes was observed. The experimental 
enhancement in heat transfer with respect to Gnielinski’s equation was 
found to be caused by the relative roughness only and not due to a di-
ameter dependence specific to microtube dimensions. Celata et al. 
(2006b) reported on the diabatic behavior of single-phase laminar flow 
of deionized water in circular microducts ranging in diameter from 528 
down to 120 µm. Experimental results with the larger diameter channel 
clearly exhibited heat transfer characteristics of thermally developing 
flow as for conventional tubes. For the smaller tubes, an overall decrease 
in the Nusselt number with respect to the conventional value of 4.36 was 
observed for all Reynolds numbers up to turbulent transition. This de-
crease, more marked for decreasing Reynolds number, was claimed to be 
caused by a heat loss term tied to peripheral conduction away from the 
test section. Experiments on a 50 µm ID capillary proved upon analysis 
to be unaccountable due to the intrinsic error contained in the set-up. 
The increasing importance of heat losses as the diameter is reduced was 
also highlighted by Yang and Lin (2007). Their experimental data, ob-
tained with water flowing through six microtubes with diameters ranging 
from 132 to 962 µm, was in agreement with the conventional correla-
tions both for laminar and turbulent regimes. Liu et al. (2007) performed 
experiments on the forced convective heat transfer of deionized water 
flowing through quartz microtubes with inner diameter of 242, 315 and 
520 µm. The experimental Nusselt number was in rough agreement with 
classical correlations in the laminar regime.  However, for the turbulent 
regime, the authors observed higher Nu values than those predicted by 
conventional correlations for smooth tubes. The value of the relative 
roughness was not measured. 
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3 . 1 . 3  S u g g e s t e d  r e a s o n s  f o r  o b s e r v e d  d e v i a t i o n s  f r o m  
c l a s s i c a l  t h e o r y  

The early transition from laminar to turbulent flow has often been linked 
to the surface roughness (e.g. Mala and Li, 1999; Xu et al., 2000; Kandli-
kar et al., 2003; Li et al., 2003; Hrnjak and Tu, 2007). Generally, the pres-
ence of the surface roughness enhances the momentum transfer in the 
boundary layer near the wall. When the momentum transfer is larger 
than due to turbulence, a transition may be expected.  

The effect of roughness is not only limited to flow transition and turbu-
lent flow region. As has been reported by Pfund et al. (2000), Qu et al. 
(2000a), Li et al. (2003), Phares and Smedley (2004), Shen et al. (2006), 
and Hrjnak and Tu (2007), the laminar friction factors in rough micro-
channels may be larger than the theoretical predictions. Larger Nusselt 
numbers in laminar region are also attributed to surface roughness by 
Wu and Cheng (2003b), Kandlikar et al. (2002), and Rahman (2000), who 
affirms that “surface roughness tends to break the development boun-
dary layer adjacent to the channel wall, and as a result, a larger rate of 
heat transfer from the wall to the fluid is realized”; somewhat contrary to 
the explanations by Qu et al (2000b) and Shen et al. (2006) that claim a 
deterioration of the Nusselt number with increasing relative surface 
roughness (Ra/D). For laminar flow in conventional-sized coarse tubes 
the surface roughness is not expected to be important if the internal rela-
tive roughness is less than 5% (Nikuradse, 1933; Moody, 1944). In mi-
crochannels the relative surface roughness may be very large and at the 
same time difficult to determine correctly. 

Some researchers attribute the additional pressure to the polar nature of 
certain liquid molecules (e.g. Papautski et al., 1999; Brutin and Tradist, 
2003). However, in their experimental and numerical study, Phares and 
Smedley (2004), claim that electroviscous effect is negligible for tubes 
greater than 100 µm. 

In microchannels, the velocity gradients close to the channel walls are 
much higher than in larger diameters. Below a certain diameter, the visc-
ous deformation of the laminar flow is such that the heating of the fluid 
along the axis starts to become significant. This phenomenon must be 
considered to discriminate heat input from viscous heat generation in 
heat transfer investigations (Celata et al., 2006b), but also, to correctly 
evaluate the fluid properties such as viscosity, extremely sensitive to the 
temperature. 

Finally, the consistent disagreement with classical theory encountered by 
individual researchers may be attributed to unaccounted systematic er-
rors (Palm and Peng, 2004). Due to the small dimensions of microchan-
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nels, some of the experimental parameters are difficult to measure with 
high enough accuracy. A detailed analysis of the experimental uncertainty 
is crucial in order to obtain the correct interpretation of any experimental 
results. 

Although there still exist certain discrepancies among the recent investi-
gations, these differences seem to reduce as accuracies improve, and 
state of the art knowledge of the field tends towards the believe that the 
traditional treatment based on the Navier-Stokes and the energy equa-
tions should be valid also in microchannels with dimensions in the order 
of tens of microns or larger. However, physical effects such as surface 
roughness, electrical charge or viscous heating effects must not be over-
looked.  

3 . 2  F l o w  p a t t e r n s  i n  m i c r o c h a n n e l s  
The flow pattern transition mechanisms in small channels are not yet 
generally agreed. However, most researchers agree that when the dimen-
sion of the channel is reduced, the surface tension becomes an increa-
singly important parameter. (e.g. Barnea et al., 1983; Fukano and Kariya-
saki, 1993; Coleman and Garimella, 1999; Sheng, 2001; and more recent-
ly Satitchaicharoen and Wongwises, 2004; Chung and Kawaji, 2004; or 
Ide et al., 2007). 

One of the first studies on flow patterns in small channels is that of Mar-
chessault and Mason (1960), where they considered the hydrodynamics 
of the liquid film surrounding an air bubble in a capillary tube. Suo and 
Griffith (1964) studied the flow of gas and liquid in horizontal tubes of 
0.5 and 0.7 mm diameter. They distinguished three different flow pat-
terns; namely, slug, slug-bubbly, and annular. No stratified flow was observed 
in their experiments. Oya (1971) experimentally investigated the effects 
of the entrance section and the liquid properties on the flow patterns in 
upward two-phase flow in tubes of 2, 3 and 6mm diameter. He found 
the transition lines in the flow pattern maps to be only slightly affected 
by the tube size both for vertical and horizontal flows. 

Barnea et al. (1983) conducted visual observations of air-water flow pat-
terns in glass pipes with diameters ranging from 4.0 to 12.3mm both for 
horizontal and vertical flow. Experimental data was found to be in good 
agreement with the predictive models by Taitel and Dukler (1976) and 
Taitel et al. (1980), with the exception of the stratified non-stratified transi-
tion boundary in horizontal flow. It is claimed that in small pipes the sur-
face tension effect becomes the dominant mechanism for the stratified-
intermittent transition, while for larger pipe sizes, the Kelvin-Helmholtz 
instability is the dominant factor. Finally, they proposed a modification 
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to the semi-analytical model by Taitel and Dukler (1976) for small sized 
pipes that takes into account the surface tension effect. 

Damianides and Westwater (1988) investigated air-water flow pattern for 
horizontal glass tubes of inner diameters from 1 to 5 mm. They found 
the Taitel and Dukler’s (1976) model to satisfactory predict their bubbly-
slug transition but not the other transition lines. 

Fukano and Kariyasaki (1993) investigated air water flow patterns in ho-
rizontal and vertical tubes of inner diameters from 1 to 9 mm. No strati-
fied flow was seen in the smaller tubes. The critical pipe diameter at which 
surface tension force exceeds gravity force was found to be between 5 
and 9 mm. They also reported poor agreement with the flow map of 
Mandhane et al. (1974). Similar results were obtained by Mishima and 
Hibiki (1996) who performed experiments with air-water mixtures in 
vertical tubes of 1 to 4 mm internal diameter. Their flow pattern transi-
tions could be well predicted by Mishima and Ishii (1984) model. 

bubbly flow 

slug flow 

transition 

skewed flow 

liquid ring flow 

frothy annular flow 

transition 

annular flow 

rivulet flow 

 

Fi gu r e  3 .2  Ai r -wa t e r  tw o - pha s e  f l ow  pa t t e r n s  i n  a  100µm qua r t z  t ub e  
(S e r i zawa  e t  a l . ,  2002) .  
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Using water and air, Triplett et al. (1999) performed experiments in circu-
lar (1.1 and 1.45 mm dia.) and semi-triangular (1.09 and 1.49 mm hydrau-
lic dia.) microchannels. The resulting flow pattern maps were similar for 
all the test sections and mostly covered by the slug and slug-annular flow 
patterns. They also claim that since the channel diameter are about equal 
to or smaller than the Laplace length scale, the hydrodynamic interfacial 
processes that are governed by Taylor instability, crucial in larger chan-
nels, do not apply to capillaries. Serizawa et al. (2002) investigated the 
two-phase flow patterns in a 20, 25 and 100 µm (air-water) and in a 50 
µm (steam-water) microchannel with quite similar general trends. A 
number of flow patterns were identified, some of them not previously 
observed for capillary tubes of 1 mm in diameter, namely, dispersed bubbly, 
gas slug, skewered slug, liquid ring, frothy annular, annular, liquid lump, rivulet 
and, for the steam-water, liquid droplet flow. Kawahara et al. (2002) con-
ducted visual observations of nitrogen-water two-phase flow patterns in 
a silica capillary tube of 100 µm. They did not observe bubbly and churn 
flow. A flow pattern map was developed based on the probability of ap-
pearance of each type of flow. 

Most of the studies on flow patterns in small channels have dealt with 
adiabatic air-water mixtures, whose characteristics differ extensively from 
that of refrigerants in a boiling process, as highlighted by Hetsroni et al. 
(2003). Table 3.2 shows the liquid-vapor density ratio, liquid viscosity 
and surface tension at 20ºC for atmospheric air-water mixtures and satu-
rated refrigerant R-134a, respectively.  

Table 3.2 Properties of air/water and saturated R-134a at 20ºC. 
air/water at 20ºC and 1 atm Saturated R-134a at 20ºC 

ρl/ρg (-) μl (Pa⋅s) σ (N m-1) ρl/ρg (-) μl (Pa⋅s) σ (N m-1)
846 1.0⋅10-3 0.072 44.2 21.1⋅10-5 0.0088 

 

Yang and Shieh (2001) performed an experimental investigation on flow 
patterns in small channels (1.0-3.0mm dia.) using both refrigerant R-134a 
and air-water two-phase flow. When comparing the resulting flow pat-
tern maps, they found the slug to annular transition to occur at lower gas 
velocity for R-134a. Surface tension force, larger for water than for the 
refrigerant, tends to keep the liquid holdup between the tube walls and 
thus retard the transition from slug to annular. The surface tension force 
also makes the bubbles to retain its circular shape making the intermittent 
to bubbly transition to occur earlier for air-water than for R-134a. 
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Garimella et al. (2002) studied flow patterns during condensation of R-
134a in circular channels of 0.5 to 4.9 mm internal diameter, and pro-
posed a correlation to determine the transition between intermittent and 
non-intermittent flow. 

Huo et al. (2004) experimentally investigated the flow patterns and heat 
transfer of R-134a flow boiling inside vertical tubes with internal diame-
ters of 4.26 and 2.01 mm. The reduction of the diameter was seen to 
shift the slug to churn and churn to annular transitions to higher values of 
gas velocity. Chen et al. (2005) extended the visualization study using 2.88 
and 1.10 mm diameter tubes at three different pressures. Twelve flow 
pattern maps were drawn and compared with existing models for normal 
size tubes indicating significant differences in the 4.26 mm tube and 
more so for the smaller tubes. An increase in the pressure resulted in ear-
lier (i.e. lower vapor velocity) transition from slug to churn and churn to an-
nular flow. 

Flow patterns of two-phase R-134a and R-245fa in horizontal micro-
tubes of 0.5 and 0.8 mm diameter were investigated by Revellin and 
Thome (2007). The two-phase flow transitions did not compare well to a 
macroscale flow map for refrigerants or to a microscale map for air-
water flow. The diameter effect was limited to the bubbly to slug transi-
tion, and all transitions seemed to be less influenced by the mass flux 
when using R-245fa. 

3 . 3  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  
m i c r o c h a n n e l s  

Flow boiling in microchannels and the associated heat transfer mechan-
isms are not quite as well understood as the fluid dynamic and heat 
transfer characteristics of single phase flow. Certainly, in comparison to 
flow boiling in large channels or single-phase flow in microchannels, 
fewer data relating to two-phase flow and boiling heat transfer in micro-
channel is available in the literature. 

3 . 3 . 1  S a t u r a t e d  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  
m i c r o c h a n n e l s  

In what is by many considered to be the pioneer study on flow boiling in 
small diameter tubes, Lazarek and Black (1982) measured the heat trans-
fer coefficient, pressure drop and critical heat flux of saturated R-113 
boiling in a single vertical tube of 3.11 mm diameter. They found, as 
shown in Figure 3.3, the heat transfer coefficient in the saturated boiling 
region to be independent of the vapor quality. 
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Fi gu r e  3 .3  Lo c a l  h ea t  t r an s f e r  c o e f f i c i e n t  a s  a  f un c t i o n  o f  l o c a l  v apo r  qua l i t y  
f o r  3 .1mm d i ame t e r  t u b e  a t  d i f f e r e n t  h e a t  f l ux e s  (Laza r ek  and  B la ck ,  1982) .  

Their study reported major deviations from macroscale theory and trig-
gered the need for further research. A summary of the experimental 
work available on flow boiling heat transfer in channels of small diameter 
is presented in Table 3.3. 
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Table 3.3. Previous experimental studies on flow boiling heat transfer in small channels. 
Reference Fluid(s) Dh (mm) q” (kW m-2) G (kg m-2s-1) xout (-) Geom.*
Lazarek and Black (1982) R-113 3.15 14-380 125-750 0.85 ; V
Wambsganss et al. (1993) R-113 2.92 8.8-90.75 50-300 0.9 ; H
Tran et al. (1993, 1996) R-12, R-113 2.46; 2.40 3.6-129 44-832 0.94 , ; H
Kew and Cornwell (1997) R-141b 1.39-3.69 9.7-90 188-1480 0.9 , ; H
Yan and Lin (1998) R-134a 2.00** 5-20 50-200 0.95 ; H
Oh et al. (1998) R-134a 0.75-2.00 10-20 240-720 0.9 ; H
Bao et al. (2000), 

Baird et al.(2000) R-11,R-123, CO2 0.92, 1.95 2-49 70-480 0.9 ; H 

Lee and Lee (2001) R-113 1.57-7.27 3.0-15.8 52-209 0.75 ; H
Lin et al. (2001) R-141b 1.10 18-72 510 1.0 ; V
Warrier et al. (2002) FC-84 0.75** 1.0-59.9 557-1600 0.55 ; H
Yu et al. (2002) water 2.98 20-310 20-200 1.0 ; H
Yen et al.(2003) R-123, FC72 0.19-0.51 1-13 50-300 1.0 ; H
Sumith et al.(2003) water 1.45 10-715 23.4-152.7 0.8 ; V
Qu and Mudawar (2003) water 0.349** 22-1300 135-402 0.17 ; H
Steinke and Kandlikar (2004) water 0.207** 5-930 157-1782 1.0 ; H
Wen et al. (2004) water 1.33 27-160 57-211 0.3 ; V
Owhaib et al. (2004) R-134a 0.83-1.70 3-34 50-400 0.7 ; V
Pettersen (2004) CO2 0.80** 5-20 190-570 0.8 ; H
Huo et al. (2004) R-134a 2.01, 4.26 13-150 100-500 0.9 ; V
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Reference Fluid(s) Dh (mm) q” (kW m-2) G (kg m-2s-1) xout (-) Geom.*
Agostini and Bontemps (2005) R-134a 2.01** 6.0-31.6 90-295 0.9 ; V
Cortina Díaz et al. (2005) water, HC 1.5; 0.58, 1.31** 20-350 25-350 0.9 , ; V
Yun et al. (2005) CO2 1.14-1.54** 200-400 10-20 0.9 ; H
Sobierska et al. (2006) water 1.20 22-101 50-1000 0.55 ; V
Choi et al. (2007) CO2 1.50, 3.00 20-40 200-600 1.0 ; H
Qi et al. (2007b) LN2 0.531-1.931 50.9-213.9 440-3000 0.99 ; V
Cavallini et al. (2007) R-134a 0.96 n.a. 400, 500 0.75 ; H
Agostini et al. (2008a, b) R-236fa, R-245fa 0.336** 36-1890 281-1502 0.78 ; H
Bertsch et al. (2008) R-134a 1.09** 0-200 20.3-81.0 0.8 ; H
Shiferaw et al. (2009) R-134a 1.1 16-150 100-600 0.98 ; V
* : circular; : rectangular; V: vertical; H: horizontal 
** Individual Dh in multichannel configuration. 
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In most of these previous studies [Lazarek and Black (1982), 
Wambsganss et al. (1993), Tran et al. (1993, 1996), Kew and Cornwell 
(1997), Yan and Lin (1998), Bao et al. (2000), Baird et al.(2000), Warrier et 
al. (2002), Yu et al. (2002), Yen et al.(2003), Sumith et al.(2003), Steinke 
and Kandlikar (2004), Owhaib et al. (2004), Pettersen (2004), Huo et al. 
(2004), Agostini and Bontemps (2005), Cortina Díaz et al. (2005), Yun et 
al. (2005), Sobierska et al. (2006), Qi et al. (2007b), Cavallini et al. (2007), 
Shiferaw et al. (2009)], the heat transfer coefficient was found to be strong-
ly dependent on the heat flux, and only weakly dependent on the mass 
flux and the vapor quality until dryout incipience; occurring from vapor 
qualities as low as 0.2 in Huo et al. (2004) or as high as 0.8 in Tran et al. 
(1996). Conventionally, based on macroscale theory, this is interpreted as 
evidence that nucleate boiling is the dominant heat transfer mechanism 
in microchannels. Other authors [Lin et al. (2001), Wen et al. (2004), Cor-
tina Díaz et al. (2005), Choi et al. (2007)] observed heat transfer coeffi-
cients that exhibit the characteristic trend of conventional tubes; i.e., heat 
flux dependent nucleate boiling occurring at low quality and high heat 
flux, evolving into mass flux dependent convective boiling at moderate 
qualities and/or low superheat, and a marked decrease in the heat trans-
fer due to dryout at very high vapor qualities. Finally, others [Oh et al. 
(1998), Lee and Lee (2001), Qu and Mudawar (2003), Qi et al. (2007b)] 
obtained heat transfer coefficients dependent on the mass flux and vapor 
quality but not on the heat flux; hence governed by the convective me-
chanism. 

In particular, Kew and Cornwell (1997) observed a change in the heat 
transfer trends when decreasing the tube diameter from 3.69 to 1.39 mm 
and proposed a macro-to-micro transition threshold value based on the 
confinement number, Nconf: 
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For channels with hydraulic diameter such that the confinement number 
is larger than 0.5, the effects of confinement will be significant. The same 
authors found in Lin et al. (2001), using R-141b in a 1.1 mm diameter 
tube, that the shape of the heat transfer coefficient trend was dependent 
on the heat flux. For constant heat flux values of up to ∼60 kW m-2, the 
heat transfer coefficient was seen to increase with increasing vapor quali-
ty for x ≥ 0.2; while for heat fluxes greater than ∼60 kW m-2, the heat 
transfer coefficient decreased with quality throughout the whole range. 
This decrease in the heat transfer coefficient with increasing vapor quali-
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ty is explained by the authors by the change in fluid properties along the 
tube due to the pressure drop. 

Cortina-Díaz et al. (2005) found different trends of the heat transfer 
coefficient depending on the nature of the working fluid. For flow boil-
ing of pure hydrocarbons (n-hexane, n-heptane and n-octane) in a capil-
lary tube of 1.5 mm in diameter, the heat transfer coefficient was seen to 
increase with increasing heat flux but monotonically decrease with in-
creasing vapor quality. For water, on the contrary, the heat transfer coef-
ficient increased with increasing vapor quality, and the same results were 
observed for a n-hexane/n-octane mixture. 

