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“I really don't trust statistics much. A man with his head in a hot oven 
and his feet in a freezer has statistically an average body temperature”  
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Introduction  

During the curse of physics, we learn that “heat” is a form of energy associated with the motion of 
atoms or molecules and capable of being transmitted through solid and fluid by conduction, convec-
tion and radiation. Instead, “temperature” is a measure of the average kinetic energy of the particles 
in a portion of matter, expressed in terms of degrees. It is common knowledge that “temperature” 
and “heat” are related. In fact, “heat” is the flux of energy associated with “temperature”. In addi-
tion, Energy and related quantities are connected to the capacity of a system to perform work. Ener-
gy moves from one place to another and cannot be destroyed, at least it can be converted in matter 
(E= MC2). Two bodies with different temperatures exchange heat. It moves from the warmer body 
to the colder, naturally. Only using more energy is possible to invert this process by some specific 
processes. 

Now, an important question is: “why we study these phenomena?”. The answer is because we can 
use it for our purposes, harnessing the forces of nature to optimize process and reducing human’s 
labor. However, everything has a price. Every form of energy transmission is associated with a deg-
radation of a part of that energy. “Entropy” is the name of that process and it is related with an in-
crement of the chaos in the system, which usually mean an increment of the temperature. This pro-
cess is irreversible and slowly degrade energy distributing it across the universe. Moreover, the use 
of “Heat Energy” can be dangerous rising the temperatures and bringing to an uncontrolled and de-
structive states. We can remember the explosion of chemical industries at Seveso1 in Italy caused 
by a temperature increment of a process tank.  

Thermodynamics studies the laws of heat, how heat moves through space and materials and how 
transform Heat into useful Energy. A correct understanding of thermodynamics can bring to an in-
crement of machine efficiency, a reduced cost, and to a better energy production. 

In this work, flow boiling in micro-tubes is studied in deep. Micro-exchangers are the next genera-
tion of cooling systems useful for both terrestrial and space applications where weight and dimen-
sions are important.  

Flow boiling is the best way to reach high heat flux, heat transfer improves with fluid velocity and, 
within certain limits, with the temperature difference between the liquid and the tube.  

                                                 

1 1 The Seveso disaster was an industrial accident that occurred around 12:37 pm July 10, 1976, in a 
small chemical manufacturing plant approximately 15 kilometres (9 mi) north of Milad in Italy. It 
resulted in the highest known exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in residen-
tial populations. A total of 3,300 animals were found dead, mostly poultry and rabbits. Emergency 
slaughtering commenced to prevent TCDD from entering the food chain, and by 1978 over 80,000 
animals had been slaughtered. 15 children were quickly hospitalised with skin inflammation. By the 
end 1,600 people of all ages had been examined and 447 were found to suffer from skin lesions 
or chloracne. 

 



Micro-tubes, thanks to their dimension, might be employed in a wide range of microgravity systems 
such as satellites for communications, thermal management of the International Space Station, cool-
ing of electronic devices subjected to high thermal load (i.e. high heat flux), thermal transport, cool-
ing of nuclear space reactors, etc. In order to develop and design thermal systems for small applica-
tions, it is necessary to achieve a detailed understanding of all flow boiling aspects, also under low 
gravity conditions.  



1. State of the Art Review 

1.1.  From Macro to Micro Scale 

First, must be defined when a channel is micro or in macro scale. There is no proven criterion in lit-
erature that define this difference. Scientific community has not reach a universal agreement or def-
inition for the transition. This chapter describes the most used criterion to define the transition from 
micro to macro-scale for flow boiling heat transfer.  Two-phases flow pattern maps are reported to 
make a visual comparison.  

Several researches proposed transition criteria for macro to micro scale transition ranging from 
physical channel size classifications to approaches based on bubble confinement and bubble depar-
ture diameter.  

1.1.1. Channel Size Classifications for Single Phase 

For single-phase the transition can be defined basing on rarefaction effects related on the Knudsen 
number: 

𝐾𝐾𝑛𝑛 =
𝑘𝑘𝐵𝐵𝑇𝑇

√2𝜋𝜋𝜎𝜎2𝑝𝑝𝑝𝑝
 

Where kB is the Boltzmann constant (1.380× 10−23 J/K), σ is the particle hard shell diameter, p is the 
total pressure. Following are reported three examples:  

Mehendale et al. (2000) proposed a fixed classification based on the physical size of the channels: 

• Micro-channels for a size range 1 μm - 100 μm, 

• Meso-channels for channel sizes from 100 μm to 1.0 mm, 

• Compact channels from 1.0 mm to 6.0 mm, 

• Macro-channels for all channel sizes exceeding 6.0 mm. 

Kandlikar et al. (2001, 2002, 2003) instead proposed a classification based on flow considerations:  

• Conventional channels for hydraulic diameters of 3.0 mm or larger 

• Mini-channels for hydraulic diameters of 200 μm to 3.0 mm, 

• Micro-channels for hydraulic diameters smaller than 200 μm. 

Kandlikar recommend the above criteria for both liquid and two-phases flow applications to provide 
uniformity in channel classification.  

Furthermore Shah (1986) define compact heat exchangers as exchangers with surface-to-volume ra-
tio > 700 m2/m3, which translates to a threshold diameter for the macro-micro transition of < 6.0 
mm irrespective of the fluid properties. 



1.1.2. Bubble Confinement  

To define the transition between singe phase and two-phases, it is necessary to analyze the bubble 
confinement. This method studies the confined growth of a bubble in small channels.  When hy-
draulic diameter decreases the role of surface tension forces becomes more important and the grad-
ual imminent suppression of the gravity forces increases. Kew et al. (1997) proposed the Confine-
ment number for the distinction between macro and micro scale channels: 

𝐶𝐶𝐶𝐶 =
1
𝐷𝐷ℎ

�
4𝜎𝜎

𝑔𝑔(𝜌𝜌𝐿𝐿 − 𝜌𝜌𝐺𝐺) 

Where Dh is the hydraulic diameter. For the criterion Co = 0.5 is the threshold: 

• Co > 0.5 is for micro-scale,  

• Co < 0.5 for macro-scale. 

Kew et al. (1997) investigated diameters of 1.10, 1.80, 2.80 and 3.60 mm and for a square channel 
of 2.0 x 2.0 mm. 

Triplett et al. (1999) proposed two-phase flows smaller than the order of the capillary length as the 
threshold of micro-channel flows in 1.10 and 1.49 mm circular micro-channels. 

Brauner et al. (2006) studied the effect of channel diameter on the mechanisms leading to adiabatic 
flow pattern transitions in single channels. The Eötvos number evidences the macro to micro 
threshold, it is like the Bond number Bo and represents the ratio of buoyancy force to surface ten-
sion forces. The number can be expressed as:  

𝐸𝐸𝐸𝐸 =
𝛥𝛥𝜌𝜌 𝑙𝑙𝑙𝑙𝑔𝑔𝐷𝐷ℎ2

𝜎𝜎  

Where Dh is the hydraulic diameter. 

Eötvos number plays a key role dictating the relevant characteristics of dispersed flows and wall-
wetting in separated flows.  Eo = 0.2 is considered as the threshold value for micro-scale flows. 
Triplett et al. (1999) for air-water in a 1.1 mm channel (Eo = 0.021) inspect that Eo = Bo/8. 

Ullmann and Brauner (2006) concluded that the Eötvos number play a significant role in flow 
pattern transitions and in determining the characteristic length of dispersed two-phases flows and 
in wall-wetting effects in separated flows. Moreover, it is an important parameter in the disap-
pearance of stratified flows.  

Bretherton et al. (2004) suggested a transition at Eo < 0.84 as the threshold at which a Taylor 
bubble would no longer rise only under the influence of gravity in a vertical, water filled capil-
lary tube. 

Cheng et al. (2006) classified the work of Li et al. (2003) on phase changing heat transfer into mi-
cro, meso and macro channels in terms of the Bond number: 

𝐵𝐵𝐵𝐵 =
𝜌𝜌𝜌𝜌𝐿𝐿2

𝜎𝜎  



L is the diameter of a capillary tube and σ is the surface tension of the interface. 

The proposed classifications: 

1. Bn < 0.05 Micro scale flow. Gravity effects can be neglected. 

2. 0.05 < Bn < 3.0 Meso scale flow. Surface tension is dominant. 

3. Bn > 3.0 Macro scale flow.  Gravity forces are dominant. 

Bond number and dimensionless numbers are related in this equivalence: 

𝐵𝐵𝐵𝐵 = 𝐸𝐸𝐸𝐸 = 2𝐺𝐺𝑜𝑜2 = 2𝐷𝐷𝑒𝑒2 

Where Eo, Go, and De are respectively the Eötvös, Goucher, and Deryagin numbers. The "differ-
ence" between the Goucher and Deryagin numbers is expressed in the work of Pierre-Gilles et al. 
(2004).   The Goucher number (used for coating problems) uses the letter R to represent length 
scales while the Deryagin number (used for plate film thickness problems) uses L. 

Kew et al. (2001) based the division on confinement of a bubble within a channel. According to 
them, for hydraulic diameters lower than Dth, the macroscopic laws are not suitable to predict either 
flow boiling heat transfer coefficients or flow pattern transitions. Dth is given by: 

𝐷𝐷𝑡𝑡ℎ = �
4𝜎𝜎

𝑔𝑔(𝜌𝜌𝐿𝐿 − 𝜌𝜌𝐺𝐺) 

Figure (1) shows the comparison recommended by Kandlikar et al. (2002) for the transition diame-
ters between conventional and mini channels and between mini channels and micro channels com-
pared with the variation of Dth with the reduced pressure of CO2 and water: 

 
Figure 1: Threshold diameters recommended by Kandlikar and Grande (2002), compared to the 

macro to micro scale threshold of Kew and Cornwell (2001) for CO2 and water. 

Serizawa et al. (2000) provided another interpretation for the micro channel transition. Figure (2) 
shows a flow pattern in a 0.05 mm glass channel with steam and water. A new flow pattern was 
observed and named liquid ring flow. Moreover, for air-water in a 0.020 mm channel, was identi-
fied another flow pattern named liquid lump flow, following the liquid ring flow.  



 
Figure 2: Flow regimes observed by Serizawa and Feng (2000) in a 0.050 mm channel for steam-

water flows. 

Probably there are some transition between Kandlikar et al. (2003) definitions. Some examples 
could be: 

• macro channel,  
• macro to mini transition,  
• mini channel,  
• mini to micro transition.   

Kawaji et al. (2004) reviewed the characteristics of two-phase flow and proposed the following 
recommendation as a threshold criterion for defining micro channel for two-phase flows. This cri-
terion analyzes a set of six dimensionless numbers and two velocities for threshold: 

• Bond number: 

𝐵𝐵𝐵𝐵 =
𝑔𝑔(𝜌𝜌𝐿𝐿 − 𝜌𝜌𝐿𝐿)𝐷𝐷2

𝜎𝜎 ≪ 4 

• Superficial liquid and vapor Weber numbers: 

 

𝑊𝑊𝑊𝑊𝐿𝐿 =
𝜌𝜌𝐿𝐿𝑈𝑈𝐿𝐿2𝐷𝐷
𝜎𝜎 ≪ 1 ; 𝑊𝑊𝑊𝑊𝐺𝐺 =

𝜌𝜌𝐺𝐺𝑈𝑈𝐺𝐺2𝐷𝐷
𝜎𝜎 ≪ 1 

• Superficial liquid and vapor Reynolds numbers: 

𝑅𝑅𝑅𝑅𝐿𝐿 =
𝜌𝜌𝐿𝐿𝑈𝑈𝐿𝐿𝐷𝐷
µ𝐿𝐿

≪ 2000 ; 𝑅𝑅𝑅𝑅𝐺𝐺 =
𝜌𝜌𝐺𝐺𝑈𝑈𝐺𝐺𝐷𝐷
µ𝐺𝐺

≪ 2000 



• Capillary number: 

𝐶𝐶𝐶𝐶𝐿𝐿 =  
µ𝐿𝐿𝑈𝑈𝐿𝐿
𝜎𝜎 ≪ 1 

• Superficial vapor and liquid velocities: 

𝑈𝑈𝑔𝑔 =
𝑄̇𝑄𝐺𝐺
𝐴𝐴 ;  𝑈𝑈𝐿𝐿 =

𝑄̇𝑄𝐿𝐿
𝐴𝐴  

Further researches determinate more accurately the actual thresholds. It is now unclear how to 
define or predict any of these transitions.   



∞ 

1.1.3. Bubble Departure  

The heat transfer model proposed by Jacobi et al. (2000) base their assumption on elongated bubble 
flow in micro scale channels. An important assumption for micro scale flow is that the bubble di-
ameter fills the tube internal diameter before detaching from the wall surface. In their heat transfer 
model, the effective nucleation wall superheat considers the critical bubble radius. The idea is that 
no stratification exists at micro scale.  

Thome et al. (2002) proposed the use of nucleate pool boiling bubble detachment to predict bubble 
departure diameters for confined bubble flow. They noted that bubbles grow in length as they flow 
downstream. No results or prediction methods are available when the bubble nearly blocks the 
channel during its growth while is still attached to the wall. Using bubble departure diameter 
methods for nucleate pool boiling can give an approximate idea of bubble departure diameters ex-
pected under, neglecting imposed cross flow or confinement of the bubble. 

Jensen et al. (1986) reviewed the most popular methods available to predict bubble depar-
ture diameters in nucleate pool boiling and compared them. The Fritz (1935) correlation gives 
the detachment bubble diameter “dbub” as: 

𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏 = 0.0208𝛽𝛽�
𝜎𝜎

𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣) 

Where β i s  the contact angle expressed in degrees. 

Nishikawa (1985) gave the following expression: 
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𝜎𝜎
𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣) 

Kutateladze et al. (1979) proposed the equation: 

𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏 = �0.25(1 + 105𝐾𝐾𝑙𝑙)
1
2��

𝜎𝜎
𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣) 

Where Kl is a parameter expressed as: 
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This expression adds the influences of the wall superheat, liquid Prandtl number and liquid 
dynamic viscosity to the bubble departure criterion but, again, not the contact angle. 

Jensen et al. (1986) proposed a more accurate definition of dbub based on their database: 

𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏 = �0.19(1.8 + 105𝐾𝐾𝑙𝑙)
1
2��

𝜎𝜎
𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣) 



The Bond number (
𝑔𝑔(𝜌𝜌𝐿𝐿−𝜌𝜌𝐿𝐿)𝐷𝐷2

𝜎𝜎
) have a key role in all these relations, which are theoretically valid 

only for pool boiling, while the flow in a micro channel will tend to promote the detachment of the 
bubble before it completely spans the channel. 

Bubble Departure criterion probably overestimate the value of the channel diameter of the thresh-
old. These methods are “preliminary” because they are still not validated. 

1.1.4. Young-Laplace Approach 

Li et al. (2003) studied the gravitational effect on the transition from symmetric flow, where gravi-
ty can be neglect, to asymmetric flow, where gravity cannot be neglect, during condensation in 
micro horizontal tubes. Based on the Young-Laplace equation, they proposed the following criti-
cal and threshold values. The capillary length, Lcap, is the division criteria for micro to macro scale 
transition. The threshold diameter is: 

𝑑𝑑𝑡𝑡ℎ = 1.75𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 

Lcap, the capillary length is defined as: 

𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 = �
𝜎𝜎

𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣) 

Their critical diameter (capillary length) is similar to the bubble departure diameter in the Fritz 
(1935) equation above if the contact angle is set to 10°. Furthermore, their threshold diameter dif-
fers from that of Kew et al. (1997) only by the value of the multiplier of 1.75 rather than 2.0. 
Based on these definitions, Li et al. (2003) proposed to subdivide condensation flow regimes, rela-
tive to the channel diameter din , as follows: 

1. din < dcrit  Surface tension forces are dominant. The flow regimes are symmetrical. 

2. dcrit < din < dth  Gravity and surface tension forces have the same importance. A thin stratifi-
cation on the flow distribution is observed. 

3. dth < din  Gravity forces are dominant and the flow regimes are similar to macro scale flows. 

Figure (3) shows a comparison of selected macro to micro scale threshold criteria for R-134a as a 
function of reduced pressure.  

Only two of the three Mehendale et al. (2000) divisions are shown in the diagram. The diagram 
is subdivided in four class: micro-scale, meso-scale, compact and macro scale. 

Two of the three Kandlikar et al. (2003) divisions are shown that separate the channel diameters: 
nano-scale, micro-scale, mini-scale and macro-sizes. 

The Kew et al. (1997) Confinement number, the Ullmann et al. (2006) Eötvos number and the 
Li et al. (2003) threshold diameter give approximately similar values and trends. 

The critical diameter of Li et al. (2003) is similar to the bubble departure diameter prediction of 
Jensen et al. (1986) assuming a contact angle of 35°. The effect of fluid properties is important. 
The fixed diameter threshold is not very realistic but only act as rough guidelines. 



 
Figure 3: Comparison of selected macro-to-micro scale transition criteria for R-134a as a function 
of reduced pressure (the points come from a simulation, there are not data points). 

1.1.5. Numerical Approaches 

Onbasioglu (2004) applied the Volume of Fluid (VOF) and Eularian methods in a commercial 
numerical fluid dynamics software to simulate two-phase flows inside small channels. He vali-
dated the computation procedures with macro-scale flow pattern experiments changing the 
channel size to discern the transition point where the conventional governing equations fails. 
Based on his simulations, he proposed a qualitative two-phase macro to micro-scale transition 
for air and water. 

Zun (2007) also presented a detailed numerical simulation of elongated bubble flows in horizon-
tal channels comparing the liquid film thickness at the top of the bubble to that at the bottom of 
the bubble. He used R-134a at a saturation pressure of 7.74 bar. Channel diameters were com-
pared in terms of: 

• Reynolds number:       𝑅𝑅𝑅𝑅 =  𝜌𝜌𝑙𝑙𝑢𝑢𝑔𝑔𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏
µ𝑙𝑙

 

• Eötvos number:       𝐸𝐸𝐸𝐸 =  𝑔𝑔(𝜌𝜌𝑙𝑙−𝜌𝜌𝑣𝑣)𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏
2

𝜎𝜎
 

• Archimedes number:      𝐴𝐴𝐴𝐴 =  𝑔𝑔𝜌𝜌𝑙𝑙(𝜌𝜌𝑙𝑙−𝜌𝜌𝑣𝑣)𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏
3

µ𝑙𝑙
2  

• Weber number:      𝑊𝑊𝑊𝑊 =  𝜌𝜌𝑙𝑙𝑢𝑢𝑔𝑔
2𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏
𝜎𝜎

 

• Froude number:      𝐹𝐹𝐹𝐹 =  𝑢𝑢𝑔𝑔2

𝑔𝑔𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏
 

• Capillary number:      𝐶𝐶𝐶𝐶 = 𝜇𝜇𝑙𝑙𝑢𝑢𝑔𝑔
𝜎𝜎

 

The dimensionless numbers refer to the bubble “nose diameter” denoted by dbub while ug is for 
the bubble velocity. The top to bottom liquid film thickness ratio was to account for the different 
forces acting on the shape of the moving bubble and the resulting relative thickness of the liquid 
films. The values from this method is comparable with Li et al (2003) above.  



1.2.  Flow Boiling Heat Transfer 

This section describes the flow boiling heat transfer mechanisms and the heat transfer trends during 
flow boiling in small channels. Experimental results from different studies are difficult to compare 
since there is not any officially accepted benchmark. It is possible to divide heat transfer mecha-
nisms into three different categories: 

1. nucleate boiling dominant, dependent from heat flux, 

2. convective boiling dominant, with the heat transfer coefficient dependent on mass flux and 
vapor quality but not from heat flux, 

3. heat flux dominant, dependent from liquid film evaporation around elongated bubbles. 

1.2.1. Macro-scale Flow Boiling 

During 1950 and 1960, scientists have recognized that the heat transfer coefficient, in macro scale 
flow boiling, is an interaction of nucleate and convective boiling. In macro scale flow boiling chan-
nels, the heat transfer can be classified according to nucleate boiling, dependent from the formation 
of vapor bubbles at the tube wall surface, and to convective boiling, where the heat is transferred 
through conduction and convection through a thin liquid film at the evaporative liquid-vapor inter-
face.  

For simplicity, only one type of flow boiling at time is analysed at time, and the heat transfer mech-
anism can switch from one type to other at same point. More than one flow boiling mechanism can 
coexist and the changing is associated with vapor quality increase. The convective boiling gradually 
substitutes the nucleate boiling.  Boiling is a complicated phenomenon where drag force of convec-
tion mechanism gradually superimposes buoyancy force of nucleation mechanism. Steiner et al. 
(1922), studying the characteristic of flow boiling in vertical tube, discovered that convective boil-
ing is the only mechanism for heat fluxes below the onset of boiling where the heat transfer coeffi-
cient is independent of heat flux over a wide range of vapour quality. Moreover, heat transfer coef-
ficient is also independent from mass flux and vapour quality for high heat flux in a fully developed 
nucleate boiling. Next Figures (4, 5) illustrate a classical flow boiling process: 

 



 

Figure 4: Heat transfer regions in convective boiling in a vertical tube from Collier and Thome 
(1994) 

 

Figure 5: Heat transfer regions in a vertical tube from Steiner (1992) 



 

A careful analysis of the images brings to the following conclusions: 

1. Nucleate boiling onset is reached near initial quality X = 0 (subcooled boiling is possible) 
and the heat transfer coefficient increases. 

2. For low heat fluxes, convective boiling is significant and becomes the dominant mechanism 
when the vapour quality increases. 

3. For intermediate heat fluxes, the heat transfer coefficient is largely independent of vapour 
quality before reaching a constant value at higher vapour qualities where convective boiling 
becomes dominant.  

4. For high heat flux nucleate boiling is dominant before critical heat flux. 

5. The nucleate boiling coefficient values increase with the increasing of saturation pressure. 

Kattan et al. (1998) performed in-tube flow boiling experiments for five refrigerants, (R134a, R-
123, R-402A, R-404A and R-502) in a 11.9 mm copper tube for a wide range of parameters to study 
the effects of local flow patterns on flow boiling heat transfer.The authors proposed a flow boiling 
model that uses a more fundamental approach in predicting the local heat transfer coefficients by 
incorporating a simplified flow structure into the heat transfer prediction as a function of the local 
flow pattern, i.e. Stratified-wavy, fully Stratified, Intermittent and Annular flows.   

Next figure (6) illustrates the simplified two-phase flow structure used in their heat transfer predic-
tion: 

 

Figure 6: Liquid-vapor regions, stratified and dry angles from Kattan et al. (1998) 

Wojtan et al. (2005) performed some flow boiling tests for R22 and R410A in horizontal tubes with 
8.0 and 13.84 mm internal diameters. Their work implements several important modifications to the 
flow pattern map of Kattan et al. (1998) by subdividing the stratified wavy region into three sub-
zones: slug, slug/stratified wavy and stratified wavy. The extension of heat transfer prediction mod-
el includes dry-out and mist flow by the addition of an annular to dry-out and a dry-out to mist flow 
transition. Figure (7) show the comparison of their new prediction method and a macro scale flow 
pattern map with the flow boiling experimental data of Lallemand et al. (2001) for refrigerant R22 
in a 10.7 mm diameter tube. 



 

Figure 7: Wojtan et al. (2005) and Lallemand et al. (2001) flow boiling comparison charts 

Jabardo et al. (2000) investigated on convective boiling for R22, R134a and R404a refrigerants in a 
copper channel with an internal diameter of 12.70 mm. They studied the influence of physical pa-
rameters of mass flux and heat flux on flow boiling heat transfer. Figure (8) shows the obtained 
flow boiling heat transfer. 

 

Figure 8: Heat transfer results for R141b in the 1.10 mm channel, Co=1.1: (a) G=365kg/m2s and (b) 
G=505 kg/m2s.  



1.2.2. Flow Boiling in Micro-channels 

Over the past several years, single micro channel tubes have been investigated. Today, multi micro 
channels have gained attention for microelectronics and power electronics applications due to the 
challenge of removing high heat fluxes produced by transistors. Thome et al. (2005), Cheng et al. 
(2004), and Consolini et al. (2008) have made the most important studies about flow boiling in mi-
cro channels. Agostini et al. (2012) presented a comprehensive state of the art of high heat flux 
cooling technology. Furthermore Hetsroni et al. (2005), Xu et al. (2006), and Harirchian et al. 
(2009) have contributed broadly to the field of multi micro channel two phase flow boiling. Below 
the most important works are described. 

Jiang et al. (2002) tested a transparent micro channel heat sink fabricated by bonding a Pyrex glass 
cover plate onto a silicon wafer. The chip is about 10 x 20mm2 in size, comprising either 34 or 35 
micro channels with triangular cross-sectional areas. The authors distinguished three stable boiling 
modes during the experiments. Moreover, they investigate the dependence of the flow regime on the 
input power level: 

• At low input power local nucleate boiling is prevalent. 

• At high input power a stable annular flow is prevalent. 

No bubbly flow regime appears in the test section (in contrast to macro channels).  

Zhang et al. (2002) made another experiment with channel diameters from 25 to 60 μm, without any 
bubbly or slug flow. 

Wu et al. (2003) investigated on convective heat transfer and pressure drop for silicon parallel mi-
cro channels of trapezoidal cross-sectional areas with water as refrigerant. The number of parallel 
channels varied from 8 to 15. They observed an alternative two-phase and single-phase flow. Tem-
perature and pressure oscillations were present in the fluid. The authors associated these instabilities 
with contradictory results found in the literature by Wang et al. (2003). 

Chen et al. (2004) studied boiling heat transfer of FC-77 in 24 silicon micro channels of 389 x 389 
μm of cross-sectional area. The experiment showed that: 

• For low heat flux bubbly flow is dominant. 

• For higher heat flux wispy-annular and churn flows appears 

A partial wall dry-out can cause a drop of heat transfer coefficient and instabilities in wall tempera-
ture that increase with heat fluxes. The experiment showed how heat transfer coefficient and pres-
sure drop in a fully developed flow boiling are independent of flow rate. 

Zhang et al. (2005) extend the Chen et al. (2002) correlation for heat transfer analyzing and con-
fronting 13 separate databases with some of the most widely quoted correlations for two-phase heat 
transfer in conventional systems. Chen’s superposition model gave the best outcome. The authors 
observed that for liquid Reynolds numbers less than  𝑅𝑅𝑅𝑅𝑙𝑙  < 2000 the calculated heat transfer coef-
ficient was inconsistent. Chen’s superposition model for convective boiling states that heat is trans-
ferred by two competing mechanisms: the nucleate boiling and the convective vaporization. The 
Zhang model instead proposed an overall heat transfer coefficient that is given by an additive law 
that combines the different contributions: 



𝛼𝛼 =  𝛼𝛼𝑛𝑛𝑛𝑛  + 𝛼𝛼𝑐𝑐𝑐𝑐 

The nucleate boiling term is expressed as the product of the nucleate pool boiling value (αnpb) with 
an enhancing factor computed at the corresponding wall superheat. Forster et al. (1995) correlation 
was used with a boiling suppression factor, S, that accounts the suppression of bubble nucleation 
due to the convective nature of the two-phase system. Besides, the convective contribution depends 
on the flow properties and is given as an all liquid heat transfer coefficient multiplied by a two-
phase correction factor, F. It can be expressed as follows: 

 

 
Zhang et al. (2005) suggested to use a laminar or turbulent expression for the all liquid heat transfer 
coefficients according to the value of the liquid Reynolds number. Moreover, for the two-phase fac-
tor, F, they used the larger value of 1 and an expression, F, based on the Martinelli parameter, X: 

 
where C is the Chisholm’s constant. For the suppression factor S, they propose to use the following 
expression: 

 
This expression is like the one proposed by Chen et al. (2002) but it has the liquid Reynolds number 
in the place of the two-phase Reynolds number. This is due to their choice to assume the nucleate 
boiling suppression mechanism to remain the same as in the macro-scale. 