Qi et al (2007b) found three different heat transfer coefficient trends for 
the range of diameters tested. For the 0.531 mm tube, no effect of the 
heat flux is observed on the heat transfer coefficient, but this one in-
creased with increasing the mass flux. For the 0.834 and 1.042 mm tubes, 
the heat transfer coefficient increased with the heat flux until dryout oc-
currence at x = 0.2 and 0.3 respectively, and after that dropped with in-
creasing vapor fraction independently of the heat flux. For the larger 
tube of 1.931 mm the heat transfer coefficient increases with heat flux 
for x < 0.2, is mainly dependent on mass flux for x > 0.2 and can be well 
predicted by Chen correlation for conventional channels, thus proving 
the Nconf = 0.5 to be a reasonable criterion for macro-micro transition. 
Increasing the pressure caused an enhancement of heat transfer in all in-
stances. 

In their two-parts paper on flow boiling of R-236fa and R-245fa, respec-
tively, in a silicon microchannel heat sink, Agostini et al. (2008a,b) identi-
fied three significant heat transfer trends depending on the magnitude of 
the heat flux. At low heat flux, the heat transfer coefficient increased 
with vapor quality and was independent of heat and mass flux. At me-
dium heat flux, the heat transfer coefficient increased with the heat flux 
as (q”)0.67, was independent of vapor quality and increased slightly with 
mass flux for R-245fa or was independent of mass flux for R-236fa. At 
high heat flux, the heat transfer coefficient decreased with increasing 
heat flux and vapor quality and increased with mass flux. 

Despite the increasing efforts over the past decade and resulting number 
of publications on saturated flow boiling heat transfer in microchannels, 
the governing phenomena are not yet well understood and large discre-
pancies among different researchers remain.  
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3 . 3 . 2  S u b c o o l e d  b o i l i n g  a n d  O N B  i n  m i c r o c h a n n e l s  
One of the first studies on subcooled flow boiling in microchannels was 
that of Peng et al. (1998). They pointed out that nucleation in small 
channels requires larger superheats. Bubble generation and growth was 
said to require a minimum amount of space, the evaporating space. If miss-
ing, what they called fictitious boiling would be induced before nucleation 
starts. 

Baird’s et al. (2000) subcooled experiments with water in minichannels 
suggested that heat transfer is enhanced above the additive sum of 
forced convection and nucleate boiling components. This enhancement 
is believed to be a result of transition form laminar to turbulent flow 
caused by incipient nucleation. Haynes et al. (2003), on the other hand, 
conclude that subcooled boiling heat transfer coefficient in narrow pas-
sages can be described accurately as a simple additive combination of 
single-phase liquid-only convective heat transfer and nucleate boiling. 
The observed enhancement of the single-phase heat transfer component 
is attributed to dissolved gas release. 

Hapke et al. (2000) studied the ONB in a vertical evaporator pipe with an 
inner diameter of 1.5 mm using thermographic measurements. They 
found the superheat necessary to initiate boiling to be essentially higher 
than that of larger tubes for the same values of heat and mass flux. Larg-
er heat fluxes lead to an increase in the wall superheat at the ONB. 
Ghiaasiaan and Chedester (2002) developed a model for the calculation 
of the boiling incipience heat flux in water-cooled microtubes. The me-
thod is based on the hypothesis that in microchannels the thermocapil-
lary force, which tends to suppress the microbubbles that tend to form 
on the wall cavities, plays an important role. Another model to determine 
the location of ONB was presented by Basu et al. (2002) in which depen-
dence of inception superheat on flow rate, local liquid subcooling, static 
contact angle and axial location is taken into account. 

3 . 4  C r i t i c a l  h e a t  f l u x  i n  m i c r o c h a n n e l s  
While extensively studied for conventional large geometries, limited data 
is available for CHF, and in particular dryout incipience condition, in mi-
crochannels. 

In their study, Lazarek and Black (1982) also reported higher critical heat 
flux values in small diameter tubes as compared to predictions with exist-
ing models. Bowers and Mudawar (1994) performed CHF experiments 
in two heat sinks of 10 mm of length and 2.54 and 0.51 mm of diameter 
using R-113, and presented a CHF correlation specially developed for 
microchannel heat sinks. Yun and Kim (2003) investigated the dryout of 
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carbon dioxide during flow boiling in tubes of 2.0 and 0.98 mm of di-
ameter. From their experimental results, they noted that the critical va-
por quality was lower for larger heat flux but it increased slightly with in-
creasing the mass flux. Qu and Mudawar (2004) studied the critical heat 
flux in a water-cooled microchannel heat sink consisting of 21 parallel 
215 x 821 µm channels. They observed that CHF was independent on 
the inlet temperature but it increased with increasing the mass flux. They 
also noticed that, as CHF was approached, flow instabilities induced 
backflow into the heat sink’s upstream plenum. Wojtan et al. (2006) in-
vestigated critical heat flux during saturated flow boiling of R-134a and 
R-245fa in horizontal 0.5 and 0.8 mm microtubes. They found that for 
fixed inlet subcooling, CHF increased with increasing the mass flux and 
was higher for the 0.8 mm than for the 0.5 mm diameter tube. The effect 
of the inlet subcooling was found insignificant for the range of experi-
mental conditions. Kuan and Kandlikar (2006) experimentally investi-
gated the critical heat flux of water in six parallel 1054 x 157 µm micro-
channels. Their results show that CHF increases with mass flux but de-
creases with increasing exit vapor fraction. Through simultaneous flow 
visualization, they could observe a change in flow pattern at CHF, from 
annular flow to liquid streams travelling in the core of the flow. Roday et 
al. (2008) performed critical heat flux experiments in a single tube with 
internal diameter of 0.427 mm. The results showed that CHF increased 
with an increase in mass flux and exit pressure. In the subcooled region, 
CHF decreased with an increase in quality, while for saturated conditions 
(up to x = 0.25), the CHF was found to have an increasing trend with 
quality. In Roday and Jensen (2007), the authors had reported a substan-
tial increase in CHF with a reduction in tube diameter from 0.427 to 
0.286 mm. Del Col et al. (2008) investigated the dryout during flow boil-
ing of R-134a and R-22 inside a 0.96 mm single circular microchannel 
heated by means of a secondary fluid. They reported that the average 
critical heat flux increased with mass velocity and decreased with in-
creased heated length. The dryout quality ranged between 0.65 and 0.85 
for R-134a and between 0.4 and 0.7 for R-22.  

Despite the scarce number of studies on dryout and critical heat flux in 
small channel geometries, there are substantial inconsistencies in the ex-
perimental CHF results. Most researchers seem to be in agreement with 
the fact that CHF increases with an increase in mass flux and decreases 
with an increase in heated length. However, the discrepancy is large on 
the influence on CHF of inlet subcooling, pressure, exit quality and di-
ameter.  
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4 Experimental Method 

Heat transfer and fluid flow experiments in single microchannels are re-
quired to elucidate the phenomenological aspects of single-phase and 
boiling two-phase heat transfer and pressure drop occurring in micro-
channel heat sinks. For this purpose, a test facility was constructed to in-
vestigate single-phase flow, and especially flow boiling in single electrical-
ly heated vertical circular microchannels. As the parametric domain of 
interest is focused on microchannel evaporators for heat pumping appli-
cations, the experimental system was designed for low to moderate heat 
flux levels and to withstand pressures of up to 15-20 bar. 

This chapter begins with a description of the experimental facility, with 
special attention given to the test sections and the measurement equip-
ment. The calculation of the experimental heat transfer coefficients, sin-
gle-phase friction factor, and vapor quality are discussed next. Finally, a 
description of the experimental measurements obtained and the esti-
mates of experimental uncertainties are addressed. 

4 . 1  E x p e r i m e n t a l  F a c i l i t y  

4 . 1 . 1  M i c r o c h a n n e l  t e s t  r i g  
Schematic representation and a photo of the whole experimental set-up 
are shown in Figures 4.1 and 4.2, respectively. The facility comprises a 
closed refrigerant loop constructed of stainless steel tubing (for the most 
part of 6 mm outer diameter and 1.0 mm tube wall thickness) and Swa-
gelok tube fittings, allowing working pressures of up to 370 bar, accord-
ing to the manufacturer (Swagelok, 2006, 2007) The system consists of a 
pump, a preheater, the test sections, and a condenser. 

Circulation of the fluid is driven by a magnetic gear pump with micro-
processor control ISMATEC, type MCP-Z standard. This pump allows 
flow rates ranging from 1 to 552 ml min-1. The subcooled working fluid 
is circulated from the condenser through one of the flow meters and into 
the preheater, where it is heated to the desired inlet condition to the test 
section. The DC electrical power supplied to the preheater is regulated 
by a PID controller (Eurotherm 2404) to ensure constant inlet condition. 
The circuit also includes a 7 µm filter (F series in-line filter, Swagelok), 
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placed before the test section, to prevent the flow blocking from small 
particles. In the test section, the working fluid is heated and eventually 
evaporated. At the condenser, the fluid is condensed and further sub-
cooled before it flows back to the pump. System pressure is adjusted by 
fixing the cooling water flow rate in the condenser and further set within 
±0.5% by controlling the heat input to a tank connected to the main 
loop. The DC electrical power supplied to a heater on the tank is regu-
lated with a PID controller (Eurotherm 2408) to ensure stable pressure 
in spite of the processes occurring in the test section. The heat added to 
the tank controls the liquid level in the condenser which, in turn, defines 
the system pressure. In the apparatus, system pressure, heat flux, mass 
flux and subcooling degree can be adjusted independently. 

The system is instrumented with the necessary measurement equipment: 
an absolute pressure transducer to measure the system pressure at the in-
let of the test section; two differential pressure transducers, of different 
range, to measure the pressure drop across the test section; multiple 
thermocouples to determine fluid and wall temperatures; two Coriolis 
mass flow meters, of different range, to measure the flow rate; and cur-
rent and volt meters for the heat load. All measuring equipment was 
carefully calibrated and is described in detail in section 4.1.3. 

The whole test rig is well insulated, with special attention given to the 
test section. The thermal insulation layer consist of flexible interlaced 
foam based on synthetic rubber Armaflex IT, supplied by Armacell 
GmbH, with a k ≤ 0.042 W m-1K-1 for the range of experimental condi-
tions..
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Fi gu r e  4 .1a  S ch ema t i c  r e p r e s e n t a t i on  o f  t h e  m i c r o s c a l e  
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Fi gu r e  4 .1b  S ch ema t i c  r e p r e s e n t a t i on  o f  t h e  m i c r o s c a l e  
v i s ua l i za t i o n  t e s t  r i g .  
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Fi gu r e  4 .2  Pho t o g r aph  o f  t h e  exp e r imen t a l  s e t - up .  
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4 . 1 . 2  T h e  t e s t  s e c t i o n s  
Five test sections have been used in the different experimental investiga-
tions, four consisting of a metal (AISI 316 stainless steel) tube and one 
out of quartz glass, as indicated in Table 4.1.  

Table 4.1 Test section characterization. 
 tube Di (mm) Do (mm) L (mm) Lhs (mm) Material Ra (µm) 
 #1 1.700 2.20 310 220 SS 0.21 
 #2 1.224 2.00 310 220 SS 2.55 
 #3 0.826 1.20 310 220 SS 1.06 
 #4 0.640 0.90 308 213 SS 0.77 
 #5 1.332 6.10 426 235.5 quartz 0.015 

Stainless steel test sections have been used for the heat transfer investiga-
tions. The test sections are heated by Joule effect using an electrical DC 
power supply by applying a potential difference directly over the test 
tube itself. A glass tube of the same diameter as of each test section is 
placed in both ends of the metal tube for visualization purposes, and also 
to insulate the test section, both electrically and thermally, from the rest 
of the system. 

Figure 4.3 shows the Scanning Electron Microscope (SEM) images of 
the cross sections for the three larger stainless steel tubes.  

 
Di = 1.700 mm Di = 1.224 mm Di = 0.826 mm 
Fi gu r e  4 .3  SEM p i c t u r e s  o f  t e s t  s e c t i o n s  #1 t o  #3 .  

For the two-phase flow visualization investigation, the quartz tube with 
internal diameter of 1.332 mm was utilized.  This tube is coated at the 
outside with a transparent resistive film of Indium Tin Oxide (ITO), al-
lowing simultaneous heating and visualization. Heating was achieved by 
applying DC voltage to the resistive ITO coating (270 Ω m-1). To minim-
ize heat losses, the test section was placed inside a sealed 60 mm diame-
ter glass tube to which vacuum was supplied. 
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4 . 1 . 3  M e a s u r e m e n t  i n s t r u m e n t a t i o n  
This section describes the measuring instruments used in the experi-
ments. Electrical connections, calibration procedures and associated sys-
tematic uncertainties are discussed in detail in section 4.3.2.  

D a t a  a c q u i s i t i o n  s y s t e m  
Electronic data acquisition was done with the aid of a HP 34970A data 
logger from Agilent Technologies equipped with two HP 34901A mul-
tiplexer units and one 34907A module. Data acquisition was controlled 
with a desktop computer via a custom written HP VEE program. Data 
was acquired at a sampling rate of 0.3-0.5 Hz, administrated by the mea-
surement program routines. 

Except otherwise specified (e.g. in boiling incipience experiments), all da-
ta points were taken under steady-state conditions. When the system was 
considered to have reached steady state, outputs from a user-specified 
number of channels were read during a specified interval and written to a 
text file. The default recording time was set to 5 minutes, resulting in 90 
to 150 measurements. The nominal value of each data point was as-
signed to the average value of the sample, and the standard deviation was 
also calculated. 

T e m p e r a t u r e  m e a s u r e m e n t s  
All temperature measurements in the test facility are performed using 
high quality T-type thermocouples. T-type thermocouples have a posi-
tive copper wire and a negative constantan wire. Three different wires 
from Omega Engineering, INC. have been used to best fit their applica-
tion. The specifications of the thermocouples wires are shown in Table 
4.2. Thin wire thermocouples were selected to achieve shorter response 
times. 

Table 4.2 Specifications of the thermocouple wires. 

 Part num. Sheath/insulation 
material 

Wire Dia.
 (mm) 

Temp. max 
(ºC) 

Tolerance 
(ºC) 

 TMQSS-020 304 SS 0.089 220 0.5
 TT-T-36 duplex PFA 0.127 150 0.5
 TFCC-003 Extruded PFA 0.079 125 0.5

Stainless steel sheath thermocouple probes were employed to measure 
the actual bulk fluid temperature at different locations, and the cooling 
water inlet and outlet temperature, as indicated in Figure 4.1a and 4.1b. 
The thermocouple probes were preferably inserted with the tip facing 
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the incoming flow. The thermocouple probe was soldered to brass cy-
linder and inserted in the flow using Swagelock connections. 

Duplex Teflon PFA Insulated thermocouples were used to measure the 
outside wall temperature of the stainless steel test sections. To avoid 
electrical leakage from the heating power to the thermocouples signal, a 
thin layer of insulating lacquer was sprayed on the outer surface of the 
tubes. Subsequently, the thermocouples were glued onto the outer sur-
face of the test tube with thermally conductive epoxy (k =160 W m-1K-1).  

Single strand extruded PFA insulated thermocouples were used for the 
wall temperature measurements in the glass test section to avoid leakages 
in the vacuum insulation. 

P r e s s u r e  m e a s u r e m e n t s  
The system is instrumented with a high performance millivolt output ab-
solute pressure transducer from Druck, GE Corp. The pressure trans-
ducer is connected after the preheater, as shown in Figure 4.1a and 4.1b, 
to measure the pressure at the inlet of the section. Two differential pres-
sure transducers of different range, also from Druck, have been used to 
measure the pressure drop across the test section. Details and manufac-
turer specifications of all pressure transducers are summarized in Table 
4.3.  

Table 4.3 Specifications of the pressure transducers. 
 Part num. Range Output voltage Accuracy♣

 PDCR 4060 0-20 bar abs 100 mV ±0.04 % FS BSL♠ 
 PDCR 2160 0-350 mbar diff 50 mV ±0.06 % FS BSL 
 PDCR 4160 0-1.0 bar diff 100 mV ±0.04 % FS BSL 
♣combined effects of non-linearity, hysteresis and repeatability; ♠Full Scale-Best Straight Line 

Only one pressure drop sensor was installed at the time. The differential 
pressure transducer is connected in the middle of a 2 mm diameter stain-
less steel tube (referred to as ‘pressure line’) parallel to the test section, as 
shown in Figure 4.1a and 4.1b. The pressure line can be cooled (alt. 
heated) by means of cold water (resp. hot water) flowing through a con-
centric larger pipe to ensure all-liquid (alt. all-vapor) condition in the 
pressure line. All-liquid condition is used in the single-phase pressure 
drop experiments to obtain the frictional pressure drop directly. All-
vapor, on the other hand, is used in the flow boiling experiments to ob-
tain the total pressure drop (i.e. with its frictional, gravitational, and acce-
leration components) needed for the evaluation of the local saturation 
temperature. 



 44

M a s s  f l o w  r a t e  m e a s u r e m e n t s  
As a first approach, in the earliest single-phase experiments, the magnetic 
gear pump with microprocessor control ISMATEC was used as a flow 
meter. After calibration, the systematic uncertainty was estimated to be 
±5% of the reading. 

In order to increase the accuracy of the refrigerant flow measurements, 
two mass flow meters of Coriolis Type with different range were in-
stalled. Table 4.4 presents the details and manufacturer specifications of 
both flow meters. 

Table 4.4 Specifications of the Coriolis mass flow meters. 
 

Model Range Output
signal

Accuracy♣ 

(% of rate) nom max
 MicroMotion
 DS006 sensor with 
 RFT9739 transmitter

7.5 g⋅s-1 15 g⋅s-1 4-20 mA ±0.15 % ±[(ZS♠/rate) 

 Cori-flow M52 0.14 g⋅s-1 0.28 g⋅s-1 4-20 mA ±0.5 % ±[(ZS♠/rate) 
♣includes combined effects of repeatability , linearity and hysteresis.; ♠ZS: zero stability 

The flow meters were installed ensuring a length of pipe free of bends 
and other obstructions exceeding the minimum of 20 pipe diameters dis-
tance recommended by the manufacturers. Two high quality valves were 
installed upstream and downstream of Cori-flow meter for proper zero 
point calibration. 

E l e c t r i c a l  h e a t  i n p u t  m e a s u r e m e n t s  
The test sections are heated by Joule effect using an electrical DC power 
supply by applying a potential difference directly over the test tube itself. 
Electrical power to the test section was provided and regulated by a TTi 
TSX1820P bus programmable PSU and a TTi EX752M multi-mode dual 
PSU for the heat transfer and the visualization experiments, respectively. 

The heat input is determined by the product of the current intensity and 
the voltage across the test section. Digital readings from the power 
supply units (PSU) and a FLUKE 85 III digital multimeter were used for 
the measurements. 

F l o w  v i s u a l i z a t i o n  
Dynamic behavior of the two-phase flow patterns was observed and rec-
orded with a high-speed CMOS digital camera (Redlake HG50LE) with a 
recording speed of up to 100000 frames per seconds (fps) and tungsten 
lightning (DedoCool). For the actual experiments, recording speeds from 
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3000 to 10000 fps were used. A still 3Mpix digital camera (Nikon Cool-
pix) with synchronized flash and close-up lenses was used in parallel. 

4 . 2  D a t a  r e d u c t i o n  
For a given test point, the heat flux added to the test section, q”, is calcu-
lated as: 

A
VIq ⋅

="  (4.1) 

where I and V are, respectively, the current and voltage intensity applied 
to the test section and hsi zDA π=  the heat transfer area. Even distribu-
tion of the heat flux across the whole surface is assumed. 

The local heat transfer coefficient, hz, at a certain axial position z, is cal-
culated from the local bulk to wall temperature difference and the heat 
flux as: 
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=  (4.2) 

The average heat transfer coefficient is determined by arithmetically av-
eraging all local heat transfer coefficients. The inside wall temperature, 
Tw, is assumed to be uniform around the perimeter of the tube and calcu-
lated using the solution of the steady state one-dimensional heat conduc-
tion equation with heat generation: 
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where Q is the heat supplied to the heated length of the test section, zhs, 
and ( )2

oi DD=ξ  (Owhaib, 2007). 

4 . 2 . 1  D a t a  r e d u c t i o n  i n  s i n g l e - p h a s e  e x p e r i m e n t s  
In the single phase flow experiments, the temperature of the liquid is al-
ways kept below the saturation temperature corresponding to the actual 
pressure. Therefore, assuming the fluid temperature increases linearly 
along the heated test section (uniform heat flux), the bulk fluid tempera-
ture at any axial position z, Tfluid,z, can be calculated as: 



 46

pref
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For single phase flow, the heat transfer coefficient is traditionally ex-
pressed in its dimensionless form by means of the Nusselt number, Nu, 
which may be defined as the ratio of convection heat transfer to fluid 
conduction heat transfer under the same conditions with the expression: 

k
hDNu i=  (4.5) 

The experimental friction factor, f, is calculated using the frictional pres-
sure drop measured across the whole length of the test section, L, and 
the Darcy-Weisbach equation 

L
D

G
Pf i

2
2ρ

Δ=  (4.6) 

with all fluid properties evaluated at the arithmetic mean temperature be-
tween the inlet and outlet (Tin +Tout)/2. 

4 . 2 . 2  D a t a  r e d u c t i o n  i n  f l o w  b o i l i n g  e x p e r i m e n t s  
To prevent bubble nucleation from occurring before reaching the test 
section, the working fluid is always kept subcooled at the inlet of the test 
section. Under subcooled conditions, the bulk fluid temperature at any 
axial position z, Tfluid,z, can be calculated as for the single phase experi-
ments from the measured inlet temperature and the heat added to the 
test section as: 
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The local saturation temperature, Tsat,z, is obtained from the measured in-
let pressure and pressure drop, assuming the latter to present a linear 
profile along the whole test section. 

The thermodynamic vapor quality at any axial location, xth(z), is defined 
from the heat transferred to the fluid as: 
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where ilg is the latent heat of vaporization, Ac the cross sectional area and 
zsat is the axial position at which saturated condition would be reached 
(Collier and Thome, 1994), calculated as: 
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 (4.9) 

4 . 3  U n c e r t a i n t y  a n a l y s i s  
In general, the results of a measurement system, consisting of the in-
strumentation, the procedures for data acquisition and reduction and the 
operational environment (Stern et al., 1999), is only an approximation or 
estimate of the true value of the specific quantity subject to measure-
ment, that is, the measurand; and thus the result is complete only when 
accompanied by a quantitative statement of its uncertainty (Taylor and 
Kuyatt, 1994).  

4 . 3 . 1  P r i n c i p l e s  o f  u n c e r t a i n t y  a n a l y s i s  
The uncertainty of the result of a measurement consists of several ele-
mental error sources which may be categorized as random (Type A uncer-
tainty) or systematic (Type B uncertainty) depending on whether the error 
it introduces changes or it is steady during the time of the complete ex-
periment. The errors themselves are called precision or bias errors, respec-
tively, and are presumed to represent stationary statistical properties of a 
Gaussian distributed data set.  

To evaluate Type A uncertainty, the measured data must be obtained 
from a process in a statistically controlled condition. With a number of 
measurements, n, sufficiently large (>10-20), Type A uncertainty is de-
termined by the concept of standard deviation of the mean value, de-
fined as: 
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where sx is the standard deviation computed from a sample of the popu-
lation, xi (i=1, 2, …, n) are the sample measurements and x  the mean 
average value given by 
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The standard deviation for Type B uncertainty xw  cannot be obtained 
by any statistical means and must be estimated from previous 
measurement data, manufacturer’s specifications, data provided in 
calibration or qualified guesses from experience. 

According to BIPM/ISO1, components of uncertainties of Type A and 
Type B may be considered to be independent and the combined uncer-
tainty xu may be calculated using the root-sum-square (RSS) of the stan-
dard deviations: 

22
xx
wsux +=  (4.12) 

at a confidence level of one standard deviation (68%). A better confi-
dence level is almost always desired, and 95% usually recommended (e.g. 
WECC, 1990). The overall combined uncertainty, xU  is obtained by 
multiplying xu  by a coverage factor k: 

xx ukU ⋅=  (4.13) 

Typically, k is in the range 2 to 3. When the normal distribution applies, 
k = 2 defines an interval having a level of confidence of approximately 
95 percent (95.45) and k = 3 an interval of confidence level greater than 
99 percent. In this thesis k is assigned a value of 2 for a 95% confidence 
level (20:1 odds); that is, the experiment is 95 percent confident that the 
true value of the result lies within the ±U interval about the nominal re-
sult. 

In many cases the desired output quantity cannot be measured directly 
but it is determined from several individual quantities through data re-
duction equations 

( )mi xxxfy ,...,,...,1=  (4.14) 

the standard uncertainty of the measurement result y is the positive 
square root of the estimated variance obtained from 
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1 BIPM: International Bureau of Weights and Measures; ISO: International Organization 
for Standarization 
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Equation 4.15 is based on a first-order Taylor series approximation and 
is conveniently referred to as the law of propagation of uncertainty. The partial 
derivatives ixf ∂∂  are the sensitivity coefficients, 

ix
u  is the standard un-

certainty associated with the input estimate ix ,  and 
ji xxu ,  is the esti-

mated covariance associated with ix  and jx . 

Assuming that all xi are independent variables, the standard uncertainties 
of the measurement result y for type A and type B uncertainty become 
(Kline and McClintock, 1953) 
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Finally, the overall combined uncertainty in the derived result y is calcu-
lated from the RSS of the standard uncertainties 

22
yy

wskU y +=  (4.18) 

In this thesis the uncertainty analysis is computed using the method of 
sequential perturbations, described by Moffat (1988). This method al-
lows the estimation of the uncertainty in ( )mi xxxfy ,...,,...,1=  by sequen-
tially perturbing the input values ix  by their respective uncertainty 

ix
u  in 

the data reduction equation: 
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The sequential perturbation method gives an approximation of the un-
certainty estimation of the measured data, not exact as an analytical solu-
tion, but is simple to implement, and allows to identify the measured pa-
rameter that contributes the most to the uncertainty in the model under-
lying the data reduction.  
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4 . 3 . 2  U n c e r t a i n t i e s  o f  m e a s u r e d  p a r a m e t e r s  

U n c e r t a i n t y  i n  t h e  t e s t  s e c t i o n  c h a r a c t e r i z a t i o n  
The total and the heated lengths of the test sections, as well as the posi-
tion of the thermocouples mounted on the outside, are measured with a 
Vernier Caliper, and the uncertainty in the measurements comes directly 
from the instrument, widely accepted to be less than ±0.2 mm. 

The average diameter of each test section was determined with the aid of 
an analytical balance (Mettler Toledo AX205) with a resolution of 10µg 
and accuracy better than ±0.1 mg. The measurement procedure consists 
of measuring the weight of the tube, filling it with a liquid of known den-
sity (e.g. distilled water) and weighting it again. The mass difference di-
vided by the density of the liquid gives the internal volume; assuming cy-
lindrical shape the diameter can be easily calculated. The procedure was 
repeated several times and the resulting combined uncertainty (20:1 
odds) for each of the tubes is estimated to: 

Table 4.5 Uncertainties in the test section diameter. 
 Tube Di (mm) Uncertainty (µm) 
#1 – SS 1.700 ± 3.5 
# 2 – SS 1.224 ± 4.7 
#3 – SS 0.826 ± 7.0 
#4 – SS 0.640 ± 6.7 
#5 – glass 1.332 ± 2.4 

The internal surface roughness of the test sections was measured with a 
conical stylus profilometer with tip radius of 15 µm, 60º taper angle of 
cone, and static measuring force of 2 mg. Surface roughness was meas-
ured over 5 independent profiles on each test section. Sampling length 
for profile roughness was 0.8 mm on the stainless steel test sections and 
0.08 mm on the quartz test section. A summary of the complete surface 
characterization is presented in Table 4.6. 

Table 4.6 Surface roughness characterization. 
 Tube Ra (µm) Rv (µm) Rp (µm) Rz (µm) 
 #1 – SS 0.21 -0.73 0.8 1.54
 # 2 – SS 2.55 -5.08 9.58 14.66
 #3 – SS 1.06 -2.92 3.35 6.26
 #4 – SS 0.77 -2.44 2.36 4.81
 #5 – glass 0.015 -0.036 0.070 0.106
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where: 

Parameter Description Formula 

Ra 
arithmetic average of 
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Rv maximum valley depth iiv yR min=  

Rp maximum peak height iip yR max=  

Rz 

Average distance between 
the highest peak and  

the lowest valley in each 
sampling length 
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being yi the vertical distance from the mean line to the ith data point, and 
s the number of sampling lengths 

Surface roughness measurements were carried out at the Production En-
gineering Department, School of Industrial Engineering and Manage-
ment, KTH – Royal Institute of Technology, in Stockholm. 

 

 
Fi gu r e  4 .4  S in g l e - s c an  r aw  p r o f i l e  f o r  t h e  0 .640  mm s t a i n l e s s  s t e e l  t u b e .  
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Fi gu r e  4 .5  S in g l e - s c an  raw  p r o f i l e  f o r  t h e  qua r t z  t u b e .  

U n c e r t a i n t y  i n  t h e  t e m p e r a t u r e  m e a s u r e m e n t s  
In order to minimize the uncertainty in the temperature measurements, a 
method utilized by Palm (1991) has been used.  

 

Fi gu r e  4 .6  C i r c u i t  d i a g ram f o r  t empe r a t u r e  m ea su r em en t s .  
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All thermocouples are connected to a junction box in which the refer-
ence junctions are placed in an isothermal aluminum block. The block is 
thermally insulated on all sides and has a narrow hole for each thermo-
couple. The tip of each junction was electrically insulated with a small 
PTFE capsule before the insertion into the aluminum block. The tem-
perature of the block is measured with a 4-wire Pt100 probe. A circuit 
diagram of this system is shown in Figure 4.6. By this method all ther-
mocouples have the same temperature of the reference junction, thus 
eliminating the offset in all temperature difference measurements. More-
over, to further minimize this error, the thermocouples have always been 
carefully manufactured from the same wire to minimize the differences 
between them. 

 

Fi gu r e  4 .7  Tempe ra t u r e  r e ad i n g s  du r i n g  t h e  i c e  ba t h  c a l i b ra t i on .  

All thermocouples were calibrated against an insulated ice bath consist-
ing of crushed ice mixed with water. When inserted in the ice bath, the 
temperature readings from all the thermocouples were seen to rapidly 
decrease towards 0 ºC. After allowing the system to stabilize for a period 
of about three hours, all thermocouple readings fluctuated well within 
0 ±0.04 ºC with standard deviations of less than 0.01 ºC, as shown in 
Figure 4.7.  

According to the manufacturer (Agilent Technologies), the voltage reso-
lution in the data logger at a 100mV range signal is 0.004mV, corres-
ponding to ±0.024 ºC, and the conversion function accuracy (associated 
to the conversion from voltage to temperature) is less than ±0.001 ºC. 
Since the different components of the uncertainty are independent va-
riables, the combined systematic uncertainty of the temperature mea-
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surements, wT, can be calculated by taking the RSS of the standard un-
certainties. 
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Hence the systematic uncertainty for the temperature measurements has 
been estimated to ±0.1 ºC (20:1 odds). 

U n c e r t a i n t y  i n  t h e  p r e s s u r e  m e a s u r e m e n t s  
All pressure transducers were regularly calibrated against a certified test 
gauge (DRUCK DPI 603 pressure calibrator). Atmospheric pressure 
readings during calibration were obtained from the latest update of the 
official measurements at Bromma Airport, in Stockholm.  

Output voltage and accuracy of the pressure transducers according to the 
manufacturer is indicated in Table 4.3. Because of the output range, the 
error associated with the data logger is negligible (0.004 and 0.008% for 
the PDCR 4000 and 2000 series, respectively) and thus the systematic 
uncertainties in the pressure readings are conservatively taken to be ±10 
mbar for the absolute pressure readings, and ±1 mbar for the pressure 
drop. 

U n c e r t a i n t y  i n  t h e  m a s s  f l o w  r a t e  m e a s u r e m e n t  

The MicroMotion flow meter system (by Emerson Process Manage-
ment) was used in the experiments with flow rates exceeding 0.28 g s-1, 
while the Cori-flow (by Bronkhorst High-Tech B.V.) was used for small-
er flows. This ensures accuracy in the flow meters of no less than ±1% of 
the reading; as clearly seen in Figure 4.8. 
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Fi gu r e  4 .8  Mas s  f l ow  me t e r  a c c u r a c y .  

According to the manufacturer (Agilent Technologies), the accuracy of 
the current measurements in the data logger at a 100 mA range signal is 
±0.050% of the reading ±0.005% of the range, resulting in a minimum 
resolution of 0.007 mA for the flow meters signal. In view of that, the 
uncertainty in the flow measurements associated to the logger is ±3mg s-1 
for the MircoMotion flow meter and ±0.1 mg s-1 for the Cori-flow; 
which corresponds to ±1.05% in the worst case. The conversion func-
tion (from current to flow rate) error is less than ±0.04%. The combined 
systematic uncertainty of the flow measurements is calculated by means 
of the combination of uncertainties according to: 
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Hence, the maximum systematic uncertainty in the mass flow measure-
ments is conservatively estimated to ±3% (20:1 odds). 

E l e c t r i c a l  h e a t  i n p u t  m e a s u r e m e n t s  
DC voltage measurements were performed using a FLUKE 85 III Digi-
tal Multimeter with an accuracy of ±(0.08% of the reading +1 digit), 
which means that it is better than 0.14% for voltages larger than 0.5 V. 
The same Digital Multimeter was used in some tests to measure the cur-
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rent intensity. The accuracy of this device for the DC current measure-
ments with a resolution of 1 mA is ±(0.2 % +4) according to the manu-
facturer, which results in no more than ±0.8% for current larger than 0.6 
A. In other tests the current intensity was determined from the digital 
readings of the power supply units (TTi TSX1820P and EX752M) with a 
resolution of 10 mA and a meter accuracy of ±(0.5%+1), resulting in an 
uncertainty of no more than ±1%. 

Table 4.6 summarizes the uncertainties of the measured parameters, all 
described in detail in previous sections.  

Table 4.6 summary of systematic uncertainties. 
 Parameter uncertainty 
L, z ± 0.2 mm 

 D 

1.700 mm ± 3.5 µm 
1.224 mm ± 4.7 µm 
0.826 mm ± 7.0 µm 
0.640 mm ± 6.7 µm  
1.332 mm ± 2.4 µm 

T ± 0.1 ºC 
P ± 10 mbar 

 ΔP ± 1 mbar 
refm& ± 3 % 

I ± 1 % 
V ± 0.14 % 

All thermodynamic properties, including density, enthalpy, viscosity, and 
thermal conductivity, for R-134a, R-22 and R-245fa, are calculated with 
the computer code REFPROP 7.0 developed by NIST (2002). The un-
certainty in the thermophysical properties, embracing the uncertainty in 
the temperature or pressure measurement and in the empirical function, 
is assumed to be 2%. 

4 . 3 . 3  U n c e r t a i n t i e s  o f  d e r i v e d  p a r a m e t e r s  
The combined uncertainty of a derived parameter (e.g. heat transfer 
coefficient) depends on the actual experimental conditions, and hence 
cannot be characterized by a single value. Instead, the systematic uncer-
tainty in the results is presented in the form of error bars in the figures 
of the thesis. Nevertheless, representative values for the most significant 
parameters will be presented here.  
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U n c e r t a i n t y  i n  t h e  s a t u r a t i o n  t e m p e r a t u r e  
The saturation temperature, Tsat, is obtained from the pressure measured 
at the inlet of the test section and the pressure drop across this one. Be-
cause the uncertainty in the pressure drop measurement is negligible in 
comparison to absolute pressure, the uncertainty in the saturation tem-
perature is calculated from the uncertainty in absolute pressure mea-
surement: 
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Because of the non-linearity of the saturation curve, the uncertainty in 
the saturation temperature based on this uncertainty (± 10 mbar) varies 
with the saturation pressure; but it is never greater than ± 0.05 ºC for the 
range of experimental conditions and refrigerants used in this work.  

In calculating the local saturation temperature at any axial location z, 
Tsat,z, the pressure drop is assumed to present a linear profile along the 
whole test section. This approximation however, will not have too big an 
influence on the results as the saturation temperature reduction due to 
pressure drop is less than 0.5ºC for most of the tests and only larger than 
1ºC for the 640µm test tube at high mass and heat flux. 

All in all, the uncertainty in the saturation temperature calculated from 
the inlet pressure and the pressure drop is unadventurously assumed to 
be less than ±0.2 ºC. 

U n c e r t a i n t y  i n  t h e  m a s s  f l u x  a n d  l i q u i d  R e y n o l d s  
n u m b e r  
The mass flux G is the rate of mass flow across a unit area. In the case of 
a single circular tube: 
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The uncertainty in the mass flux is thus given by the uncertainty in the 
refrigerant mass flow measurement and the uncertainty in the micro-
channel diameter, which are independent measurements.  
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From sections 4.1.2 and 4.1.3 the resulting uncertainty in the mass flux 
wG/G ranges from 3.03 to 3.64% (20:1odds) for the range of experimen-
tal conditions. 

Table 4.7 Uncertainty in the refrigerant mass flux (kg m-2s-1). 
 G (kg m-2s-1) 200 400 600 

D
 (m

m
) 

1.700 ± 6.1 ± 12.1 ± 18.2 
1.224 ± 6.2 ± 12.4 ± 18.6 
0.826 ± 6.9 ± 13.7 ± 20.6 
0.640 ± 7.3 ± 14.6 ± 21.8 
1.332 ± 6.0 ± 12.1 ± 18.1 

The Reynolds number can be defined as: 

μπD
m&4Re =  (4.25) 

Hence, the uncertainty in the Reynolds number is given by the uncertain-
ty in refrigerant mass flow, channel diameter and liquid viscosity: 
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Table 4.8 Uncertainty in the Reynolds number in the single-phase tests. 
 D (mm) 1.700 1.224 0.826 0.640 
wRe/Re (%) ± 3.01 ± 3.03 ± 3.12 ± 3.18 

U n c e r t a i n t y  i n  t h e  s i n g l e - p h a s e  f r i c t i o n  f a c t o r   
Equation 4.6 can be rewritten to express the single-phase friction factor f 
as a function of directly measured parameters only as: 
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The uncertainty in the single-phase friction factor can be determined 
from the uncertainties associated to the pressure drop measurement, liq-
uid density, channel diameter, refrigerant mass flow and length of the 
test section as:  
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The relative uncertainty in the single-phase friction factor increases with 
decreasing the Reynolds number for all diameters. The maximum uncer-
tainty in the experimental single-phase friction factor is indicated in Ta-
ble 4.9. 

Table 4.9 Maximum uncertainty in the experimental single-phase friction factor. 
 D (mm) 1.700 1.224 0.826 0.640 
wf/f (%) ± 12.2 ± 8.4 ± 7.3 ± 7.8 

The uncertainty analysis also reveals that the uncertainty contribution of 
liquid density and tube length to the combined uncertainty is negligible 
(less than 2.5% and 0.5%, respectively). The relative contributions to the 
combined uncertainty for the single-phase friction factor from the uncer-
tainties in the pressure drop, channel diameter and mass flow are indi-
cated in table 4.10. 

Table 4.10 Relative contribution (ξ) from the independent uncertainties to the 
friction factor uncertainty. 