Lee et al. (2008) used deionized water to study saturated flow boiling heat transfer and pressure 
drop in a 400 μm deep silicon micro-channels. The channel width varied from 102 μm to 997 μm. 
They developed a new heat transfer coefficient and pressure drop models and compared it with ex-
isting prediction methods obtaining a good agreement.  

Lazarek et al. (1982) investigated the evaporation of R-113 in a 3.1 mm stainless steel tube in a ver-
tical test section divided in two parts. They performed their experiments starting with sub-cooled 
liquid at the inlet. Figure (10) show their data for sub-cooled and saturated flow boiling. The tests 
result indicates a strong dependence on heat flux but a negligible influence of vapor quality. This is 
quite different than the usual trend in macro-scale flow boiling where the heat transfer coefficient 
rises with increasing vapor quality and be less sensitive to heat flux. This suggested that nucleate 
boiling was controlled by heat transfer process in their 3.1 mm test section. 



 
Figure 9: Flow boiling data of Lazarek et al. (1982) for R-113 in a 3.1 mm channel. 

The equation is: 

𝑁𝑁𝑁𝑁𝑙𝑙 = 30𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙0.857𝐵𝐵𝑜𝑜0.714 

With: 

• 𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙 =  𝐺𝐺𝐺𝐺/𝜇𝜇𝑙𝑙  , the all-liquid Reynolds number,  
• 𝐵𝐵𝐵𝐵 =  𝑞𝑞/(𝐺𝐺 ∗ ℎ𝑙𝑙𝑙𝑙) the Boiling number,  
• G the mass velocity of the total flow of liquid and vapor.  

The equation expresses no dependence of the heat transfer process on the local vapor quality. 

Schneider et al. (2007) studied convective heat transfer for a cavitation and non-cavitation flow of 
R-123 in silicon multi micro-channels having a hydraulic diameter of 227 μm. In order to initiate 
cavitation and enhance heat transfer a 20 μm x 200 μm rectangular micro orifices were installed at 
the entrance of each channel. The experiment returned a heat transfer coefficient for flashing flow 
84% higher in comparison to non-flashing flow. Thus, the two-phase flashing flow dominates the 
convective boiling, while for the non-flashing flow, it was hypothesized to be either the nucleate 
boiling or convective boiling depending on vapor quality. 

Kandlikar et al. (2004) made a correlation for conventional tubes. Traditionally the local two-phase 
heat transfer coefficient was determined according to the value of the dominant mechanism between 
nucleate boiling (nb) and convective evaporation (cv): 

𝛼𝛼 = max (𝛼𝛼𝑛𝑛𝑛𝑛;𝛼𝛼𝑐𝑐𝑐𝑐) 
The equation for the two coefficients were developed for all-liquid Reynolds numbers, 𝑅𝑅𝑒𝑒𝑙𝑙0  >
 3000. Coefficients was expressed in function of: 
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The characteristic sets are: the Convection number Cv, the Boiling number Bo, the all-liquid Froude 
number Frlo, and the vapor quality. For developed flux, the author recommended to use the Gniel-
inski transition correlation and, Petukhov and Popov correlation for full-turbulent low. Moreover, 
for smaller channels where 𝑅𝑅𝑅𝑅 <  3000, the authors said that the preceding single-phase correla-
tions are inconsistent. Furthermore, due to the reduced effect of gravity in micro-channels, the 
Froude number can be removed from relations. Therefore, the following modified correlations for 
αnb and αcv are: 

𝛼𝛼𝑛𝑛𝑛𝑛
𝛼𝛼𝑙𝑙

= 0.6683𝐶𝐶𝑣𝑣−0.2(1 − 𝑥𝑥)0.8 + 1058𝐵𝐵𝑜𝑜0.7(1 − 𝑥𝑥)0.8𝐹𝐹𝑠𝑠𝑠𝑠 

𝛼𝛼𝑐𝑐𝑐𝑐
𝛼𝛼𝑙𝑙

= 1.136𝐶𝐶𝑣𝑣−0.9(1 − 𝑥𝑥)0.8 + 667.2𝐵𝐵𝑜𝑜0.7(1 − 𝑥𝑥)0.8𝐹𝐹𝑠𝑠𝑠𝑠 

Fsf  is a constant that was used to fit the expressions to each particular tube material-fluid combina-
tion. The authors also suggest some variation in the model for different Reynolds number range: 

• For 3000 ≤  𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙  use the standard model relations. 
• For 1600 ≤  𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙  < 3000 interpolate between laminar and transition correlations for αl. 
• For 100 ≤ 𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙 <  1600 the flow is laminar; a laminar correlation like 𝑁𝑁𝑁𝑁 =  𝛼𝛼𝑙𝑙 ∗

𝐷𝐷
𝑘𝑘
∗ 𝑙𝑙  is 

applicable.  
• For 𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙  ≤ 100 the heat transfer equation is 𝛼𝛼 =  𝛼𝛼𝑛𝑛𝑛𝑛. 

Note that the nucleate boiling and convective boiling heat transfer correlations are both identical, 
except for values of the two constants and one of the exponents. Thus, it is not clear how one repre-
sents nucleate boiling and the other convective boiling. 

Bogojevic et al. (2009, 2011) studied the flow boiling instabilities in a silicon heat sink with uni-
form and non-uniform heating. The test section was composed of 40 parallel channels having a hy-
draulic diameter of 194 μm and a length of 15 mm. They demonstrated the existence of different 
flow regimes in channels along the transverse direction. From the experiment resulted that inlet liq-
uid sub-cooling have an influence on the stability and uniformity of wall temperature. It rises with 
the increase of liquid inlet temperatures. They confirmed the observation of Hetsroni et al. (2003) 
that non-uniform heating enhances the micro-channel flow boiling instabilities. 

Bertsch et al. (2008, 2009) proposed a heat transfer correlation for saturated flow boiling consider-
ing the effect of channel size and applying a superposition of nucleate boiling and convective con-
tributions. They developed a model based on a database from 14 studies, which included 12 differ-
ent fluids, vertical and horizontal channels (both single and multiple) with diameters ranging from 
0.16 to 2.92mm and confinement numbers from 0.3 to 4.0. The correlation is in a good agreement 
with the experimental results. 



Harirchian et al. (2012) presented a flow regime map for FC-77 in parallel silicon micro-channels. 
Only one fluid at one saturation temperature were tested. This work developed a predicting heat 
transfer method for: slug, confined annular, bubbly, and alternating churn/annular/wispy-annular 
flows. To predict the liquid film thickness in the elongated bubble they used a modified three-zone 
model of Thome et al. (2004). The channel locations where the flow transforms from bubbly to 
slug, and consequently to annular, flow were determined, and then the pressure drop for each re-
gime occurring along the channel was separately calculated.  

Tran et al. (2008) in their experiments on R-12 and R-113 observed that for wall superheats above 
2.75 K the heat transfer data express a strong dependence from the heat flux. They explained this 
with the macro-scale mechanism of nucleate boiling. The authors therefore modified the correlation 
of Lazarek and Black (1982), by replacing the Reynolds number with the Weber number:  

𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙 =
2𝐺𝐺𝐺𝐺
𝜌𝜌𝑙𝑙𝜎𝜎

 

They removed viscous effects in favor of surface tension. The liquid to vapor density ratio was add-
ed to further account for variations in fluid properties. They proposed the following expression: 

𝛼𝛼 = (8.4 ∗ 105)𝐵𝐵𝑜𝑜0.6𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙0.3 �
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
�
−0.4

 

The first coefficient is dimensional and has the units of W/(m2K). The equation removes any de-
pendence on bulk velocity of the heat transfer coefficient. Moreover, it yields the following propor-
tionality between the heat transfer coefficient and the channel diameter: 𝛼𝛼(𝐷𝐷0.3), which seems to be 
the opposite of experimental trends found in later studies. Figure (10) shows their results. Their 
data shows a little influence of vapor quality on the heat transfer coefficient but a large effect on 
the heat flux. They attributed this heat flux effect to the dominance of nucleate boiling in their small 
channel. 

 
Figure 10: Flow boiling data of Tranet et al. (2008) for R- 12 evaporating in a 2.46 mm circular 

channel. 

Jacobi et al. (2002) proposed a simple analytical two-zone model of thin film evaporation for elon-
gated bubbles. They demonstrated that film evaporation is the dominant heat transfer mechanism in 
micro-channels in comparison to macro-channel nucleate pool boiling mechanism.  



Thome et al. (2004) modified the previous two-zone model to take in account the time averaged lo-
cal heat transfer. He made a new three-zone model that treats evaporation of elongated bubbles as a 
cyclic passage of a liquid slug, an evaporating elongated bubble, and a vapor slug. They compared 
their local heat transfer coefficients with an experimental database including more than 1500 data 
points from seven independent studies. 

Lin et al. (2012) studied evaporation of R-141b in a vertical 1.1 mm tube. Their test section has an 
atmospheric outlet pressure and the inlet pressure ranged between 1.34 and 2.19 bar. Due to the rel-
atively low pressure compared to environment temperature, their data includes a small saturation 
pressure effect. They found a significant influence of vapor quality on the heat transfer coefficient 
that is in opposition from different studies. At high heat fluxes, their data exhibit a sharp peak at 
low vapor qualities followed by a monotonic decrease. At low heat fluxes, they had a significant 
monotonic rise in value of vapor qualities up to a peak of x = 0.60. At intermediate heat fluxes, 
from 42 to 48 kW/m2, the heat transfer coefficients were nearly independent of vapor. Their results 
show a complex dependency of the heat transfer coefficient on heat flux and vapor quality than 
those in previous studies. Lin et al. (2012) hypothesized that nucleate boiling dominate at low vapor 
qualities and that convective boiling dominate at high vapor quality. Next Figure shows some of 
their results. 

 

Figure 11: Flow boiling data of Lin et al. (2012) for R-141b inside a vertical tube of 1.1 mm at 510 
kg/m2s. 

Agostini et al. (2008) investigated on a two-phase flow cooling a silicon chip at high heat fluxes. 
They used R236fa and R245fa as working fluids. The experimental section had 67 channels and was 
223 μm wide, 680 μm high and 20 mm long. The base temperature of the multi micro-channel heat 
sink was 52 C° while the maximum heat flux was 255 W/cm2. The inlet sub-cooling was 10K and 
the pressure drop across the channel 90 Kpa. The cooling performance provided by two-phase flow 
for such chip is better than the single-phase liquid cooling at the same pumping power. The top of 
the channels was closed with a transparent plate for flow visualization while small rectangular ori-
fices were made at the entrance to each individual channel by the connection of the inlet distributor 
to the channels. These orifices uniformed flow and prevented back flow into the inlet distributor. In 



addition, they flashed the sub-cooled inlet liquid to “jump start” of the boiling process with a stream 
of bubbles. Bubbles grew along the channels avoiding any temperature overshoot to initiate the 
boiling process. This phenomenon resolved several annoying problems with multi micro-channel 
evaporator elements in one stroke. Fig. (12) shows some of their results. 

 

Figure 12: Flow boiling data of Agostini et al. (2008) for R-236fa for mass velocity of 810.7 kg/m2s, 
and pressure of 2.73 bar. The photograph shows the silicon test section without its cover plate. 

In figure 12, heat transfer coefficients at low heat fluxes increase with vapor quality until intermedi-
ate heat fluxes, where they first increase with vapor quality and then show nearly no influence of 
vapor quality. At higher heat fluxes the heat transfer coefficients start to decline with increasing va-
por quality. The local heat transfer coefficients have a base heat fluxes over 200 W/cm2, which are 
in the range of those required for the design of computer microprocessor cooling elements. 

Agostini et al. (2008) have also measured local flow boiling heat transfer coefficients in the same 
experimental section. They used one central inlet at the center of the channel length and two outlets, 
one at each end, to reduce the two-phase pressure drop. They could uniform base temperatures at 
base heat fluxes up to 210 W/cm2. The highest base heat flux they reached was 255 W/cm2. It is not 
the critical heat flux. This was a limitation of the pump. The pressure drop at this condition was 
about 0.9 bar, but about one-third of this was due to the orifices not necessary in actual cooling ap-
plication. In their tests, they reached flow boiling heat transfer coefficients, up to 180 kW/m2K. 

Borhani et al. (2010) developed a new time strip technique to analyze the image sequences taken by 
a high-speed camera during the flow boiling of R245fa in the test section Agostini et al.(2008). The 
results were in conflict each other and with heat transfer coefficients. The authors explained that by 
an intermittent dry-out and rewetting mechanism of the liquid film trapped between the channel 
wall and the elongated bubble. 

Saitoh et al. (2005, 2007) investigated flow boiling of R-134a in 0.51, 1.12 and 3.1 mm horizontal 
tubes over a significant range of conditions. They found that mass velocity decrease with decreasing 
tube diameter even though an increase of heat transfer. The fluid entered their experimental section 



as a two-phase flow. They only observed annular flows and intermittent (plug and slug) flows. 
Their section had a vapor qualities limit to x > 0.2, which precluded from obtaining any data in the 
bubbly flow regime. The heat transfer was highest in 0.51 mm tube for vapor qualities less than 
0.05.  

Owhaib et al. (2010) studied the tube diameter effects with R-134a. They found that the heat trans-
fer coefficient becomes higher as tube diameter decreases. Their experimental section had vertical 
glass tubes of 0.83, 1.22 and 1.70 mm diameters.  

Martin-Callizo et al. (2007, 2010) presented results for a vertical 0.64 mm stainless steel micro-
channel. They found that the dominant effect in flow boiling for micro-channels is the heat flux 
while mass velocity is less important. In addition, they observed that heat transfer coefficient is 
barely influenced by vapor quality until high heat fluxes are reached. 

Park et al. (2009) and Thome et al. (2010) presented a new saturated critical heat flux (CHF) data-
base for multi micro-channel copper elements with low-pressure refrigerants (R134a, R236fa, and 
R245fa). They tested two different heat sinks with a different aspect ratio on a wide range of mass 
and heat fluxes. The channels were 467 x 4052 μm2 and 199 x 756 μm2, respectively. The compari-
son of the data with the available CHF methods showed good agreement with predictions of Katto 
et al. (2002), Revellin et al. (2005, 2006) and Wojtan et al. (2005). A flow visual inspection as-
sessed the effect of inlet orifices used for each channel. The authors reported a substantial im-
provement of flow stability with the micro-orifices in place. Furthermore, no back flow appeared 
and they observed a better flow uniformity. The orifices produced an additional pressure drop, with 
the consequent reduction of sub-cooling and in some cases vapor flashing. Moreover, if a lower 
heat flux was imposed at the start of experimental section, the wall-temperature distribution be-
comes uniform and the overshoot for the onset of boiling is significantly reduced. 

Mauro et al. (2010) makes new tests with the split flow configuration (one inlet and two outlets) in 
199 x 756 μm2 channels with same refrigerants used by Park et al. (2009).  They found a lower pres-
sure drops accompanied by higher CHFs if compared with the single inlet-outlet system. The corre-
lations of Wojtan et al. (2005), and Katto et al. (2002), agreed with the obtained CHF database for 
R134a, R236fa, and R245fa. The mean absolute error was 8.92% considering an error range of 
30%. The numerical model of Revellin et al. (2008) provided a Mean Average Error of 14.2%. 

Bao et al. (2000) studied local flow boiling for R-11 and R-123 inside a copper channel of 1.95 
mm. They used a single piece of tubing, 870 mm long where first 400 mm was unheated followed 
by 270 mm of hated test zone and ended with another a 200 mm o f  unheated zone. They tested 
the section for mass velocities from 50 to 1800 kg/m2s, enthalpies from sub-cooled to saturated 
and, heat fluxes from 5 to 200 kW/m2. Everything in a wide range of saturation pressures. Figure 
(14) shows some of their results.  



 
Figure 13: Flow boiling data of Bao et al. (2000) for R-123 inside a copper tube with a diameter of 

1.95 mm. 

The heat transfer coefficient i s  in a straight relationship with heat flux, it increases with satura-
tion pressure, while the effects of vapor quality and mass flux is small, although there was a 
slight decreasing trend in the heat transfer with increasing vapor quality. Thus, they concluded 
that nucleate boiling dominates the heat transfer process. Baird et al. (2006), using the same 
quantities of heat fluxes, saturated pressures and mass velocities, reported local heat transfer data 
for R-123 in a 0.92 mm diameter tube and for CO2 in the 1.95 mm tube of Bao et al. (2000). 
They observed the same trends. 

Ong et al. (2009) investigated flow boiling heat transfer phenomenon for R134a, R236fa, and 
R245fa in a horizontal heated tube. Experimental section used tubes of 1.03 mm. They classified the 
slug flow in micro-channel systems into isolated and coalescing bubble flow, which converts into 
annular flow for higher vapor qualities. A dependence of heat flux on heat transfer coefficients at 
low vapor qualities was observed. Moreover, in the annular flow regime for low-pressure fluids, the 
convective boiling mechanism becomes dominant with the vapor quality increase. The method pro-
posed by Ong et al. (2010) was in a good agreement with the database of Arcanjo et al. (2010). The 
model of Saitoh et al. (2007) described the heat transfer data bank of Tibirica et al. (2012). The new 
criterion was developed for the threshold from micro to macro scale; the confinement number, Co.  

Consolini et al. (2010) studied the coalescing bubble flow during convective boiling heat transfer in 
micro tubes. They present a new one-dimensional model for evaporation of confined bubbles. The 
model, like the model of Thome et al. (2004), is based on the hypothesis that the thin film evapo-
rates into elongated bubbles. The comparison of the model to the experimental database revealed 
the conclusion that the film evaporation mechanism governs the heat transfer, as widely confirmed 
in literature. 

Costa et al. (2011) examined two-phase flow of R245fa and R236fa in 135 silicon multi micro-
channels heated by 35 local heaters. The channels were 85 μm wide, 560 μm high and, 127 mm 
long. Channels are separated by a 46 μm wide fins. They developed a new experimental technique 
to determine the outlet restriction pressure drop which represent up to 30% of the total pressure loss 



through the micro-channels. The experimental results were in a good agreement with the annular 
flow model of Cioncolini et al. (2011) that used the Lockhart and Martinelli criterion for the isolat-
ed bubble regime.  

Madhour et al. (2007) tested flow boiling of R134a at a saturation temperature of 63 °C. The exper-
imental section was developed with a copper heat sink with 100 parallel channels and 35 local heat-
ers and temperature sensors. They made many tests; 3D-IC chips with interlayer cooling were the 
main subject of their work. 

1.2.3. Conclusions 
All the experimental work here reviewed showed a dominant effect of heat flux on the heat transfer 
coefficient. Besides the influence of forced convective boiling on heat transfer is insignificant (an 
exception is i.e. works of Lin et al. (2012)). The increasing of heat transfer in the annular flow re-
gime suggests that forced convection are dominant in confined channels. The experimental data un-
der stable two-phase micro-channel flows indicated the importance of the fluid properties on the 
flow boiling heat transfer process in confined micro-scale channels. Most studies have not measured 
sub-cooled liquid laminar and turbulent flow heat transfer coefficients. In addition, many studies do 
not report the internal surface roughness of the test section, which may influence the heat transfer 
process. Achieving steady-state conditions seems to be the most important thing and hence it is im-
portant to label data as being obtained at stable or unstable conditions. Finally, for non-circular 
channels the channel perimeters are often not reported.  



1.3.  Flow Pattern and Maps for Micro-channels 

This paragraph disserts on the two-phases flow pattern studies for micro channels and their differ-
ence from macro channels due to differences in the phase change phenomena. Appling an extrapo-
lation method to use heat transfer and flow pattern studies for the macro scale on micro scales is un-
realistic for heat transfer. Usually the flow patterns are recognized by visual inspection, though oth-
er means such as analysis of the spectral content of the unsteady pressures or the fluctuations in the 
volume fraction have been devised for those circumstances in which visual information is difficult 
to obtain. In transiting from macro scale to micro scale flows, gravity dominance is successively 
surmounted by surface tension forces. It results in a gradual suppression of some macro scale flow 
regime that came gradually with the diminishing of channel size to a condition where gravity force 
is negligible. The suppressed flow regime is the stratified flow because stratification is a conse-
quence of buoyancy forces. In addition, slug, plug and stratified wavy flows converge into elongat-
ed bubble regime in reason of the predominance of surface force due to the reduced channel size. 
Following in this paragraph a review of two-phase flow patterns for macro and micro scale channels 
is reported. In summary, there are many challenges associated with a better understanding of flow 
patterns and considerable work is necessary before a reliable design tools become available. 

1.3.1. Flow Pattern in Macro-scale 

For the simpler macro scale flows, such as those in vertical or horizontal pipes, many investigations 
were made to determine the dependence of the flow pattern on volume fluxes, volume fraction and 
on the fluid properties such as density, viscosity, and surface tension. Flow regime maps display the 
results that identify the flow patterns occurring in various parts of a parameter space defined by the 
component flow rates. The used flow rates may be the volume fluxes, mass fluxes, momentum flux-
es, or other similar quantities depending on the author. The boundaries between the various flow 
patterns in a flow map occur because a regime becomes unstable at transition to another flow pat-
tern. Like the laminar to turbulent transition in single-phase flow, these multiphase transitions can 
be rather unpredictable since they may depend on otherwise minor features of the flow, such as the 
roughness of the walls or the entrance conditions. There are many problems in the using of flow 
maps. One of the basic fluid mechanical problems is that these maps are often dimensional and 
therefore apply only to the specific pipe, sizes and fluid, but sometimes is possible to generalize. 
However, generalizations can only have limited value because several transitions are represented in 
most flow pattern maps and the corresponding instabilities are governed by different sets of fluid 
properties. Neither for the simplest duct geometries exist a universal and dimensionless flow pattern 
maps that incorporate dependence of the boundaries on the fluid characteristics. In general, the type 
of two-phase flow pattern observed in a channel depends on the respective distribution of the differ-
ent phases taking a particular configuration. There are some possible distinguishing criteria, such as 
the relative importance of various forces, i.e. inertia, viscosity, buoyancy and surface tension. Some 
schematic of evaporative flow patterns occurring in both horizontal and vertical tubes are illustrated 
in Figure (15). 



 

Figure 14: Sketches of flow regimes for flow of air/water mixtures in a horizontal, 5.1cm diameter 
pipe from Weisman et al. [1995] 

 

 
Figure 15: Illustration of the sequence of two-phase flow patterns during evaporation from Colier et 

al. (1994) 



 

Figure 16: Sketches of flow regimes for two-phase flow in a vertical pipe from Weisman et al 
(1995). 

 

Figure 17: Illustration of the sequence of two-phase flow patterns during evaporation from Collier 
et al. (1994). 

Numerous two-phase flow pattern observations are available in the literature. Apparently Suo et al. 
(1963), who observed three different flow patterns in channels of 1.03 and 1.60 mm diameter, made 
the first study on flow patterns in micro-channels. Their study covered heptane and water as the liq-
uid phase, and helium and nitrogen as the gas phase.  



Another study came from Cornwell et al (2001) who noted three different flow patterns in rectan-
gular channels of 1.2 × 0.9 mm and 3.5 × 1.1 mm. They used R-113 and R-141b for tests: isolated 
bubbles, confined bubbles, and slug/annular flow. 

Hewitt et al. (1969), Baker (1954), Taitel et al. (1976) studied adiabatic flow maps. Sato et al. 
(1971), Kattan et al. (1998) and Wojtan et al. (2005) studied instead adiabatic flow maps.  

Sato et al. (1971) studied saturated flow boiling of water in a vertical rectangular cross section of 
internal diameter 15×10 mm and with a heated length of 1 m. The author classified the flow patterns 
into bubbly, slug, slug/annular, annular and annular/bubbly flow. Figure (19) shows the flow pattern 
data for water with transitions lines included. 

 

Figure 18: Flow pattern map for flow boiling of water in a 15×10 mm channel from Sato et al. 
(1971). 

Many others have observed these three basic flow patterns: Damianides et al. (1988), Wien et al. 
(1995)], Kasza, Didascalou et al. (1997), Lin, Kew et al. (1998) Sheng et al. (2001) and more over. 

Instead, Coleman et al. (2002) divided, their observations of 16 different regimes, into four tradi-
tional sets: dispersed, intermittent, wavy and annular. 

 These sets were then subdivided as follows: 

• dispersed flow into 3 types of bubbly flow, 
• intermittent flow into 4 types of slug and plug flow, 
• wavy flow into 4 types of waves,  
• annular into 5 categories of annular films.  

Following are reported two different flow maps for both vertical and horizontal tubes. Figure (20, 
21) 



 

Figure 19: A flow regime map for the flow of an air/water mixture in a horizontal, 2.5 cm diameter 
pipe at 25◦C and 1bar. Solid lines and points are experimental observations of the transition condi-

tions while the hatched zones represent theoretical predictions. From Mandhane et al. (2002) 

 
Figure 20: The vertical flow regime map of Hewitt et al. (1969) for flow in a 3.2 cm diameter tube, 

validated for both air/water flow at atmospheric pressure and steam/water flow at high pressure. 

Hetsroni et al. (2003) realized some high-speed videos that documents the intermittent dry-out phe-
nomenon in single and multi-micro channels due to the very rapid vaporization at high heat fluxes 
with water in a 0.150 mm channel. In his videos, the channel dries out and remains locally dry until 
flow is reestablished and a liquid meniscus can be seen that arrives and rewets the surface. They ob-
served the Liedenfrost effect on a rewetting or not rewetting surface at high thermal flux, the latter 
of which would result in CHF if the substrate is not able to conduct the heat away from the local hot 
spot to wetted zones. 

Xu et al. (2005) performed a visualization study that included an explosive evaporation in micro-
channels. Next figure (22) shows the cyclical process at very high heat fluxes. 



 
Figure 21: Sequence of flow patterns observed by Xu et al. (2005) in a rectangular microchannel 

during high heat flux operating conditions 

Figure A shows the elongated bubble flow with a liquid slug and vapor bubble:  

1. liquid slug, 
2. vapor bubble. 

Figure B shows a bubble apparition inside the liquid slug: 

3. bubble in liquid slug, 
4. multiple bubbles in liquid slug. 

Figure C shows numerous bubbles evident within the liquid slug: 

Figure D shows annular flow after the liquid expunge:  

5. liquid film in corner of channel,  
6. vapor core. 

The flow expands away very rapidly in both directions from the point of occurrence. This sequence 
of events documents the activation of nucleate boiling sites within the liquid slug that occurs be-
cause of the high heat flux. 

Nino et al. (2000) and Jassim et al. (2001) have approached two-phase flow mapping in horizontal 
micro-channels in a new manner. Instead of categorizing a specific flow regime they determined the 
time fraction that each type of flow regime. Analyzing the flow by image processing they observed 
evaporators at a given mass velocity and quality in a singular channel or in multi micro channels. 
This probabilistic flow mapping technique captures simultaneously different flow regimes in differ-
ent channels. Figure (23) exemplify the result, some of the channels are in annular flow and others 
are in intermittent flow. 



 
Figure 22: R410A at 10°C in a multi micro channel from Nino (2000) for flow in flat channels of 

1.54 mm hydraulic diameter at ×= 0.17 at 100 kg/m2s 

In the proximity of a transition boundary, this yields a statistical approach act to characterize the 
beginning and the ending of the transition band. Their probabilistic map was used to model pressure 
drops and void fractions for each type of regime and for every probability of occurrence.  

1.3.2. Micro-scale Two-Phase Flow and Flow Maps 

This paragraph presents a short of numerous mini and micro scale, adiabatic and not, two-phase 
flow pattern studies. Literature is full of works on micro scale two-phase flow maps, hence, in this 
thesis there are described only the most important. 

Kawaji et al. (2004) presented a comparative review of adiabatic two-phase flow patterns. They 
recognized that two-phase flows in macro channels and mini channels exhibit morphological simi-
larity. They based the analysis on the study of Triplett et al. (1999), Damianides et al. (1988) and 
Fukano et al. (1995). They also reviewed the work done by Serizawa et al. (2000), Kawahara et al. 
(2005) and Chung et al. (2004) pointing out the significant difference in the observed two-phase 
flow patterns unique to micro channels.  