D (mm) Re ≈ 1000 Re ≈ 6000
ξΔP (%) ξD (%) ξm (%) ξΔP (%) ξD (%) ξm (%) 

1.700 58 6 35 5 14 78 
1.224 29 17 52 2 24 71 
0.826 10 37 51 1 41 56 
0.640 5 44 48 0.3 47 51 

The uncertainty in the mass flow measurement is the most important 
source of uncertainty, except for the larger channel at low Reynolds 
number (Re<1500), where the contribution from the uncertainty in the 
pressure drop dominates. The contribution from the uncertainty in the 
channel diameter is more significant for the smaller channel diameter, 
and larger at high Reynolds numbers. 

U n c e r t a i n t y  i n  t h e  h e a t  f l u x  
The systematic uncertainty in the heat flux is given by the uncertainty in 
the multimeter accuracy for current and voltage, the uncertainty in the 
channel diameter and the uncertainty in the heated length of the test sec-
tion: 
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All experiments are performed at pressures corresponding to saturation 
temperatures close to the ambient in order to minimize losses. Moreo-
ver, because of the characteristic high heat transfer coefficient in flow 
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boiling (before dryout occurrence), the temperature difference between 
the test section wall and the ambient is also small. The uncertainty in the 
heat input to the test section associated with heat losses to the surround-
ings is estimated from the energy balance to 2% for heat fluxes larger 
than 5 kW m-2. 

The resulting combined uncertainty, using the uncertainties indicated in 
Table 4.6 and equation 4.29 including heat losses is indicated in Table 
4.11.  

Table 4.11 Uncertainty in the heat flux. 
D (mm) 1.700 1.224 0.826 0.640 1.332 
wq”/q”(%) 2.25 2.27 2.39 2.47 2.25 

U n c e r t a i n t y  i n  t h 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 heat transfer coefficient is determined by the local bulk to wall tem-
perature difference and the heat flux as: 
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The uncertainty in the heat transfer coefficient is thus determined from: 
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Under single-phase and subcooled boiling conditions the local bulk fluid 
temperature is calculated from the measured inlet temperature and the 
heat added to the test section (eq. 4.4). The uncertainty associated to the 
bulk fluid temperature in the single-phase experiments is as high as 
±0.3ºC, and constitutes the largest contribution to the combined uncer-
tainty.  

For saturated flow conditions, the local bulk fluid temperature corres-
ponds to the saturation temperature at the local pressure. The uncertain-
ty in the local heat transfer coefficient in the flow boiling experiments is 
less than ±10% for heat fluxes above 15 kW m-2, and as low as ±2.5% for 
high heat fluxes. 

The actual uncertainty in the local heat transfer coefficient measurements 
is presented in the form of error bars in the figures throughout the the-
sis. 
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U n c e r t a i n t y  i n  t h e  v a p o r  q u a l i t y  

Equation 4.8 can be rewritten to express the local thermodynamic vapor 
quality as a function of directly measured parameters only as: 
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where: 
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Assuming that the perturbations of q”, Di, and refm&  on zsat are already 
taken into account in: 
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the systematic uncertainty in the local vapor quality is given by: 

2

lg

2

222

"

)(

lg

)()(

)()(
"

)(

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂

∂
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂

∂
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂

∂

±=

i
th

m
ref

th

z
sat

th
D

i

th
q

th

zx

w
i
zx

w
m
zx

w
z
zx

w
D
zx

w
q
zx

w

ref

sati

th

&&

 (4.34) 

The resulting uncertainties for the flow boiling experiments range from 
0.001 to 0.033, corresponding to relative uncertainties between 3 and 5% 
for most operation conditions. The actual values for the uncertainty in 
the local vapor quality are presented in the form of error bars in the fig-
ures included in the thesis. 
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5 Single-Phase Flow and 
Heat Transfer 

This chapter presents and discusses the pressure drop and heat transfer 
results from the single-phase experiments with liquid refrigerant. Single-
phase tests were mainly performed to check the energy balance and vali-
date measurement equipment, experimental procedures and technique. 

5 . 1  E x p e r i m e n t a l  c o n d i t i o n s  a n d  
p r o c e d u r e  

Single-phase experiments have been performed for subcooled liquid re-
frigerant flow in the four heat transfer test sections (#1 to #4 in section 
4.1.2). The geometrical characteristics of the tested test sections are pre-
sented again in Table 5.1 for the sake of lucidity.  

Table 5.1 Geometry of the tubes used in the single-phase experiments. 
 tube Di (mm) LT

♠ (mm) LT/Di Lhs (mm) Lhs/Di Ra (µm) Ra/Di 

#1 1.700 580 341 220 129 0.21 1.24E-4 
#2 1.224 580 474 220 180 2.55 2.08E-3 
#3 0.826 580 702 220 265 1.06 1.28E-3 
#4 0.640 578 903 213 333 0.77 1.20E-3 

♠including the glass tubes 

Adiabatic single phase flow experiments have been conducted in all test 
sections, using liquid R-134a as a working fluid; and for the smaller tube 
also with R-22. Pressure drop and heat transfer experiments under di-
abatic conditions have been conducted both with R-134a and R-22 flow-
ing though the smallest tube only. For each tube, tests were performed 
by gradually increasing or decreasing the flow rate, always allowing the 
system to reach steady state before a data point was recorded. The pres-
sure drop due to change of cross-section at the channel inlet and outlet 
of the test section and other minor losses is less than 3-5% of the total. 
In the non-adiabatic tests, the heat flux at the wall was adjusted to ensure 
a subcooling degree of no less than 3ºC; that is the temperature of the 
working fluid was never allowed to exceed the saturation temperature 
corresponding to the system pressure. 
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As discussed in section 4.1.3, during the single-phase experiments the 
pressure line was cooled with cold water to ensure all-liquid condition. 
The resulting liquid column compensates for the gravitational compo-
nent of the pressure drop in a vertical flow and allows measuring the 
frictional pressure drop directly. 

5 . 2  S i n g l e - p h a s e  p r e s s u r e  d r o p  a n d  
f r i c t i o n  f a c t o r  

A d i a b a t i c  h y d r o d y n a m i c  r e s u l t s  

The influence of the channel diameter on the flow resistance under adia-
batic conditions was first investigated. Figure 5.1 shows the experimental 
frictional pressure drop for all four test sections under adiabatic condi-
tions for Reynolds numbers ranging from 750 to 8500. As expected the 
pressure drop increases with Re and is higher the smaller the diameter.  

 

Fi gu r e  5 .1  Exp e r im en t a l  s i n g l e - pha s e  f r i c t i ona l  p r e s s u r e  g r ad i en t  f o r  
R -134 i n  a l l  t e s t  s e c t i o n s .  

The change in slope on the curves from Figure 5.1 corresponds to transi-
tion from laminar to turbulent flow and it is clearly observed to occur at 
a Reynolds number of about 2500 for all the diameters.  
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The experimental friction factor, f, is calculated from the pressure drop 
measured across the whole length of the test section including the glass 
tubes, LT, and the Darcy-Weisbach equation 

i
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LGfP

ρ2

2

=Δ  (5.1) 

and compared in Figure 5.2 with the Hagen-Poiseuille (f = 64/Re) and 
Blasius (1913) equations in the laminar and turbulent flow regime, re-
spectively. 

 

Fi gu r e  5 .2  Fr i c t i o n  f a c t o r  f o r  R -134a  i n  a l l  f o u r  t e s t  s e c t i on s .  

The experimental data is in reasonably good agreement with the classical 
macroscale theory for all diameters and over the whole range of experi-
mental Reynolds numbers. In the laminar region, the experimental fric-
tion factors seem to increase above the expected value as the Reynolds 
number approaches its critical value; this tendency is more accentuated 
the larger the tube diameter. This could be explained by the effects of 
developing flow in the entrance region (Lfd,h) that accounts for up to 34% 
of the total length (LT) for the lager tube, as shown in Figure 5.3.  
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Fi gu r e  5 .3  Hyd r od ynam i c  e n t r y  l e n g t h s .  

D i a b a t i c  h y d r o d y n a m i c  r e s u l t s  

Figure 5.4 shows the measured frictional pressure drop increasing with 
Reynolds number for R-134a and R-22 under adiabatic and diabatic con-
ditions in the 640 µm diameter tube. The pressure drop per unit length is 
lower for R-22 because of the lower viscosity of this refrigerant in the 
range of the experimental conditions (198 and 166 µN s m-2 at 25ºC for 
R-134a and R-22, respectively). In addition, for the same Reynolds num-
ber, the diabatic data is slightly lower than the adiabatic due to the de-
crease of fluid viscosity with temperature. Fluid properties in the diabatic 
tests are evaluated at the arithmetic mean temperature between the inlet 
and outlet. 
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Fi gu r e  5 .4  Exp e r im en t a l  f r i c t i o na l  p r e s s u r e  g r ad i en t  f o r  R -134a  and  R-22  
i n  t h e  640  µm t ub e  und e r  a d iaba t i c  ( q=0)  and  d i aba t i c  ( q )  c o nd i t i on s .  

Plotted in Figure 5.5 are the friction factor and the Poiseuille number 
(f Re) vs. Reynolds number for R-134a and R-22 under adiabatic and di-
abatic conditions in the 640 µm diameter tube. The experimental data is 
found in very good agreement with the conventional macroscale equa-
tions by Hagen-Poiseuille and Blasius (1913), regardless the fluid and the 
heat input. In fact, 82% of the data, excluding the transition regime 
(2250<Re<3500) is predicted within ±10% (the maximum experimental 
uncertainty). Transition to turbulent starts at Reynolds numbers around 
2300 and the flow is turbulent at Re ≈ 3500, also in agreement with clas-
sical theory. 
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Fi gu r e  5 .5  ( a )Fr i c t i o n  f a c t o r  and  ( b )Po i s e u i l l e  numb e r  f o r  R -134a  and  R -22  
i n  t h e  640 µm t ub e  und e r  a d ia ba t i c  ( q=0)  and  d i aba t i c  ( q )  c o nd i t i on s .  
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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  

Heat transfer experiments were conducted in 640 µm diameter tube (test 
section #4) using subcooled liquid R-134a and R-22 as working fluids. 
For each refrigerant a number of tests were carried out covering a range 
of Reynolds numbers from less than 1000 up to 7000. The test section is 
heated by Joule effect and the heat flux is assumed to be distributed un-
iformly across the surface. 

5 . 3 . 1  A v e r a g e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  
The experimental results are presented in terms of the average heat 
transfer coefficient variation as a function of Reynolds number in Figure 
5.6 and Figure 5.7 for refrigerant R-134a and R-22, respectively.  

 

Fi gu r e  5 .6  Av e ra g e  h ea t  t r an s f e r  c o e f f i c i e n t  f o r  R -134a  i n  t h e  640  µm t ub e .  
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Fi gu r e  5 .7  Av e ra g e  h ea t  t r an s f e r  c o e f f i c i e n t  f o r  R -22  i n  t h e  640  µm t ub e .  

In the laminar regime, the heat transfer coefficient is slightly larger for R-
22 because of the higher conductivity of this refrigerant in the range of 
the experimental conditions (0.081 and 0.085 W m-1K-1 at 25ºC for R-
134a and R-22, respectively). On the other hand, for the same turbulent 
Reynolds number the heat transfer coefficient is higher for R-134a than 
for R-22 due to its higher thermal diffusivity and hence Prandtl number 
(Pr = µ CP/k). The experimental uncertainty (20:1 odds) in the heat 
transfer coefficients is in the range of 5 to 17%. The uncertainty is larger 
in the turbulent region due to the smaller temperature difference be-
tween the inner surface of the wall and the fluid bulk. 

Average heat transfer results are presented in Figure 5.8 in non-
dimensional form by means of the Nusselt number, and divided by the 
Prandtl number to the power of 0.4, to account for the differences in flu-
id properties. 

Flow transition from laminar to turbulent flow is well defined in Figures 
5.6 to 5.8 at Re ≈ 2300. The experimental turbulent heat transfer coeffi-
cient and Nusselt number increase with Reynolds number as expected 
and are well predicted by Dittus-Boelter (1930) and Gnielinski (1976) 
correlations developed for fully developed flow in larger tubes. 
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Fi gu r e  5 .8  Av e ra g e  Nus s e l t  numbe r  f o r  R -134a  and  R -22  i n  t h e  
640  µm t ub e .  

As shown in Figure 5.6 to Figure 5.8, the agreement is well within the 
experimental uncertainty. For fully developed velocity and temperature 
profiles in laminar flow, the Nusselt number, and hence by definition the 
heat transfer coefficient, are expected to be constant (Graetz, 1885; and 
Nusselt, 1910). For circular tubes and constant wall heat flux conditions, 
the value of the constant is 4.36. On the contrary, the experimental lami-
nar heat transfer data of Figures 5.6 to 5.8 shows moderately larger aver-
age values, which increase with increasing Reynolds number, especially 
for R-134a. This discrepancy is attributed to the effect of the entrance 
region. Using the criterion that the dimensionless thermal axial distance 
in laminar regime, +z , defined as the inverse of the Graetz number: 

PrRe
1

iD
z

Gz
z ==+  (5.2) 

should take values greater than 0.05 for fully developed condition to be 
achieved, the current laminar tests fall largely into the thermally develop-
ing regime. The thermal development length in turbulent regime is much 
shorter (0.03 ≤ Lthd/Lhs ≤ 0.18) and the flow in this regime can be as-
sumed fully developed. 
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5 . 3 . 2  T h e r m a l l y  d e v e l o p i n g  h e a t  t r a n s f e r  
The thermal entrance length is a transitory region where flow at uniform 
temperature develops under the influence of uniformly heated walls to a 
steady-state profile of temperature that is dependent on fluid velocity 
and conductivity. The mechanism of heat transfer is rather different in 
the thermal entrance length. Shah and Bhatti (1987) proposed a set of 
correlations for representing the local Nusselt number of thermally de-
veloping laminar flow in a circular tube at various Graetz number re-
gions: 

For 51051 −⋅≤Gz : 1302.1 3.1 −= GzNuthd   (5.3) 
For 0015.01105 5 ≤≤⋅ − Gz : 5.0302.1 3.1 −= GzNuthd  (5.4) 

For 0015.01 ≥Gz : ( ) ( )Gz
thd eGzNu 41506.031068.8364.4 −−⋅+=  (5.6) 

Figure 5.9 illustrates the local Nusselt number inside the tubes at various 
Reynolds numbers in the laminar flow regime for R-134a and R-22. The 
figure shows that the local Nusselt number decreases asymptotically 
along the flow direction approaching the theoretical value for developed 
flow (1/Gz > 0.5) with constant heat flux at the wall, 4.36. The agree-
ment between the experimental data in the developing region and Shah 
and Bhatti correlation, derived for conventional geometries, is excellent. 

 

Fi gu r e  5 .9  Re l a t i on  o f  t h e  l o c a l  Nus s e l t  numb e r  t o  t h e  n on -
d imen s i o na l  t h e rma l  ax i a l  d i s t an c e  i n  t h e  640  µm t ub e .  



 73 

5 . 4  C o n c l u s i o n s  
The experimental results on microchannel single-phase liquid flow and 
heat transfer characteristics obtained in this study confirm that, including 
the entrance effects, conventional macroscale theory is applicable for 
liquid refrigerant flow through circular channels as small as 640 µm in di-
ameter. This conclusion does not contribute any new finding, but is 
meaningful considering the large scatter in the results existing in the lite-
rature. 

The results of the single-phase investigation are primarily used as a vali-
dation of the test rig, experimental procedures and measuring equip-
ment. 
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6 Flow Boil ing 
Visual ization and Flow 
Pattern Map 

Two-phase heat transfer is strongly affected by the flow pattern of the 
vapor and liquid phases in the channel. Accurate knowledge on flow re-
gimes and associated bubble characteristics is of capital importance to 
understand the underlying phenomena in flow boiling heat transfer in 
narrow channels. This chapter starts with a description of the two-phase 
flow patterns observed. A new flow pattern map is then introduced, and 
the effects of saturation temperature and inlet subcooling degree on the 
two-phase flow pattern transitions are elucidated. Finally, the experimen-
tal flow pattern map is compared to flow pattern maps and models avail-
able in the literature. 

6 . 1  E x p e r i m e n t a l  c o n d i t i o n s  a n d  
p r o c e d u r e  

Flow boiling visualization of refrigerant R-134a under non-adiabatic 
conditions has been carried out on the 1.33 mm ITO coated quartz test 
section (#5 in Table 4.1). A summary of the operating conditions is pre-
sented in Table 6.1. All experiments were performed by changing the 
wall heat flux, while refrigerant mass flux, inlet subcooling degree and in-
let pressure were kept constant. Flow patterns were monitored with a 
high-speed video camera and a still digital camera with synchronized 
flash. All recordings were performed under steady state conditions. 

Table 6.1 Operating conditions in the flow visualization experiments. 
Parameter Operating range
Di (mm) 1.332
Pin (bar) 7.70, 8.87
Tsat (ºC) 30, 35
G (kg m-2s-1) 100 to 500
q” (kW m-2) 5 to 45
ΔTsub,in (ºC) 3 to 8
xth (-) -0.05 to 0.97
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For each given set of conditions (inlet pressure, inlet subcooling, mass 
flux and heat flux) flow patterns were identified at eight different posi-
tions along the heated section (indicated in Table 6.2), in order to inves-
tigate the flow pattern evolution with quality. 

Table 6.2. Axial location for flow pattern inspection. 
 Pos. # 1 2 3 4 5 6 7 8
 z (mm) 13 42 72.5 103 132.5 162.5 192 215

6 . 2  F l o w  p a t t e r n  c l a s s i f i c a t i o n  
The classification of flow patterns in vertical channels is not yet generally 
agreed. However, most of the researchers seem to agree to categorize 
their observations by three main flow patterns: bubbly flow, intermittent 
flow and annular flow. Each main class could then be divided into sub-
classes. In the current study, seven distinct flow patterns were identified 
from the experimental flow visualization: 

• isolated bubbly flow, characterized by distinct and essentially spherical 
bubbles, in general considerably smaller in diameter than the 
channel; 

• confined bubbly flow, with distinct but distorted (non-spherical) bub-
bles, of characteristic size comparable to the channel diameter; 

• slug flow, characterized by elongated, bullet-shaped bubbles with 
spherical cap and flat tail (slugs) that occupy most of the cross 
section. In this regime, the liquid flow is mainly contained in liquid 
plugs which separate successive vapor slugs. These liquid plugs 
may or may not contain smaller bubbles; 

• churn flow, formed when the vapor slugs become unstable and dis-
rupted. The vapor flows in a more or less chaotic manner through 
the liquid which is mainly displaced to the channel wall; 

• slug-annular flow, characterized by the collision of neighboring slugs 
leading to a wavy-annular flow pattern with deep waves that inter-
rupt the annular flow; 

• annular flow, where the gas flows continuously in the tube centre 
while the liquid flows in a film along the channel wall; and 

• mist flow, with the majority of the flow entrained in the gas core 
and dispersed as liquid droplets. 
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Fi gu r e  6 .1  Rep r e s e n t a t i v e  ph o t o g r aph s  o f  t h e  d i f f e r e n t  tw o - pha s e  
f l ow  pa t t e r n s  ob s e r v e d .  

6 . 3  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  
In the experiments, the fluid enters under subcooled liquid conditions 
and is heated to the saturation temperature. A thermal boundary layer 
forms at the wall and a radial temperature profile is set up. If the heat 
flux is high enough, the liquid temperature close to the wall will become 
superheated and eventually, vapor nucleation will occur. Vapor bubbles 
grow from activated nucleation sites on the surface of the tube, slide, and 
finally detach to form a bubbly flow. After detachment these bubbles 
continue to grow and coalesce with other bubbles (Owhaib et al., 2007) 
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to form vapor slugs separated by liquid plugs in slug flow. Further vapor 
formation occurs mainly by evaporation at the interface between the liq-
uid film and the vapor; vapor slugs become more elongated and liquid 
plugs shorter. At higher vapor qualities the neighboring slugs collide and 
ultimately form the annular flow. 

The increasing velocities in the vapor core will cause entrainment of liq-
uid in the form of droplets (mist flow). The reduction of the liquid film 
caused by entrainment and evaporation at the interface between the liq-
uid film and the vapor results, ultimately, in the complete dry out of the 
surface (Collier and Thome, 1994). A schematic representation of the 
flow patterns inside the vertical heated tube is shown in Figure 6.2. 

 

Fi gu r e  6 .2  F l ow  pa t t e r n s  i n s i d e  t h e  h e a t e d  t ub e .  

Two-phase flow pattern observations from the present study are pre-
sented in Figure 6.3 in terms of mass flux and vapor quality, and in terms 
of superficial liquid velocity versus superficial vapor velocity: 

1-phase 
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Fi gu r e  6 .3  F l ow  pa t t e r n  map s  f o r  R -134a ,  D=1.33mm,  Lh s =235mm,  
T s a t =30 ºC and  ΔT s u b , i n =5 ºC .  

Except for G = 500 kg m-2s-1, it is clear that the higher the mass flux, the 
earlier the transitions between the different flow patterns. Mist flow was 
only observed for the lowest mass flux at q” = 28 kW m-2, for vapor 
qualities above 0.9. 

Transition from intermittent (slug) flow to non-intermittent (annular) 
flow has been seen to occur in two different ways: through a slug-
annular flow or a churn flow. When the liquid velocity is low (e.g. for 
G= 100 kg m-2s-1) and the flow laminar, the surface tension force is able 
to maintain the slugs in their shape while growing longer and eventually 
reach another existing slug. Neighboring slugs will then coalesce into a 
slug-annular flow, creating a thicker liquid ring at the merging point. On 
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the other hand, if the liquid velocity is high (e.g. for G = 500 kg m-2s-1) 
turbulence and agitation of the gas-liquid interface will result in a much 
more chaotic regime, termed churn flow. For G = 500 kg m-2s-1, churn 
flow is the dominant flow pattern for the range of experimental condi-
tions. 

For the intermediate mass fluxes of the investigation (G = 200-400 kg m-

2s-1) slug-annular flow and churn flow seem to coexist for 0.1<xth<0.25. 
This can be explained by the fact that given a fixed mass flux, a certain 
vapor quality will be reached at different axial positions for different val-
ues of heat flux. It is well known that since the density of the vapor is 
much smaller than that of the liquid, the evaporation process provokes 
an acceleration of the flow. Higher heat fluxes lead to higher evaporation 
rates which, in turn, lead to higher nucleation rate of bubbles and this, in 
turn, a more chaotic nature of the flow. In consequence, for high heat 
fluxes the transition from slug to annular flow tends to be through churn 
flow, while for low values of the heat flux the transition is by annular-
slug flow, as illustrated in Figure 6.4. 

  

Fi gu r e  6 .4  E f f e c t  o f  h e a t  f l ux  on  f l ow  pa t t e rn s  o f  R -134a  a l on g  t h e  
h e a t e d  l e n g t h  (G=200kg  m - 2 s - 1 ,  T s a t =30 ºC and  ΔT s u b , i n =5 ºC) .  
(SPh :  s i n g l e - pha s e  f l ow ,  IB :  i s o l a t e d  bubb l y  f l ow ,  CB :  c o n f i n e d  
bubb l y  f l ow ,  S :  s l u g  f l ow ,  CH :  c hu rn  f l ow ,  S-A :  s l u g -  annu l a r  

f l ow ,  A :  a nnu l a r  f l ow ,  M :  m i s t  f l ow ) .  

It can also be seen from Figure 6.4 that in the low to moderate heat flux 
range (q” = 5-15 kW m-2 for G = 200 kg m-2s-1) when the heat flux is in-
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creased the boiling front shifts upstream (i.e. downwards) closer to the 
inlet of the test section. 

6 . 3 . 1  E f f e c t  o f  s y s t e m  p r e s s u r e  a n d  i n l e t  s u b c o o l i n g  
d e g r e e  

The effect of the saturation temperature on the flow patterns is shown in 
Figure 6.5 for tests at inlet saturation temperatures of 30 and 35ºC (cor-
responding to 7.70 and 8.87 bar saturation pressure, respectively). As 
seen in the figure, increasing the saturation temperature shifts all transi-
tion boundaries towards higher vapor qualities. At higher pressure the 
density ratio ρl/ρg is lower and in consequence, the bubbles become 
smaller and more energy is needed for coalescence to occur. 

 

Fi gu r e  6 .5  E f f e c t  o f  s a t u r a t i on  t emp e ra tu r e  on  t r an s i t i o n  b ounda r i e s   
(R -134a ,  D=1.33mm,  L h s =235mm and  ΔT s u b , i n =5 ºC ) .  

Figure 6.6 shows the experimental transition boundaries for three differ-
ent inlet subcooling degrees, namely 3, 5 and 8ºC. No significant differ-
ence in the position of the transition boundaries has been observed be-
tween inlet subcooling of 5 and 8ºC. However, for ΔTsub,in = 3ºC the 
transition boundaries of isolated bubbly to confined bubbly, confined 
bubbly to slug, and slug to slug-annular or churn flow seem to move to 
higher values of vapor quality. Subcooled boiling implies the existence of 
bubbles at negative vapor quality. It is thus reasonable to believe that a 
larger subcooling degree would shift the transition boundaries in the ear-
ly vapor quality region to lower values. The experimental data, however, 
is not conclusive. 
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Fi gu r e  6 .6  E f f e c t  o f  i n l e t  s ub c o o l i n g  d e g r e e  on  t r an s i t i o n  b ounda r i e s  
(R -134a ,  D=1.33mm,  L h s =235mm and  T s a t =30 ºC) .  

6 . 4  C o m p a r i s o n  t o  e x i s t i n g  f l o w  p a t t e r n  
m a p s  

The experimental flow pattern maps of Figure 6.3 are here compared 
with existing models and experimental transition lines for vertical up-
ward flow in normal sized tubes, as well as in microchannels. 

6 . 4 . 1  M a c r o s c a l e  f l o w  p a t t e r n  m a p s  
As mentioned in section 2.2, one of the earliest flow pattern maps avail-
able for vertical flows is that of Hewitt and Roberts (1969). This flow 
map was based on their observations on low-pressure air-water and high-
pressure steam-water flow in vertical tubes with diameters ranging from 
10 to 30mm. The axes represent the superficial momentum fluxes of the 
liquid, ρlJl2, and vapor, ρgJg2, phases, respectively.  
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Fi gu r e  6 .7  Compa r i s o n  b e tw e e n  t h e  p r e s e n t  f l ow  pa t t e rn  map  
(R -134a ,  D=1.33mm,  Lh s=235mm,  T s a t =30 ºC  and  ΔT s u b , i n =5 ºC)  
and  t h e  exp e r im en t a l  t r an s i t i o n  l i n e s  o f  Hew i t t  and  Rob e r t s  ( 1969 )  

f o r  l ow  p r e s s u r e  a i r -wa t e r  and  h i gh  p r e s s u r e  s t e am-wa t e r  f l ow  i n   
v e r t i c a l  t u b e s  o f  10  t o  30mm d i ame t e r .  

As shown in Figure 6.7, this flow pattern map presents very poor agree-
ment with the present experimental data both with respect to the signifi-
cant trends of the curves and their absolute locations. 

Figures 6.8 and 6.9 show the present flow pattern map compared to pre-
dictions using the semi-analytical models for upward two-phase flow in 
conventional size vertical tubes of Taitel et al. (1980) and Mishima and 
Ishii (1984), respectively. From the figures, neither of them is able to 
predict any of the flow regime transitions. For instance, the experimental 
transition boundary from churn to annular is dependent on both vapor 
and liquid velocities while in Taitel et al.’s model, it is independent of the 
liquid velocity; and the churn zone predicted by Mishima and Ishii’s 
model shrinks to a very small area in the low liquid velocity range while 
in the experiments it is a main flow pattern, specially at high mass fluxes 
(i.e. high liquid superficial velocities).  
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Fi gu r e  6 .8  Compa r i s o n  b e tw e e n  t h e  p r e s e n t  f l ow  pa t t e rn  map  
(R -134a ,  D=1.33mm,  Lh s =235mm,  T s a t =30 ºC  and  ΔT s u b , i n =5 ºC)  
and  t r an s i t i o n  l i n e s  p r e d i c t e d  w i t h  t h e  mod e l  b y  Ta i t e l  e t  a l .  ( 1980 )  

e va l ua t e d  a t  t h e  exp e r imen t a l  c o nd i t i o n s .  

 

Fi gu r e  6 .9  Compa r i s o n  b e tw e e n  t h e  p r e s e n t  f l ow  pa t t e rn  map  
(R -134a ,  D=1.33mm,  Lh s =235mm,  T s a t =30 ºC  and  ΔT s u b , i n =5 ºC)  
and  t r an s i t i o n  l i n e s  p r e d i c t e d  w i t h  t h e  mod e l  b y  Mi s h ima  and  I s h i i  

( 1984)  e v a l ua t e d  a t  t h e  exp e r im en ta l  c o nd i t i o n s  
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6 . 4 . 2  M i c r o s c a l e  f l o w  p a t t e r n  m a p s  
Figure 6.10 shows a comparison between the present experimental data 
and the transition lines of Triplett et al. (1999) obtained for air-water in 
circular microchannel of 1.097 and 1.45mm internal diameter. As ex-
pected, although the trends of the transition lines are somewhat similar, 
the agreement is not satisfactory. The thermophysical properties of R-
134a differ significantly from those of water; in particular, the surface 
tension of water is about 10 times that of R-134a (72.80 and 8.76 mN m-

1, respectively at 20ºC). Furthermore, the bubble formation of an air-
water mixture is not necessarily the same as that in a boiling process. 

 

Fi gu r e  6 .10  Compa r i s on  b e tw e e n  t h e  p r e s e n t  f l ow  pa t t e rn  map  
(R -134a ,  D=1.33mm,  L h s =235mm,  T s a t =30 ºC  and  ΔT s u b , i n =5 ºC)  

and  t h e  exp e r imen t a l  t r an s i t i o n  l i n e s  o f  T r ip l e t t  e t  a l .  ( 1999 )  f o r  a i r -
wa t e r  f l ow  i n  1 .097mm  and  1 .45mm  t ub e s ,  r e s p e c t i v e l y .  

On the other hand, in spite of being developed for a condensing process, 
the agreement between the present data and the correlation proposed by 
Garimella et al. (2002) is surprisingly good. The predicted boundary line 
for intermittent and non-intermittent flow transition overlaps precisely 
with the experimental transitions from slug-annular to annular, and 
churn to annular flow. In small diameters, where the Bond number (Bo) 
approaches unity, surface tension forces grow to be dominant and the 
two-phase characteristics of flow boiling and condensation processes be-
come similar. 
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Fi gu r e  6 .11  Compa r i s on  b e tw e e n  t h e  p r e s e n t  f l ow  pa t t e rn  map  
(R -134a ,  D=1.33mm,  L h s =235mm,  T s a t =30 ºC  and  ΔT s u b , i n =5 ºC)  

and  t h e  t r an s i t i o n  l i n e  p r e d i c t e d  w i t h  t h e  c o r r e l a t i o n  b y  Ga r im e l l a  e t  
a l .  ( 2002)  e v a l ua t e d  f o r  D=1.33mm.  

Finally, the experimental data is presented in Figures 6.12 and 6.13 
against the transition lines of Chen et al. (2005) for flow boiling of R-
134a in a vertical tube of 1.10mm. Except for the fact that no churn flow 
was identified for the lower mass fluxes in the present observations, 
there is much resemblance between the two flow maps; although the 
transitions from slug to churn, and from churn to annular seem to occur 
earlier in the present results. Chen et al. (2005) proposed the coordinate 
group of the Lockhard-Martinelli parameter and the mass flux (Figure 
6.13)) as the appropriate to deduce a general correlation to predict the 
transition boundaries. 
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Fi gu r e  6 .12  Compa r i s on  b e tw e en  t h e  p r e s e n t  f l ow  pa t t e rn  map  
(R -134a ,  D=1.33mm,  L h s =235mm,  T s a t =30 ºC  and  ΔT s u b , i n =5 ºC)  
and  t h e  exp e r im en ta l  t r an s i t i on  l i n e s  o f  Chen  e t  a l .  ( 2005 )  f o r  tw o -

pha s e  f l ow  o f  R -134a  i n  a  1 .10mm v e r t i c a l  t ub e  and  p r e s s u r e s  o f   
6  ba r   and  8  ba r  ,  r e s p e c t i v e l y .  

 

Fi gu r e  6 .13  Compa r i s on  b e tw e en  t h e  p r e s e n t  f l ow  pa t t e rn  map  
(R -134a ,  D=1.33mm,  L h s =235mm,  T s a t =30 ºC  and  ΔT s u b , i n =5 ºC)  
and  t h e  exp e r im en ta l  t r an s i t i on  l i n e s  o f  Chen  e t  a l .  ( 2005 )  f o r  tw o -

pha s e  f l ow  o f  R -134a  i n  a  v e r t i c a l  t u b e  o f  1 .10mm  and   
2 .01mm  d i ame t e r ,  r e s p e c t i v e l y .  
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6 . 5  C o n c l u s i o n s  
Two-phase flow patterns in flow boiling of refrigerant R-134a through a 
vertical circular channel with internal diameter of 1.33 mm have been in-
vestigated. 

A unique test section consisting of a quartz tube with a homogeneous 
ITO-coating, allowing heating and simultaneous visualization, has been 
used to visualize the flow in non-adiabatic conditions. From flow boiling 
visualization seven distinct two-phase flow patterns have been observed: 
isolated bubbly flow, confined bubbly flow, slug flow, churn flow, slug-
annular flow, annular flow, and mist flow. Two-phase flow pattern ob-
servations are presented in the form of flow pattern maps in Figure 6.3. 
Annular-type flow patterns are dominant for xth>0.2. 

Increasing the saturation temperature shifts all transition boundaries to-
wards higher vapor qualities. No significant influence of the inlet sub-
cooling degree has been observed on the slug-annular/churn to annular 
flow (intermittent to non-intermittent) transition. However, larger inlet 
subcooling seems to move all other transitions to lower vapor qualities. 

The experimental flow pattern maps are compared to models developed 
for conventional sizes available in the literature and a microscale map 
developed for air-water, showing a large discrepancy. On the other hand, 
the results are consistent with other studies using refrigerants in mini-
channels. 
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7 Subcooled Flow Boil ing 
Heat Transfer 

Subcooled flow boiling exists when the bulk liquid temperature remains 
below its saturation value but the surface is hot enough for bubbles to 
form. This chapter reports the results from the experimental investiga-
tion on subcooled flow boiling heat transfer of refrigerant R-134a. The 
effects of imposed wall heat flux, refrigerant mass flux, liquid inlet sub-
cooling, system pressure and internal channel diameter on boiling inci-
pience and subcooled boiling heat transfer are explored in detail. 

7 . 1  E x p e r i m e n t a l  c o n d i t i o n s  a n d  
p r o c e d u r e  

Experiments on subcooled and early saturated flow boiling heat transfer 
have been conducted with R-134a for refrigerant mass fluxes ranging 
from 300 to 700 kg m-2s-1, imposed wall heat flux from 1 to 26 kW m-2, 
liquid inlet subcooling from 5 to 15ºC and for system pressures of 7.70, 
8.87 and 10.17 bar (corresponding to the R-134a saturation temperatures 
of 30, 35 and 40 ºC) inside the 0.83, 1.22 and 1.70 mm test sections(#1, 
#2 and #3, respectively, in Table 4.1), as summarized in Table 7.1. 

Table 7.1 Operating conditions in the subcooled boiling experiments. 
Parameter Operating range
Di (mm) 0.83, 1.22, 1.70 
zhs (mm) 220 
Pin (bar) 7.70, 8.87, 10.17 
Tsat (ºC) 30, 35, 45 
G (kg m-2s-1) 300 to 700 
q” (kW m-2) 1 to 26 
ΔTsub,in (ºC) 5 to 15 
Tw-Tfluid (ºC) 0 to 25 
xth (-) -0.17 to 0.03 

All experiments were performed by changing the wall heat flux in small 
increments, keeping all other parameters constant, and allowing the sys-
tem to stabilize before the recording of a new data point. 
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The results are presented in the form of boiling curves and heat transfer 
coefficients. 

7 . 2  B o i l i n g  c u r v e s  a n d  O n s e t  o f  N u c l e a t e  
B o i l i n g  

A boiling curve plots the imposed wall heat flux versus the temperature 
of the heated wall. At the beginning, under subcooled liquid conditions, 
while increasing the heat flux between the heating surface and the liquid, 
the heat transfer occurs by single-phase forced convection. Liquid lo-
cated close to the surface soon becomes superheated, whereas the flow 
core remains subcooled. Further increase in the heat flux results in in-
creased wall superheat, ΔTsat, and eventually in vapor nuclei activation. 
Nucleate boiling causes the heating surface temperature to drop. The dif-
ference in measured wall temperature between just before and just after 
boiling incipience is known as the temperature undershoot. In the expe-
riments, the temperature undershoot a the onset of nucleate boiling, 
ONB, was found to be of up to 18 ºC, for G = 700 kg m-2s-1 and ΔTsub,in 
= 10 ºC (see Figure 7.1). As the heat flux is increased beyond ONB, 
more nucleation sites are activated and thus, only small increases in the 
wall temperature are recorded. On the other hand, when the heat flux is 
lowered from high values, where bubble nucleation is rather intense, 
nucleate boiling could be maintained until wall superheats as small as 0.3 
ºC, for G = 300 kg m-2s-1 and ΔTsub,in = 10 ºC. This clearly evidences the 
existence of nucleation hysteresis. Figure 7.1 shows the boiling curves at 
two different axial positions, z2 = 0.41⋅zhs and z3 = 0.93⋅zhs, for three dif-
ferent mass fluxes. Figures 7.2 to 7.4 show boiling curves at z =z3 for 
different inlet subcooling degree, different channel diameter and differ-
ent system pressure (i.e. saturation temperature), respectively. 

Starting under subcooled liquid conditions, the heat flux was gradually 
increased until early saturation condition (low positive vapor quality) was 
reached at the exit of the test section. As a consequence, the scales on 
the y-axis of Figures. 7.1 to 7.4 differ. 
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Fi gu r e  7 .1 .  Bo i l i n g  c u r v e s  f o r  c o n s t an t  T s a t  =  35 ºC ,  ΔT s u b , i n  =  10 ºC ,  
and  G = 300 ,  500  and  700kg  m - 2 s - 1 ,  r e s p e c t i v e l y  i n  t h e  1 .22mm 

d i ame t e r  t ub e  a t  ax ia l  p o s i t i on s  z 2  and  z 3 .  
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Results show that, with all other parameters being fixed, neither the mass 
flux nor the inlet subcooling seem to influence the maximum wall super-
heat or the temperature undershoot at ONB. On the other hand, both 
parameters affect the minimum wall superheat at which nucleation is last 
maintained when decreasing the heat flux. The lower the mass flux and 
inlet subcooling, the easier to maintain boiling, i.e. lower wall superheat 
is needed. The system pressure does not seem to influence the maximum 
wall superheat at ONB nor that to maintain nucleation. The effect of the 
channel diameter on the maximum wall superheat is not clear from the 
experiments, being larger for D = 1.22 mm (ΔTsat,ONB = 18 ºC),  than for 
D = 1.70 mm (ΔTsat,ONB = 16 ºC) and D = 0.83 mm (ΔTsat,ONB = 13 ºC) at 
z = z3. 

 

Fi gu r e  7 .2  Bo i l i n g  c u r v e s  f o r  D = 1 .22mm,  T s a t  =  35 ºC ,  
G = 700kg  m - 2 s - 1  a nd  ΔT s u b , i n  =  5 ,  10  and  15 ºC ,  a t  z 3 .  