Figure (24) presents schematics of mini channel and micro channel flow. Here the use of the term 
"mini channels" is given to flows thought to be in the transitions state between macro scale and mi-
cro scale. 



 
Figure 23: Two-phase flow regimes from Kawaji et al. (2004): (a) Mini channel flow patterns and 

(b) micro channel flow patterns. 

Suo et al. (1963) involved gas to liquid two-phase flow pattern observations in capillary tubes 
providing the first insight of the two-phase distribution in micro scale channels. They used as work-
ing fluid a mix of air−water, water−nitrogen and N2−heptane with nitrogen. The experimental 
section have channels of 1.03 and 1.60 mm diameter. They identified, by the experiments, only 
three distinct flow patterns: bubbly-slug, slug and annular flow. The flow pattern map proposed by 
Suo et al. (1963) as a function of capillary number, Ca and volumetric quality is shown in Figure 
(25). 

 
Figure 24: Flow pattern map of Suo et al. (1963). 

Serizawa et al (2002) provided an interesting overview of the two-phase flow patterns for micro-
channels. Figure (26) shows their flow pattern observations made for a 0.100 mm glass channel with 
steam-water. Here, a new flow pattern type was identified, namely liquid ring flow. They also ob-



served, for air-water in a 0.020 mm channel, a liquid ring flow that they named liquid lump flow. 
Hence, this is apparently the first experimental evidence to support the case that there should be an-
other sub scale after micro-channel. 

 
Figure 25: Flow regimes observed by Serizawa et al (2002) in a 0.100 mm channel for steam-water 

flows 

Cubaud et al. (2004) studied air-water flows in small square channels. They observed that the liquid 
film was continuous around the channel near the nose end of elongated bubbles and that near the 
rear there were dry patches at the middle of each face. They called these wedge flows. This regime 
is due to the large surface tension and contact angle of water and does not occur for other liquids. 

A critical issue of two-phase flow patterns in micro-channels is how to identify them. High-speed 
camera is not always able to distinguish flow regimes due to the difficulty to identifying and inter-
preting images, as it depends mainly from the reseracher. A better approach is to use optical tech-
niques as described below. 



 
Figure 26: Optical flow pattern identification technique by Revellin et al. (2008) for a micro-

channel. 

Figure (27) depicts the two-laser and two-diode optical technique developed by Revellin et al. 
(2008) for micro-channels. As the name can suggest the technique uses two low power lasers, of a 
power less 1 mW, and two diodes. These are mounted together with a lens to focus the laser light 
through the glass tube, the fluid, and then onto the diode. Using two lasers instead of one gives two 
high frequency, light intensity signals, which can then be cross-correlated using signal processing to 
determine the velocity of bubbles, for instance.  

Figures (28, 29) of Revellin et al. (2008) show the obtained laser signals for the respective flow pat-
terns observed. First figure expresses the intensity of light in function of time for the light incident 
on the diode. Even without any signal processing, it is possible to identify some flow patterns only 
by comparing the signals to the corresponding images.  

By the signal processing procedure described in Revellin et al. (2008), it is possible to distinguish: 

• the flow pattern,  
• the bubble frequency, 
• the bubble velocity (by the delay time between two signals), 
• the bubble length, 
• the void fraction (from the elongated bubble velocity). 



 

 
Figure 27, 28: Temporal laser light intensity signals of and Revellin et al. (2008) for R-134a in a 

0.509 mm glass channel at with mass velocity of 500 kg/m2s and temperature of 30°C and flow pat-
terns and transitions observed. 

Figure (30) show the flow map proposed by Triplett et al. (1999), it is in function of the superficial 
liquid velocity versus the superficial vapor velocity. They based their flow pattern on observations 
of air-water in a 1.1 mm horizontal glass channel; a mixer was used to create the air and water flow. 
They also made observations in a 1.45 mm channel and in several small semi-triangular tubes. The 
created map shows some significant differences in the transition locations, probably caused by the 
large difference in physical properties of air-water compared to R-134a. Hence, a flow pattern tran-
sition prediction method that incorporate the properties of the gas and liquid phases to generalize 
the map for more fluids, is necessary. 

 
Figure 29: Flow pattern map of Triplett et al. (1999) for air-water in a 1.1 mm horizontal channel.  

Coleman et al. (2003) and Killion et al (2002) proposed a graphical flow pattern maps based on 
their extensive observations of air-water flows and R-134a in circular and non-circular channels. 
They have also proposed an empirical expression for some of the transitions.  



Yang et al. (2001) proposed a flow pattern map of superficial liquid velocity in function of the su-
perficial vapor velocity. They based on their observations made in a 2.0 mm channel. The transition 
lines were quite different for air-water flows compared to R-134a flows. 

Akbar et al. (2012) proposed a flow pattern map based on all available air-water observations with 
hydraulic diameters less or equal than 1.0 mm following the methodology adopted by Lowe and 
Rezkallah (1999). For their surface tension dominated zone (comprised of bubbly, plug and slug 
flows), its upper threshold boundary is determined in terms of the liquid (SL) and vapor (SG) super-
ficial Weber numbers.  

• WeSG ≤ 1.0 for WeSL > 3.0 

• WeSG ≤ 0.11*WeSL
0.315 for WeSL ≤ 3.0 

Where WeSG is below this boundary, the flow is in the surface tension dominated zone. Moreover, 
the transition threshold bound the annular flow zone: 

• WeSG ≥ 11*WeSL
0.14 and WeSL ≤ 3.0 

For all conditions above and to the left of this boundary, the flow is in the annular flow zone. In ad-
dition, the transition threshold bound the dispersed flow zone: 

• WeSL > 3.0 and WeSG > 3.0 

Therefore, at all conditions above and to the right of this boundary, the flow is in the dispersed flow 
zone. The transition zone falls below the annular zone and above the surface tension dominated 
zone as follows 

• 0.11*WeSL
0.315 < WeSG < 11*WeSL

0.14 and WeSL ≤ 3.0 

Next figure (30) shows these boundary conditions within different studies and the one proposed by 
the author. 

 
Figure 30: Flow pattern map comparison for circular and near-circular channels with diameter of 

1mm from Akbar et al. (2012). 

This map agrees very well with air-water data in channels of 1 mm diameter. Furthermore, they ob-
served that the superficial vapor and liquid Weber numbers work better for distinguishing flow pat-
tern transitions than the tradition superficial vapor and liquid velocities in micro-channels. Howev-
er, the map did not predict their flow pattern observations for R-134a in vertical small tubes of 1.10, 



2.01, 2.88 and 4.26 mm. The main suggested reason is that the map is in a good agreement with the 
results when the Bond number is less than 0.3, which corresponds to a channel diameter of about 
0.25 mm at 6 bar for R-134a. Moreover, they concluded that non-circular channels with sharp cor-
ners might support different flow regimes and transition boundaries as compared to near circular 
channels. 

Chen et al. (2008) studies are in full contradiction with the results obtained by Coleman et al. 
(2003) and the flow evaporation study of Revellin et al. (2008) for R134a and R245fa in a 0.5 and 
0.8 mm channel. 

Ong et al. (2005) showed an expansion of the annular flow regime when channel confinement num-
ber increases. From all their experiments in small channels, they noticed an increased dominance of 
the annular flow regime. 

Starting from the flow pattern observation of Triplett et al. (1999), Ullmann et al. (2006) proposed a 
micro-scale flow pattern map that considers controlling mechanisms for each flow pattern transi-
tion. To make work macro scale flow pattern to micro-scale many significant modifications were 
made by the authors to predict the transitions by their method for each transition. Farther, they not-
ed that the stratified flow region shrinks to a very small zone on their map at relatively very low 
liquid flow rates and at very high gas flow rates. Therefore, their analysis showed that the difference 
between a stratified flow, whose interface, is curved up to the top of the channel by capillary forces 
and that the definition of annular flow becomes ambiguous in small channels since both regimes 
look essentially equal, and can be classified only as annular flow. 

Revellin et al. (2008) utilized flow pattern data, bubble frequency data and the CHF correlation of 
Wojtan et al. (2006) work to create a new type of flow pattern map. This map classifies evaporating 
flow regimes as described: 

• Isolated bubble regime:  

 Bubbly flow: bubbles shorter in length than the channel diameter;  

 Slug flow: bubbles longer than the channel diameter; 

 Mixed bubble flows: where the frequency of bubbles increases with increasing 
heat flux and vapor quality at a fixed mass velocity; 

• Coalescing bubble regime: 

 Slug flows: long bubbles followed by aerated liquid slugs. Some short bubbles 
may still exist, where the frequency of the bubbles decreases with increasing 
heat flux and thus vapor quality at a fixed mass velocity; 

 Churn flows: equal to coalescing slug flows; 

• Annular flow regime:  

• Smooth annular flows: nearly no interfacial waves; 

• Wavy annular flow: interfacial waves are very evident; 

• Dryout regime 

• Post dry-out region: after CHF at the critical vapor quality. 



Figure (31) shows an example of some bubble frequency data obtained in a 0.5 mm channel of glass 
detected using the laser/diode measurement technique earlier described. 

 
Figure 31: Bubble frequency data measured by Revellin et al. (2008) for R-134a for a 0.509 mm 

micro-channel using their laser technique. 

At a fixed mass velocity, the bubble frequency increase rapidly up to a peak. After the peak, the 
frequency decreases first very sharply and then faster up to zero. The first slow decreasing tract in-
volves the coalescence of the smaller bubbles into long bubbles, and the slower fall off then is due 
to the coalescence of the long bubbles into even longer. At the end annular flow is reached.  

Figure (32) shows this new type of flow pattern map with the transition equations evaluated for 
R134a  at 30°C. 

The local length along the uniformly heated channel can be obtained from an energy balance be-
tween the latent heat absorbed by the fluid and from the perimeter of the tube subjected to a heat 
flux. The heat flux is also used to establish the location of the transition between the isolated bubble 
regime and coalescing bubble regime. The lower end of the transition lines represents an extrapola-
tion below the lowest mass velocity, where notable flow instabilities begin.  

 



 
Figure 32: Flow pattern map from Revellin et al (2008) for evaporating flow in uniformly heated 

micro-channel. Presently evaluated for R134a for diameter of 0.5 mm, length of 70 mm, saturation 
temperature of 30°C, heat flux of 50 kW/m2 with no sub-cooling at inlet. Transition boundaries 

(center curve of each set) are shown with their error bandwidth. 

In the figure:  

• Bo is the boiling number,  
• Rel is the liquid Reynolds number,  
• WeL is the liquid Weber number,  
• WeG  is the and vapor Weber number,  
• IB is the isolated bubble regime, 
• CB is the coalescing bubble regime,  
• A is the annular regime,  
• PD is the post dry-out regime. 

 

1.3.2.1. Conclusions 

Many two-phase flow pattern and maps studies have been analyzed. The analysis evidences the 
dominance of surface tension forces on micro-scale channels.  When the channel size increases, the 
buoyancy force suppress the surface tension forces. The fluid properties also play a key role in the 
flow pattern transitions from one regime to another. The suppression of the stratified flow regime 
and the convergence of the macro-scale intermittent flow regime into the elongated bubble flow re-
gime in micro-scale supports the idea of a macro-scale to micro-scale transition in between. In mi-
cro-channel flow, the isolated and coalescing bubble regime is suppressed, such as the annular flow 
region that spans over an ever-wider range of vapor quality before reaching the onset of dryout. The 
developing of mechanistic models able to predict local flow boiling heat transfer coefficients re-
quires significant information about the flow regime and its structure. For example, modeling flow 
boiling in the slug flow regime in a micro-channel requires knowledge of the bubble frequency, 
bubble length, liquid slug length and thickness of the liquid film trapped between the bubble and 
the wall, etc.  

 



 

1.3.3. Trends in Micro-channel Flow Boiling Data  

Fig. (33) summarizes the trends in local flow boiling heat transfer coefficient α versus vapor quality 
x as categorized by Agostini et al. (2008) reviewing 13 different studies. 

 
Figure 33: Heat transfer trends versus vapor quality by Agostini et al (2008)  

The array of lines shows the trends found for local boiling heat transfer coefficient in function of 
the vapor quality. The map denotes how the heat transfer coefficient vary with the parameter in the 
frame. An arrow with the symbol shows the nature of the variation. A short description of the array 
is reported as follow: 

• QX1 showed that the heat transfer coefficient has a decreasing trend regard the vapor quality 
and that heat transfer increased with increasing heat flux q. 

• QX2 showed a similar trend except that the data all come together at higher vapor quality. 
• QX3 showed the data in which α increased versus x and with q. 
• X1 data decreased sharply with vapor quality but did not depend on mass velocity or heat 

flux. 
• X2 data increased only with vapor quality and independent from mass velocity or heat flux.  
• The GX1, GX2, and GX3 showed three types of trends with respect to mass velocity and 

vapor quality. 

Most of the studies analyzed follow the boiling heat transfer trends represented by QX1 and X1 (11 
out of 13). It can be concluded that: 

• at low to medium vapor qualities (x < 0.5), the heat transfer coefficient increases with heat 
flux and decreases or is relatively constant with respect to vapor quality; 

• at higher vapor qualities (x > 0.5), the heat transfer coefficient decreases sharply with vapor 
quality and does not depend on heat flux or mass velocity; 

• the effect of heat flux is always to increase the heat transfer coefficient except at high x, 
whereas mass velocity varies from no effect, an increasing effect, or a decreasing effect. 



1.4. Near Zero Gravity Conditions 

While gravity plays an important role in the macro-scale, it has less effect in the micro-scale due to 
the contrasting effects of surface tension. Hence, operating in micro-gravity conditions the behavior 
of a micro-channel should not change. Micro-gravity studies are not common due to the difficulty to 
make the experiments without the gravity force. The state-of-the-art review of two-phase flow and 
heat transfer in zero gravity conditions is presented in the following sections, but because it is a re-
cent topic, the literature is not very wide and often contradictory. 

1.4.1. Flow Boiling in Micro-gravity 

Cooper et al. (1989) and Van Helden et al. (1995) during their studies obtained bubble growth and 
displacement in terrestrial gravity and for short duration microgravity flow. They observed the va-
por bubbles departing from their nucleation cavity by sliding away from the site along the heated 
surface. Moreover, they also observed the bubble dynamics and how detachment phenomenon is in-
fluenced by bulk flow velocity and sub-cooling, flow regime, heat flux, flow direction, heater sur-
face orientation relative to gravity, and the strength of the gravitational field.  

Zeng et al. (1997) studied the vapor bubbles on an upward heated surface exposed to low velocity 
flow. Their work showed the vapour bubbles rising directly off the boiling surface and then are car-
ried away by liquid. However, if the velocity of liquid increases to a critical value, the hydrodynam-
ic forces compels bubbles to depart from the nucleation site sliding them along the heated surface. 
Heat is absorbed during sliding and bubble growth continues until the bubble lifts off the surface 
due to the influence of buoyancy and shear forces.  

Thorncroft et al. (1997) observed the mean departure point and the lift off diameters in a vertical 
upward and downward flow boiling for FC-87. During the vertical upward flow, bubbles departed 
the heating surface by sliding upward and tended to remain attached to the heating surface. In con-
trast, bubbles in downward flow departed by sliding either upward or downward along the heating 
surface. This behavior is probably dictated by the interaction of hydrodynamic forces and buoyancy 
forces on the bubble. The bubbles that departed from nucleation sites for low fluid velocity tended 
to slide upward against the flow due to the buoyancy forces that are larger compared to drag force. 
The buoyancy force was overcome at higher flow velocities and the bubble slides downward. The 
dependence of bubble dynamics upon the buoyancy force indicated a corresponding dependence 
upon the gravitational field. 

Mikic et al. (1970) developed an early model for bubble growth in a uniformly superheated liquid 
under inertia and diffusion controlled growth conditions. After they extended their work to bubble 
growth in non-uniform temperature fields. 

Van Stralen et al. (1975) and Mei et al. (1995) identified clear discrepancies between many such 
early modeling efforts and extensive data available at the time. Mei et al. (1995) submitted a numer-
ical analysis detailing bubble growth in saturated heterogeneous boiling that considered: 

• energy balance on the vapor bubble, 
• liquid microlayer under the bubble, 
• the heater. 



They used a vapor bubble shape parameter and micro-layer wedge parameter to provide an agree-
ment with experimental data. Whereupon, in the second part of the study they presented an assay on 
the dependence of bubble growth rate and the thermal field within the heater on four governing di-
mensionless parameters: 

• Jacob number,  
• Fourier number,  
• solid-liquid thermal conductivity ratio,  
• solid-liquid thermal diffusivity ratio.  

Klausner et al. (1993) created a prediction model for vapor bubble departure. The model is based on 
the onset instability between a quasi-steady drag force, the unsteady component of the drag force 
due to asymmetrical bubble growth, and the surface tension force in the flow direction. They noted 
a significant dependence on wall superheat and liquid velocity. The departure diameters that was 
increased and decreased basing on, respectively, an increase and decrease in vapour quantities.  

Zeng et al. (1997) updated this model including determination of the bubble inclination angle as 
part of the solution rather than as a required input to the model. They supposed that surface tension 
force at departure and lift-off can be neglected, and the bubble contact area and contact angles are 
not necessary to solve the model. Obtained data is in a good agreement with available experimental 
data. 

Thorncroft et al. (1999, 2001) proposed another model constructed from first principles and related 
the forces affecting a vapor bubble during its life through Newton’s Law. Bower et al. (2002) dis-
cussed the model. The force balance can be expressed as: 

 

Where the described forces are: 

• FrBody is the body force acting on the bubble. 
• FrS is the surface tension force integrated around the base of the bubble. 
• FrB is the buoyancy force due to the liquid-vapor density difference. 
• Fr CP is the contact pressure force due to the pressure difference inside and outside the top of 

the liquid-vapor interface. 
• FrSL is the shear lift force due to pressure gradients around a growing bubble.  
• FrQS is a quasi-steady drag force of the bulk fluid. 
• FrAM is the mass force from unsteady Bernoulli equation 
• FrFs is the free-stream acceleration force 
• R is the reaction force at the heated surface 

The detailed forces are applicated to the bubble growth in a bulk liquid flow parallel to a heater sur-
face oriented at some angle relative to the direction of gravity, as shown in Figure (34). 



 

Figure 34: detailed forces are applicate to the bubble grow for Thorncroft et al. (2001) 

The velocity field at the center of the bubble, the inclination angle, and the growth rate are inputs of 
Thorncroft et al. (2001) model. The Reichardt’s expression is used to estimate the velocity of the 
bulk liquid at the bubble center of mass. Growth rates are approximated by the diffusion-controlled 
bubble growth solution as described by Zuber et al. (1997). The inclination angle is difficult to de-
terminate due to the deformable nature of the bubble interface. However, the inclination angle is 
approximated to 45° in horizontal upper flow. The comparison of the departure diameters generated 
from computational solutions of this model at various conditions are in a good agreement with ex-
perimental results.  

The model works well with a good range of fluids and Jacob numbers. For high mass velocity, the 
model is gravity independent. The correlating parameter ψ is plotted versus Jacob number, in figure 
(35), to give an indication of this phenomena. 

 
Figure 35: Lift-off diameters for different flows with different liquid velocity for Thorncroft et al. 

(2001)  

These correlating parameters are defined as: 

 



Due to its governing influence on heat transfer, the vapor bubble growth rate and the related depar-
ture phenomena have been the subject of considerable investigation. However, the study of Thorn-
croft et al. (2001) does not report growth rate. Instead the critical bubble dynamics to assessing the 
nature of a varying gravitational field on boiling heat transfer was investigated. Figure (36) gives an 
indication to the gravity dependent range. 

 
Figure 36: Gravity dependent range in function of Ja and ψ for Thorncroft et al. (2001)  

Zhao et al. (2007), Rezkallah et al. (1999) and Lowe et al. (1999) made a two-phase flow pattern 
study under microgravity conditions in a 9.5 mm diameter channel. The authors proposed a two-
phase flow transition model for channels under microgravity conditions based on various Weber 
numbers. They observed that inertia and surface tension forces were dominant as opposed to buoy-
ancy for microgravity flows and thus used a new Weber number in a new correlation to determinate 
flow regime transitions. The proposed flow pattern map can be divided into three distinct zones:  

• the surface tension dominated zones where the bubbly and slug regimes coexist; 
• the inertia dominated zone corresponding to the annular flow regime;  
• a transition zone where both surface tension and inertia forces exhibit coexist. 

Van Helden et al. (1995), Nydahl et al. (1989) and Zeng et al. (1999) studies indicate how buoyancy 
forces play a significant role in bubble growth dynamics. The buoyancy forces influence the heat 
transfer from the boiling surface by either assisting or impeding the bubble departure and liftoff 
from the heater surface. 

Kirk et al. (1995) identified for low velocity a flow regime dependent on the buoyancy force. They 
demonstrated that vertical up-flow produced significant heat transfer enhancement when compared 
with horizontal flow. The study also showed how the buoyancy effect is neglected at sufficiently 
high velocities, where hydrodynamic forces dominate over the buoyancy forces. Bulk fluid velocity 
remove vapor from the heating surface, postponing an eventually onset burnout due to the higher 
heat fluxes. The effect of zero gravity accelerates dry-out, buoyancy forces normally aid in sweep-
ing large vapor volumes from the surface and allow liquid replenishment, in no-gravity environment 



this phenomenon is absent. This reduced critical heat flux at micro-g conditions is a severe barrier 
to the implementation of two-phase flow systems.  

Gersey et al. (1995) developed a model for critical heat flux based on a wavy vapor layer that can 
breaks down on the surface due to hydrodynamic instability. When fluid velocity increases buoyan-
cy forces, and thus critical heat flux, became independent from the orientation of gravity.  

Zhang et al. (2002) made a visual study and CHF measurements describing the effects of the direc-
tion of buoyancy force. They noted how orientation is an important factor only for lower velocities. 

1.4.1.1. Conclusions 

The practical difficulties of obtaining experimental data at microgravity conditions combined with 
the excessive cost of a spatial pumping system have hindered the utilization of two-phase flow boil-
ing systems in space applications. However, insight into behavior of flow boiling systems at various 
levels of gravitational influence can be gained in some experiments on earth by varying the gravita-
tional influence; the effect of gravity on flow boiling may be discerned. Parabolic flights are another 
possibility to obtain experimental results useful to create and validate models. The main effects of 
gravity reflect on the bubble dynamics, the buoyancy forces and the detachment point. 

1.4.2. Heat Transfer in Micro-gravity 

Next frontier of space heat transfer is the phase change due to the very large heat fluxes available. 
High thermal fluxes impact on the reduction of the size, weight, and cost of thermal management 
power systems. It is an central problem in space applications. As such, numerous research studies 
have attempted to gain a fundamental understanding and predictive capability of the phase change 
in reduced gravity conditions.  

Roshenow et al. (1952) introduced an important concept for flow boiling heat transfer correlations. 
They suggested that two-phase heat transfer rate is due to two independent and additive mecha-
nisms: bulk turbulence and ebullition.  

Chen et al. (1966) proposed an extension of this concept, asserting that the application of empirical 
factors to these two mechanisms could allow the researcher to obtain agreement with experimental 
observations. Many correlations reported in the literature, used the flow boiling data obtained with 
Chen’s technique. The Chen approach recently met some critics due to new discovered physical 
phenomena, which was not considered. 

Gungor et al. (1986) introduced a dependence factor on heat flux due to the convective portion of 
boiling heat transfer. This determined that the generation of vapor could result a significant disturb-
ance of flow at the wall and a changing in the convective heat transfer. 

Kenning et al. (1989, 1991), studying the effect described by Gungor et al. (1986), hypnotizing that 
the micro-convection and macro-convection components of two-phase heat transfer were not inde-
pendent and additive. They correlated the convective heat transfer data based on a small depend-
ence heat flux to demonstrate their hypothesis.  

Shah et al. (1982) studied the proper heat transfer coefficient. They supposed that the coefficient is 
larger than the convective or nucleate terms and not the simply sum of the two. However, the ther-



mal transport data for two-phase flow related with micro-gravity conditions are scarce and incon-
clusive. 

Standley et al. (1991) conducted micro-gravity experiments using R-11 as the working fluid in par-
abolic flights. The large systematic variations on the temperature and pressure measured result in a 
difficult interpretation of data. 

Saito et al. (2005, 2007) studied heat transfer and report their data of flow boiling of water in a hor-
izontal annulus equipped with a central heater rod during parabolic flight, which had about 22 s of 
microgravity conditions. They observed that under microgravity condition, contrarily to terrestrial 
conditions, bubbles are hardly detached from the heater rod due to the reduction of the buoyancy. 
They flowed along the heater rod, and grew due to the heating by the heater rod. The coalescence 
become much larger, surrounding the heater in the downstream. This microgravity behavior was 
more noticeable in the cases of lower inlet fluid velocity, higher heat flux and lower inlet fluid sub-
cooling. The differences between earth gravity and microgravity in the local heat transfer coeffi-
cients were very small despite the large differences of the flow regimes. 

Lui et al. (1998) studied heat transfer in sub cooled flow boiling with R113 in a tubular tests section 
of 12 mm diameter and 914.4 mm length. They observed that sub-cooled boiling heat transfer in-
crement in microgravity conditions. Heat transfer coefficients were approximately 5 to 20% higher 
in microgravity and increase with qualities. Therefore, they suggested how the greater movement of 
vapor bubbles on the heater surface caused a localized turbulence, which is the responsible for the 
increased heat transfer coefficients. 

Ohta et al. (1982) studied flow boiling with R113 in a vertical transparent tube of 8 mm diameter 
and 100 mm length. Their experimental section was internally coated with a gold film. The flow rate 
ranged from 150 to 600 kg/m2s, and the heat flux from 2.5 to 80 W/m2. They examined bubbly, slug 
and annular flow regimes observing a big variation in bubble and slug sizes due to the gravity. 
Moreover, they observed that the heat transfer coefficient was barely affected by the various gravity 
levels. Hence, they supposed that heat transfer was controlled by nucleate boiling. Figure (37) 
shows their results: 



 
Figure 37: Boundaries for dominated regimes of buoyancy(g), surface tension(σ), and inertia(I) rep-

resented by a-dimensional sets 

Ma et al. (2001) studied force convection boiling in normal and micro gravity conditions. They used 
FC-72, in a drop tower that reach 1 s of micro-gravity conditions. The test section was uniformly 
heated by a flat square plate. They obtained boiling curves and flow maps for different flow rates in 
microgravity. From the observations resulted how the forced flow decreased the average bubble size 
and sustain boiling in the nucleate boiling regime in microgravity. Moreover, when flow rate in-
creases, the heat transfer coefficient increases as well, while the average superheat of the heater sur-
face decreases. An important result of the studies was that forced convection increases the departure 
of bubbles from their nucleation sites. Finally, they noted how, for high heat flux the curves, both in 
normal or micro gravity, bubbles tend to be close together as Reynolds numbers increase. For Re > 
10.000, no influence of gravity has been found. 

Westheimer et al. (2001), conducted a visualization experiment on flow boiling in a glass annular 
heat exchanger, using R-113 as fluid, in parabolic flight. They obtained the following trends:  

• flow regime transitions in micro gravity can be caused with less heat addition; 
• normal gravity flow regime maps and visual data did not correspond with visual data and 

flow regime maps in micro gravity;  
• all micro-gravity flow regime maps give a similar result for calculations of: quality, heat-

transfer coefficient, and heat-exchanger temperature.  
• the maximum heat transfer occurred somewhere in the heat exchanger near the transition 

from bubble to slug flow. 

Ohta et al. (1982) studied the critical heat flux. They made few experiments, finding that CHF is in-
dependent from the gravity level as the fluid flow rate is increasing above a critical value. 

Ma et al (2001) performed a CHF experiment using the same test section described previously. 
They observe how CHF in microgravity is lower than that in terrestrial gravity, but, when the flow 
rate increases, the two lines tend to approach each other.  The authors underlined how the CHF val-
ues in normal and micro gravity tend to be similar in magnitude above a certain value of the flow 
rate. 



Zhang et al. (2002) performed a CHF experiment in a rectangular channel on a parabolic flight us-
ing FC-72 as process fluid. They founded how CHF in microgravity at low velocities is significant-
ly smaller than in horizontal flow at terrestrial gravity. The difference in CHF magnitude between 
the two environments decreases with the increase of fluid velocity. It converges at 1.5 m/s for FC-
72. This result proves that is possible to design an inertia-dominated space system by maintaining 
flow velocities above the convergence limit.  

Crowley et al. (1991) used parabolic flights to measure the liquid temperature and wall temperature 
in a condensing section at micro-gravity. They observed an increase in the heat transfer coefficient 
in micro-gravity conditions. However, no steady-state conditions were reached during the entire 20 
s micro-gravity window. The large systematic variations in time were large enough to made impos-
sible ad interpretation of the results. 

Hill et al. (1994) studied the condensation heat transfer using the data obtained by Baranek et al. 
(1991) to construct a micro-gravity condensation heat transfer model.  

Rite et al. (1993) measured with a parabolic flight the two-phase heat transfer coefficient for various 
air-fluid combinations with no phase change. They founded that the differences between normal and 
micro-gravity heat transfer data were less than 10% and within the uncertainty of the available heat 
transfer correlations.  

Kirk et al. (1995) observed an increment of the heat transfer when the heating surface is rotated 
from horizontal towards vertical. They also found an increment for very low heat flux if the heater 
was downward facing and if velocity is sufficient to sweep away vapor bubbles. The slide of vapor 
bubbles along the heated surface was reputed the bolstering element of the heat transfer. A reduced 
effect manifest for test section orientation at the highest tested mass flow velocity of 0.32 m/s.  

Rite et al. (1997) performed both normal and micro-gravity experiments aboard a parabolic flight 
and observed low heat transfer coefficients in micro-gravity. The heat transfer coefficient drops 
along the length of the heating surface in micro-gravity while it increases in normal gravity. The au-
thors supposed how the liquid-vapor slip reduces the thermal flow entry lengths in normal gravity 
flow. While it was not present in micro-gravity flow due to the absence of buoyancy forces. It is the 
most probable cause of the reduction of the heat transfer. This influence is weaker for higher veloci-
ties.  

Miller et al. (1993) and Rite et al. (1997) studied a flow boiling regimes in which the pressure drops 
and heat transfer coefficient seemed to not be related with gravity. The purpose of this investigation 
is to investigate the bounds of gravity independent heat transfer and assess the predictive capabili-
ties of the detailed bubble dynamics model that analytically exhibits the diminishing effects of grav-
ity. 

1.4.2.1. Conclusions 

Considering the totality of the prior gravity experiments appears to be a significant confusion in 
flow boiling. It was due to the insufficient data. Therefore, is difficult to design heat exchangers for 
microgravity applications that cover all boiling and two-phase flow regimes.  

The convection phenomena guide the heat transfer in a two-phase flow at low gravity. Can be dis-
tinguished two types of convection, the micro and macro-convection: 



• Micro-convection refers to the heat transfer due to the liquid vaporization during the bubble 
nucleation and the subsequent growth, it continues up to the detachment from the heating 
surface.  

• Macro-convection refers to the heat transfer that is facilitated by the bulk two-phase turbu-
lent flow.  

Both processes, as well as the overall heat transfer rate, depend on the dynamics and detachment of 
vapor bubbles. As suggested in the last paragraph, bubble dynamics govern the boiling process in 
the sub-cooled region and is independent from the gravitational field. The heat transfer coefficient 
should also remain constant as orientation of the gravitational force is changed. However, due to the 
limited availability of flight opportunities, the experimental activity in this area is still quite frag-
mentary and phenomenon involved in flow boiling in microgravity is far to be comprehended. The 
main conclusions that can be taken are: 

• results on heat transfer are contradictory, spanning form increase to decrease with re-
spect to terrestrial gravity;  

• the effect of gravity level on heat transfer strongly depends on the flow pattern;  
• inertial effects play a fundamental role in microgravity flow boiling heat transfer as, 

added up to the buoyancy force, it may overcome it; the thresholds beyond which iner-
tial effects are dominant over buoyancy effects must be carefully determined; 

• a systematic study of flow boiling heat transfer is necessary to create a consistent data 
set for design purposes and to better establish the flow boiling heat transfer knowledge 
in microgravity. 

  



1.5. Flow Instabilities  

During the experiments researchers found problems with attaining stable flows. Some report large 
flow oscillations that result in a vapor back flow into the inlet header, while others report smaller, 
periodic fluctuations. A discussion on these instabilities on two-phase flows in micro-channels is 
presented below. 

Wen et al. (2010) made a particularly well documented study on periodic pressure and saturation 
temperature. They made simultaneous measurements of local pressures and their difference and 
filmed with high-speed camera the process determining the velocity of the bubbles, and located lo-
cal nucleation sites. Figure (38) shows the results of their work. Nucleation sites are visible in the 
image. 

 

Figure 38: Images of Wen et al. (2010) with velocities during boiling of water in a 2 mm channel 

They observed that the nucleation and growth of bubbles were influenced by the compressibility of 
the vapor at the inlet and by other less meaningful events happening along channel, including at the 
exit. These events could be the cause variability in the frequency of formation of elongated bubbles 
and the length of the bubbles. They also observed the bubbles coalescence that combines small 
bubbles in an elongated bubble. This phenomenon causes a significant and cyclical fluctuation in 
the saturation and wall temperatures. A preliminary model was also proposed to explain the pres-
sure waves they measured.  

Some researcher studied the dynamic flow instability in a macro or micro channel. They combined 
set of parameters that seemed to be reflected on the flow instability process. For macro-channels 
that there are three types of origin of oscillation: pressure drop, density wave, and thermal. With re-
spect to microchannel, there have been only a handful of studies.  

Peles et al. (2010, 2011) observed the flow boiling in microchannels and developed a non-
dimensional model. Their model work for outlet vapor quality less than unity. The unsteady flow 
was divided in two parts that used different models, one for the vapor and one for the liquid.  

Hetsroni et al. (2003) studied the high heat fluxes created in a semi-periodic rewetting and refilling 
multi-microchannel. They observed a cyclic period on the order of 1 Hz that was attributed to the 
cyclic bubble growth and collapse. 

Brutin et al. (2009, 2011) performed a two-phase instability experiment on a single rectangular mi-
crochannel of 0.9 mm diameter, observing two types of behavior:  



• a steady state: low amplitude pressure oscillations without a characteristic frequency  
• a highly unsteady flow: fluctuations frequencies of about 3.6-6.6 Hz.  

Wu and Cheng (2006) studied boiling in silicon micro-channels with hydraulic diameters of 0.083 
and 0.158 mm. Their study established that once boiling has started, there is a cyclic variation be-
tween single phase liquid flow and two-phase flow in their channels, producing oscillations in the 
measured pressure drops, wall temperatures, inlet and outlet temperatures, and mass flow rate. They 
concluded that the unsteady flow was sustainable if the pressure drop and mass flow were out of 
phase. 

Xu et al. (2006) investigated on static and dynamic flow instabilities in a multi-micro channel heat 
sink. They explained the instability exploiting the curve shown in the next Figure (39).  

 

Figure 39: Demand curve of Xu et al. (2006) showing the pressure drop plotted versus the mass ve-
locity at a given inlet temperature and heat flux. 

Where: 

• OFI is Onset of Flow Instability,  
• OSV is Onset of Significant Void, 
• ONB is Onset of Nucleate Boiling 

In this diagram sub-cooled liquid flow occurs in the channel. When the mass velocity decrease to 
the value at which the actual curve deviates from the calculated one the fluid reaches the onset of 
nucleate boiling (ONB). Decreasing mostly the mass velocity leads to the Onset of Significant Void 
(OSV), which occur at a slightly higher mass velocity than the Onset of Flow Instability (OFI). 
When the pressure drop is higher than Onset of Flow Instability the two different mass velocities 
yield the same pressure drop and hence the fluid oscillates between these two conditions. Later they 
proposed an expression to predict the OFI mass velocity. 

Piasecka et al. (2004) extensively studied the instabilities due to the boiling incipience in narrow 
channels. In their studies, only one side of the channel is heated. They found the location of incipi-
ence at the minimum local heat transfer coefficient and maximum local wall temperature. System 
pressure, inlet sub-cooling, and flow rate influenced the heat transfer coefficient at the location of 
boiling incipience. 



1.6. Pressure drops 

Pressure drops in saturated flow boiling were largely analyzed at macro scale, Ould Didi et al. 
(2002) compared seven of the most quoted macro-scale methods in the literature to determinate fric-
tional pressure drop on a 788 points database in two horizontal macro-scale test sections of 10.92 
and 12.00 mm diameter for five fluorocarbon refrigerants. They found that the methods of Muller-
Steinhagen and Heck (1986) and Gronnerud (1972)] gave the best predictions. Ribatski el al. (2006) 
compared twelve prediction methods and found as the most effective the macro-scale method pro-
posed by Muller-Steinhagen and Heck (1986). However, they showed how none of the analyzed 
methods can be classified as a design tool for microscale tubes. As described in Lee and Mudawar 
(2008), the inlet subcooling enhances the heat fluxes transferred in the exchanger by using both the 
sensible and latent heat of the fluid compared to the mostly latent heat in saturated flow boiling. 

Most common micro-heat exchangers have two shapes: small straight circular tubes and rectangular 
channels. Due to the nature of the geometries involved, the pressure drop vary widely from large to 
small tubes and channels. The implementation of this kind of heat exchanger is hampered by the 
limited understanding of the momentum and thermal transport characteristics in micro-scale. Due to 
the small hydraulic diameter used in micro- and mini-exchangers, excessive pressure drop is always 
a concern, since these devices are typically used in combination with pumps with limited pumping 
power capability. A few published studies discuss pressure drop and hydrodynamic instability of 
flow boiling in mini/micro-tubes. These concerns are compounded when the fluid flow is in transi-
tion between laminar and turbulent flows, where there is no valid and established model. In micro-
scale Zhang and Webb (2001), Kuwahara et al. (2004) obtained good predictions of their data for 
R134a by using the Friedel (2004) correlation. Also, Lazarek and Black (1982) studied the problem 
obtaining good forecasts by using a value of C = 30 in the generalized Chisholm (1967) and Lock-
hart–Martinelli (1949) correlations. Along this direction, Qu and Mudawar (2003), Lee and 
Mudawar (2005) and Lee and Garimella (2008) developed their individual flow boiling pressure 
drop models based on their experimental data developed in microchannel heat sinks. Mishima and 
Hibiki (1996) obtained reasonably good predictions for their frictional pressure drop data by corre-
lating the Chrisholm (1967) parameter in the Lockhart–Martinelli (2005) correlation as a function 
of the tube diameter. Bowers and Mudawar (1994) analyzed flow boiling pressure drop of refriger-
ant R-113, using a homogenous equilibrium model, in both mini and micro-channel obtaining a 
good agreement. Two-phase hydrodynamic instabilities in parallel mini/micro-channels were ad-
dressed by Kandlikar et al. (2001) and Hetsroni et al. (2001). Tran et al. (2000) studied flow boiling 
pressure drop of three different refrigerants in single tubes and for a single rectangular channel. Kim 
and Mudawar (2013) developed a model, using a database of 2378 experimental points, that consid-
ers six dimensionless parameters to calculate the Lockhart–Martinelli C parameter. 



2. Python Programming 

2.1. What Is Python? 

Python is a modern, general-purpose, object-oriented, high-level programming language. The main 
Python characteristics are the clean and simple language that is easy to red and intuitive. The best 
technical features are: 

• The dynamical type: The code does not need to define the type of variables, function ar-
guments or return types. 

• The automatic memory management: No need to explicitly allocate and reallocate 
memory for variables and data arrays. No memory leak bugs. 

• The interpreter: No need to compile the code. The Python interpreter reads and executes 
the python code directly. 

The main advantages are easiness of programming, minimization of the time required in develop-
ment and debugging. 

Moreover, a well-designed language may encourage many good programming practices: 

• Modular and object-oriented programming, good system for packaging and re-
use of code. 

• Documentation tightly integrated within the code. 
Python have a large standard library, and an ample collection of add-on packages.  

Obviously, the code has some disadvantages. Since Python is an interpreted and dynamically typed 
programming language, the execution of python code can be slow compared to compiled program-
ming languages, such as C++ and Matlab. Python is also decentralized, with different environment, 
packages and documentation spread out at separate places. It is harder to get started. 

2.2. What Makes Python Suitable for Scientific Computing? 

Python has a strong position in scientific computing due to the large community of users. It makes 
easy to find help and documentation. Moreover, many scientific libraries and environments are 
available: 

• numpy:  Numerical Python 
• scipy:  Scientific Python 
• matplotlib:  Graphics library 

A reliable performance is granted due to close integration with time-tested and highly optimized 
codes written in C and Fortran: 

• blas, altas blas, lapack, arpack, Intel MKL, ... 
Python can support: 

• Parallel processing with processes and threads 
• Inter-process communication (MPI) 
• GPU computing (OpenCL and CUDA) 



In addition, the code is readily available and suitable for use on high-performance computing clus-
ters. At the end it has no license costs that can be traduced in no unnecessary use of research budg-
et. 

Figure (40) shows an example of scientific python software stack 

 
Figure 40: scientific python software stack 

2.3. Python Environments 

Often referred to Python not only for a programming language, but also the interpreter, CPython, 
that runs the python code on a windows computer. 

There are also many different environments through which the python interpreter can be used. Each 
environment has different advantages and is suitable for different workflows. One strength of py-
thon is its versatility and that it can be used in complementary ways. 

2.3.1. Python Interpreter 
Python programming language use the Python interpreter to run python code. The interpreter is a 
program that read and execute the python code in files passed to it as arguments. At the command 
prompt, the command python is used to invoke the Python interpreter. Next figure (41) shows the 
interpreter. 



 
Figure 41: Python interpreter 

The standard python interpreter is not very convenient for work, due to many evident limitations.  

2.3.2. Spyder 
Spyder is a MATLAB like IDE for scientific computing with python. It has the advantages of a tra-
ditional IDE environment. Everything from code editing, execution and debugging is supported in a 
single environment and work on different calculations can be organized as projects in the IDE envi-
ronment. 

Some advantages of Spyder: 

• Powerful code editor, with syntax highlighting, dynamic code introspection and integration 
with the python debugger. 

• Variable explorer, IPython command prompt. 
• Integrated documentation and help. 

Next figure (42) shows Spider. 

 
Figure 42: Spyder 



2.3.3. Versions of Python 
There are currently two versions of python: Python 2 and Python 3. Python 3 will eventually update 
Python 2, but the backward compatibility it is not granted. A lot of existing python code and pack-
ages has been written for Python 2, and it is still the most common version. It is probably easier to 
work with Python 2 for now, because it is more widespread and readily available via prebuilt pack-
ages or binary installers. Several versions of Python can be installed in parallel. The programs in 
annex is programmed with Python 2.7. 

2.4. Why Python Is Better Than Matlab 

It is not easy to choose a programming language for scientific applications. The most spread lan-
guages for science is probably Matlab. This paragraph discuss why was chosen python and not 
Matlab for this research. The main arguments on behalf of python are: 

• Python is free and open source, whereas Matlab is a closed-source commercial product. 
• The Python language is easies that Matlab’s one. 
• Python integrates better with other languages 
• Python includes natively a large number of general-purpose or more specialized libraries, 

and Python users continuously develop external libraries. 
  



3. Heat transfer models  

This chapter is an analysis in full detail of the correlation used to calculate the heat transfer coeffi-
cient. The programs that use correlations are in annex. Following analysis starts from the models’ 
assumptions to arrive to the used formula. These descriptions are important to understand models’ 
behavior and the range of usability. No modification to suite the model to the experiment are made. 

3.1. The Three-Zone Model 

The three-zone model describes the evaporation of an elongated bubble in a micro-channel as a se-
quential and cyclical passage of a liquid slug, an evaporating elongated bubble, and a vapor slug if 
the liquid film dries out. 

3.1.1. Introduction to model 
The first draft of flow boiling model for micro-channels was made by Jacobi (2002) and Thome. 
They modelled the thin film evaporation of the liquid film trapped between these bubbles and the 
channel wall, accounting for the liquid-phase convection in the liquid slugs between the bubbles. 
They want to demonstrate that the thin film evaporation mechanism was the principal heat transfer 
mechanism in micro channels for slug flows. Specifically, they showed that the thin film heat trans-
fer mechanism along the length of the bubbles is dominant if compared to the liquid convection oc-
curring in the liquid slugs. Thin film evaporation heat transfer mechanism, without any local nu-
cleation sites in slug flows, yields the same type of functional dependency as the nucleate boiling 
curve. Therefore, being nucleate boiling in micro channels the only heat transfer mechanism up-
stream at or near the onset of boiling for very low vapor qualities, they concluded that for a down-
stream flux the main mechanism is the thin film evaporation. It dominates boiling in micro channels 
in the slug flow regime, up until the flow regime changes to annular. Thus, for this reason the macro 
scale flow boiling correlations cannot fit for micro channel flow boiling data unless such models in-
clude a nucleate boiling heat transfer dependency. However, macro scale flow boiling correlations 
and nucleate pool boiling correlations do not actually model nucleate boiling. The heat flux depend-
ency of process is considered empirically. The Jacobi and Thome slug flow model shows a strong, 
direct dependency of heat transfer by the bubble frequency in the thin film evaporation process of 
elongated bubbles. Therefore, this probably explains why this pseudo-nucleate boiling dependency 
is incorrectly identified earlier papers. 

Thome, Dupont and Jacobi (2004) proposed a three-zone flow boiling model for slug flow in micro 
channels. This model is an updated version of the prior two-zone model. Only the three-zone model 
will be described here in this chapter in detail. 

3.1.2. Model description 
Figure (43) shows a representation of the three-zone model with the evolution of successive bub-
bles. 



 
Figure 43: Three-zone heat transfer model of Thome, Dupont and Jacobi (2004) for the elongated 

bubble flow regime in micro channels. 

Where: 

• Lp is the total length of the pair or triplet,  
• LL is the length of the liquid slug,  
• Ldry is the length of dry wall in the vapor slug,  
• LG is the length of the bubble including the length of the dry wall,  
• Lfilm is the length of the liquid film trapped by the bubble,  
• R is the internal radius of the tube, 
• δ0 is the thicknesses of the liquid film trapped between the elongated bubble, 
• δmin is the channel wall at its formation and at dry out of the film. 

The local vapor quality, heat flux, micro channel internal diameter, mass flow rate and fluid physi-
cal properties at the local saturation pressure are input parameters to the model. 

The three-zone model predicts the heat transfer coefficient of each zone and the cyclic local time-
averaged heat transfer coefficient at a fixed location. The model works for a micro channel during 
the evaporation of an elongated bubble and with a constant, uniform heat flux. The elongated bub-
bles grow in axial length, trapping a thin film of liquid between the bubble and the inner tube wall 
as they flow along the channel. The thickness of this film plays a key role in heat transfer. At a 
fixed location, the process is assumed to proceed as follows: 

1. a pure liquid slug passes; which not have any entrained vapor bubbles,  
2. an elongated bubble passes; the liquid film is formed from liquid removed from the liquid 

slug,  
3. a vapor slug passes; if the thin evaporating film of the bubble dries out before the arrival of 

the next liquid slug.  
The cycle repeats itself for every arrival of the next liquid slug. The repetition frequency is: 

𝑓𝑓p =  �
1
τ
� 

Hence, a liquid slug and an elongated bubble pair, or a triplet of liquid slug, an elongated bubble 
and a vapor slug pass this fixed point at a certain frequency that is a function of the formation rate 
of the bubbles upstream, and that is assumed to be constant downstream.  

In brief, the heat transfer model was reassumed by the authors as follows.  



“The homogeneous model of two-phase flow is utilized to obtain the void fraction and two-phase ve-
locity along the channel at the desired vapor quality. From the pair or triplet frequency, the local 
length of the pair or triplet in the channel passing by this point is calculated as a function of the va-
por quality. It is obtained from an energy balance of the mass flow rate and the uniform heat flux 
applied to the inner channel wall. The respective lengths of the liquid slug LL and vapor LG in the 
pair or triplet are obtained directly from the void fraction at this location, ignoring the small frac-
tion of liquid in the film. Then, from the local mean velocity of the liquid slug, the initial liquid film 
thickness δ0 is calculated and dry out of the wall occurs if the film thickness reaches a predeter-
mined value of δmin before the arrival of the next liquid slug. Mean heat transfer coefficients are de-
termined from the liquid and vapor slugs while the average value of the heat transfer coefficient of 
the evaporating film is determined from conduction across its varying thickness. The time-averaged 
heat transfer coefficient is then determined at the local vapor quality for one pair or triplet passing 
by this location of the channel with respect to the residence time of each process during one time 
cycle τ. “ 

The model makes the following assumptions: 

1. The flow is assumed to be an elongated bubble slug flow. 
2. The flow is homogeneous: vapor and liquid travel at the same velocity. 
3. The heat flux is uniform and constant with time along the inner wall. 
4. The fluid is saturated liquid at the entrance of the channel with elongated bubbles generated 

at an unknown frequency fp. 
5. The temperatures of the liquid and vapor remain constant, which means that all the energy 

delivered to the fluid is used for vaporization. Neither the liquid nor the vapor is superheated 
or sub-cooled. 

6. The local saturation pressure is used to determine the local saturation temperature. Pressure 
drop is ignored. 

7. The liquid film remains attached to the wall whilst the influence of vapor shear stress on the 
liquid film is negligible. Therefore, the film remains smooth without ripples. 

8. The film thickness δ0 is much smaller than the tube radius of R. 
9. The thermal inertia of the channel wall can be neglected during this cyclical heat transfer 

process. 
To develop the model, an experimental database of local heat transfer coefficients was taken from 
six different laboratories, it covers seven different fluids: R-11, R-12, R-113, R-123, R-134a, R-
141b and CO2. Dupont, Thome and Jacobi (2004) took 1591 test from the literature. The database 
comprehended channel diameters from 0.77 to 3.1 mm, mass velocities from 50 to 564 kg/m2s, pres-
sures from 1.24 to 57.66 Bar, heat fluxes from 5 to 178 kW/m2, and vapor qualities from 0.01 to 
about 0.99 with a setup of five single channel and two multi-micro channels. 

3.1.2.1. Bubble Frequency 

One of the model hypothesis is that bubble nucleation occurs at the location where the fluid reaches 
saturation. This place is at x = 0. The earlier model of Thome et al. (2002) assumed that these small 
bubbles grew in a uniformly superheated liquid to a diameter equal to the internal diameter of the 
channel before departing. Instead, Plesset et al. (1994) proposed a heat diffusion limited model to 
obtain the rate of bubble growth: 



 
Where: 

• aL is the liquid thermal diffusivity, 
• t is the bubble growth time,  
• ΔTsat is the wall superheat. 

Each bubble divides the liquid flow into successive pairs or triplets. If there is no waiting time be-
tween successive bubbles, the frequency of bubble departure fp and period of pair or triplet genera-
tion τ was obtained from the bubble growth rate and the internal radius of the tube R is: 

 
The predicted pair frequency fp for R-134a using the above equation for two different superheats of 
ΔTsat  1 °C and 20 °C, in a channel of 0.5 to 2 mm diameter, cause a bubble frequency variation 
from 20 Hz to 0.05 Hz. The frequency depends on the diameter of the micro channel. The shear 
stress exerted by the liquid flow in the channel force the departure of the bubble before it reached 
the channel diameter. Therefore, a hydrodynamic model is required to predict bubble departure and 
hence also bubble frequency. The bubbles tend to depart with diameters much smaller than the 
channel diameter before rapidly grow and coalesce downstream to form elongated bubbles. The 
values of fp will be discussed later in the chapter about adjustable parameters. 

3.1.2.2. Basic Equations 

By the homogeneous model hypothesis, the liquid and the vapor travel at the same mean ve-
locity: 

uL = uG 

Where: 

 

 
The cross-sectional void fraction can be obtained matching velocity as a function of vapor quality: 

 
The assumptions are: 

• it is a homogeneous void fraction model, 



• the volumetric void fraction is equal to the cross-sectional void fraction in a homogeneous 
flow. 

Form the equality, the pair or triplet velocity is: 

 
For a normal fluid:  

𝜌𝜌𝐿𝐿  >>  𝜌𝜌𝐺𝐺  

Therefore, the pair or triplet velocity can be assumed to vary almost linearly along the tube: 

 
A pair or triplet passes during each time 𝜏𝜏. It is thus possible to deduce the mean equivalent length 
of this pair or triplet using the following expression:  

 
Lp is the apparent length of the pair or triplet that can be seen by an observer at any location on z. 
To evaluate the residence time tG of an elongated bubble at location z (z = 0 is assumed to be at the 
saturation point x = 0). The equivalent length of the vapor LG is calculated using the local void 
fraction: 

 
Instead, the vapor residence time tG is: 

 
The time tG corresponds to the period employed by vapor to pass through the cross section in a 
point on z.  

The equivalent length of the liquid slug LL and the liquid residence time tL is: 

 

 
The time tL corresponds to the period employed by a liquid slug to pass through the cross sec-
tion at location z. Finally, the following relations are valid: 



 

tG +  tL =  τ  
 LG +  LL =  Lp 

3.1.2.3. Liquid Film Thickness  

The initial liquid film thickness δ0 at the front of the bubble is an important parameter for the 
model. The thickness influences the evaporation process and thus a relation for predicting the 
initial thickness of the film δ0 is required. Thome, Dupont and Jacobi (2004), elaborate two film 
thickness correlations proposed by Moriyama and Inoue (1996), changing the Bond number in-
to Weber number and expressing δ0 as a function of the pair velocity up.  

Moriyama and Inoue (1996) in their model experimentally measured the radial liquid film 
thickness of bubbles growing between two parallel, heated transparent plates. To obtain data set 
they used an experimental technique comprehensive of video vapor front tracking and a  
wall transient temperature analysis. The experimental section has a  gap between the two 
plates of about 0.100 to 0.400 mm and the tests were conducted with R-113. From their experi-
ments resulted a large superheat or high bubble velocity at the viscous boundary layer controlled 
the liquid film formation thickness δ0. Instead of a low bubble speed or for a small gap between 
the plates, the surface tension force is dominant. Moriyama and Inoue (1996) proposed two em-
pirical correlation to take in account both regimes. 

In the three-zone model by Thome, Dupont and Jacobi (2004), these two expressions were 
combined with an asymptotic 8th power expression. To combine the expression some assump-
tions from parallel plate geometry to the present circular channel geometry were necessary. How-
ever, the two expressions for δ0 of Moriyama and Inoue (1996) are valid only for R-113 and 
for the analyzed range of gaps. Therefore, an empirical correction factor Cδo was added. Its value 
was statistically taken out by the heat transfer database. The default given value is Cδo = 0.29. 
This parameter is included in the asymptotic initial liquid film thickness model: 

 
The Weber number Wep was incorrectly labeled as a Bond number in the first paper of Thome, 
Dupont and Jacobi (2002). It ca be expressed using the pair velocity up and channel diameter di: 

 
Figure (46) shows the predicted variation of the initial thickness for a liquid R-113 film at a satura-
tion temperature of 47.2°C in function of the pair velocity up for two micro channel diameters.  



 
Figure 44: Predicted thickness measured by Moriyama and Inoue (1996) between two parallel 

plates. 

The values of δ0 change in a range from 2.1 to 6.1 µm for pair velocities from 0.5 to 1.0 m/s. The 
obtained value has the same order of magnitude as those measured by Moriyama and Inoue (1996) 
for R-113 for small gaps of 0.1 to 0.4 mm for the corresponding range of velocity. 