In the experiments the occurrence of ONB was identified both by visual 
observations at the outlet of the test section and temperature data. The 
heat flux necessary for incipience of boiling at a certain axial position z, 
q”ONB,z, increases with increasing mass flux, inlet subcooling, channel di-
ameter and saturation pressure. 
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Fi gu r e  7 .3  Bo i l i n g  c u r v e s  f o r  T s a t  =  35 ºC ,  ΔT s u b , i n  =  10 ºC ,  
G = 700kg  m - 2 s - 1  and  D = 0 .83 ,  1 .22  and  1 .70mm,  a t  z3 .  

 

 

Fi gu r e  7 .4  Bo i l i n g  c u r v e s  f o r  D = 1 .22mm,  ΔT s u b , i n  =  10 ºC ,   
G = 700kg  m - 2 s - 1  a nd  T s a t  =  30 ,  35  and  40 ºC ,  a t  z 3 .  
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Experimental ONB data was compared to predictions by classical corre-
lations by Bergels and Roshenow (1964) and Sato and Matsumura 
(1964), developed for larger tube dimensions. The wall superheat needed 
to initiate boiling, ΔTsat,ONB, was found to be considerably higher for the 
same given values of heat and mass flux. The same trend for boiling in-
cipience in microchannels is reported by Hapke et al. (2000) and Ghiaa-
siaan et al. (2002). This increase is related by the latter, to the gaining im-
portance of the thermocapillary force in microchannels, which would 
suppress the microbubbles that tend to form on the wall cavities. 

7 . 3  H e a t  t r a n s f e r  c o e f f i c i e n t  
The state of the subcooled liquid can be quantified in terms of the ther-
modynamic vapor quality, xth, based on the liquid enthalpy relative to the 
saturation state. Defined as for saturated conditions, it results in negative 
values of xth for subcooled boiling. 

Effects of the mass flux on the R-134a experimental subcooled flow 
boiling heat transfer coefficients at a fixed axial position, z = z3, are 
shown in Figure 7.5. For a given G, an increase in xth leads to a slight de-
crease in the single-phase line. On the other hand, under boiling condi-
tions, an increase in xth within the subcooled region (i.e. xth<0) is coupled 
with an increase in the heat transfer coefficient. 

 

Fi gu r e  7 .5  E f f e c t  o f  t h e  ma s s  f l ux  f o r  D = 1 .22mm,  
T s a t  =  35 ºC  and  ΔT s u b , i n  =  10 ºC ,  a t  z 3 .  
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In single-phase, heat transfer occurs by convection and the heat transfer 
coefficient, h, is essentially a function of the mass flux. Under boiling 
conditions, for low values of xth, the heat transfer coefficient continues 
to show a strong dependence on G, but as xth is increased, at the same 
time as h rises, the effect of G on h seems to gradually diminish, to be-
come insignificant close to saturation conditions (xth ≥ 0). This could be 
explained by the change in mechanism governing the heat transfer. In 
the early, low void, subcooled boiling region the nucleate boiling contri-
bution is small and the heat transfer coefficient is therefore strongly de-
pendent on the mass flux. As the heat flux is further increased and more 
nucleation sites are activated, the contribution to heat transfer from the 
nucleate boiling continues to rise while the single-phase convective con-
tribution diminishes. The local heat transfer coefficient at z = z3 was 
found to be hz3 ≈ 6 kW m-2K-1 for all mass fluxes, at ΔTsub,in = 10 ºC and 
xth ≈ 0.  

With system pressure and inlet subcooling being fixed, the heat transfer 
coefficient in slightly subcooled flow boiling can then be determined by 
the vapor quality only, regardless the mass flux. Nonetheless, the vapor 
quality is dependent on both heat and mass flux and therefore so is the 
heat transfer. Heat transfer coefficient dependence on mass and heat flux 
can be easily appreciated in Figure 7.6. For a given value of q”, the heat 
transfer coefficient is clearly a function of the mass flux. 

 

Fi gu r e  7 .6  E f f e c t  o f  t h e  h ea t  f l ux  f o r  D = 1 .22mm,  T s a t  =  35 ºC ,  
ΔT s u b , i n  =  10 ºC  and  G = 300 ,  500 and  700kg  m - 2 s - 1 ,  a t  z 3 .  
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Bergels and Rohsenow (1964) suggested that bubble formation could 
promote bulk turbulence, thus enhancing the bulk convective contribu-
tion to total heat transfer, but Haynes et al. (2003) claim that this effect is 
small compared to the enhancement already embodied by the nucleate 
boiling mechanism. This enhancement could, however, be noteworthy in 
the early subcooled boiling regime, where contribution from bare addi-
tion of nucleation is still quite small but turbulence promotion can be 
significant. 

Effects of the inlet subcooling degree on the R-134a subcooled flow 
boiling are shown in Figure 7.7. The results show that the higher the in-
let subcooling degree, the higher the heat transfer coefficient for a given 
vapor quality. For a higher inlet subcooling degree a higher heat flux is 
needed to achieve a certain vapor quality, xth, at a fixed location. Under 
subcooled boiling conditions, the fluid close to the surface is at satura-
tion temperature, or slightly superheated, while the fluid in the core is 
subcooled. With the same bulk fluid temperature (i.e. same xth) and high-
er heat flux, the surface is more active for nucleation and the heat trans-
fer coefficient is therefore higher. 

 

Fi gu r e  7 .7  E f f e c t  o f  t h e  i n l e t  s ub c o o l i n g  d e g r e e  f o r  D = 1 .22mm,  
T s a t  =  35 ºC  and  G = 700kg  m - 2 s - 1 ,  a t  z 3 .  

An increase in the system pressure improves the heat transfer perfor-
mance. From Figure 7.8, the higher the saturation temperature, the high-
er the heat transfer coefficient, both for subcooled and early saturated 
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boiling. This enhancement could be related to the activation of addition-
al, smaller nucleation sites for higher pressures. 

 

Fi gu r e  7 .8  E f f e c t  o f  t h e  s a t u ra t i on  p r e s s u r e  f o r  D = 1 .22mm,  
ΔT s u b , i n  =  10 ºC ,  and  G = 700kg  m - 2 s - 1 ,  a t  z 3  

 

Fi gu r e  7 .9  E f f e c t  o f  t h e  i n t e rna l  d i ame t e r  f o r  T s a t  =  35 ºC ,  
ΔT s u b , i n  =  10 ºC  and  G = 700kg  m - 2 s - 1 ,  a t  z 3 .  
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Figure 7.9 shows the effects of the channel diameter on the heat transfer 
coefficient at a given axial position, z = z3. From this figure, the smaller 
the diameter, the higher the heat transfer coefficient for a given heat 
flux. In all Figures 7.5 to 7.9, the effect of the vapor quality on the heat 
transfer coefficient becomes less important in the early saturated region. 

Boiling hysteresis can also be clearly seen in Figures 7.5 to 7.9. From 
Figure 7.5 and Figure 7.7 it is observed that ONB is reached at higher 
vapor qualities the lower the mass flux and inlet subcooling. Bubbles are 
formed within the saturated boundary close to the heated wall, while the 
core remains subcooled. With the saturated boundary being big enough 
for the bubbles to grow and detach, the higher the inlet subcooling, the 
lower the core temperature and thus, the thermodynamic vapor quality. 
On the other hand, the higher turbulence inherent in a higher mass flux 
would promote bubble detachment to occur earlier. No significant 
changes in the thermodynamic quality at ONB could be seen due to sys-
tem pressure, but a slightly lower subcooling degree (i.e. higher vapor 
quality) is needed to initiate boiling in a smaller tube. 

7 . 4  C o m p a r i s o n  t o  c o r r e l a t i o n s  
The two-phase heat transfer experimental data (201 data points) is here 
compared to predictions from three correlations available in the litera-
ture.  

Table 7.2 Heat transfer correlations for fully developed subcooled flow boiling.  
Reference Correlation formulae  

Shah (1977) [ ]( )25,0
lg230 satLO Thimq Δ⋅=′′ −&  

where  hlo from Dittus-Boelter (1930) 
(7.1) 

  

Gungor and 
Winterton  
(1983) 

( ) ( )2
satwpoolfluidwLO TTShTThq −+−=′′  

 where:    17.126 Re1015.11
1

LOE
S

−⋅+
=  

( ) 86.016.1 137.1240001 ttXBoE ++=  
 hLO from Dittus-Boelter (1930) 
 hpool from Cooper (1984) 

(7.2) 

  
Kandlikar 
(1998) [ ]( ) 3.017.0

lg1058 satLO Thimq Δ⋅=′′ −&  
 where: hLO from Gnielinski (1976)  

or Petukhov and Popov (1963) 
(7.3) 
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Among the many correlations for subcooled flow boiling, these sug-
gested by Shah (1977), Gungor and Winterton (1983) and Kandlikar 
(1998) have been chosen for this comparison. All three correlations were 
derived for fully developed subcooled boiling in the conventional ma-
croscale and, to a large extend, are well accepted for these geometries. 
These correlations are shown in Table 7.2. 

 

Fi gu r e  7 .10  Compa r i s o n  o f  t h e  exp e r imen t a l  h e a t  t r an s f e r  c o e f f i c i e n t s ,  h e x p ,  
w i t h  t h o s e  p r e d i c t e d  f r om  c o r r e l a t i o n s ,  h p r e d ,  f o r  a l l  t e s t e d  c ond i t i on s .  

Many of the data points fall within a substantial error range (see Figure 
7.10). Being N the number of experimental data points, the mean abso-
lute deviation, MAD, is given by: 

∑
=

⋅⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ −
=

N

i

pred

h

hh

N
MAD

1 exp

exp 1001  (7.4) 

Shah correlation underpredicts all experimental data with a total MAD of 
19.9% and does not capture the effects on the heat transfer coefficient 
from the different parameters. As illustrated in Table 7.3, the predictions 
show better agreement with the experimental data the larger the mass 
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flow, the larger the inlet subcooling degree the larger the diameter, and 
the lower the saturation pressure. Kandlikar correlation, similar to that of 
Shah, underpredicts experimental data for all operating conditions 
(MAD = 35.2%) and that of Gungor and Winterton does not follow the 
trend of experimental heat transfer coefficients (MAD = 131%).  

Table 7.3 Parametric MAD of experiments and predictions from Shah (1977). 
G 

(kg m-2s-1)
MAD 
(%) 

ΔTsub,in 
(ºC) 

MAD 
(%) 

D  
(mm) 

MAD 
(%) 

Tsat 
(ºC) 

MAD 
(%) 

300 44.7 5 36.9 0.83 27.4 30 12.5 
500 22.3 10 13.7 1.22 13.7 35 13.7 
700 13.7 15 8.1 1.70 5.9 40 24.7 

None of the correlations seem to predict well the experimental data for 
all tested conditions. The under prediction by Shah and Kandlikar corre-
lations is notably higher at the early subcooled boiling region, suggesting 
the existence of partial subcooled boiling that would promote an early 
enhancement of the heat transfer coefficient. 

7 . 5  C o n c l u s i o n s  
Subcooled flow boiling of R-134a in vertical tubes of 0.83, 1.22 and 1.70 
mm inner diameter has been experimentally studied and results have 
been compared to correlations from the literature. The effects of mass 
flux, G, heat flux, q”, inlet subcooling, ΔTsub,in, system pressure, P, and 
channel diameter, D, on boiling hysteresis, onset of nucleate boiling 
(ONB) and heat transfer coefficient have been explored in detail.  

Temperature undershoot at ONB is rather significant and independent 
on G , ΔTsub,in and P. Both G and ΔTsub,in, however, influence the mini-
mum wall superheat at which boiling is last maintained; being smaller for 
lower G and ΔTsub,in. The effect of D on the maximum wall superheat is 
not clear from the experiments. Macroscale correlations underpredict 
q”ONB in the experiments, where it was found to increases with increasing 
G, ΔTsub,in, P and D. 

In single phase and early subcooled boiling, heat transfer coefficient, h, is 
strongly dependent on mass flux. For fully developed subcooled boiling, 
with all other parameters being fixed, the heat transfer can be determined 
from the thermodynamic quality only, with no dependence of G and q”. 
On the other hand, given a vapor quality, the higher ΔTsub,in and P, the 
higher h. The heat transfer coefficient is also higher the smaller the di-
ameter of the tube. None of the macroscale correlations tested is in 
agreement with the experimental data for all tested conditions. 
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8 Saturated Flow Boil ing 
Heat Transfer 

Saturated flow boiling is often encountered in applications where com-
plete or near complete vaporization of the coolant is desired. In the eva-
porator of a refrigeration, air conditioning or heat pump system, satu-
rated flow boiling is the dominant heat transfer region and it is responsi-
ble for most of the heat transfer. This chapter presents the results from 
the experimental investigation on saturated flow boiling heat transfer of 
refrigerants in the 640 µm test section. The results are shown in the form 
of boiling curves and heat transfer coefficients. The effects of heat flux, 
mass flux, inlet subcooling and system pressure on the heat transfer 
coefficient are explored in detail. Finally, the experimental heat transfer 
coefficients are compared against predictions from four generalized cor-
relations 

8 . 1  E x p e r i m e n t a l  c o n d i t i o n s  a n d  
p r o c e d u r e  

Saturated flow boiling heat transfer experiments have been conducted 
with test section #4, of 640 µm internal diameter and a uniformly heated 
length of 213 mm using refrigerants R-134a and R-22 as working fluids.  

Table 8.1 Operation conditions in the saturated flow boiling experiments. 

Parameter Operational range
R-134a R-22

Di (µm) 640
zhs (mm) 213
Pin (bar)
   (PR ) 

7.70, 8.87
(0.19, 0.22) 

10.90, 11.92
(0.22, 0.24) 

Tsat (ºC) 30, 35 26.6, 30
G (kg m-2s-1) 185, 335, 535 185, 335
q” (kW m-2) 5 – 68.7 5 – 47.5
ΔTsub,in (ºC) 1 
xth (-) -0.05 – 1

 

A summary of the operating conditions is presented in Table 8.1. All 
tests were performed by changing the wall heat flux in small increments, 
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while refrigerant mass flux, inlet subcooling degree and inlet pressure 
were kept constant. Several sets of experiments were conducted com-
prising different mass fluxes and pressure levels. 

Starting under subcooled liquid conditions the heat flux was increased 
until boiling incipience took place. Boiling incipience was identified both 
by visual observations at the outlet of the test section and temperature 
data; once bubble formation occurs, the heat transfer is enhanced and 
the wall temperature drops radically. After that, the heat flux was further 
increased gradually until the reading of the last thermocouple (located at 
z12) was 50 ºC above saturation. 

8 . 2  B o i l i n g  C u r v e s  
Figure 8.1 shows the temperature difference between the tube wall and 
the bulk fluid, ΔTw, as a function of the imposed wall heat flux for G = 
185, 335 and 535 kg m-2s-1, for R-134a and Tsat = 35ºC at three different 
axial positions: close to the inlet (z3 = 0.20⋅zhs), in the middle of the 
heated section (z7 = 0.54⋅zhs) and close to the outlet (z11 = 0.88⋅zhs).  

 

Fi gu r e  8 .1  Bo i l i n g  c u r v e  a t  ax ia l  p o s i t i on s  z 3 ,  z 7  and  z 1 1 ,  f o r  R -134a  a t  
T s a t =35 ºC ,  and  G=185 ,  335 and  535 kg  m - 2 s - 1 ,  r e s p e c t i v e l y .  

Three different trends can be easily distinguished in these boiling curves. 
First, although the inlet subcooling degree is rather small, single-phase 
liquid flow is seen to prevail in z3 for heat fluxes up to 15 kW m-2 for 
G=535 kg m-2s-1. A wall superheat, ΔTw, of 18 ºC is needed to activate 
boiling nucleation. Next, with boiling fully established, the wall superheat 
is reduced to 1 to 4 ºC and the boiling curve presents its maximum slope, 
with ΔTw increasing only slightly with increasing heat flux. Under these 
conditions the boiling curve neither seems to be affected by the mass 
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flux nor the axial position. Finally, as the heat flux is further increased 
above a certain value, the slope of the boiling curve changes again, with 
an abrupt rise of the wall temperature, especially close to the outlet of 
the test section (see Figure 8.1, z11), indicating the appearance of dryout. 

8 . 3  H e a t  t r a n s f e r  c o e f f i c i e n t s  

8 . 3 . 1  E f f e c t  o f  v a p o r  q u a l i t y  a n d  h e a t  f l u x   
The local heat transfer coefficient is shown in Figures 8.2 to 8.4 as a 
function of the vapor quality and heat flux for R-134a at Tsat = 35 ºC and 
G = 335 and 535 kg m-2s-1, and for R-22 at Tsat = 30 ºC and G = 335 kg 
m-2s-1. Negative equilibrium qualities at the beginning of the boiling 
process indicate subcooled conditions. As seen in the figures, for both 
refrigerants and all mass fluxes the heat transfer coefficient increases 
with heat flux and does not change with vapor quality when x is less than 
0.45–0.55. For higher values of x, the heat transfer coefficient decreases 
with vapor quality and the effect of the heat flux on the heat transfer 
coefficient seems to diminish. This deterioration of the heat transfer 
coefficient is believed to be caused by occurrence of intermittent dryout 
that, in turn, would explain the larger temperature fluctuations observed 
in the readings of the thermocouples in the downstream positions. 

 

Fi gu r e  8 .2  Hea t  t r an s f e r  c o e f f i c i e n t  a s  a  f un c t i o n  o f  v ap o r  qua l i t y  w i t h  
d i f f e r e n t  h e a t  f l ux e s  f o r  R -134a  a t  T s a t =35 ºC  and  G=535 kg  m - 2 s - 1 .  
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Fi gu r e  8 .3  Hea t  t r an s f e r  c o e f f i c i e n t  a s  a  f un c t i o n  o f  v ap o r  qua l i t y  w i t h  
d i f f e r e n t  h e a t  f l ux e s  f o r  R -134a  a t  T s a t =35 ºC  and  G=335 kg  m - 2 s - 1 .  

 

  

Fi gu r e  8 .4  Hea t  t r an s f e r  c o e f f i c i e n t  a s  a  f un c t i o n  o f  v ap o r  qua l i t y  w i t h  
d i f f e r e n t  h e a t  f l ux e s  f o r  R -22  a t  T s a t =30 ºC  and  G=335 kg  m - 2 s - 1 .  
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It seems also, from Figures 8.2 to 8.4, that the dependence of the heat 
transfer coefficient on vapor quality shifts to lower values of x with in-
creasing heat flux; although this could be caused by axial conduction ef-
fects –given the high wall temperatures reached downstream, close to the 
outlet of the test section–. Another fact that is observed is that the first 
experimental point, at low vapor quality, usually reports considerably 
high heat transfer coefficient values. This is observed in most flow boil-
ing data with small channels and is believed to occur due to the increased 
heat transfer rate associated with the onset of nucleate boiling (Kandlikar 
and Balasubramanian, 2004). 

8 . 3 . 2  E f f e c t  o f  m a s s  f l u x  
The effect of the mass flux on the heat transfer coefficient is illustrated 
in Figures 8.5 and 8.6. Figure 8.5 shows the local and Figure 8.6 the av-
erage heat transfer coefficient for R-134a at Tsat = 30 ºC for different 
heat and mass fluxes. It is clearly seen in the figures that both local and 
average heat transfer coefficients are essentially independent of the mass 
flux for values of x below ∼0.5. From Figures 8.5 and 8.6 it is also clear 
that the heat transfer coefficient is a strong function of the heat flux. 

 

Fi gu r e  8 .5  E f f e c t  o f  h e a t  and  ma s s  f l ux  on  t h e  l o c a l  
h e a t  t r an s f e r  c o e f f i c i e n t  f o r  R -134a  a t  T s a t =30 ºC .  
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Fi gu r e  8 .6  E f f e c t  o f  h e a t  and  mas s  f l ux  on  t h e  a v e r a g e  h ea t  
t r an s f e r  c o e f f i c i e n t  f o r  R -134a  a t  T s a t =30 ºC .  