The liquid film thickness varies from its initial value of δ0 due to vaporization by the uniform heat 
flux q at the inner wall of the tube. Its actual value can be obtained by an energy balance over the 
differential length of the film dz. For hypothesis it is assumed that all the energy transferred by con-
duction from the wall is used to vaporize the liquid. The rate of latent heat transfer depends on the 
rate of evaporation of the liquid phase, 𝑑𝑑𝑀𝑀𝐿𝐿

𝑑𝑑𝑑𝑑
, and hence from the assumption that 𝛿𝛿 <<  𝑅𝑅 for an 

annular film, this is: 

 
The heat dissipated from the wall is: 

 
Being from assumption 𝛿𝛿 <<  𝑅𝑅, then 𝑅𝑅 − 𝛿𝛿 ≈  𝑅𝑅. 

At 𝑡𝑡 =  0 the film is created at position z. Integrate the above expression with the initial condi-
tion:  

𝛿𝛿(𝑧𝑧, 0)  =  𝛿𝛿0(𝑧𝑧) 

Results in: 

 
The value of δ0(z) is obtained with the above expression. Moreover, the maximum duration of the 
film tdry-film at position z is obtained in function of the minimum thickness at dry-out δmin : 

 



The actual final film thickness δend and residence time of the film tfilm depend on if the film dries 
out. If the maximum duration of the film arrives is more than time employed by vapor to pass 
through the cross section hence the next liquid slug arrives before dry-out occurs. It can be summa-
rized by the following equations: 

𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  >  𝑡𝑡𝐺𝐺  

 

 
Instead if the maximum duration of the film arrives is lesser than time employed by vapor to pass 
through the cross section hence local dry-out occurs when the liquid film thickness reaches the min-
imum feasible film thickness δmin. It can be summarized by the following equations: 

𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 <  𝑡𝑡𝐺𝐺  

 

 
Thus, the time duration of the liquid film on the local wall is tdry: 

 
The equivalent length of the dry zone at the location z is obtained by the time duration of the liquid 
film and the velocity of the pair: 

 
The minimum film thickness at dry-out δmin is related to the roughness of the surface, the thermo-
physical properties of the fluid, the contact angle between the vapor, liquid and wall, and the local 
hydrodynamics of the flow. Figure (45) shows the film layout. 

 

 
Figure 45: Transition from film evaporation to vapor convection in the dry zone from Thome et al.  

(2004) 

Obtain δmin value is beyond current modeling capabilities and thus a fixed empirical value was sta-
tistically taken out from the heat transfer database. It means value is 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿 =  0.0000003 𝑚𝑚 =
 0.3 𝜇𝜇𝜇𝜇. 



3.1.2.4. Heat Transfer Model 

The time-averaged local heat transfer coefficient αfilm is expressed by the following integral: 

 
The hypotheses are: 

• The liquid film evaporates only between the bubble and the wall,  
• The thin liquid film is stagnant 
• The heat transfer is only one-dimensional conduction across the film. 

Integrate over the bubble passage period gives: 

 
The value of δmin is assumed to be different from zero and of the same order of magnitude as the 
surface roughness. 

The minimum film thickness δmin was taken as one of the three adjustable parameters in the three-
zone model along with fp and Cδ0. It was determined statistically comparing the model results to an 
experimental heat transfer database of seven fluids from six different laboratories. 

The heat transfer coefficients for the liquid and vapor slugs are calculated from their respective lo-
cal Nusselt numbers. These values are then applied to the respective equivalent lengths of the liquid 
slug LL and dry wall zone Ldry passing by a given location z. The Nusselt number is assumed to be 
hydro-dynamically and thermally developing. 

For laminar developing flow, for which Re <=2300, the London and Shah (1978) correlation is 
used to obtain the local tubular flow Nusselt number: 

Nulam or turb(𝑧𝑧) =
ℎ ∗ 𝑑𝑑𝑖𝑖
𝑘𝑘

 

 
To obtain the averaged value over the length z was used the liquid slug length LL or vapor slug 
length Ldry as L(z): 

 
For transition and turbulent developing flows, the Gnielinski (1976) correlation is used for Re >= 
2300 so that the local Nusselt number is: 

 
The friction coefficient f is: 

 



To obtain the averaged value over the length z was used again the liquid slug of length LL or vapor 
slug of Ldry for L(z). This value on z is obtained from: 

 
Reynolds number Re for the phase is obtained using the channel diameter di, the local pair velocity 
up, and the dynamic viscosity of that phase: 

 
To avoid a discontinuity in the value of the Nusselt number at Re = 2300, it is used a continuous 
expression of the mean convective heat transfer coefficient. It is a function of Reynolds number and 
apply a 4th power asymptotic expression. It can be expressed as follows: 

 
The expression is valid for the liquid in the slug and for the vapor in the dry zone in their respective 
equivalent lengths, LL and Ldry. 

At the end, from these three heat transfer coefficients, one for every zone, the time-averaged local 
heat transfer coefficient αtp is calculated. It is mean over the period τ. Hence the local, time-
averaged heat transfer coefficient of a pair or triplet passing by location z is: 

 

3.1.2.5. Modified Relations 

To simplify the model is possible to change some equations. One of the simplification that are made 
is on the minimum film thickness. It is changed to the measured wall roughness because the rough-
ness breaks the liquid film. It is important to mention that this has been already proposed in the pre-
vious studies of Agostini et al. (2008) in silicon test section, Ong and Thome (2011) in stainless 
steel micro tubes, Vakili-Farahani et al. (2012) in aluminium tubes, while the study of Costa-Patry 
et al. (2011, 2012) included silicon and copper test sections. 

Moreover, the developing flow Nusselt number correlations were replaced by fully-developed ones 
for laminar and turbulent flow, respectively: 

 

 
Where ξ is the frictional pressure drop coefficient. 

Finally, the liquid film heat transfer from is modified in: 



 

3.1.2.6. Adjustable Parameters 

The three-zone model has three adjustable parameters, all of which are difficult to predict theoreti-
cally. They are: 

• δmin is the minimum film thickness reached at dryout. It is related to roughness of the sur-
face, the thermo-physical properties of the fluid and the hydrodynamics of the flow. It can 
be approximated with the value to the surface roughness as a first estimation when available;  

• Cδ0 is the correction factor used on the prediction of δ0. It considers the difference between 
the fluids and the geometries. In the standard database used for examples it came from to the 
original R-113 test; 

• fp is the pair or triplet frequency. It is a complex function of the bubble formation and coa-
lescence process. Moreover, it is influenced by the diameter of the channel, its surface 
roughness, the nucleation process, the bubble departure dynamics, the coalescence phenom-
ena, etc. 

Dupont, Thome and Jacobi (2004) made a first analysis for the optimum values of the parameters fp, 
Cδ0 and δmin in the second part of their study. This was done by applying the three-zone model to 
each individual series of local boiling data points of their entire database to find the optimum values 
of the parameters for each individual set of data. Once the set of optimum values for all the series 
were determined, they were then used to develop the general methods. 

The optimum values for fp were found to be strongly dependent only on the heat flux. Moreover, it 
has no clear dependency on any other parameter. Therefore, plotting the identified pair frequencies 
in function of the heat fluxes for each series in the database, shows nearly parallel lines for each flu-
id in each study. Hence, the following power law expression give the best fit to these semi-
empirical values: 

 
The expression has the units of Hz while the units of q and q0 are W/m2. The pair frequency is sup-
posed to be a function of the fluid physical properties. A reduced pressure relation gives the effect 
of the fluid physical properties on the expression via the reference heat flux q0: 

 
However, these equation permits to calculate the pair or triplet from the local heat flux and from the 
local saturation conditions in first approximation. It is important that the model is based on a local 
energy balances, which makes the model impossible to be implemented for a non-uniform heat flux 
q along the channel and around its circumference.  

The correction parameter Cδ0 results from all experimental tests in the database to be ranged from 
0.34 to 1.23 with the mean value of 0.84 and a standard deviation of 0.28. This mean value near 
unity gave means a good approximation capacity for the expression used to calculate δ0. However, 
the best value for Cδ0 is 0.29 and this is the value that must be used with the three-zone model. 



If the minimum film thickness δmin coming from the database is used to obtain the standard loga-
rithmic expression for αfilm(z) it is possible to takes some errors due to the sensibility of the relation 
to δmin. In fact, when the value of δmin tends to zero the value of αfilm(z) tends to infinity. In order to 
reduce the sensitivity of the model to this parameter, a new expression based on the average value 
of the film thickness is used to calculate the mean heat transfer coefficient in the film: 

 
This expression is the substitute of the logarithmic expression presented in the standard three-zone 
model. From the database of studies, the specific values of δmin is ranged from 0.01 to 3.0 μm. How-
ever, the statically best value was equal to 0.0000003 m = 0.3 μm and this is the value to use in the 
model. Finally, it is possible to use the surface roughness of the channel in place of this value. 

The three-zone model, using these empirical values, predicted about 67% of total database to within 
a ±30% error. Moreover, it capture the 83% of the single-channel database within the same range. 
Next two figures (46, 47) show the comparisons. 

 
Figure 46: Comparison between experimental heat transfer and the corresponding values given by 

the model using the general model. 

 
Figure 47: Comparison between experimental heat transfer and the corresponding values given by 
the model with different constant values for parameters resulting from an optimization on each da-

tabase. 



The elongated bubble model for slug flow was developed using the entire heat transfer database, 
thus including bubbly flow and annular flow heat transfer data. Does not exist any proven method at 
that time to distingue only slug flow heat transfer data points.  

The three-zone model shows the importance of the cyclic variation in the heat transfer coefficient in 
the elongated bubble flow regime and the strong influence of heat transfer on: 

• the bubble frequency,  
• the minimum liquid film thickness at dry-out,  
• the initial liquid film thickness. 

It provides a physically based guideline for what parameters should be measured in future flow 
boiling experiments, in addition to the time-averaged local heat transfer coefficients, to better un-
derstand the fundamentals of the elongated bubble heat transfer process. 

3.1.2.7. Comparisons  
To validate the three-zone model comparison are made in some publications with new experimental 
data sets.  

Shiferaw et al. (2007, 2009) measured local flow boiling data in a 2.01 mm diameter stainless steel 
tube at 8 bar with R-134a as fluid. The three-zone model predicted most of their data within a 
±20% error. The prediction seems to be irrespective of flow regime. However, their data at 12.0 bar 
were bad predicted, yielding a spread of ±30%. It shows a under prediction tendency with increas-
ing pressure. 

Agostini et al. (2008) compared their multi micro-channel database with the three-zone methods. 
The test section was made by a silicon heat sink constitute of 67 parallel rectangular channels with a 
high aspect ratio. The channels were 0.223 mm wide, 0.680 mm high and 20.0 mm long with 0.080 
mm fins between one to other. They used vapor qualities above 5% and orifices at the entrance of 
the channels to eliminate the inlet effects of the 90° turn in the flow. The database used for the 
comparison consisted of 1438 data points for R-245fa and R-236f that considers the fin efficiency 
effects. They used for the three-zone model the measured surface roughness of 0.17 μm due to sili-
con channels instead of the original value of 0.3 μm. The model predicts 90% of these data within 
±30%. The Kandlikar et al. (2004) correlation captured 58% and Zhang et al (2004) correlation cap-
tured only the 19% of the data within ±30%. 

Agostini et al. (2010) measured local flow boiling heat transfer coefficients for R- 236fa in a silicon 
test section equipped with 134 parallel rectangular channels.  The channel dimensions is 0.067 mm 
in wide and 0.680 mm in high with fins of 0.092 mm thick. The experimental section has one central 
inlet and two outlets to each side. The three-zone model badly predicts the heat transfer, even using 
the measured surface roughness of 0.160 μm in place of the original value of 0.3 μm. The most 
probably reason is the significant influences of the jet created by the inlet orifice at the center of 
each channel united with the recirculation created on these short channels of 10 mm to each side 
from the inlet and with the 90° bends in the flow at the inlet and outlet. These effects are not ac-
counted from the three-zone model. 

Consolini et al. (2008) compared their extensive database for R-134a, R-236fa and R-245fa ob-
tained in stable flow conditions and near ambient saturation temperature in stainless steel channels 
of 0.510 and 0.790 mm with five different methods. They used the Revellin et al. (2008) diabatic 



flow pattern map described earlier in the second chapter to eliminate the annular flow data from the 
comparison. Therefore, they keep only the data identified to be in the Isolated Bubble and Coalesc-
ing Bubbles regimes. The results are that 77% of the data are predicted within ±30% by the three-
zone. However, excluding the bubble flow data or low vapor qualities, the accuracy prediction im-
proved. In comparison, the Lazarek et al (1982) correlation captures 88% of the entire database 
within ±30% while the Tran et al (2000) correlation captures only 4% within this range, Kandlikar 
et al (2004) correlation captures 21% and the Zhang et al (2004) correlation captured 58%. 

3.1.2.8. Conclusions 

The three-zone model was compared to many fluids data taken by many independent laboratories. 
From the comparison results that the three-zone model sometimes gives reasonably accurate predic-
tions of the data while sometimes it does not. Not surprisingly, it seems to significantly under pre-
dict data at very low vapor qualities where the flow regime is bubbly flow and apparently nucleate 
boiling is the controlling heat transfer mechanism. Moreover, it does not apparently capture the ef-
fect of micro channel tube diameter correctly. However, this is a first-generation model for boiling 
in micro channels and it must be improved. Using the annexed programs, it is possible to simulate 
predictions of the three-zone model for specific applications or compare the model to new experi-
mental test data. To improve its prediction for a specific fluid for a specific application when such 
data is available, it is suggested to play with one or all the three empirical factors or, for instance, to 
set the minimum film thickness as the surface roughness if known.  



3.2. Bubble Coalescence Model 

The bubble coalescence model is one-dimensional and predicts a confined coalescing bubble flow 
in a micro-channel where a convective boiling heat transfer exists. Coalescing bubble flow was 
identified in chapter 1 as one of the characteristic flow patterns for micro channels. This regime oc-
curs at intermediate vapor qualities between the isolated bubble and the fully annular regimes.  

3.2.1. Introduction to the Model 
The Bubble coalescence model extended the work of Thome et al. (2004) expressed in the previous 
chapter by “the three-zone model”. Their old model (Jacobi and Thome) for micro-channel slug 
flow was for purely convective boiling and for confined slug flow. In the model the local flow was 
modeled as a cyclical passage of three different phase, with constant bubble frequency: 

• a saturated liquid slug without entrapped bubbles, 
• an elongated bubble with an evaporating thin film at the heated wall,  
• a dry vapor zone if the dry-out is reached. 

The local heat transfer coefficient was time-averaged over the total passage period ϑ and specific 
phase passage time ϑfilm, ϑ,liquid, ϑdry . The heat transfer mechanisms can be expressed, as expressed 
in the previous chapter: 

 
The first and third terms represent single-phase contributions of liquid and dry zone. Instead, the 
second heat transfer coefficient, for the film evaporation zone, was postulated as pure conduction 
through the film’s thickness without the presence of bubble nucleation. In the model is supposed 
that film evaporation governs the slug flow heat transfer, which may have the same features as in 
nucleate. The passage of bubble trains is generally classified as a slug flow and normally is found at 
low and intermediate vapor qualities in micro-channel systems.  

Revellin and Thome (2008) with more recently Ong and Thome (2010) divided flow into two parts: 

• Isolated bubble: where the formation rate of bubbles by the nucleation process is much 
higher than their rate of coalescence,  

• Coalescing bubble: where the characteristic bubble passage frequency reduces from a peak 
value to zero that represent the transition to annular flow. 

Figure (48) shows the micro-channel flow pattern map proposed.  



 
Figure 48: The flow pattern map of Revellin and Thome (2008) updated by Ong and Thome (2010). 
The map was simulated for R-134a at 7 bar with a mass velocity of 500 kg/m2 s and a heat flux of 

50 kW/m2 in a 500 µm diameter channel. 

Where, in the figure: 

• ib – isolate bubble flow,  
• cb – coalescing bubble flow,  
• a – annular flow,  
• pd – post dry-out flow. 

3.2.2. Model Description 
This model considers the coalescence of two or more bubbles by the action of inertia and surface 
tension. Due to the coalescence, the frequency passage of slug’s decreases and the liquid redistrib-
ute among the remaining flow structures. In the model is assumed that heat transfer occurs only by 
conduction through the thin evaporating liquid film trapped between the bubbles and the channel 
wall. This model includes a simplified description of the formation and flow dynamics of the liquid 
film and the thin film evaporation process. Moreover, the model considers the mass transfer caused 
by breakup of the bridging liquid slugs. 

This model includes the coalescence in the description of the thin evaporating film and its impact on 
the calculation of heat transfer coefficients. As a further development to the previous model, this 
investigation therefore presents a simplified analysis of one-dimensional slug flow with bubble coa-
lescence. 

The main assumption made for this model are listed following:  

1. Two-phases are in thermodynamic equilibrium without liquid superheat. 
2. Bubbles are nucleated periodically only at the origin of the heated length, where x = 0.  
3. Bubble departure from the wall occurs axially, with no radial detachment. 
4. Liquid film surrounding the confined bubble is laminar. No inertial effects are present, and 

is driven only by interfacial shear. 
5. Flow presents axial symmetry. 
6. Interface of the liquid film varies linearly only in the axial direction,  
7. Pressure drop is negligible the fluid properties are constant. 
8. Liquid film thickness is small compared to the channel size.  
9. Heat flux is constant and uniform. 



10. Heat is used only to evaporate the liquid. 
11. No heat transfer to the liquid slug and any dry patch may occur.  

Some of the above assumptions have strong impacts on the effectiveness of the model. The assump-
tion (2) of bubbles to nucleation at x = 0 may be acceptable at higher mass velocities, where the ex-
tent of the bubbly flow regime collapses towards the saturated liquid curve, for lower flow rates in 
fact nucleation may take place over a substantial length of the heated section. Moreover, the as-
sumption of axial symmetry and no radial departure of the bubble (3) simplifies the treatment of the 
problem, neglecting circumferential flows induced by gravity or surface tension, but it applies well 
only for high confinement number where this type of flow geometry is common. Also, the assump-
tion of neglecting pressure drop (7) is arguable, particularly when bubbles reach high acceleration. 
However, many recent studies have suggested that the pressure drop develops mainly within the 
liquid slugs rather than in the bubbles. Finally, taking the liquid–vapor interface as linear (6) gives a 
good representation of the bubble far from the high-curvature extremities, and in the absence of in-
terfacial waves. 

3.2.2.1. Bubble Dynamics 

The analysis starts from a mass balance over the finite control volume, CV. It presents a stationary 
boundary, an all liquid flow enters the heated sector and a move to boundary, with velocity equal to 
the bubble nose velocity, WN. Expressing the balance at the nose of the unspecified bubble, yields: 

 
mCV is the mass inventory of the control volume. Expressing the balance with VCV and Vv that are, 
respectively, the total volume of CV, and v the vapor within it:  

 
Then: 

 
Combining previous equations brings to the expression of velocity at the bubble nose: 

 
Next figure (49) shows the control volume. 

 
Figure 49: The control volume for the determination of the velocity and position of the bubble nose. 



The last expression gives the slug velocity as the sum of the speed of the liquid entering the channel 
plus a contribution of the phase-change that occur within the control volume. Assuming the phases 
to be saturated. The energy balance can be expressed as: 

 
Where zN is the axial position of the moving boundary. Once the kinetic energy contribution is ne-
glected, the time derivative of the total energy in the control volume became: 

 
Where ul and uv are respectively the specific internal energies of the two-phases. Applying the defi-
nition of enthalpy: 

ℎ =  𝑢𝑢 +
𝑝𝑝
𝑞𝑞

 

Previous expression became: 

 
Combining the volume, mass and energy expression in the CV: 

 
Setting: 

 𝑊𝑊𝑁𝑁  =
 𝑑𝑑𝑑𝑑𝑁𝑁
𝑑𝑑𝑑𝑑

,  

Merge last expression with the CV balance and velocity bubble nose, and remove the term: 

𝑑𝑑𝑉𝑉𝑣𝑣
𝑑𝑑𝑑𝑑

= 0 

 

Can be obtained: 

 
 

Where it was assumed that: 

𝑞𝑞𝑣𝑣 << 𝑞𝑞𝑙𝑙 

For a time varying heat flux, the equation of zN has to be integrated to obtain the general solution: 

 
C is the integration constant.  



For hypothesis thermal flux q is constant and the initial bubble generation condition 𝑧𝑧𝑁𝑁(0)  =  0 
must be imposed. Taking the assumption gives the following time law for governing the motion of 
the bubble nose: 

 

3.2.2.2. Thin Film Evaporation Process 

Figure (50) illustrates an elongated bubble during its flow through a heated circular channel. 

 
Figure 50: Schematic representation of an elongated bubble, and the control volume for the analysis 

of the liquid film. 

From an analysis of the thin evaporating film surrounding the bubble it is possible to express the 
conservation of mass: 

 
Where mevp

II is the evaporating mass flux and W the average liquid film velocity in the axial direc-
tion. Expressing in the same way the conservation of energy: 

 
The film thickness governing equation is obtained combining both conservation equations: 

 



From the assumption the film is driven only by interfacial shear, si. Thus, is possible to neglect the 
pressure drop and inertial terms. The mean cross-sectional velocity of the film in the axial direction 
is given from an axial momentum balance: 

 
From hypothesis the thin film approximation is: 

𝑑𝑑/𝐷𝐷 << 1 

Moreover, simplifies the expression to the following asymptotic expansion: 

 
Using last two equations before the terms expansion and dropping the higher order terms yields to 
the quasi-linear expression: 

 
In virtue of the hypothesis of the axial film thickness linear variation (which is deemed acceptable 
far from the bubble nose and its tail) the solution of last equation may be rearranged in a more con-
venient form: 

 
Where δ0 and δ1 are two unknown functions of time. Using the previous equation: 

 
Confronting the two parts gives the following system of ordinary differential equations: 

  
That solute for δ0 gives: 

 
And for δ1: 

 
Where C0 and C1 are the two integration constants. Therefore, the sum of the last two equation give 
the expression that govern the local film thickness: 

 
The equation can be simplified by the constant heat flux hypothesis: 

 



3.2.2.3. Initial and Boundary Conditions  

The last two equations for film thickness obtained in the previous section represent the behavior of 
the liquid film deposited by a liquid slug during its passage. Initial and Boundary conditions must 
be found to determine the values of C0 and C1. The last equation considering the constant heat flux 
and assuming bubble nucleation at t = 0 and z = 0, yields that no liquid-vapor interface should exist 
for t → 0 over 𝑧𝑧 >  0. This can be expressed with a limit: 

 
Thus, the bubble does not exist near the nucleation site at the beginning time. This is satisfied when: 

𝐶𝐶1  =  0 ;  𝐶𝐶0  ≥  0 

As for the boundary condition at z = 0, δ(0)(t), for hypothesis the bubble detachment process occurs 
only axially, that comport δ(0)(t) ≤ 0. In fact, z = 0 represents either a contact location of the bubble 
with the channel wall, or a dry perimeter, a negative value for δ(0)(t) implies a local condition of 
film dry-out. δ(0)(t) for C1 = 0 can be expressed from δ(t,z) equation: 

 
The above inequality can be satisfied only if C0 = 0: 

 
Figure (51) shows the temporal evolution of the film thickness and the bubble nose near t = 0.  

 
Figure 51: Temporal evolution of the liquid film and the bubble nose at the initial stages of the bub-

ble development. 

It can be observed that, the film shrinks in time due to the combined effect of the vaporization pro-
cess and the drag exerted by the vapor phase. 

Merging the last equation of two previous paragraphs gives the time law of the nose film thickness: 

 
In order to obtain the initial film thickness the limit for t → 0 has to be make for last expression: 

 
The obtained value represents the nose film thickness when the bubble forms. Moreover for the adi-
abatic case for q → 0 δN,adiabatic = δN,0, assuming that the interfacial adiabatic shear is approximately 



equal to that for a diabatic flow. Therefore, the bubble’s nose film thickness remains unchanged in 
adiabatic flows.  

Rearranging last equation, and utilizing the inverse of zn(t), gives: 

 
The obtained value, δN0/D, represent the non-dimensional nose film thickness for an adiabatic flow. 

Figure (52) shows the predicted nose film thicknesses in function of the Capillarity number for adi-
abatic conditions and for highly viscous fluids, the relation follows the Taylor’s law. 

 
Figure 52: Taylor’s law versus the adiabatic capillary number 

The non-dimensional nose film thickness is only a function of the bubble’s capillary number: 

𝐶𝐶𝑎𝑎0 =
µ𝑙𝑙𝑊𝑊𝑁𝑁0

𝜎𝜎
 

Therefore, the new expression is: 

 
When Ca0 increases, for higher mass velocity, the initial film thickness increases together and caus-
es an increment of the diabatic nose film thickness δN0/D. Moreover, the vaporization accelerates 
bubble, incrementing its nose film thickness. This trend is in agree with previous relation for slow 
bubbles that have values of the Bond number: 

𝐵𝐵𝐵𝐵 =  𝜌𝜌𝑙𝑙  𝑊𝑊𝑁𝑁
2 𝐷𝐷/𝜎𝜎 ≤ 2 

In this case, the liquid film is thinner than the boundary layer in the liquid slug, and δN increases 
with bubble nose speed. Instead for: 

 𝐵𝐵𝐵𝐵 >  2 

The film scales with the thickness of the boundary layer, and an acceleration of the fluid brings to a 
thinner liquid films.  



3.2.2.4. Bubble Frequency and Coalescence 

The transition between different phases in the model has a cyclical nature. However, when a certain 
vapor quality is exceeded the passage frequency falls due to the rapid increase of bubble coales-
cence. Thus, the frequency presents a maximum value, fmax, at the transition quality between the iso-
late bubble and coalescing bubble flow. Furthermore, the value tends to zero at the transition to an-
nular flow. Next figure (53) shows this trend in an experimental test. 

 
Figure 53: Experimental bubble passage frequency versus exit vapor quality for a two-phase flow of 

R-134a at 30 °C in a uniformly heated 510 µm circular micro-channel.  

Form the figure the transition quality described xc is evident. It is the transition between the isolate 
bubble and coalescing bubble flow and xa,, for the transition to annular flow. The bubble frequency 
function may be expressed as: 

 
Where β is a shape factor normally equal to 1. Any change in the liquid for a pair bubble-slug dur-
ing its travel is due to:  

• Variation of the vapor quality from the heating process   
• Change in frequency associated to coalescence.  

The liquid mass crossing a given location over one passage period is:  

𝑚𝑚𝐿𝐿  =
𝐺𝐺𝐺𝐺𝐷𝐷2(1 –  𝑥𝑥)

4𝑓𝑓
 

From that can be obtained the mass variation due to a unitary change in frequency: 

 
Multiplying the equation by the elementary change in frequency gives an estimation of the mass of 
liquid redistributed to the bubble–slug pair during coalescence. Figure (54) shows this redistribu-
tion. 