8 . 3 . 3  E f f e c t  o f  s y s t e m  p r e s s u r e  
The strong dependence of the heat transfer coefficient on the heat flux, 
especially in the low and moderate quality region is also depicted in Fig-
ures 8.7 and 8.8 that plot the dependence of the local and average heat 
transfer coefficient on the system pressure. The figures indicate that the 
heat transfer coefficient increases with system pressure. This trend coin-
cides with that found in nucleate boiling and may be explained by the in-
creased number of active nucleation sites, reduced bubble departure di-
ameter and increased bubble departure frequency with increasing satura-
tion pressure (Sharma et al., 1996). The effect on the latent heat of vapo-
rization and liquid density may be additional factors to the observed in-
crease of heat transfer coefficient with pressure, as indicated by Shiferaw 
et al. (2009). 
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Fi gu r e  8 .7  E f f e c t  o f  h e a t  f l ux  and  s y s t em  p r e s s u r e  o n  t h e  l o c a l  
h e a t  t r an s f e r  c o e f f i c i e n t  f o r  R -134a  a t  G=335  kg  m - 2 s - 1 .  

 

Fi gu r e  8 .8  E f f e c t  o f  h e a t  f l ux  and  s y s t em  p r e s s u r e  o n  t h e  a v e r a g e  
h e a t  t r an s f e r  c o e f f i c i e n t  f o r  R -134and  a l l  ma s s  f l ux e s .  
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The experimental data is not conclusive, but from these figures it seems 
that dryout occurs to some extent earlier for higher pressure, although 
the worsening in the heat transfer coefficient is not as pronounced. The 
earlier effect of vapor quality on the heat transfer coefficient for higher 
pressure is attributed by Yan and Lin (1998) to the lower latent heat of 
vaporization. 

8 . 3 . 4  E f f e c t  o f  w o r k i n g  f l u i d  
Figure 8.9 shows the experimental heat transfer coefficients of R-134a 
and R-22 at Tsat = 30 ºC, G = 335 kg m-2s-1 and different heat fluxes. As 
previously indicated in 8.3.1, for both refrigerants the heat transfer coef-
ficient increases with increasing heat flux, is essentially independent on 
vapor quality up to x ≈ 0.5, and for larger values of x decreases with va-
por quality. It is also clear from Figure 8.9 that the heat transfer coeffi-
cient of R-134a is larger than that of R22 for the same operating condi-
tions; namely, saturation temperature, heat and mass flux. 

  

Fi gu r e  8 .9  Lo ca l  h e a t  t r an s f e r  c o e f f i c i e n t s  f o r  R -134a  and  R -22  a t  T s a t =30 ºC  
f o r  G=335 kg  m - 2 s - 1  and  d i f f e r e n t  h e a t  f l ux e s .  

The superior heat transfer performance of R-134a can also be observed 
from Figure 8.10, which shows the average heat transfer coefficient ver-
sus heat flux for both refrigerants at Tsat = 30 ºC. 
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Fi gu r e  8 .10  Av e ra g e  h e a t  t r an s f e r  c o e f f i c i e n t  a s  a  f un c t i o n  o f  h e a t  f l ux  f o r  R -
134a  and  R -22  a t  T s a t =30 ºC .  

The independence of the heat transfer coefficient on mass flux and va-
por quality and its strong dependence on heat flux and system pressure 
has led many researchers to conclude that the heat transfer process in 
small channels is dominated by the nucleate boiling mechanism. In fact, 
the slope of the have vs. q” curves depicted in Figure 8.10 is very similar to 
that in Cooper’s (1984) pool boiling correlation. However, according to 
Cooper (1984) and classical pool boiling theory, the heat transfer coeffi-
cient for R-22 would be higher than for R-134a, opposite to what is ob-
served in the present investigation.  

It is known from Chapter 6 that for vapor qualities above 0.2, annular-
type flow patterns are dominant –with the gas flowing in the center of 
the tube while the liquid flows in a film along the channel wall. Given the 
thermophysical properties of R-134a and R-22 at Tsat = 30 ºC (indicated 
in Table 8.2), and in particular due to the larger density ratio (ρl/ρg) of R-
134a, the thickness of the liquid film, obtained from the void fraction, 
and the resulting thermal resistance are smaller for R-134a than for R-22, 
thus leading larger heat transfer coefficients for the first one. This is in 
agreement with the experimental results and would suggest that thin-film 
(or microlayer) evaporation, not nucleate boiling, is the primary heat 
transfer mechanism in flow boiling through channels of small diameter, 
as claimed by Mukherjee (2009). 
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Table 8.2 Thermophysical properties of R-134a and R-22 at Tsat = 30 ºC 

 Fluid 
Psat 

(bar)
ρl 

(kg m-3)
ρg 

(kg m-3)
ilg 

(kJ kg-1)
μl 

(µNs m-2)
μg 

(µNs m-2)
kl 

(W m-1K-1)
σ 

(mN m-1) 
 R-134a 7.702 1187.7 35.59 173.1 185.8 12.041 0.00790 7.42 
 R-22 11.92 1171.0 50.76 177.6 156.7 12.947 0.0814 7.38 

8 . 4  C o m p a r i s o n  t o  c o r r e l a t i o n s  
The experimental heat transfer coefficients are here compared against 
predictions from four flow boiling heat transfer correlations. To evaluate 
the capability of conventional methods to predict heat transfer coeffi-
cient in microscale geometries, the experimental data is first compared to 
the power-type asymptotic correlation proposed by Liu and Winterton 
(1991). This correlation is based on an extensive experimental database, 
covering several fluids and tube diameters between 2.95 and 32 mm, and 
is widely used in the literature. 

Kandlikar and Balasubramanian (2004) extended the flow boiling corre-
lation for large diameter tubes developed by Kandlikar (1990) to chan-
nels with diameters below 3 mm by taking into concern the flow regime 
when calculating the single-phase heat transfer coefficient for all liquid 
flow. Also, because the effect of the tube orientation is negligible in 
small diameter tubes, the effect of the Froude number was eliminated 
from the macroscale correlation by setting fr(FrLO) = 1. A similar ap-
proach is used in the microscale flow boiling correlation proposed by 
Zhang et al. (2004). By considering the flow conditions (laminar or turbu-
lent) in the Reynolds number factor F and the single-phase heat transfer 
coefficient, the Chen (1966) correlation is modified to suit the flow con-
ditions occurring in microchannels. More recently, a composite heat 
transfer correlation for saturated flow boiling in small channels was pre-
sented by Bertsch et al. (2009). The correlation is another modification of 
the superposition formulation proposed by Chen (1966). It is developed 
from a database of 3899 data points from 14 studies in the literature 
covering 12 different fluids (wetting and non-wetting), hydraulic diame-
ters ranging from 0.16 to 2.92mm, mass fluxes from 20 to 3000 kg m-2s-1, 
heat fluxes from 4 to 1150 kWm-2 and vapor qualities from 0 to 1. De-
tailed expressions for these correlations are listed in Table 8.3. 

Predictions of the local saturated boiling heat transfer coefficient from 
these four correlations are compared against the 1027 experimental boil-
ing data points in Figures 8.11 to 8.14 (596 data points for R-134a and 
431 for R-22, shown in black and red, respectively). None of the correla-
tions tested can successfully predict the experimental heat transfer coef-
ficient over the entire experimental range.  
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Fi gu r e  8 .11  Compa r i s o n  o f  t h e  exp e r imen t a l  b o i l i n g  h ea t  t r an s f e r  d a t a  
a ga i n s t  p r e d i c t i o n s  f r om  t h e  c o r r e l a t i o n  b y  L iu  and  Win t e r t on  ( 1991) .  

 

 

Fi gu r e  8 .12  Compa r i s on  o f  t h e  exp e r imen t a l  b o i l i n g  h ea t  t r an s f e r  d a t a  a g a i n s t  
p r e d i c t i o n s  f r om  t h e  c o r r e l a t i o n  b y  Kand l ika r  and  Ba l a sub raman i an  (2004) .  
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Fi gu r e  8 .13  Compa r i s o n  o f  t h e  exp e r imen t a l  b o i l i n g  h ea t  t r an s f e r  d a t a  
a g a i n s t  p r e d i c t i o n s  f r om  t h e  c o r r e l a t i o n  b y  Zhan g  e t  a l .  ( 2004 ) .  

 

 

Fi gu r e  8 .14  Compa r i s o n  o f  t h e  exp e r imen t a l  b o i l i n g  h ea t  t r an s f e r  d a t a  
a ga i n s t  p r e d i c t i on s  f r om  t h e  c o r r e l a t i on  b y  B e r t s c h  e t  a l .  ( 2009) .  
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Table 8.3 Flow boiling heat transfer prediction methods. 
Refernce Correlation formulae

Liu and Winterton  
(1991) 
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Zhang et al. 
(2004) 
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Bertsch et al. (2009) 
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Although developed for conventional diameter channels, the correlation 
that shows better agreement with the experimental results in the quantit-
ative comparison (Table 8.4) is that of Liu and Winterton (1991), with a 
MAD of 15.0, and 90.2% of the experimental data predicted within 30%. 
The correlation works reasonably well for low and moderate vapor quali-
ties, where the contribution of the nucleate boiling term, calculated with 
Cooper’s (1984) pool boiling correlation, accounts for 70 to 90 percent 
of the predicted heat transfer coefficient. Liu and Winterton’s correla-
tion, however, fails to predict the early deterioration of the heat transfer 
coefficient.  

The two older microscale correlations used in the comparison cannot 
predict the change in the trend of the heat transfer coefficient with the 
vapor quality either, and present larger deviations. The MAD for the 
correlation proposed by Kandlikar and Balasubramanian (2004) is 35.3 
and for Zhang et al. (2004) is 30.9; although in the latter case, the MAD 
can be reduced to 20,6 if Cooper’s (1984) correlation is used instead of 
that by Forster and Zuber (1955) to calculate the nucleate boiling term. 

  

Fi gu r e  8 .15  Exp e r imen t a l  h e a t  t r an s f e r  c o e f f i c i e n t s  a s  a  f un c t i o n  o f  v a p o r  
qua l i t y  and  t h e i r  p r e d i c t i o n s  f r om  t h e  c o r r e l a t i o n  b y  B e r t s c h  e t  a l .  ( 2009) .  

The correlation by Berstch et al (2009), on the other hand, captures the 
main trends of the experimental results: the heat transfer coefficient in-
creases with heat flux and does not change with vapor quality for x < 
∼0.5, and decreases with x for larger vapor qualities. However, it seems 
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to underpredict the R-134a experimental data and slightly overpredict the 
data for R-22 at lower mass flux, as illustrated in Figure 8.15. With the 
exception of the correlation of Zhang et al. (2004), all other correlations 
considered in the comparison show better agreement with the data for 
R-22 than for R-134a. 

Table 8.4 Statistical comparison between experiments and correlations. 

Correlation 
Mean Absolute Deviation, 

MAD 
Fraction of data predicted 

within 30% 
R-134a R-22 all data R-134a R-22 all data 

Liu and Winterton (1991) 18.2 12.1 15.0 88.8 92.1 90.2 
Kandlikar and 
Balasubramanian (2004) 48.3 20.8 35.3 6.2 75.6 35.4 

Zhang et al. (2004)
     original 35.5 27.7 30.9 43.6 81.2 

 
59.4 

     using Cooper (1984) 18.0 26.3 20.6 86.7 75.6 82.1 
Bertsch et al. (2009) 25.7 10.2 18.4 75.0 96.5 84.0 
Cooper (1984) 30.2 23.4 26.3 55.5 76.1 64.2 
 

In the evaluation of the MAD it is worth mentioning that most of the 
data points belong to the low to moderate quality region and thus the 
goodness of the correlation for the entire quality range is not truly re-
flected in this value. 

Although developed specifically for pool boiling, with no consideration 
of mass flux or vapor quality effects, Cooper’s (1984) correlation has 
been included in the comparison (Table 8.4) because of the good agree-
ment reported by many researchers (e.g. Kew and Cornwell, 1997; Vlasie 
et al., 2004; Owhaib et al., 2004; Bertsch et al., 2009). Indeed, with a MAD 
of 26.3 and 64.2 of the data predicted within 30%, the Cooper (1984) 
correlation is third best in the present comparison. 

8 . 5  C o n c l u s i o n s  
Flow boiling heat transfer coefficients have been measured in a vertical 
circular channel with internal diameter of 640 µm and a uniformly heated 
length of 213 mm, using R-134a and R-22 as working fluids. 

From the experimental results it is clear that the heat transfer coefficient 
increases with heat flux and system pressure and does not change with 
vapor quality or mass flux when the quality is less than ∼0.5. For higher 
vapor qualities, the heat transfer coefficient decreases with vapor quality 
and the effect of the heat flux on the heat transfer coefficient seems to 
diminish. This deterioration of the heat transfer coefficient is believed to 
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be caused by the occurrence of intermittent dryout in this vapor quality 
range. 

All 1027 experimental data points are compared against predictions from 
four generalized correlations available in the literature. The correlation 
by Liu and Winterton (1991), developed for conventional geometries 
presents the lower MAD but is not able to reproduce the observed dete-
rioration in heat transfer coefficient with vapor quality. The microchan-
nel correlation by Bertsch et al. (2009) captures this trend but underpre-
dicts most of the experimental data. 

Better design tools to correctly predict the flow boiling heat transfer 
coefficient in small geometries still need to be developed. 
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9 Dryout Incipience and 
Crit ical  Heat Flux 

Since the dryout significantly lowers the performance of evaporators, the 
prediction of the dryout incipience and critical heat flux is crucial in the 
design and safety of compact heat exchangers. However, the occurrence 
of dryout for flow boiling of refrigerants in microtubes under stable flow 
conditions has not yet received much attention in the literature (Bergles 
and Kandlikar, 2005). This chapter presents and discusses in detail the 
dryout incipience and critical heat flux results from the saturated flow 
boiling experiments.  

9 . 1  E x p e r i m e n t a l  c o n d i t i o n s  a n d  
p r o c e d u r e  

Dryout experiments have been performed with test section #4, of 640 
µm internal diameter and a uniformly heated length of 213 mm using re-
frigerants R-134a, R-22 and R-245fa. The effects of mass flux (G=185-
535 kg m-2s-1), system pressure (corresponding to Tsat = 26.6 - 35 ºC), and 
refrigerant on the dryout heat flux and vapor quality are explored in de-
tail 

Table 9.1 Operation conditions in the dryout experiments. 

Parameter Operational range
R-134a R-22 R-245fa

Di (µm) 640
zhs (mm) 213

Pin (bar) 
   (PR ) 

7.70, 8.87 
(0.19, 0.22)

10.90, 
11.92 

(0.22, 0.24)

1.79
(0.05) 

Tsat (ºC) 30, 35 26.6, 30 30
G (kg m-2s-1) 185, 335, 535 185, 335 185, 335
q” (kW m-2) 5 – 68.7 5 – 47.5 5 – 42.5
ΔTsub,in (ºC) 1 

 

At each test condition, power is applied ceteris paribus (“all else being 
equal”) in small increments and the system is allowed to stabilize. As the 
heat flux increased nucleate boiling occurs and the flow regimes, ob-
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served at the outlet of the test section, change from bubbly flow to slug 
flow, then to slug-annular or churn flow, and finally to annular flow; 
where the gas flows continuously in the tube center and the liquid flows 
in a film along the channel wall. Further increase in heat flux eventually 
leads to dryout incipience. Dryout patches appear in the liquid film due to 
vaporization, disruption of the film, and/or liquid droplet entrainment 
into the gas core. Initially, the dryout patches requench and the surface 
intermittently rewets; this condition is known as partial or intermittent 
dryout. As the power increases the dryout patches do not requench and 
the dryout portion of the surface expands. Critical heat flux (CHF) occurs 
when the liquid film is completely dryout or torn (Figure 9.7). In this sit-
uation the gas phase is uninterruptedly in contact with the tube wall, the 
heat transfer coefficient drops due to the change in heat transfer me-
chanism and, for a heat-flux controlled system, the wall surface tempera-
ture increases sharply. 

9 . 2  D e t e r m i n a t i o n  o f  d r y o u t  c o n d i t i o n  
Figure 9.1 shows the axial temperature distribution (average temperature 
values), the standard deviation of over 100 temperature readings (record-
ed at a sampling rate of 0.3Hz), and the local heat transfer coefficient for 
R-134a at Tsat = 35ºC, G = 185 kg m-2s-1, q” = 27.5 kWm-2 and steady-
state, in terms of the non-dimensional length, z*, defined as the ratio of 
the actual position and the total heated length: 

hsz
zz =*  (9.1) 

Dryout incipience is indicated by the combination of the following three 
observations. First, increased temperature fluctuations in the readings of 
the thermocouples at the dryout locations. The amplitude in the temper-
ature fluctuations at the dryout locations varies from 3 to 20ºC as CHF 
condition is approached; compared to typically less than 0.1ºC in pre-
dryout condition. Second, a slight increase in the dryout surface tempera-
ture, which results in a deterioration of the heat transfer coefficient in 
the dryout region. And third, a first change of slope in the boiling curves, 
i.e. larger wall superheat increase with increasing heat flux than prior to 
dryout occurrence (see Figure 9.2). When the three observations are first 
apparent, the condition is defined as dryout incipience. 
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Fi gu r e  9 .1  Ind i c a t i o n  o f  d r y ou t  o c c u r r en c e .  

CHF condition is identified in the experiments by a sharp and large tem-
perature increase. When the temperature excursion at CHF leads to sur-
face temperatures in the vicinity of ∼80-100ºC, the power supply is shut 
down to avoid physical damage to the test section. 
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Fi gu r e  9 .2  Bo i l i n g  c u r v e s  and  i d e n t i f i c a t i o n  o f  d r y ou t  i n c i p i e n c e  

h e a t  f l ux  (q”d i )  and  c r i t i c a l  h e a t  f l ux  (CHF ) .  

Figure 9.3 plots single-sample temperature readings of the last four 
thermocouples (T9 to T12) mounted on the surface of the test section, 
as well as the inlet and outlet fluid temperatures (Tin and Tout), show-
ing the characteristic response to approach, dryout incipience, partial 
dryout development, and completion of CHF with increasing heat 
flux for R-245fa at Tsat = 30ºC and G = 185kg m-2s-1. 

 
Fi gu r e  9 .3  Rep r e s e n t a t i v e  s i n g l e - s c an  r e c o r d i n g  o f  a pp r oa c h ,  i n -

c i p i e n c e ,  d e v e l opmen t  and  c omp l e t i o n  o f  CHF.  
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As seen in Figures 9.1 and 9.3, the amplitude of the temperature fluctua-
tions diminishes to some extent once CHF condition is reached. Fur-
thermore, for the range of conditions covered in the experiments, all 
measurement data show that both dryout incipience and CHF always 
first occur at the end of the heated test section, and the dryout front 
shifts upstream with increasing heat flux.  

9 . 3  D r y o u t  i n c i p i e n c e  
The effect of the mass flux on the dryout incipience heat flux and vapor 
quality is displayed in Figure 9.4 for R-134a, R-22 and R-245fa, respec-
tively. Consistent with the general trend in the literature, the heat flux for 
first dryout incipience increases monotonically with increasing mass flux. 
This is easy to understand as the heat flux required to reach a certain va-
por quality is proportional to the mass flux. 

 
Fi gu r e  9 .4  Mas s  f l ux  e f f e c t  on  d r y ou t  i n c i p i e n c e .  

From Figure 9.4, the vapor quality at dryout incipience seems to be in-
dependent of the mass and heat flux for R-134a and R-22, suggesting 
that for these refrigerants and the range of experimental conditions there 
is no droplet entrainment to the gas core. The results with R-245fa, on 
the other hand, show that with increasing mass flux the dryout incipience 
shifts to lower values of vapor quality. The density ratio (ρg/ρl) of R-
245fa is significantly lower than that of R-134a and R-22 at the same sa-
turation temperature. Lower density ratio implies larger velocity of the 
gas phase with respect to the liquid, thus promoting liquid entrainment. 
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Because of the higher velocity, larger entrainment rate is expected at 
higher mass flux. 

 
Fi gu r e  9 .5  P r e s s u r e  e f f e c t  o n  d r y ou t  i n c i p i e n c e .  

Figure 9.5 shows the dryout incipience heat flux dependence on mass 
flux for R-134a at 7.70 and 8.87 bar inlet pressure (corresponding to 
Tsat=30 and 35ºC, respectively), and the matching vapor qualities. The 
expected increase in dryout incipience heat flux with pressure (ρg/ρl in-
creases with P) was not observed in the narrow range of the experimen-
tal conditions, and instead, dryout incipience first occurred at slightly 
lower heat flux at Tsat=35ºC than at Tsat=30ºC for G=335kg/m2s. The 
apparent propensity to somewhat lower vapor qualities for dryout inci-
pience at higher pressure could be explained by the lower heat of vapori-
zation. 

The effect of the working fluid on the dryout incipience is depicted in 
Figure 9.6. As shown, dryout incipience occurred earlier (i.e. at lower va-
por quality) in the experiments with R-134a than in those with R-22, 
which in turn, occurred earlier than with R-245fa.  
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Fi gu r e  9 .6  F lu i d  e f f e c t  o n  v apo r  qua l i t y  a t  d r y ou t  i n c i p i e n c e  and  

c r i t i c a l  h ea t  f l ux  c ond i t i o n s .  

For saturated conditions in the moderate to high vapor quality range the 
flow is almost invariably annular flow (see Chapter 6) and the liquid film 
thickness decreases with increasing vapor quality. In an ideal annular 
flow, dryout would occur when the liquid film is completely evaporated, 
i.e. at x = 1. However, in reality the difference in velocity between the 
phases creates interfacial waves due to shear. If the amplitude of an in-
terfacial wave is large enough to have its trough in contact with the sur-
face, local dryout will take place. Under these circumstances, intermittent 
dryout occurs although the average film thickness is still larger than 0. 
The size of the interfacial waves is determined by the force balance be-
tween the interfacial shear stress and the surface tension of the liquid. 
Gas shear tends to promote interfacial waves, removing the liquid film 
from the wall, while surface tension is prone to demote them, minimiz-
ing the liquid surface area. 

R-134a and R-22 have similar surface tension at Tsat=30ºC (namely, 
0.00743 and 0.00738 Ns/m2, respectively,) but the density ratio (ρg/ρl) is 
almost 40% higher for R-22 than for R-134a. This results in higher gas 
velocity, larger shear and lower vapor quality at dryout incipience for R-
134a, in agreement with Figure 9.6. 

The density ratio of R-245fa is about 75% lower than that of R-134a at 
Tsat=30ºC, but the surface tension is significantly larger (0.0134 Ns/m2). 
From Figure 9.6, it appears that at low mass flux surface tension is do-
minant and dryout incipience does not occur for R-245fa until larger va-
por qualities (i.e. when the average film thickness is lower). As the mass 
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flux increases, shear force overcomes surface tension and the differences 
in the incipience vapor quality diminish. 

9 . 4  C r i t i c a l  h e a t  f l u x  
The dryout portion of the surface may be intermittently rewetted and 
dried out again by the incoming crests and troughs of the waves, or ex-
pand giving rise to critical heat flux condition. This expansion may be 
caused by the evaporation of the liquid film at high vapor quality or by 
disruption of the film. Large surface tension results in poor wettability, 
the film breaks down and the liquid tends to collect and flow as liquid 
streams on the heated wall. Figure 9.7 shows the flow pattern observed 
at the outlet of the test section for refrigerant R-22 at Tsat = 30ºC, G = 
180 kg m-2s-1, q” = 24.95 kW m-2. 

 

Fi gu r e  9 .7  F l ow  pa t t e r n  a t  CHF c ond i t i o n  f o r  R -22  a t  T s a t =30 ºC ,  
G=180kg  m - 2 s - 1 ,  q”=24 .95kW m - 2  and  x o u t  =  0 .99 .  

The effect of the surface tension on the vapor quality at CHF condition 
would explain the differences observed in Figure 9.6 for the different re-
frigerants. High mass flux also tends to tear the liquid film and results in 
lower critical vapor quality. 

Experimental data on the critical heat flux (CHF) and critical vapor qual-
ity (xCHF) are presented in Table 9.2. As expected, CHF increases with 
the mass flux for all working fluids and system pressures. The saturation 
temperature had no significant effect on the CHF for the range of expe-
rimental conditions. 

Liquid 
stream 

Dry surface
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Table 9.2 Experimental critical heat flux and vapor quality. 
Test 
run Fluid Tsat 

(ºC) 
G 

(kg m-2s-1) 
CHFexp 

(kW m-2) 
xCHF 
(-) 

#1 R-134a 30 189 27.59 0.97 
#2   336 45.19 0.90 
#3  35 193 27.49 0.98 
#4   339 45.22 0.92 
#5   535 68.71 0.88 
#6 R-22 26.6 183 26.13 0.96 
#7   332 47.45 0.87 
#8  30 180 24.95 0.95 
#9   329 45.11 0.89 
#10 R-245fa 30 202 30.15 0.92 
#12   335 42.48 0.78 

9 . 4 . 1  C o m p a r i s o n  o f  C H F  d a t a  t o  c o r r e l a t i o n s  
This section presents the comparison of the experimental critical heat 
flux data of Table 9.2 to correlations available in the literature. 

CHF experimental data is first compared against predictions from the 
generalized correlation of CHF for forced convection in uniformly 
heated round tubes by Katto and Ohno (1984), presented in Table 9.3. 
In spite of the Katto and Ohno (1984) correlation being developed for 
conventional large tubes, the experimental CHFs of the present study 
are, as shown in Figure 9.8, in very good agreement with predictions 
from this classical correlation.  

 
Fi gu r e  9 .8  Compa r i s o n  o f  t h e  exp e r imen t a l  r e s u l t s  t o  t h e  Ka t -

t o  and  Ohno  (1984 )  c o r r e l a t i on .  
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Table 9.3 CHF correlation of Katto and Ohno (1984). 
Correlation formulae 
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Table 9.4 Microscale CHF correlations. 
Refernce Correlation formulae 
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In the recent years, new CHF correlations specifically developed for mi-
crochannel geometries have been proposed. In Qu and Mudawar (2006) 
the original correlation by Bowers and Mudawar (1994) is modified to 
include new data for water. Zhang et al. (2006) developed a new CHF 
correlation for saturated flow boiling in small-diameter tubes by applica-
tion of artificial neural network and parametric trend analysis to a col-
lected database for flow boiling CHF of water. Wojtan et al. (2006) found 
that the correlation by Qu and Mudawar significantly overpredicted their 
experimental results. Based on their experimental data with R-134a and 
R-245fa in 0.5 and 0.8 mm microtubes, a microscale version of the Katto 
and Ohno (1984) correlation was proposed. A new correlation based on 
the Katto (1978) correlation was suggested by Qi et al. (2007). Based on a 
database covering both halogenated refrigerants and carbon dioxide, Del 
Col et al. (2008) proposed a correlation to predict the critical vapor quali-
ty. These correlations are shown in Table 9.4. 

 
Fi gu r e  9 .9  Compa r i s on  o f  t h e  exp e r imen t a l  r e s u l t s  f o r  R -134a  

a t  T s a t =35  ºC  t o  t h e  m i c r o c hann e l  CHF c o r r e l a t i o n s  

As illustrated in Figure 9.9, most of the microchannel CHF correlations 
included in the present comparison overpredict the experimental results 
or fail to reproduce the experimental trend. The mean absolute devia-
tion, MAD, between experimental and predicted CHF is indicated in 
Table 9.5. The correlations by Zhang et al. (2006) and Wojtan et al. (2006) 
show reasonably good agreement with the experimental data, with a 
MAD of 14.1% and 18%, respectively; yet not quite as good as the origi-
nal correlation by Katto and Ohno (1984), with an MAD as low as 6.7%. 

The large discrepancy between the experimental data and the CHF pre-
dictions from microchannel correlations may be explained by the differ-
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ences between the current experimental conditions and those for which 
the correlations were developed. For example, the database used by Qi et 
al. (2007), considers only experiments with liquid nitrogen, whose ther-
mophysical properties differ extensively from that of refrigerants, and 
the correlation can thus not be expected to work for these fluids. Also, 
most of the tested microchannel correlations are based on experiments 
at relatively lower length-to-diameter ratios (e.g. z/D = 4–20 and 25–141 
in Bowers and Mudawar, 1994, and Wojtan et al., 2006, respectively) than 
in the present investigation (z/D=333) suggesting that the effect of z/D 
on the CHF might have been underestimated in the correlations. 

Table 9.5 Assessment of tested CHF correlations. 
Correlation MAD (%)
Katto and Ohno (1984) 6.7 
Bowers and Mudawar (1994) 121.6 
Qu and Mudawar (2004) 2357 
Zhang et al. (2006) 14.1 
Wojtan et al. (2006) 18.0 
Qi et al. (2007) 155.5 
Del Col et al. (2008) 146.7 

 

Adjusting the coefficients in the Katto and Ohno (1984) correlation to 
the present experimental data using least squares regression analysis re-
sults in: 
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This equation is very similar to the first expression for qCHF,1 in Katto 
and Ohno (1984) for z/D>150, with comparable exponents and leading 
constant, but it also includes the effect of the density ratio. The experi-
mental data is predicted with this correlation with a MAD of 3.3%. 
However, since the channel diameter and heated length remain un-
changed in the experimental investigation their effect on the CHF, 
represented in equation 9.12 by the Weber number and length-to-
diameter ratio, may not have been captured in the correlation. Further 
tests using different tube diameter and length, and a broader range of 
experimental conditions are still needed to confirm the validity of the 
Katto and Ohno (1984) CHF correlation for microchannels. 
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9 . 5  C o n c l u s i o n s  
Experiments have been performed to investigate dryout incipience and 
critical heat flux in a circular vertical channel with internal diameter of 
640 µm and a uniformly heated length of 213 mm using refrigerants R-
134a, R-22 and R-245fa as working fluids. 

The experimental results show that the heat flux at dryout incipience and 
the CHF increase with increasing mass flux, but are essentially indepen-
dent of the system pressure for the range of experimental conditions. 
The dryout quality is believed to be controlled by the force balance be-
tween gas shear and liquid surface tension. 

The experimental CHF data is compared to existing correlations both 
specially developed for microchannels and for macroscale geometries. 
The comparison shows best agreement with the classical Katto and Oh-
no (1984) correlation, developed for conventional large tubes. On the 
other hand, none of the microchannel correlations predicts in agreement 
the experimental data. 
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10 Conclusions 

Flow boiling heat transfer in vertical channels of small diameter has been 
investigated in this thesis for a better understating of the boiling pheno-
mena in these geometries. A summary of the main findings of the 
present study as well as suggestions for further work are presented here. 

1 0 . 1  S u m m a r y  o f  t h e  r e s u l t s  
Well-characterized heat transfer experiments have been performed in un-
iformly heated single, circular, vertical channels ranging 0.64 to 1.70 mm 
in diameter. Single-phase liquid flow, subcooled flow boiling and satu-
rated flow boiling heat transfer, as well as diabatic two-phase flow visua-
lization are covered in the investigation. 

Single-phase flow and heat transfer 

Single-phase flow experiments with subcooled liquid refrigerant have 
been conducted in vertical tubes of 1.70, 1.22, 0.83 and 0.64 mm of in-
ternal diameter.  

In agreement with state of the art knowledge of the field, the experimen-
tal results confirm that conventional macroscale theory on single-phase 
flow and heat transfer is valid for liquid refrigerant flow through circular 
channels at least as small as 640µm in diameter. 

Flow boiling visualization and flow pattern map 

Sui generis flow boiling visualization of refrigerant R-134a under non-
adiabatic conditions has been carried out on a vertical, ITO coated, 
quartz, circular channel with internal diameter of 1.33 mm. 

Seven distinct two-phase flow patterns have been observed: isolated 
bubbly flow, confined bubbly flow, slug flow, churn flow, slug-annular 
flow, annular flow, and mist flow. Two-phase flow pattern observations 
are presented in the form of flow pattern maps. Annular-type flow pat-
terns are dominant for xth>0.2. 
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The experimental flow pattern maps are compared to maps and models 
developed for conventional sizes available in the literature and a micro-
scale map developed for air-water, showing a large discrepancy. On the 
other hand, the results are consistent with other studies using refrigerants 
in minichannels. 

Subcooled flow boiling heat transfer 

Onset of nucleate boiling (ONB) and subcooled flow boiling heat trans-
fer of refrigerant R-134a inside vertical tubes of 1.70, 1.22 and 0.83 mm 
in diameter has been experimentally investigated. 

Large boiling hysteresis has been observed from the experiments. The 
wall superheat needed to initiate boiling is found rather significant and 
independent on mass flux, inlet subcooling degree and system pressure. 
The minimum wall superheat at which boiling is last maintained on the 
other hand is rather small, and lower the lower the mass flux and inlet 
subcooling. Macroscale correlations underpredict the heat flux at ONB, 
which is found to increase with increasing mass flux, inlet subcooling de-
gree, system pressure and diameter. 

The subcooled boiling heat transfer coefficient increases with vapor 
quality. In single phase and early subcooled boiling, heat transfer coeffi-
cient is strongly dependent on mass flux. For fully developed subcooled 
boiling, with all other parameters being fixed, the heat transfer can be de-
termined from the thermodynamic vapor quality only, with no depen-
dence of G and q”. On the other hand, the higher the inlet subcooling 
and system pressure, the higher the heat transfer coefficient at a given 
vapor quality. The heat transfer coefficient is also higher the smaller the 
channel diameter. None of the correlations tested, developed for ma-
croscale geometries, is in agreement with the experimental data for all 
tested conditions. 

Saturated flow boiling heat transfer 

Saturated flow boiling heat transfer experiments have been performed 
with a vertical, circular channel of 640 µm internal diameter using refri-
gerants R-134a and R-22 as working fluids. 

The heat transfer coefficient is found to increase with heat flux and sys-
tem pressure and not to change with vapor quality or mass flux when the 
quality is less than ∼0.5. For vapor qualities above this value, the heat 
transfer coefficient decreases with vapor quality and the effect of the 
heat flux on the heat transfer coefficient seems to diminish. This deteri-
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oration of the heat transfer coefficient is believed to be caused by the 
occurrence of intermittent dryout in this vapor quality range. 

Experimental data points have been compared against predictions from 
correlations available in the literature. The correlation by Liu and Winter-
ton (1991), developed for conventional geometries presents the lower 
mean absolute deviation but it is not able to reproduce the observed de-
terioration in heat transfer coefficient with vapor quality. The micro-
channel correlation by Bertsch et al. (2009) captures this trend but un-
derpredicts most of the experimental data. 

Dryout incipience and critical heat flux 

Experiments have been conducted to investigate dryout incipience and 
critical heat flux inside a vertical, circular channel of 640 µm internal di-
ameter and a uniformly heated length of 213 mm with refrigerants R-
134a, R-22 and R-245fa.  

The experimental results show that the heat flux at dryout incipience and 
the CHF increase with increasing mass flux, but are essentially indepen-
dent of the system pressure. The dryout quality is believed to be con-
trolled by the force balance between gas shear and liquid surface tension. 

CHF data is compared to existing correlations both specially developed 
for microchannels and for macroscale geometries. The comparison 
shows best agreement with the classical Katto and Ohno (1984) correla-
tion, developed for conventional large tubes.   

1 0 . 2  C o n c l u d i n g  r e m a r k s  a n d  s u g g e s t i o n s  
f o r  f u t u r e  w o r k  

Despite the contributions of this thesis, further research is still needed 
before the fundamentals of flow boiling heat transfer in small geometries 
are fully understood. In that regard, continued efforts towards expanding 
the experimental database of this thesis would be highly recommended. 

As in this thesis, and with the exception of the growing number of pa-
pers on CO2, most studies on flow boiling in small channels are based on 
HCFC and HFC refrigerants, and limited information is available on 
other fluids/refrigerants; such as propane or ammonia, with very differ-
ent thermophysical characteristics and especially suitable for microchan-
nel geometries. 

All tests included in this thesis have been performed using circular tubes. 
Some studies reporting that the channel shape may have great influence 
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on the heat transfer coefficient during condensation inside microchan-
nels are available in the literature (e.g. Wang and Rose, 2005), but no 
counterpart for evaporation has been presented. 

Also, only one heated length has been used for each test section. Study-
ing the effects of the heated length on, for instance, dryout incipience 
and critical heat flux may lead to new findings and would be worthwhile 
investigating. 

Finally, from the conclusions summarized above it is clear that better de-
sign tools to correctly predict the flow boiling heat transfer coefficient in 
small geometries still need to be developed. Conventional ways of mod-
eling boiling are based on empirical curve-fits combining contributions 
from a nucleate boiling term and a convective boiling term, without con-
sidering the effect of flow pattern. New models based on the physics of 
the boiling process and corresponding flow pattern regimes are more 
likely to yield a better description of the transport processes and a more 
accurate prediction of heat transfer and pressure drop. 
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Nomenclature 

Roman 

A heat transfer area (m2) 
Ac cross-sectional area (m2) 
CHF critical heat flux (W m-2) 
Cp specific heat (J kg-1 K-1) 

D diameter (m) 
db bubble diameter (m) 
E enhancement factor (-) 
f friction factor (-) 
F enhancement factor (-) 
g gravitational acceleration, 9.81 (m s-2) 
G mass flux (kg m-2s-1) 
h heat transfer coefficient (W m-2K-1) 
i enthalpy (J kg-1) 
I current (A) 
ilg latent heat of vaporization (J kg-1) 
Jl superficial liquid velocity, G(1-x)/ρl  (m s-1) 
Jg superficial gas velocity, Gx/ρg  (m s-1) 
k thermal conductivity (W m-1K-1) 

L length (m) 
M molecular weight (g mol-1) 
m&  mass flow (kg s-1) 
P pressure (Pa) 
Pr reduced pressure, P/Pcrit (-) 
Q heat (J) 
q" heat flux (W m-2) 
Ra surface roughness (m) 
s standard deviation 
S suppression factor (-) 
t time (s) 
T temperature (ºC) 
V voltage (V) 
w systematic uncertainty 
x vapor quality (-) 
z length, axial position (m) 
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Greek 

β expansion coefficient (K-1) 
ΔP pressure drop (Pa) 
ΔPsat  
ΔT temperature difference(ºC) 
ΔTsat wall superheat, Tw -Tsat (ºC) 
ΔTsub subcooling degree, Tfluid  -Tsat (ºC) 
μ dyanamic viscosity (Pa s) 
θ contact angle (degree) 
ρ density (kg m-3) 
σ surface tension (N m-1) 
 

Subscripts 

ave average 
cb convective boiling 
CHF critical heat flux 
conv convetcive 
crit critical 
di dryout incipience 
exp experimental 
fd fully developed 
fluid bulk fluid 
g gas, gas phase 
G gas 
h hydraulic 
hs heated section 
i inside 
in inlet 
l liquid, liquid phase 
L liquid 
LO liquid only 
nb nucleate boiling 
o outside 
ONB onset of nucleate boiling 
out outlet 
pool pool boiling 
pred predicted 
ref refrigerant 
sat saturation, saturated condition 
sub subcooling, subcooled condition 
t turbulent 
T total 
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th thermodynamic 
thd  thermally developing 
theory theoretical 
tp two-phase 
trans transition 
w wall 
ν laminar 
 

Dimensionless parameters and definitions 
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