 
Figure 54: Schematic diagram of coalescence of two bubbles 

For assumption a constant fraction of the film mass will be distributed to the liquid slug, while the 
remaining fraction, ξ ≤ 1 participates in the film evaporation process. The liquid intake by the film 
is an incoming flux, mII

c. It is assumed that the residence time of the liquid slug is negligible with 
respect to that of the bubble, the incremental mass added to the liquid film cause to a change in fre-
quency. It can be expressed as: 

 
From the expression for the vapor quality gradient: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
4𝑞𝑞

𝐺𝐺ℎ𝑙𝑙𝑙𝑙𝐷𝐷
 

The mass flux may be expressed as: 

 
Where ψ(x) is: 

 
Inserting the incoming mass of liquid given by last equation is the differential expression of the film 
thickness gives: 

 
To obtain a simple closed solution for the film thickness the equation is simplified by the following 
expansion: 

 
The term ψ(x) is calculated near xc. The expression became: 

 
Therefore ψ(x) have to be calculated in xc: 

 
In the hypothesis of constant heat flux the film thickness equation is: 



 
To assure continuity between last equation and the film thickness expression at initial condition in 
which coalescence starts, the values of the constants must satisfy the following conditions: 

 

C1 = 0 
Inserting the constants in previous equation gives: 

 
 

This expression is valid for: 

𝑡𝑡 ≥ 𝑡𝑡𝑐𝑐 

tc is the transition time at which coalescing ebullition is reached, where the vapor quality is x = xc. 
Using the expression for vapor quality: 

𝑥𝑥 =
4𝑞𝑞𝑞𝑞
𝐺𝐺ℎ𝑙𝑙𝑙𝑙𝐷𝐷

 

Inserting it in the equation for zn(t), gives: 

 
To express the value of the film thickness in function of the local vapor quality the following ex-
pression must be used in combination with the previously: 

𝑧𝑧 =
𝐺𝐺ℎ𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷

4𝑞𝑞
 

It gives: 

 
 

Matching all the equation obtained for the film thickness with the last one it is possible to express 
the liquid film thickness at the bubble nose as: 

 
Moreover, the expression calculated for tail of the bubble gives: 

 
 



Where Bo is the modified Boiling number:  

𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝜌𝜌𝑣𝑣ℎ𝑙𝑙𝑙𝑙𝐷𝐷𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
 

Due to the approximation adopted for the liquid film thickness the limit for x → xa yields: 

 
This limit provides three different scenarios depending the non-dimensional mass flux, ψc: 

1.  𝜓𝜓𝑐𝑐  >  1; liquid mass accumulates in the film, destabilizing it;  
2. 𝜓𝜓𝑐𝑐 =  1; film is stable in the range of vapor qualities, 𝑥𝑥𝑐𝑐  <  𝑥𝑥 ≤  𝑥𝑥𝑎𝑎, and the flow is at a 

threshold;  
3. 𝜓𝜓𝑐𝑐 <  1; liquid film remains stable and dry-out occurs at the tail of the bubble. 

The last two cases yield stable bubbles, with the boundary film that reach the dry-out approaching x 
= xa. Its residence time tends to infinity. In the last case the liquid film is unbounded, and the liquid 
film equation do not give the liquid depletion as the flow approaches the annular flow transition. 
Reassuming:  

• If 𝜓𝜓𝑐𝑐 ≤  1, a coalescing bubble flow persists up to the dry-out where xa = 1,  
• If 𝜓𝜓𝑐𝑐  >  1, the film is unstable and xa < 1  

The relation can be expressed in term of 𝜉𝜉 as following and for quality in range: 

𝜉𝜉 >  𝜉𝜉𝑎𝑎 

𝑥𝑥𝑐𝑐  <  𝑥𝑥𝑎𝑎  <  1 
𝜉𝜉𝑎𝑎 can be expressed as: 

 
Next figures (55, 56) show the trends: 

 
Figure 55, 56: (a) Non-dimensional bubble nose and tail film thicknesses versus reduced vapor 
quality for δN0/D = 0.02, GD/µl = 1310, G2D/(ρlσ) = 13.0, q/(Ghlv) = 6.0 * 104, β = 6, and 0.5 < ψc 
< 2, (b) three paths on a micro-channel flow pattern map for different values of ψc: ib is isolate 
bubble flow, cb is coalescing bubble flow and a is annular flow. 



3.2.2.5. Local Heat Transfer Coefficients  

For hypothesis the heat is transmitted only by conduction through the laminar film of liquid sur-
rounding the elongated bubbles. The residence time of the liquid slug is neglected. Considering that, 
the expression of the local time-averaged heat transfer coefficient is: 

 
Integrating the equation and utilizing the expression for zn(t) for bubble dynamics, the expression 
fmax for bubble frequency, the expression for tc and the expression for δ(x,t) gives the following ex-
pression for the local time-averaged heat transfer coefficient for ψc ≠ 1: 

 
Where the functions Θ1 and Θ 2 are defined as: 

 

 
In addition, the function Θ3 is: 

 
The heat coefficient equation is applied to the range of vapor quality close to xc. Therefore, the re-
placement of ψ(x) with ψc is acceptable, but, from an operative point of view, is necessary to have 
an equation for all vapor qualities, from xc to xa. The expression of the heat transfer coefficient must 
be corrected to represent where the coalescing bubble flow regime approaches annular flow. It is 
possible to represents in a more general form of the equation for the two-phase heat transfer coeffi-
cient in the range xc ≤ x < xa, expressing the dependencies in function of the Nusselt number, Nu: 

 
Where Θ are all calculated in x = xc. Extrapolating from the Nusselt number the simplified heat 
transfer coefficient: 

 
Where γ is a function of the vapor quality expressed as: 

 
Where χ is an empirical constant. 



3.2.2.6. Empirical Paramters 

The model is based on five parameters that remain unknown and that must be defined. The parame-
ters are: τi, ξ, β, χ and fmax. Many of them can be evaluated by physical quantity by either direct or 
indirect measurements. The following list reassume the parameters assumption: 

• τi is the interfacial shear stress and is directly related to the initial film thickness, δN0. The 
expression result from the confrontation of the model prediction with a database of two-
phase heat transfer coefficients, ranged within the coalescing bubble flow mode. The empir-
ical correlation obtained is: 

 
Where frv is the Blasius single-phase vapor friction factor:  

𝑓𝑓𝑓𝑓𝑣𝑣 = 0.079 𝑅𝑅𝑒𝑒0.25 

While frq is an added term that accounts the flow evaporation and it is expressed as: 

 
If frq = 0 when q = 0 the approximation that τi,adiabatic = τi,diabatic has a limited applicability. (ρl 
e ρv are inverted in the relation) 

• fmax is the maximum bubble frequency. It depends on the heat flux, on the fluid physical 
properties and on the channel size, which influences the bubble confinement. The frequency 
can be extrapolated by a non-dimensional analysis: 

 
• β describes the decline in bubble frequency at the transition to annular flow. From the data 

sets result that the best fitting value of β is β = 1. This conclusion accuracy should be further 
verified on more data sets. 

• χ is an entirely empirical parameter, and its best approximation is: 
χ = 3 

• ξ is a physical quantity that indicates the liquid fraction to film and that must be deduced in-
directly. Their proposed value is: 

𝜉𝜉 =  0.02  

• xc and xa are the flow pattern boundaries and are expressed by the following correlations: 

 

 
Figure (57) shows the calculated trends for the heat transfer coefficients simplified and not within 
the range xc≤ x< xa.  



 
Figure 57: Predictions from heat transfer simplified equation (59) and standard equation (53) for the 
flow boiling heat transfer coefficients of R-134a at 31 °C in a 500 µm micro-channel at a heat flux 

of 50 kW/m2 and mass velocity of 500 kg/m2s. 

The two curves start at the same point and both decline near xc due to an average thickening of the 
liquid film. The standard relation has a gross reduction of the heat transfer coefficient at the inter-
mediate vapor qualities, while increase asymptotically approaching to the annular flow due to the 
acute reduction in the film thickness by evaporation up to the film dry-out. This behavior is not ver-
ified experimentally and thus suggests the better solution is given by simplified relation. Both equa-
tions have two minimum values. One at the limit between of the coalescence region, where the film 
dynamics give thicker films and lower heat transfer coefficient and the other where film depletion 
by evaporation and shear either dominates or balances the coalescing mass flow that comport a 
thinner film and higher heat transfer coefficient. 

3.2.3. Model Summary and Modified Relations 
The coalescence model can be reassumed with the following relations: 

• For the heat transfer the simplified relation gives the best results with the empirical data 

 
• Appling the best fit prediction based on the database the coefficients are: 

 
 

 
• The modified Boiling number is: 

 
• The three function that appear in the heat transfer for x = xc are: 

 



 

 
• The shear stress is obtained empirically as: 

 
• The empiric friction factor is: 

 
• The Blasius friction factor is: 

𝑓𝑓𝑓𝑓𝑣𝑣,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0.079 𝑅𝑅𝑒𝑒0.25 
• The maximum bubble frequency is expressed as: 

 
• The transition quality from bubble to coalescence is: 

 
• The simplified (of the relationship between saturated and critical pressure) transition quality 

from coalescence to annular is: 

 

3.2.4. Comparison 
The model was compared with a database of 980 experimental data points in the coalescing bubble 
flow mode. The refrigerants in the database are R-134a, R-236fa and R-245fa. The section has a 
singular circular channel with diameters of 510 and 790 µm. Temperatures varies in range between 
30 and 32 °C. The mass velocities ranges from 300 to 2000 kg/m2s, and heat fluxes up to 200 
kW/m2.  

Next figures (58, 59) show the overall success ratio of 83% for the data predicted within the ±30% 
error band.  



 
Figure 58, 59: (a) Experimental heat transfer coefficients versus the computed for a flow of R-134a. 
(b) Experimental versus predicted data for R- 134a, R-236fa and R-245fa. 

 
Figure 60, 61: (a) Experimental heat transfer coefficients versus the predictions for a flow of R-
236fa at different heat fluxes. (b) Computed flow boiling curve for R-236fa. 

The best performance is for R-134a, which is the highest-pressure refrigerant, with 93% of the data 
inside the same error band. The other two refrigerants have ad error of 79% for R-236fa and 75% 
for R-245fa on the predicted data. The three-zone model predicted 75% of the data within the ±30% 
error band; respectively, 83% for R-134a, 56% for R-236fa and 87% for R-245fa. The largest errors 
are near the transition boundary between bubble and coalescence flow.  

Bertsh et al. (2008) with a new flow boiling method for micro-channels captures only 39% of this 
database within ±30%. Next figure (62, 63) compares the predictions to flow boiling data of CO2, 
R-22 and R-141b, taken respectively from Choi et al. (2006), Bang and Choo (2007) and Lin et al. 
(2012).  

 
Figure 62, 63: (a) Experimental heat transfer coefficients versus the prediction for CO2 at 10 °C at 
different mass velocities. (c) R-141b at 1 bar and at different heat fluxes from Lin et al. (2012). 



The obtained values for the CO2 and R-22 show good agreement with the experimental results. 
However, the model does not capture the increase in the heat transfer coefficient with mass velocity 
for CO2. This is probably due to the difference in the experimental and predicted film thickness. For 
R-141b data, the model reproduces the increase in heat transfer with heat flux but shows a general 
under-prediction of the experimental results that increase at the highest heat fluxes. 

3.2.5. Conclusions 
The coalescence model and its extension to the entire coalescing bubble vapor quality range, given 
by the heat transfer equation based on the Nusselt number, represent a micro-channel two-phase 
heat transfer model comprehensive of the bubble coalescence and the thin film dynamics. Model is 
entirely based on the prediction of the thin evaporating film. The simplified relations are in well 
agreement with the trends reported in the experimental literature. The accuracy of the model de-
pends on the simplifying assumptions adopted from hypothesis. The model also depends on the em-
pirical equations developed for closure. The heat transfer equations are flow pattern based expres-
sions. This entails that they are rely on the precision of the adopted flow pattern map to identify the 
coalescing bubble flow regime boundaries. The flow pattern transition is not an exact value but 
range in a band of transition vapor qualities. For this reason, the predictions about the transition 
boundaries is subjected to the higher errors founded. Finally, this approach, which has been present-
ly developed for a constant heat flux, may potentially be extended to the time-varying heat flux 
case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.3. Correlations 

This paragraph is not intended to be a simple description of a single heat transfer model. Indeed, the 
paragraph presents 17th different correlation models from many authors. Models will be presented 
shortly with a brief description of the model, the applicability range and fluids analyzed. For a com-
plete description is suggested to check the original papers reported in bibliography. 

3.3.1. Introduction  
One of purpose of this list of models is to match the transition diameter between macro and micro 
scale.  Therefore, the correlation are divided in two main sets: 

• Macro-Scale correlations: 
• Chen (1966) 
• Shah (1982) 
• Gungor and Winterton (1986) 
• Kandlikar (1989) 
• Liu and Winterton (1991) 
 

• Micro-Scale correlations 
• Lazarek and Black (1982) 
• Tran et al. (1996) 
• Kew and Cornwell (1997) 
• Warrier et al. (2002) 
• Kandlikar and Balasubramanian (2004) 
• Zhang et al. (2004) 
• Lee and Mudawar (2005) 
• Saitoh et al. (2007) 
• Bertsch et al. (2009) 
• Mikielewicz (2010) 
• Li and Wu (2010) 
• Mohamed and Karayiannis (2012) 

Models are order from the oldest to the newest. All the described models are empirical or semi-
empirical.  

3.3.2. Macro Scale Models 
Following are presented the macro-scale models. 

3.3.2.1. Chen 

Chen proposed an additive mechanism to represent boiling and convective heat transfer in micro 
and macro tube. The model takes into account the interaction between the two mechanisms by two 
dimensionless functions: 

• effective two-phase Reynolds number function, F,  
• bubble growth suppression function, S.  



Where F is a function of the Martinelli’s parameter that consider both empirical correlation of heat 
transfer data and a momentum analysis, and S is an empirical function of the two-phase Reynolds 
number.  

The relation was tested for: water, methanol, cyclohexane, pentane, heptane and benzene with 594 
data points for both vertical upper and downward flow in tubes and annuli. The pressure range was 
from 1 to 34.8 bar, for the fluid inlet velocity the range was 0.06-4.5 m/s with a quality range of 
0.01-0.71. 

Following relations express the model: 

• Martinelli’s parameter: 

 
• Convective boiling enhancement factor: 

 

• Reynold’s Two-Phase:   

 
• Liquid fraction Reynold’s number: 

 
• Bubble growth suppression factor:   

 
• Forced convection heat transfer coefficient (Dittus-Boelter): 

 
• Nucleate boiling heat transfer coefficient: 

 
• Mean heat transfer coefficient: 

 

3.3.2.2. Shah 

The author presented a general correlation named CHAPT for the estimation of heat transfer coeffi-
cients during saturated boiling at subcritical heat flux in tubes and annuli. The relation compares the 
convective and nucleate boiling heat transfer coefficient obtained by an analysis of prevalent phe-
nomena in the channel. The original idea behind the Boiling number correction is to allow for the 
enhancement of the forced convective heat transfer mechanisms arising from the generation of va-
por in the boundary layer next to the wall. However, the presence of the boiling number term ap-
pears to prevent application to sub-cooled boiling. 

The correlation is applicable to both horizontal and vertical tubes with a wide range of fluids and 
conditions. It was compared to 780 data points from 19 independent experimental studies. The pres-
sure range is about 0.004 to 0.8 bar.  

 

 

 



Following relations express the model: 

• Boiling number: 
𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

• Liquid fraction Reynold’s number: 

 
• Prandtl’s number: 

Pr𝐿𝐿 =
µ𝐿𝐿𝐶𝐶𝑝𝑝
𝐾𝐾𝐿𝐿

 

• Liquid heat transfer coefficient (Dittus-Boelter): 

 
• Convection number: 

 
• Convective boiling enhancement factor: 

 
• Nucleate boiling liquid coefficients: 

o If NCo > 1: 

 
o If 0.1 < NCo < 1: 

 
o If 0.1 > NCo: 

 

• Convective boiling on liquid heat transfer coefficients: 

 
• Mean heat transfer coefficient: 

 

3.3.2.3. Gungor and Winterton 

The correlation is projected for forced convection boiling with the aid of a databank that consists of 
over 4300 data points for water, common refrigerants (CF) and ethylene glycol. Gungor and Win-
terton used the same layout of Chen’s relation to describe an additive heat transfer constituted from 
two different part: 

• liquid heat transfer by Dittus-Boelter relation, 
• pool boiling heat transfer by Cooper relation. 

The correlation is valid both for saturated boiling in vertical and horizontal tubes with diameter 
from 2.95 to 32 mm and a pressure range of 0.08-202.6 bar. 

Following relations express the model: 

• Liquid fraction Reynold’s number: 

 



• Prandtl’s number: 

Pr𝐿𝐿 =
µ𝐿𝐿𝐶𝐶𝑝𝑝
𝐾𝐾𝐿𝐿

 

• Boiling number: 
𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

• Reduced pressure: 

P𝑟𝑟 =
𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

• Liquid heat transfer coefficient (Dittus-Boelter): 
 

• Convective boiling enhancement factor: 

𝐸𝐸 = 1 + 24000𝐵𝐵𝐵𝐵1.16 + 1.37(1 𝑋𝑋𝑡𝑡𝑡𝑡⁄ )0.86 
• Bubble growth suppression factor:  

 
• Nucleate boiling heat transfer coefficients (Cooper): 

ℎ𝑛𝑛𝑛𝑛 = 55𝑃𝑃𝑟𝑟0.12(−𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑟𝑟)−0.55𝑀𝑀−0.5𝑞𝑞0.67 
• Mean heat transfer coefficient: 

 

3.3.2.4. Kandlikar 

This correlation is an evolution of the oldest correlation for predicting saturated flow boiling heat 
transfer coefficients inside horizontal and vertical tubes proposed by the same author. The model is 
based on the contributions of nucleate boiling and convective mechanisms and incorporated a fluid-
dependent parameter Ffl in the nucleate boiling term. The correlation can be extended to other fluids 
by evaluating the fluid-dependent parameter Ffl for that fluid from its flow boiling or pool boiling 
data. 

The fluid database utilized cover over 5246 data points from 24 experimental investigations with 
water, R11, R12, R22, R113, R114, R152a, nitrogen and neon. The diameter range is 4.6-32 mm, 
the mass flux range is 13-8179 kg/m2s, the quality range is 0.001-0.987, the pressure range is 0.4-
64.2 bar and the Confinement number range is 0.004-52.1. 

Following relations express the model: 

• All liquid Reynold’s number: 

Re𝐿𝐿0 =
𝐺𝐺𝐺𝐺
µ𝐿𝐿

 

• Prandtl’s number: 

Pr𝐿𝐿 =
µ𝐿𝐿𝐶𝐶𝑝𝑝
𝐾𝐾𝐿𝐿

 

• All liquid heat transfer coefficient (Dittus-Boelter): 

 
• Convection number: 

 
• Froude’s number: 



Fr2 =
𝑣𝑣2

𝑔𝑔𝑔𝑔
 

• Orientation flux exponential constant: 
o C = 0 for horizontal flux 
o C = 0.3 for vertical flux 

• Nucleate boiling heat transfer coefficients 

 
• Convection heat transfer coefficients 

 
• Mean heat transfer coefficients 

 

3.3.2.5. Liu and Winterton 

This model substitutes the Boiling number instead of the Prandtl number for nucleate boiling de-
pendence. In this way an accurate predictive method covering a very wide range of parameters is 
constructed with an explicit nucleate boiling term and without boiling number dependence. 

The correlation work for all common fluids and refrigerants with a mass flux range of 12.4-8179.3 
kg/m2s, a heat flux range of 348.9-2.62 * 106 W/m2, a quality range of 0-0.948, a diameter of 2.95-
32 mm, reduced pressure range of 0.0023-0.895. Raynold’s number range is 568.9–8.75 * 105 and 
Prandtl’s number from 0.83 to 9.1. 

Following relations express the model: 

• All liquid Reynold’s number: 

Re𝐿𝐿0 =
𝐺𝐺𝐺𝐺
µ𝐿𝐿

 

• Prandtl’s number: 
Pr𝐿𝐿 =

µ𝐿𝐿𝐶𝐶𝑝𝑝
𝐾𝐾𝐿𝐿

 

• Reduced pressure: 
P𝑟𝑟 =

𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

• Convective boiling enhancement factor: 

 
• Bubble growth suppression factor: 

 
• All liquid heat transfer coefficient (Dittus-Boelter): 

 
• Nucleate boiling heat transfer coefficient (Cooper): 

 
• Two-phase heat transfer coefficient: 

 
 



3.3.3. Micro Scale Models 
Following micro scale models are presented. 

3.3.3.1. Lazarek and Black 

Lazarek and Black measured the local heat transfer coefficient and the critical heat flux in saturated 
boiling of R-113 in a round tube with an internal diameter of 0.31 cm, and heated lengths of 12.3 
and 24.6 cm. They used both vertical upper flow and down flow configurations, the mass flux range 
is from 125 to 750 kg/m2s, the heat flux range is between 14 and 380 kW/m2 and pressure range is 
1.3-4.1 bar. The obtained correlation for the local heat transfer coefficient is expressed in term of 
the Nusselt’s number as a function of the liquid Reynolds number and Boiling number.  

The resulting relations are quite simple: 

• All liquid Reynold’s number: 

Re𝐿𝐿0 =
𝐺𝐺𝐺𝐺
µ𝐿𝐿

 

• Boiling number: 
𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

• Two-phase heat transfer coefficient: 

 

3.3.3.2. Tran et al. 

The correlation of Tran et al. for heat transfer has been developed for small circular channel of 2.46 
mm diameter and a small rectangular channel of hydraulic diameter of 2.40 mm with R-12 and R-
113. The obtained data range over of qualities up to 0.94, a mass flux range of 44-832 kg/m2s, and a 
heat flux range of 7.5-129kW/m2. Reduced pressure range is 0.045-0.2. Local heat transfer coeffi-
cients were determined experimentally as a function of quality along the length of the test section. 
The correlation is valid for both nucleation and convection-dominant boiling heat transfer regimes. 

The resulting relations are: 

• Weber’s number: 

 
• Boiling number: 

𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

• Two-phase heat transfer coefficient: 

 

3.3.3.3. Kew and Cornwell 

The correlation is for boiling in single, small-diameter tubes in a compact two-phase heat exchang-
er. It calculates the heat transfer coefficients for R141b that flow in 500 mm long tubes with diame-
ters of 1.39-3.69 mm. The established correlation predicts the heat transfer coefficients reasonably 
well for the largest tube, but the accuracy slightly falls with the decrease of tube diameter. From the 



correlation results that simple nucleate pool boiling correlations, such as that of Cooper, predicts 
with a well agreement the data.  

The resulting relations are: 

• All liquid Reynold’s number: 

Re𝐿𝐿0 =
𝐺𝐺𝐺𝐺
µ𝐿𝐿

 

• Boiling number: 
𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

• Two-phase heat transfer coefficient: 
 

3.3.3.4. Warrier et al. 

Warrier et al. correlation is for FC-84 in small rectangular channel. It is developed for both single-
phase forced convection and for subcooled and saturated nucleate boiling. The hydraulic diameter is 
0.75 mm the Boiling number range is 0.00027 < Bo < 0.00089 and quality range is 0.03 < x < 0.55. 
The channels are oriented horizontally and uniform heat fluxes is applied at the top and bottom sur-
faces.  

The resulting relations are: 

• Boiling number: 
𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

• Two-phase heat transfer coefficient: 
 

3.3.3.5. Kandlikar and Balasubramanian 

The correlation is modified from the Kandlikar correlation for macro scale flow boiling. It was 
modified by using the laminar single-phase heat transfer coefficient for all liquid flow. The correla-
tion is also extended for flow boiling in micro channels using the nucleate boiling as the dominant 
part of the original correlation. The trends in heat transfer coefficient versus quality are compared in 
the laminar and deep laminar regions in mini channels and micro channels. FFl is the same parame-
ter of the old correlation. 

The applicability range is for water, R11, R12, R22, R113, R114, R152a, nitrogen and neon, with a 
diameter range of 0.19-32.0 mm, a mass flux range of 13-8179kg/m2s, a heat flux range of 0.3-
2280kW/m2, a pressure range of 0.4-64.2 bar. 

The resulting relations are: 

• All liquid Raynold’s number: 

Re𝐿𝐿0 =
𝐺𝐺𝐺𝐺
µ𝐿𝐿

 

• Boiling number: 
𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

• Convection number: 



 
• The liquid laminar heat transfer correlation changes in function of Reynolds liquid number: 

o ReL0 < 100 (directly two phase coefficient) 
 

o 100 < ReL0 < 1600: 

 
o 1600 < ReL0 < 3*103: 

Linear interpolation between upper and lower coefficient 
o 3*103 < ReL0 < 104: 

 
 

o 104 < ReL0 < 5*106: 

 
• Convective boiling heat transfer coefficient: 

 
• Nucleate boiling heat transfer coefficient: 

 
• Two-phase heat transfer coefficient: 

 

3.3.3.6. Zhang et al. 

The correlation is based on the existing experimental investigations of flow boiling. The correlation 
is for saturated flow boiling, developed for liquid-turbulent and gas-turbulent flow conditions. 
Therefore, the correlation may not be suitable to predict heat transfer coefficients in micro tubes 
when flow conditions are liquid-laminar and gas-turbulent. This regime consideration influences the 
Reynolds number factor F and the single-phase heat transfer coefficient hsp. The model is based on 
the Chen correlation for four flow conditions such as liquid-laminar and gas-turbulent one often oc-
curring in mini-channels.  

The correlation applicability range is: from 0.78 to 6.0 mm for hydraulic diameter, from 23.4 to 
2939 kg/m2s for mass flux, from 2.95 to 2511 kW/m2 for heat flux and from 1.01 to 8.66 bar for 
pressure. The correlation works for water and most common refrigerants (FC and R series). 

The resulting relations are: 

• Liquid fraction Reynold’s number: 

 
• Vapor fraction Reynold’s number: 

Re𝑔𝑔 =
𝑥𝑥𝑥𝑥𝑥𝑥
µ𝑔𝑔

 

 
• Prandtl’s liquid number: 

Pr𝐿𝐿 =
µ𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝
𝐾𝐾𝐿𝐿

 

• Prandtl’s vapor number: 



Pr𝑔𝑔 =
µ𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝
𝐾𝐾𝑔𝑔

 

• Martinelli’s parameter: 

 
 

• Nusselt reation for or ReL: 
o If ReL < 2000 (laminar flow): 

 

 
o If ReL > 2300 (Dittus-Boelter): 

 
o If 2000 < ReL < 2300: 

Interpolate between two previous relations. 
• Liquid heat transfer coefficient: 

 
• Friction factor in function of Reg or L: 

o If Reg or L < 1000: 
 

o If Reg or L > 2000: 
 

o If 2000 < ReL or g < 2300: 
Interpolate between two previous relations. 

• Chilsom’s constant: 
o for ReL < 1000 and Reg < 1000, X = Xvv and C = 5 
o for ReL > 2000 and Reg < 1000, X = Xtv and C = 10 
o for ReL < 1000 and Reg > 2000, X = Xvt and C = 12 
o for ReL > 2000 and Reg > 2000, X = Xtt and C = 20 
o Obtained by interpolation between previous coefficients. 

• Two-phase frictional multiplier: 

 
• Convective boiling enhancement factor: 

 
 

• Nucleate boiling suppression factor: 

 
• Nucleate boiling heat transfer coefficient (Foster-Zuber): 

 

• Nucleate boiling heat transfer coefficient (Cooper): 

 
• Two-phase heat transfer coefficient: 

 



3.3.3.7. Lee and Mudawar 

The correlation of Lee and Mudawar is for R134a in micro-channel. It is associated with different 
mechanisms and relation for low, medium and high qualities. The correlation is divided in function 
of quality in three different zones: 

• low qualities: corresponding to very low heat fluxes and a nucleate boiling, 
• medium quality: high thermal fluxes, 
• high quality: dominated by annular film evaporation.  

Because of the large differences in heat transfer mechanism between the three quality regions, bet-
ter predictions are possible by dividing the quality range into smaller ranges corresponding to these 
flow transitions. The heat transfer coefficient correlation work for both R134a and water for a hy-
draulic diameter of 0.35mm. 

The resulting relations are: 

• Weber’s number: 

 
• Reynold’s numbers: 

Re𝑔𝑔 =
𝑥𝑥𝑥𝑥𝑥𝑥
µ𝑔𝑔

 Re𝐿𝐿 =
𝑥𝑥𝑥𝑥𝑥𝑥
µ𝐿𝐿

  

• Prandtl’s numbers: 

Pr𝐿𝐿 =
µ𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝
𝐾𝐾𝐿𝐿

Pr𝑔𝑔 =
µ𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝
𝐾𝐾𝑔𝑔

 

• Liquid heat transfer coefficient (Dittus-Boelter): 

ℎ𝑔𝑔 = 0.023𝑅𝑅𝑅𝑅𝐿𝐿0.8𝑃𝑃𝑃𝑃𝐿𝐿0.4 𝑘𝑘𝐿𝐿
𝐷𝐷

 

• Vapor heat transfer coefficient (Dittus-Boelter): 
ℎ𝑔𝑔 = 0.023𝑅𝑅𝑅𝑅𝑔𝑔0.8𝑃𝑃𝑃𝑃𝑔𝑔0.4 𝑘𝑘𝑔𝑔

𝐷𝐷
 

• Two-phase heat transfer coefficient: 
o for x < 0.05:  

 
o for 0.05 < x < 0.55:  

 
o for x > 0.55:  

 

3.3.3.8. Saitoh et al. 

The proposed correlation is Chen-type for flow boiling heat transfer of R-134a in horizontal tubes 
and it was modified to consider the effect of tube diameter. This effect on flow boiling heat transfer 
coefficient was characterized by the Weber number for the gas phase. This correlation could be ap-
plied to a wide range of tube diameters from 0.5 to 11 mm and in a mass flux range of 150-450 
kg/m2s. The thermal flux can vary from 5 to 39 kW/m2 in a pressure range of 3.5-5 bar. The refrig-
erant is R-134a. 

 

 



The correlation is expressed by the following relations: 

• Reynold’s numbers: 

Re𝑔𝑔 =
𝑥𝑥𝑥𝑥𝑥𝑥
µ𝑔𝑔

 Re𝐿𝐿 =
(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺

µ𝐿𝐿
  

• Weber’s number: 

 
• Martinelli’s parameter: 

o for ReL > 1000 and Reg > 1000 

 
o for ReL < 1000 and Reg > 1000 

 
• Liquid heat transfer coefficient hL: 

o For ReL < 1000 (Dittus-Boelter): 
 

o For ReL > 1000 (Developed flow): 

 
• Convective boiling enhancement factor: 

 
• Bubble growth suppression factor: 

 

• Bubble diameter: 
 

• Nucleate boiling heat transfer coefficient: 

 
• Two-phase heat transfer coefficient: 

 

3.3.3.9. Bertsch et al. 

Bertsch et al. correlation is applicable over a wide range of parameters. It is developed including 
nucleate boiling and convective heat transfer terms while accounting for the effect of bubble con-
finement in small channels. The correlation is developed from a database of 3899 data points from 
14 studies covering 12 different fluids. The hydraulic diameters range is from 0.16 to 2.92 mm, and 
confinement numbers is from 0.3 to 4.0. The mass fluxes included in the database range from 20 to 
3000 kg/m2s, the heat fluxes from 0.4 to 115 W/cm2, the vapor qualities from 0 to 1, and the satura-
tion temperatures from −194 to 97 °C. 

The resulting relations are: 

• Reynold’s numbers: 

Re𝑔𝑔0 =
𝐺𝐺𝐺𝐺
µ𝑔𝑔

 ; Re𝐿𝐿0 =
𝐺𝐺𝐺𝐺
µ𝐿𝐿

  

• Prandtl’s numbers: 



Pr𝐿𝐿 =
µ𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝
𝐾𝐾𝐿𝐿

; Pr𝑔𝑔 =
µ𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝
𝐾𝐾𝑔𝑔

 

• Reduced pressure: 

P𝑟𝑟 =
𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

• Confinement number: 

𝐶𝐶𝐶𝐶 =
�𝜎𝜎 𝑔𝑔𝑔𝑔𝑔𝑔�

𝐷𝐷
 

• Liquid turbulent heat transfer coefficient (Dittus-Boelter): 

ℎ𝐿𝐿0 = 0.023𝑅𝑅𝑅𝑅𝐿𝐿00.8𝑃𝑃𝑃𝑃𝐿𝐿0.4 𝑘𝑘𝐿𝐿
𝐷𝐷

 

• Vapor heat turbulent heat transfer coefficient (Dittus-Boelter): 

ℎ𝑔𝑔0 = 0.023𝑅𝑅𝑅𝑅𝑔𝑔00.8𝑃𝑃𝑃𝑃𝑔𝑔0.4 𝑘𝑘𝑔𝑔
𝐷𝐷

 

• Vapor and liquid laminar heat transfer coefficient: 

 
• Convective boiling enhancement heat transfer coefficient: 

 
• Convective boiling enhancement factor: 

 
• Nucleate boiling heat transfer coefficient (Cooper): 

 
• Bubble growth suppression factor: 

 
• Mean heat transfer coefficient: 

 
 

3.3.3.10. Mikielewicz 

A prediction method for small-diameter channels and mini channels was presented by Mikielewicz. 
The correlation for heat transfer in saturated boiling regime is presented, contrary to other ap-
proaches, in the cases of both conventional and small-diameter channels. The author compared the 
results of calculations with some experimental data available from literature on conventional size 
tubes and mini channels. The model is based on the analogy between momentum transfer and ener-
gy transfer. It started with the premise that the total energy dissipation in the flow is the sum of the 
energy dissipation due to shearing flow without nucleation and the energy dissipation due to nuclea-
tion. Under steady state conditions in two phase flow, the energy dissipation was approximated by 
the viscous energy dissipation per unit volume in the boundary layer. Using the analogy between 
momentum and energy transfer, the two phase heat transfer coefficient was written in a form similar 
to the asymptotic model. The two phase heat transfer coefficient was expressed in terms of the fric-
tional two phase multiplier of Muller-Steinhagen and Heck, the boiling number and the all-liquid 
Reynolds number. The Cooper pool boiling correlation was recommended for the nucleate boiling 
term corrected by a factor that depends on the all liquid Reynolds number, boiling number and the 
frictional two phase multiplier.  



The correlation is expressed with the following relations: 

• Reduced pressure: 

P𝑟𝑟 =
𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

• Nucleate boiling enhancement heat transfer coefficient (Cooper): 

 
• Friction factor: 

o Tubolent flow: 

 
o Laminar flow: 

 

• Convective number of Muller-Steinhagen: 

 
• Convective additive factor: 

 
• Two-phase on liquid only heat transfer coefficients: 

 

3.3.3.11. Li and Wu 

The correlation is based on experimental results of the saturated flow boiling heat transfer in micro 
and mini channels for both single and multi-band channel. The database contains about 3700 data 
points and cover 12 types of working fluids, in a wide range of operational conditions, and, from 
0.148 to 3.25 mm tubes diameters. The correlation uses the boiling number, Bond’s number and 
Reynold’s number in a general form to calculate the evaporative heat transfer for micro and mini 
channels. In addition, the authors proposed the Bond’s number like a criterion to classify a flow 
path as a micro channel or as a conventional macro channel. 

• Liquid phase Raynold’s number: 

Re𝐿𝐿 = (1 − 𝑥𝑥)
𝐺𝐺𝐺𝐺
µ𝐿𝐿

 

• Boiling number: 
𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

• Bond’s number: 

𝐵𝐵𝐵𝐵 =
𝜌𝜌𝐿𝐿𝑔𝑔𝐷𝐷2

𝜎𝜎𝐿𝐿
 

 
• Two-phase heat transfer coefficients: 

 

3.3.3.12. Mohamed and Karayiannis 

The correlation proposed is a statistical correlation for flow boiling heat transfer for R134a in micro 
tubes with diameter ranging from 4.26 to 0.52 mm. The heat transfer coefficient was fitted as a 



function of boiling number, Weber’s number, liquid Reynold’s number, confinement number and 
convection number using the multi-parameter nonlinear least square fitting. The correlation was 
based on 5152 data points excluding dry-out data and is valid for mass flux of 100-500 kg/m2s, a 
pressure between 6-14 bar and heat flux in between of 2.4-175.4 kW/m2.  

The expression of the correlation is reported as follow: 

• Reynold’s numbers: 

 Re𝐿𝐿 =
(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺

µ𝐿𝐿
  

• Weber’s number: 

 
• Boiling number: 

𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

• Confinement number: 

𝐶𝐶𝐶𝐶 =
�𝜎𝜎 𝑔𝑔𝑔𝑔𝑔𝑔�

𝐷𝐷
 

• Heat transfer coefficient in function of hydraulic diameter: 
o For = 4.26 >D >1.1 mm: 

 
o For D = 0.52 mm and x < 0.3: 

 
o For D = 0.52 mm and x > 0.3: 

 
  



3.3.4. Comparisons 
The following comparisons came from the work of Mahmoud and Karayiannis [2012], they ana-
lyzed the heat transfer coefficients in small to micro diameter tubes. The test section has four stain-
less steel tubes; one tube with D = 0.52 mm and L = 100 mm and three tubes with D = 1.1 mm and 
L = 150, 300, 450 mm. All tubes were seamless cold drawn tubes made of stainless steel AISI316. 
Each test section consisted in an adiabatic calming section of length 150 mm, a heated section and a 
borosilicate visualization section with total length of 100 mm. The comparison was chosen for anal-
ogy with the actual experimental section that use a refrigerant with similar proprieties and tube di-
ameters. Therefore, similar trends are expected. 

3.3.4.1. Macro scale assessment 

Following are presented the macro-scale comparisons: 

 
Figure 64: Global comparison of Chen correlation 

The correlation predicted only 14% of all data within the error band at a MAE value of 92.3%. 
From the figure (64) is evident that the Chen correlation gives a heat transfer coefficient that in-
creases with increasing vapor quality in the very low quality region and then shows up to a plateau 
as the quality increases. The behavior of the correlation at very low vapor quality values is opposite 
to the experimental. The maximum deviation between the predicted and measured values is ex-
pected to occur at very low vapor quality values and at high vapor quality values when the experi-
mental heat transfer coefficient exhibits an increasing trend with vapor quality.  

 
 
 
 
 
 
 
 
 
 
 



 
Figure 65: Global comparison of Shah correlation. 

The correlation predicted 12.7% of data within the error bands of 30% and the MAE value is 
58.3%. Figure (65) shows the heat transfer coefficient predicted by the Shah correlation. The value 
drops from a high value at very low vapor quality and then increases constantly with increasing va-
por quality. This trend is like the current experimental trend. The correlation tends to work better in 
the very low quality region, at high system pressure, and at very high vapor quality. 

 
Figure 66: Global comparison of Gungor and Winterton correlation 

The correlation predicted 45.7% of all data within the ±30% error band at a MAE value of 55.4%. 
The figure (66) shows the performance of the correlation in all tubes. The correlation gives a heat 
transfer coefficient that is independent of vapor quality in the low quality region and it decreases 
slightly with quality in the high quality region. However, the correlation over-predicts the experi-
mental values at high heat flux values. Therefore, the correlation works reasonably at low to inter-
mediate heat flux values. 

 

 

 

 

 



 
Figure 67: Global comparison of Kandlikar correlation 

Kandlikar’s correlation predicted 55.5% of all data within the ±30% error band with MAE of 
75.9%. The figures (67) shows, that for the 0.52 mm diameter tube, there is some agreement be-
tween the predicted and experimental values over a narrow range of vapor quality. The correlation 
seems to underestimate most of the data in the tube. On the contrary, the correlation captured the 
correct experimental trend and magnitudes in the shortest 1.1 mm diameter tube up to high vapor 
quality. The over-prediction depicted for the tube diameter of 1.1 mm tube occur at high vapor qual-
ities. Therefore, Kandlikar’s correlation underestimates the trend up to intermediate vapor quality 
and overestimates the values for high vapor qualities. 

 
Figure 68: Global comparison of Liu and Winterton correlation 

The Liu and Winterton correlation predicted 8.9% of all data within the error band at a MAE value 
of 59.3%. This correlation looks similar in performance to Chen correlation. Figure (68) shows the 
comparison. 

 

 

 

 

 



3.3.4.2. Micro scale assessment 

Following are presented the micro-scale comparisons: 

 
Figure 69: Global comparison of Lazarek and Black correlation 

Lazarek and Black correlation predicted 42.4% of the data within the error band and the MAE is 
43.5%. Its performance is consistent with the behavior of the measured heat transfer coefficient in 
the bigger tube. The measured coefficient drops from maximum value at starting ebullition, then it 
remains approximately constant over a low quality range. The correlation prediction remains con-
stant with quality, so the correlation highly underestimates the experimental values at high quality. 
However, the correlation success in predicting most of the data in the shortest tube. The correlation 
was developed considering nucleate boiling as the only dominant mechanism of flow boiling and 
thus the predictions deteriorate as the heated length increases due to contribution of nucleate and 
convective boiling. Figure (69) shows the comparison. 

 
Figure 70: Global comparison of Tran et al. correlation 

Tran et al. correlation predicted only 2.9% of the data within the ±30% error band. The model con-
siders a dominance of nucleate boiling mechanism. However, there is a big difference in the per-
formance of this correlations compared to the actual experimental data.Tran et al. correlation highly 
underestimates the experimental data and a decrease in the tube diameter results in a decrease in the 
heat transfer coefficient, which is contrary to the trend in Lazarek and Black. Figure (70) shows the 
comparison. 



 
Figure 71: Global comparison of Kew and Cornwell correlation 

Kew and Cornwell correlation predicted only 52.5% of the data within the error bands with a MAE 
of 39.8% as can be seen in figure (71). It is a modified version of Lazarek and Black correlation, in 
fact the difference in performance is not large. The correlation predicts the heat transfer coefficient 
increase at a slow rate with quality at the very low quality region and at a relatively faster rate in the 
high quality region.  

 
Figure 72: Global comparison of Warrier et al. correlation 

Warrier et al. correlation predicted 1.8% of the data within the error bands with a MAE of 85.6%. 
The proprieties difference between the fluid used to make the correlation (FC-84) and the fluid used 
in the comparison (R-134a) has a strong impact on the prediction accuracy. Figure (72) shows its 
results. 

 



 
Figure 73: Global comparison of Kandlikar and Balasubramanian correlation 

Kandlikar and Balasubramanian correlation predicted 2.3% of the data within the error band and the 
MAE of 66.4% as can be seen in figure (73).  

 
Figure 74, 75: Global comparison of Zhang et al. correlation with Foster-Zuber (first figure) and 

Cooper (second figure) heat transfer correlation for nucleate boiling. 

The best result for Zhang et al. correlation came modifying with the Cooper correlation for the nu-
cleate boiling instead of the Forster-Zuber relation in the original correlation. The figures (74, 75) 
show the modified correlation. The prediction displacement is 68.4% within the ±30% error bands 
and the MAE is 41%. The original Zhang et al. correlation predicted only 12.6% of data within the 
error bands with a MAE of 103%. The behavior of the predicted local heat transfer coefficient using 
Zhang et al. original correlation is like that predicted by Chen correlation. Both correlations predict 
a heat transfer coefficient with a quick increase related to quality in the very low quality region and 
a slow increase in the high quality region, which is different from the experimental trend. 

 

 



 
Figure 76: Global comparison of Lee and Mudawar correlation 

Lee and Mudawar correlation predicted 21.5% of the data within the error bands and a MAE of 
117.5%, see figure (76). The correlation predicts poorly the experimental values with a large scatter 
possibly because it is not capable of predicting the correct experimental trend. The local heat trans-
fer coefficient behaves according to an N-shape trend, which is completely different from the meas-
ured experimental trends in all tubes. So, the correlation has captured only a few number of experi-
mental points and either underestimates or overestimates the others. The current experimental data 
were collected through increasing the heat flux gradually at constant pressure and mass flux.  

 
Figure 77: Global comparison of Saithoh et al. correlation 

Saitoh et al. correlation predicted only 55.6% of the data within the error bands with a MAE vale of 
43.3%. According to the figure (77) the correlation predicts the heat transfer coefficient increase 
with quality in the smallest tube and its slow decrease with vapor quality in the bigger tubes. More-
over, in all tubes the coefficient jumps to a very high value as the quality approaches to unity. Also, 
by inspecting the performance of the correlation at different operating conditions, it was found that 
the correlation highly under-predicts the data at low heat flux values. Like the abovementioned cor-
relations, the performance of this correlation gets worse as the heated length increases.  

 
 



 
Figure 78: Global comparison of Bertsch et al. correlation 

The global comparison of the present data with the correlation of Bertsch et al. is depicted in figure 
(78). It predicts only 57% of all data within the error bands with MAE of 38.8%. For the smallest 
diameter of tube, the correlation predicted values increase with vapor quality towards the exit. For 
the bigger tube, the correlation predicted heat transfer coefficient sharply or slightly decrease with 
vapor quality.  

 
Figure 79: Global comparison of Mikielewicz correlation 

Mikielewicz correlation predict up to 60% of all data within the error bands. Its performance is sig-
nificantly influenced by the variation of the heated length in the short tubes. The figure (79) shows 
how the correlation heat transfer coefficient values increase moderately with increasing vapor quali-
ty.  



 
Figure 80: Global comparison of Li and Wu correlation 

The correlation predicts 60.1% of all data within the error bands at a MAE value of 56% as it 
showed in figure (80). It highly underestimates the experimental values in the high quality region 
particularly when the measured heat transfer coefficient increases with vapor quality. Some investi-
gations by other authors reported that the heat transfer coefficients increase with decreasing tube di-
ameter. 

 
Figure 81: Global comparison of Mahamoud and Karayiannis correlation 

This correlation predicted 87.3% of the data within the ±30% error bands and a MAE of 15.9%, as 
can be seen in figure (81). However, Mahmoud and Karayiannis excluded the data of the two long-
est 1.1 mm diameter tubes when developing the correlation. 

  



3.3.5. Heat transfer model summary 
In this paragraph all the models and correlations are summarized by category and in their applica-
tion form. 

3.3.5.1. Three-zone model 

Table 1: Description of the Thome, Dupont and Jacobi model (2008) 

Three-zone model: 

Reference heat flux: 
𝑞𝑞0 = 𝐴𝐴𝐴𝐴 ∗ �

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�
𝑁𝑁𝑁𝑁

 

Bubble frequency: 𝑓𝑓𝑝𝑝 =
1
𝜏𝜏 = �

𝑞𝑞
𝑞𝑞0
�
𝑁𝑁𝑁𝑁

 

Initial film thickness: 
𝛿𝛿0
𝑑𝑑𝑖𝑖

= 𝐶𝐶𝛿𝛿0 ∗ �3 ∗ �
𝜇𝜇𝑙𝑙

𝜌𝜌𝑙𝑙 ∗ 𝑢𝑢𝑝𝑝 ∗ 𝑑𝑑𝑖𝑖
�

1
2
�

0.84

∗ ��0.07 ∗ 𝑊𝑊𝑒𝑒𝑝𝑝0.41�−8 + 0.1−8�
−1/8

 

Weber bubble-slug: 
𝑊𝑊𝑒𝑒𝑝𝑝 =

𝜌𝜌𝑙𝑙 ∗ 𝑢𝑢𝑝𝑝2 ∗ 𝑑𝑑𝑖𝑖
𝜎𝜎  

Film thickness: 𝛿𝛿(𝑧𝑧, 𝑡𝑡) = 𝛿𝛿0(𝑧𝑧) −
𝑞𝑞 ∗ 𝑡𝑡 
𝜌𝜌𝑙𝑙 ∗ ℎ𝑙𝑙𝑙𝑙

 

Time for dryout: 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧) = 𝜌𝜌𝑙𝑙 ∗
ℎ𝑙𝑙𝑙𝑙
𝑞𝑞 ∗ [𝛿𝛿0(𝑧𝑧) − 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚] 

Final film thickness: If 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =>  𝑡𝑡𝐺𝐺: 
 

 𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) = 𝛿𝛿(𝑧𝑧, 𝑡𝑡𝑔𝑔) 
 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝑡𝑡𝐺𝐺 
 Else 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 <  𝑡𝑡𝐺𝐺: 
 𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) = 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚  
 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
Time for next liquid slug: 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 =  𝑡𝑡𝐺𝐺 − 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
Film thickness heat transfer coef-
ficient: 

𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧) =
𝑘𝑘𝑙𝑙

𝛿𝛿0 − 𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒 + 10−9 ∗ ln �
𝛿𝛿0
𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒

� 

Heat transfer coefficient for de-
veloped fluxes, Gnielinski: 

Nulam or turb(𝑧𝑧) =
ℎ ∗ 𝑑𝑑𝑖𝑖
𝑘𝑘  

Friction coefficient f: If Re >= 2300: 
 

𝑁𝑁𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑃𝑃𝑃𝑃 ∗ 𝜉𝜉8 (𝑅𝑅𝑅𝑅 − 1000)

1 + 12.7 ∗ �𝜉𝜉8�
0.5
∗ �𝑃𝑃𝑃𝑃

2
3 − 1�

 

 
 𝜉𝜉 = (1.58 ∗ ln(𝑅𝑅𝑅𝑅) − 3.28)−2 

 
 Else: 
 𝑁𝑁𝑢𝑢𝑙𝑙𝑙𝑙𝑙𝑙 = 4.36 
Reynolds bubble-slug: 𝑅𝑅𝑅𝑅 =

𝜌𝜌𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 ∗ 𝑢𝑢𝑝𝑝 ∗ 𝑑𝑑𝑖𝑖
𝜇𝜇𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

 

Medium slugs heat transfer coef-
ficient: 

𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = [𝛼𝛼𝑙𝑙𝑙𝑙𝑙𝑙4 + 𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡4 ]
1
4 =

𝑘𝑘𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

𝑑𝑑𝑖𝑖
∗ [𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙4 + 𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡4 ]

1
4 

Heat transfer coefficient: 𝛼𝛼𝑡𝑡𝑡𝑡 =
𝑡𝑡𝑙𝑙
𝜏𝜏 𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑙𝑙(𝑧𝑧) +

𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝜏𝜏 𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧) +

𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑
𝜏𝜏 𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑔𝑔(𝑧𝑧) 

 
 

 



3.3.5.2. Bubble Coalescence Model 

Table 2: Description of the Bubble Coalescence model (2004) 

Slug-coalescence mode:l 
Maximum bubble frequency: 

𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 = 0.004 �
𝑞𝑞
𝜎𝜎
��

𝜎𝜎3

𝑞𝑞2𝐷𝐷3𝜌𝜌𝑣𝑣2
� 

Transition quality from bubble to coalescence: 
𝑥𝑥𝑐𝑐 = 0.763 �

𝑞𝑞𝜌𝜌𝑔𝑔𝜎𝜎
𝜇𝜇𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝐺𝐺2

�
0.39

 

Transition quality from coalescence to annular: 
𝑥𝑥𝑎𝑎 = 1.4 ∗ 10−4 �

𝐺𝐺𝐺𝐺
𝜇𝜇𝑙𝑙
�
1.47

�
𝐺𝐺2𝐷𝐷
𝜌𝜌𝑙𝑙𝜎𝜎

�
−1.23

 

  
Blasius friction factor: 𝑓𝑓𝑓𝑓𝑣𝑣,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0.079 𝑅𝑅𝑒𝑒0.25 
Calculated friction factor: 

𝑓𝑓𝑓𝑓𝑞𝑞 = 304 �
𝐺𝐺𝐺𝐺
𝜇𝜇𝑙𝑙
�
−1.16

∗ �
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
�
−1.74

∗ �
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
1.43

𝑥𝑥𝑐𝑐−2[1

− 𝑒𝑒−
𝑞𝑞𝑞𝑞

ℎ−ℎ𝑣𝑣𝑣𝑣∗𝜇𝜇𝑙𝑙] 
Shear stress: 𝜏𝜏𝑖𝑖 = �𝑓𝑓𝑓𝑓𝑞𝑞 − 𝑓𝑓𝑓𝑓𝑣𝑣,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵�𝐺𝐺2𝑥𝑥𝑐𝑐2/2𝜌𝜌𝑣𝑣 
Boiling number: 𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝜌𝜌𝑔𝑔 ∗ ℎ𝑙𝑙𝑙𝑙 ∗ 𝐷𝐷 ∗ 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚

 

Coefficients: 𝛾𝛾 = �
𝑥𝑥𝑎𝑎 − 𝑥𝑥
𝑥𝑥𝑎𝑎 − 𝑥𝑥𝑐𝑐

�
χ
 

 𝜓𝜓𝑐𝑐 = 𝜉𝜉𝜉𝜉 �
1 − 𝑥𝑥𝑐𝑐
𝑥𝑥𝑎𝑎 − 𝑥𝑥𝑐𝑐

� 

Decline in bubble frequency at the transition to annular 
flow: 

𝛽𝛽 = 1 

Empirical parameter: χ = 3 
Liquid fraction to film: 𝜉𝜉 =  0.002  
Heat transfer function for x = xc: 
 𝛩𝛩1𝑐𝑐 =

(1 − 𝜓𝜓𝑐𝑐) ∗ ln2(1 + 𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

xc)

Θ3c
 

 

𝛩𝛩2𝑐𝑐 =
(1 − 𝜓𝜓𝑐𝑐) ∗ �ln(1 + 𝜌𝜌𝑙𝑙

𝜌𝜌𝑣𝑣
xc) + 4Bo�

2
  

Θ3
 

 𝛩𝛩3𝑐𝑐 = 8 ∗
𝜇𝜇𝑙𝑙
𝜏𝜏𝑖𝑖
∗
𝐺𝐺
𝜌𝜌𝑣𝑣𝐷𝐷

∗
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

xc − 𝜓𝜓𝑐𝑐 ln2(1 +
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

xc) 

Global heat transfer: 

𝛼𝛼(𝑥𝑥) =
𝑘𝑘𝑙𝑙
𝐷𝐷
∗
�𝜌𝜌𝑙𝑙𝜌𝜌𝑣𝑣

� ∗ �� 𝑥𝑥𝑎𝑎 − 𝑥𝑥
𝑥𝑥𝑎𝑎 − 𝑥𝑥𝑐𝑐

�
𝛽𝛽
�
𝛾𝛾
∗ ln �1 − 𝛩𝛩1𝑐𝑐

1 − 𝛩𝛩2𝑐𝑐
�

𝐵𝐵𝐵𝐵 ∗ (1 − 𝜓𝜓𝑐𝑐)  

3.3.5.3. Macroscale Correlations 

Table 3: Macroscale Correlations 

MACROSCALE 
Chen   
 Martinelli parameter: 

𝑋𝑋𝑡𝑡𝑡𝑡 = �
1 − 𝑥𝑥
𝑥𝑥

�
0.9

�
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
�
−0.51

�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.1

 

 Convective boiling enhancement factor: 

𝐹𝐹 =

⎩
⎪
⎨

⎪
⎧1                                                    𝑓𝑓𝑓𝑓𝑓𝑓  

1
𝑋𝑋𝑡𝑡𝑡𝑡

≤ 0.1

2.35 �0.213 +
1
𝑋𝑋𝑡𝑡𝑡𝑡

�
0.736

          𝑓𝑓𝑓𝑓𝑓𝑓
1
𝑋𝑋𝑡𝑡𝑡𝑡

≤ 0.1
 

 Reynolds Two-Phase:  𝑅𝑅𝑒𝑒𝑡𝑡𝑡𝑡 = 𝑅𝑅𝑒𝑒𝐿𝐿𝐹𝐹1.25 
 Liquid fraction Reynolds number: 

𝑅𝑅𝑒𝑒𝑙𝑙 =
(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺

𝜇𝜇𝑙𝑙
 

 Bubble growth suppression factor: 
 𝑆𝑆 =

1
1 + 2.35 ∗ 10−6𝑅𝑅𝑒𝑒𝑡𝑡𝑡𝑡1.17 



 Forced convection heat transfer coefficient 
(Dittus-Boelter [39]): ℎ𝑙𝑙 = 0.023

𝐾𝐾𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙0.8Pr𝑙𝑙0.4 

 Nucleate boiling heat transfer coefficient:  
ℎ𝑓𝑓 = 0.00122

𝐾𝐾𝑙𝑙0.79𝐶𝐶𝑝𝑝𝑝𝑝0.45𝜌𝜌𝑙𝑙0.49

𝜎𝜎0.5𝜇𝜇𝑙𝑙0.29ℎ𝑙𝑙𝑙𝑙0.24𝜌𝜌𝑣𝑣0.24 (𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)0.24(𝛥𝛥𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠)0.75 

 Mean heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 𝑆𝑆ℎ𝑓𝑓 + 𝐹𝐹ℎ𝑙𝑙 
Shah   
 Boiling number: 𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

 Liquid fraction Reynolds number: 
𝑅𝑅𝑒𝑒𝑙𝑙 =

(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺
𝜇𝜇𝑙𝑙

 

 Prandtl number: 
Pr𝑙𝑙 =

µ𝑙𝑙𝐶𝐶𝑝𝑝
𝑘𝑘𝑙𝑙

 

 Liquid heat transfer coefficient (Dittus-Boelter 
[39]): 

 
ℎ𝑙𝑙 = 0.023

𝑘𝑘𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙0.8Pr𝑙𝑙0.4 

 Convection number: 
𝑁𝑁𝐶𝐶𝐶𝐶 = �

1 − 𝑥𝑥
𝑥𝑥

�
0.8

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5

 

 Convective boiling enhancement factor: 𝐹𝐹 = �14.7               𝑓𝑓𝑓𝑓𝑓𝑓  𝐵𝐵𝐵𝐵 > 0.0011
15.43            𝑓𝑓𝑓𝑓𝑓𝑓  𝐵𝐵𝐵𝐵 < 0.0011 

 Nucleate boiling on liquid heat transfer coeffi-
cients: 

If NCo > 1: 

  ℎ𝑛𝑛𝑛𝑛
ℎ𝑙𝑙

= � 230𝐵𝐵𝑜𝑜0.5               𝑓𝑓𝑓𝑓𝑓𝑓  𝐵𝐵𝐵𝐵 > 0.0003
1 + 46𝐵𝐵𝑜𝑜0.5            𝑓𝑓𝑓𝑓𝑓𝑓  𝐵𝐵𝐵𝐵 < 0.0003

 

  If 0.1 < NCo < 1: 
  ℎ𝑛𝑛𝑛𝑛

ℎ𝑙𝑙
= 𝐹𝐹 𝐵𝐵𝑜𝑜0.5𝑒𝑒2.74𝑁𝑁𝐶𝐶𝐶𝐶−0.1 

  If 0.1 > NCo: 
  ℎ𝑛𝑛𝑛𝑛

ℎ𝑙𝑙
= 𝐹𝐹 𝐵𝐵𝑜𝑜0.5𝑒𝑒2.74𝑁𝑁𝐶𝐶𝐶𝐶−0.15 

 Convective boiling on liquid heat transfer co-
efficients: 

ℎ𝑐𝑐𝑐𝑐
ℎ𝑙𝑙

=
1.8
𝑁𝑁𝐶𝐶𝐶𝐶0.8 

 Mean heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 𝑀𝑀𝑀𝑀𝑀𝑀(ℎ𝑐𝑐𝑐𝑐 , ℎ𝑛𝑛𝑛𝑛) 
Gungor and Winterton   
 Liquid fraction Reynolds number: 

𝑅𝑅𝑒𝑒𝑙𝑙 =
(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺

𝜇𝜇𝑙𝑙
 

 Prandtl number: 
Pr𝑙𝑙 =

µ𝑙𝑙𝐶𝐶𝑝𝑝
𝑘𝑘𝑙𝑙

 

 Boiling number: 𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

 Reduced pressure: P𝑟𝑟 =
𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 Liquid heat transfer coefficient (Dittus-Boelter 
[39]): ℎ𝑙𝑙 = 0.023

𝑘𝑘𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙0.8Pr𝑙𝑙0.4 

 
 Convective boiling enhancement factor: 𝐸𝐸 = 1 + 24000𝐵𝐵𝐵𝐵1.16 + 1.37(1 𝑋𝑋𝑡𝑡𝑡𝑡⁄ )0.86 
 Bubble growth suppression factor:  𝑆𝑆 =

1
1 + 1.15 ∗ 10−6𝑅𝑅𝑒𝑒𝑙𝑙1.17 

 Nucleate boiling heat transfer coefficients 
(Cooper [38]): 

ℎ𝑛𝑛𝑛𝑛 = 55𝑃𝑃𝑟𝑟0.12(−𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑟𝑟)−0.55𝑀𝑀−0.5𝑞𝑞0.67 

 Mean heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 𝑆𝑆ℎ𝑓𝑓 + 𝐹𝐹ℎ𝑙𝑙 
Kandlikar   
 All liquid Reynolds number: Re𝑙𝑙0 =

𝐺𝐺𝐺𝐺
µ𝐿𝐿𝐿𝐿

 

 Prandtl number: 
Pr𝑙𝑙 =

µ𝑙𝑙𝐶𝐶𝑝𝑝
𝑘𝑘𝑙𝑙

 

 All liquid heat transfer coefficient (Dittus-
Boelter [39]): ℎ𝑙𝑙0 = 0.023 ∗

𝐾𝐾𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙00.8Pr𝑙𝑙0.4 



 Convection number: 
𝑁𝑁𝐶𝐶𝐶𝐶 = �

1 − 𝑥𝑥
𝑥𝑥

�
0.8

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5

 

 Froude number: 
Fr2 =

𝑣𝑣2

𝑔𝑔𝑔𝑔
 

 Orientation flux exponential constant: C = 0 for vertical flux 
  C = 0.3 for horizontal flux 
 Nucleate boiling heat transfer coefficients ℎ𝑛𝑛𝑛𝑛 = �0.6683𝑁𝑁𝐶𝐶𝐶𝐶−0.2 ∗ (25𝐹𝐹𝑟𝑟𝑙𝑙0)𝑐𝑐 + 1058𝐵𝐵𝑜𝑜0.7𝐹𝐹𝑓𝑓𝑓𝑓�ℎ𝑙𝑙0 
 Convection heat transfer coefficients ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �1.136𝑁𝑁𝐶𝐶𝐶𝐶−0.9 ∗ (25𝐹𝐹𝑟𝑟𝑙𝑙0)𝑐𝑐 + 667.2𝐵𝐵𝑜𝑜0.7𝐹𝐹𝑓𝑓𝑓𝑓�ℎ𝑙𝑙0 
 Mean heat transfer coefficients ℎ𝑡𝑡𝑡𝑡 = 𝑀𝑀𝑀𝑀𝑀𝑀(ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , ℎ𝑛𝑛𝑛𝑛) 
Liu and Winterton   
 All liquid Reynolds number: Re𝑙𝑙0 =

𝐺𝐺𝐺𝐺
µ𝑙𝑙

 

 Prandtl number: 
 Pr𝑙𝑙 =

µ𝑙𝑙𝐶𝐶𝑝𝑝
𝑘𝑘𝑙𝑙

 

 Reduced pressure: 𝑃𝑃𝑟𝑟 =
𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 Convective boiling enhancement factor: 
𝐹𝐹 = �1 + 𝑥𝑥 𝑃𝑃𝑟𝑟𝑙𝑙(

𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
− 1)�

0.35
 

 Bubble growth suppression factor: 𝑆𝑆 =
1

1 + 0.055𝐹𝐹0.1𝑅𝑅𝑒𝑒𝑙𝑙00.16 

 All liquid heat transfer coefficient (Dittus-Boelter [39]): 
ℎ𝑙𝑙0 = 0.023

𝑘𝑘𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙00.8Pr𝑙𝑙0.4 

 Nucleate boiling heat transfer coefficients (Cooper [38]): ℎ𝑛𝑛𝑛𝑛 = 55𝑃𝑃𝑟𝑟0.12(−𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑟𝑟)−0.55𝑀𝑀−0.5𝑞𝑞0.67 
 Mean heat transfer coefficients ℎ𝑡𝑡𝑡𝑡 = �(𝑆𝑆ℎ𝑛𝑛𝑛𝑛)2 + (𝐹𝐹ℎ𝑙𝑙0)22  

3.3.5.4. Macroscale Correlations 

Table 4: Microscale Correlations 

MICROSCALE 
Lazarek and Black   
 All liquid Reynolds number: Re𝑙𝑙0 =

𝐺𝐺𝐺𝐺
µ𝑙𝑙

 

 Boiling number: 𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

 Two-phase heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 30
𝑘𝑘𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙00.857𝐵𝐵𝑜𝑜0.714 

Tran et al.   
 Weber number: 

𝑊𝑊𝑒𝑒𝑙𝑙 =
𝐺𝐺2𝐷𝐷
𝜌𝜌𝑙𝑙𝜎𝜎

 

 Boiling number: 𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

 
 

Two-phase heat transfer coefficient: 
ℎ𝑡𝑡𝑡𝑡 = 8.4 105(𝐵𝐵𝑜𝑜2𝑊𝑊𝑒𝑒𝑙𝑙)0.3 �

𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
�
−0.4

 

Kew and Cornwell   
 All liquid Reynolds number: Re𝑙𝑙0 =

𝐺𝐺𝐺𝐺
µ𝑙𝑙

 

 Boiling number: 
 

𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

 Two-phase heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 30
𝑘𝑘𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙00.857𝐵𝐵𝑜𝑜0.714(1 − 𝑥𝑥)−0.143 

Warrier et al.   
 Boiling number: 𝐵𝐵𝐵𝐵 =

𝑞𝑞
𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙

 

 Two-phase heat transfer coefficient: 
ℎ𝑡𝑡𝑡𝑡 = 4.36

𝑘𝑘𝑙𝑙
𝐷𝐷

[1 + 6𝐵𝐵𝑜𝑜
1
16 − 5.3𝑥𝑥0.65(1 − 855𝐵𝐵𝐵𝐵)] 

Kandlikar and Balasubramanian [33]  



 All liquid Reynolds number: Re𝑙𝑙0 =
𝐺𝐺𝐺𝐺
µ𝑙𝑙0

 

 Boiling number: 𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

 Convection number: 
 𝑁𝑁𝐶𝐶𝐶𝐶 = �

1 − 𝑥𝑥
𝑥𝑥

�
0.8

∗ �
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5

 

 Friction factor 𝑓𝑓𝑓𝑓 =  [1.58 𝑙𝑙𝑙𝑙(Re𝑙𝑙0) −  3.28]−2 
 Liquid laminar heat transfer correlation in 

function of Reynolds: 
 

Rel0 < 100 (directly two phase coefficient) 
  ℎ𝑡𝑡𝑡𝑡 = ℎ𝑁𝑁𝑁𝑁𝑁𝑁(1 − 𝑥𝑥)0.8ℎ𝑙𝑙0 
  100 < Rel0 < 1600: 
  ℎ𝑙𝑙0 = 0.023

𝑘𝑘𝑙𝑙
𝐷𝐷
𝑅𝑅𝑒𝑒𝑙𝑙00.8Pr𝑙𝑙0.4 

  1600 < Rel0 < 3 103: 
  Linear interpolation between upper and lower coefficient 
  3*103 < Rel0 < 104: 
  

ℎ𝑙𝑙0 =
(𝑅𝑅𝑒𝑒𝑙𝑙0 − 1000)Prl �

𝑓𝑓𝑓𝑓
2 � �

𝑘𝑘𝑙𝑙
𝐷𝐷�

1 + 12.7�Pr𝑙𝑙
2
3 − 1� �𝑓𝑓𝑓𝑓2 �

0.5  

  104 < Rel0 < 5 106: 
  

ℎ𝑙𝑙0 =
𝑅𝑅𝑒𝑒𝑙𝑙0Prl �

𝑓𝑓𝑓𝑓
2 � �

𝑘𝑘𝑙𝑙
𝐷𝐷�

1 + 12.7�Pr𝑙𝑙
2
3 − 1� �𝑓𝑓𝑓𝑓2 �

0.5 

 Convective boiling heat transfer coefficient: ℎ𝐶𝐶𝐶𝐶𝐶𝐶 = 1.136𝑁𝑁𝐶𝐶𝐶𝐶−0.9 + 667.2𝐵𝐵𝑜𝑜0.7𝐹𝐹𝐹𝐹𝐹𝐹  
 Nucleate boiling heat transfer coefficient: ℎ𝑁𝑁𝑁𝑁𝑁𝑁 = 0.6683𝑁𝑁𝐶𝐶𝐶𝐶−0.9 + 1058𝐵𝐵𝑜𝑜0.7𝐹𝐹𝐹𝐹𝐹𝐹 
 Two-phase heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = max(ℎ𝐶𝐶𝐶𝐶𝐶𝐶 , ℎ𝑁𝑁𝑁𝑁𝑁𝑁) (1 − 𝑥𝑥)0.8ℎ𝑙𝑙0 
Zhang et al.   
 Liquid fraction Reynolds number:  

𝑅𝑅𝑒𝑒𝑙𝑙 =
(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺

𝜇𝜇𝑙𝑙
 

 Vapor fraction Reynolds number: Re𝑣𝑣 =
𝑥𝑥𝑥𝑥𝑥𝑥
µ𝑣𝑣

 

 Prandtl liquid number: 
Pr𝑙𝑙 =

µ𝑙𝑙𝐶𝐶𝑝𝑝𝑝𝑝
𝑘𝑘𝑙𝑙

 

 Prandtl vapor number: 
Pr𝑣𝑣 =

µ𝑣𝑣𝐶𝐶𝑝𝑝𝑝𝑝
𝑘𝑘𝑣𝑣

 

 Martinelli parameter: 
𝑋𝑋𝑡𝑡𝑡𝑡 = �

1 − 𝑥𝑥
𝑥𝑥

� �
𝑓𝑓𝑙𝑙
𝑓𝑓𝑣𝑣
�
0.5

�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.5

 

 Expansion coefficient of liquid phase: 
 

𝛽𝛽 =
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

�𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇��
 

 Nusselt relation for or ReL: If ReL < 2000 (laminar flow): 
  max (4.36,𝑁𝑁𝑢𝑢𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) 
  

𝑁𝑁𝑢𝑢𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 0.17𝑅𝑅𝑒𝑒𝑙𝑙0.33𝑃𝑃𝑃𝑃𝑙𝑙0.43 �
Prl
𝑃𝑃𝑃𝑃𝑣𝑣

�
0.25

�
𝑔𝑔𝑔𝑔𝜌𝜌𝑙𝑙2𝐷𝐷ℎ3(𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏)

𝜇𝜇𝑙𝑙2
�
0.1

 

  If ReL > 2300 (Dittus-Boelter): 
  𝑁𝑁𝑁𝑁 = 0.023𝑅𝑅𝑒𝑒𝑙𝑙00.8Pr𝑙𝑙0.4 
  If 2000 < ReL < 2300: 
  Linear interpolation between upper and lower coefficient 
 Liquid heat transfer coefficient: 

ℎ𝑙𝑙 =
𝑘𝑘𝑙𝑙
𝐷𝐷
𝑁𝑁𝑁𝑁 

 Friction factor in function of Reg or L: If Reg or L < 1000: 
  𝑓𝑓𝑟𝑟𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 =

16
𝑅𝑅𝑒𝑒𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

 

  If Reg or L > 2000: 
  𝑓𝑓𝑟𝑟𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 = 0.046𝑅𝑅𝑒𝑒𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

−0.2  
  If 2000 < ReL or g < 2300: 
  Linear interpolation between upper and lower coefficient 



 Chilsom constant: For ReL < 1000 and Reg < 1000 
  X = Xvv and C = 5 
  For ReL > 2000 and Reg < 1000 
  X = Xtv and C = 10 
  For ReL < 1000 and Reg > 2000 
  X = Xvt and C = 12 
  For ReL > 2000 and Reg > 2000 
  X = Xtt and C = 20 
  Else: 
  Linear interpolation between upper and lower coefficient 
 Two-phase frictional multiplier: 

 𝛷𝛷𝑙𝑙
2 = 1 +

𝐶𝐶
𝑋𝑋

+
1
𝑋𝑋2

 

 Convective boiling enhancement factor: 
 

𝐹𝐹′ = 0.64𝛷𝛷𝑙𝑙 
 

  𝐹𝐹 = 𝑀𝑀𝑀𝑀𝑀𝑀(𝐹𝐹′, 1) 
 Nucleate boiling suppression factor: 𝑆𝑆 = (1 + 2.5310−6𝑅𝑅𝑒𝑒𝑙𝑙1.17)−1 
 Nucleate boiling heat transfer coefficient 

(Foster-Zuber): ℎ𝑛𝑛𝑛𝑛 = 0.00122 ∗
𝑘𝑘𝑙𝑙0.79𝐶𝐶𝑝𝑝𝑝𝑝0.45𝜌𝜌𝑙𝑙0.49

𝜎𝜎0.5𝜇𝜇𝑙𝑙0.29ℎ𝑙𝑙𝑙𝑙0.24𝜌𝜌𝑣𝑣0.24 (𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)0.24(𝛥𝛥𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠)0.75 

 Two-phase heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 𝑆𝑆ℎ𝑛𝑛𝑛𝑛 + 𝐹𝐹ℎ𝑙𝑙  
Lee and Mudawar   
 Martinelli parameter: 

 𝑋𝑋𝑣𝑣𝑣𝑣 = �
1 − 𝑥𝑥
𝑥𝑥

�
0.5

�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.5
�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5

 

𝑋𝑋𝑣𝑣𝑣𝑣 = �
1 − 𝑥𝑥
𝑥𝑥

� �
𝑓𝑓𝑙𝑙𝑅𝑅𝑒𝑒𝑔𝑔0.25

0.079
�
0.5

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5

 

 Friction factor in function of Reg or L: 
 

If Reg or L < 1000: 

𝑓𝑓𝑟𝑟𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 =
16

𝑅𝑅𝑒𝑒𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣
 

  If Reg or L > 2000: 
  𝑓𝑓𝑟𝑟𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 = 0.046𝑅𝑅𝑒𝑒𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

−0.2  
  If 2000 < ReL or g < 2300: 
  Linear interpolation between upper and lower coefficient 
 Weber number:  

𝑊𝑊𝑒𝑒𝑙𝑙 =
𝐺𝐺2𝐷𝐷
𝜌𝜌𝑙𝑙𝜎𝜎

 

 Reynolds numbers:  Re𝑣𝑣 =
𝑥𝑥𝑥𝑥𝑥𝑥
µ𝑣𝑣

 

  
Re𝑙𝑙 =

(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺
µ𝑙𝑙

 

 Prandtl numbers: 
Pr𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 =

µ𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣𝐶𝐶𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑣𝑣

𝑘𝑘𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣
 

 Liquid or Vapor heat transfer coefficient 
(Dittus-Boelter): 
 

ℎ𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 = 0.023𝑅𝑅𝑅𝑅𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣
0.8 𝑃𝑃𝑃𝑃𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

0.4 𝑘𝑘𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

𝐷𝐷
 

 Two-phase heat transfer coefficient: for x < 0.05: 
  ℎ𝑡𝑡𝑡𝑡 = 3.856𝑋𝑋𝑡𝑡𝑡𝑡0.267ℎ𝑙𝑙 
  for 0.05 < x < 0.55: 
  ℎ𝑡𝑡𝑡𝑡 = 436.48𝐵𝐵𝑜𝑜0.522𝑊𝑊𝑒𝑒𝑙𝑙0.351𝑋𝑋𝑡𝑡𝑡𝑡0.665ℎ𝑙𝑙 
  for x > 0.55: 
  ℎ𝑡𝑡𝑡𝑡 = 𝑀𝑀𝑀𝑀𝑀𝑀(108.6𝑋𝑋𝑡𝑡𝑡𝑡1.665ℎ𝑔𝑔, ℎ𝑔𝑔) 
Saitoh et al.   
 Reynolds numbers: Re𝑣𝑣 =

𝑥𝑥𝑥𝑥𝑥𝑥
µ𝑣𝑣

 

  
Re𝑙𝑙 =

(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺
µ𝑙𝑙

  

 Weber number: 
𝑊𝑊𝑒𝑒𝑙𝑙 =

𝐺𝐺2𝐷𝐷
𝜌𝜌𝑙𝑙𝜎𝜎

 

 Martinelli parameter: for ReL > 1000 and Reg > 1000 
  

𝑋𝑋𝑡𝑡𝑡𝑡 = �
1 − 𝑥𝑥
𝑥𝑥

�
0.9

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5
�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.1

 



  for ReL < 1000 and Reg > 1000 
  

𝑋𝑋𝑡𝑡𝑡𝑡 = (𝑅𝑅𝑒𝑒𝑣𝑣−0.4) �
𝐺𝐺𝑙𝑙
𝐺𝐺𝑣𝑣
�
0.5

�
𝑓𝑓𝑙𝑙
𝑓𝑓𝑣𝑣
�
0.5

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5
�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.5

 

 Friction factor in function of Reg or L: 
 

If Reg or L < 1000: 

  𝑓𝑓𝑟𝑟𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 =
16

𝑅𝑅𝑒𝑒𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣
 

  If Reg or L > 2000: 
  𝑓𝑓𝑟𝑟𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 = 0.046𝑅𝑅𝑒𝑒𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣

−0.2  
  If 2000 < ReL or g < 2300: 
  Linear interpolation between upper and lower coefficient 
 Liquid heat transfer coefficient hL: For ReL < 1000 (Dittus-Boelter): 
  ℎ𝑙𝑙 = 0.023𝑅𝑅𝑅𝑅𝑙𝑙0.8𝑃𝑃𝑃𝑃𝑙𝑙0.4 𝑘𝑘𝑙𝑙

𝐷𝐷
 

  For ReL > 1000 (Developed flow): 
  ℎ𝑙𝑙 = 4.36

𝑘𝑘𝑙𝑙
𝐷𝐷

 
 Convective boiling enhancement factor: 

𝐹𝐹 = 1 +
� 1
𝑋𝑋𝑡𝑡𝑡𝑡

�
1.05

1 + 𝑊𝑊𝑒𝑒𝑣𝑣−0.4 

 Bubble growth suppression factor: 𝑆𝑆 =
1

1 + 0.4(10−4𝐹𝐹1.25𝑅𝑅𝑒𝑒𝑙𝑙)1.4 

 Bubble diameter: 
𝐷𝐷𝑏𝑏 = 0.512 �

𝜎𝜎
𝑔𝑔

(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)�
0.5

 

 Nucleate boiling heat transfer coefficient: 
ℎ𝑛𝑛𝑛𝑛 = 207

𝑘𝑘𝑙𝑙
𝐷𝐷𝑏𝑏

 �
𝑞𝑞𝑞𝑞
𝑘𝑘𝑙𝑙𝑇𝑇𝑙𝑙

�
0.745

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.581

𝑃𝑃𝑃𝑃𝑙𝑙0.533 

 Two-phase heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 𝑆𝑆ℎ𝑛𝑛𝑛𝑛 + 𝐹𝐹ℎ𝑙𝑙  
Bertsch et al.   
 Reynolds numbers: 

 Re𝑣𝑣0 =
𝐺𝐺𝐺𝐺
µ𝑣𝑣

  

  Re𝑙𝑙0 =
𝐺𝐺𝐺𝐺
µ𝑙𝑙

  

 Prandtl numbers: 
Pr𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣 =

µ𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣𝐶𝐶𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑣𝑣

𝑘𝑘𝑙𝑙 𝑜𝑜𝑜𝑜 𝑣𝑣
 

 Reduced pressure: P𝑟𝑟 =
𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 Confinement number: 

𝐶𝐶𝐶𝐶 =
�𝜎𝜎 𝑔𝑔𝑔𝑔𝑔𝑔�

𝐷𝐷
 

 Liquid or Vapor turbulent heat transfer coef-
ficient (Dittus-Boelter): ℎ𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0 = 0.023𝑅𝑅𝑅𝑅𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0

0.8 𝑃𝑃𝑃𝑃𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0
0.4 𝑘𝑘𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0

𝐷𝐷
 

 Vapor and liquid laminar heat transfer 
coefficient: 

ℎ𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0 =
𝑘𝑘𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0

𝐷𝐷
⎣
⎢
⎢
⎢
⎡
3.66 +

0.0668 ∗ 𝐷𝐷𝐿𝐿 𝑅𝑅𝑒𝑒𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0Prl0 𝑜𝑜𝑜𝑜 𝑣𝑣0

1 + 0.04 ∗ �𝐷𝐷𝐿𝐿 𝑅𝑅𝑒𝑒𝑙𝑙0 𝑜𝑜𝑜𝑜 𝑣𝑣0Prl0 𝑜𝑜𝑜𝑜 𝑣𝑣0�
2
3
⎦
⎥
⎥
⎥
⎤
 

 Convective boiling enhancement heat trans-
fer coefficient: 

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (1 − 𝑥𝑥)ℎ𝑙𝑙0 + 𝑥𝑥ℎ𝑣𝑣𝑣𝑣 

 Convective boiling enhancement factor: 𝐹𝐹 = 1 + 80 ∗ (𝑥𝑥2 − 𝑥𝑥6)𝑒𝑒−0.6∗𝐶𝐶𝐶𝐶 
 Nucleate boiling heat transfer coefficient 

(Cooper): 
ℎ𝑛𝑛𝑛𝑛 = 55𝑃𝑃𝑟𝑟

0.12−0.434𝑙𝑙𝑙𝑙𝑙𝑙𝑅𝑅𝑝𝑝(−𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑟𝑟)−0.55𝑀𝑀−0.5𝑞𝑞0.67 

 Bubble growth suppression factor: 𝑆𝑆 = (1 − 𝑥𝑥) 
 Mean heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 𝑆𝑆ℎ𝑛𝑛𝑛𝑛 + 𝐹𝐹ℎ𝑙𝑙  
Mikielewicz   
 Reynolds number: Re𝑙𝑙0 =

𝐺𝐺𝐺𝐺
µ𝑙𝑙

  

 Prandtl numbers: 
Pr𝑙𝑙 =

µ𝑙𝑙𝐶𝐶𝑝𝑝𝑝𝑝
𝑘𝑘𝑙𝑙

 



 Reduced pressure: P𝑟𝑟 =
𝑃𝑃
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 Nucleate boiling enhancement heat transfer 
coefficient (Cooper): 

ℎ𝑛𝑛𝑛𝑛 = 55𝑃𝑃𝑟𝑟
0.12−0.434𝑙𝑙𝑙𝑙𝑙𝑙𝑅𝑅𝑝𝑝(−𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑟𝑟)−0.55𝑀𝑀−0.5𝑞𝑞0.67 

 Friction factor: Rel0 < 4000: 
  

𝑓𝑓1 =
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.25

 

  
𝑓𝑓2 =

𝑘𝑘𝑣𝑣
𝑘𝑘𝑙𝑙

 

  Else: 
  𝑓𝑓1 =

𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣

 

  
𝑓𝑓2 =

𝜇𝜇𝑣𝑣
𝜇𝜇𝑙𝑙
𝐶𝐶𝑝𝑝𝑝𝑝
𝐶𝐶𝑝𝑝𝑝𝑝

�
𝑘𝑘𝑙𝑙
𝑘𝑘𝑔𝑔
�
1.5

 

 Convective number of Muller-Steinhagen: 
𝛷𝛷𝑀𝑀𝑀𝑀 = �1 + 2 �

1
𝑓𝑓1
− 1� 𝐶𝐶𝑜𝑜−1𝑥𝑥� (1 − 𝑥𝑥)

1
3 +

𝑥𝑥3

𝑓𝑓2
 

 Convective additive factor: 𝑃𝑃 = 0.00253𝑅𝑅𝑒𝑒𝑙𝑙01.17𝐵𝐵𝑜𝑜0.6(𝛷𝛷𝑀𝑀𝑀𝑀 − 1)−0.65 
 All liquid heat transfer coefficient: If 𝑅𝑅𝑒𝑒𝑙𝑙0  <  4000:                                                           𝑛𝑛 = 0.9 
  

ℎ𝑙𝑙0 =  
𝑘𝑘𝑙𝑙
𝐷𝐷
�3.66 +

0.0668 �𝐷𝐷𝐿𝐿�𝑅𝑅𝑒𝑒𝑙𝑙0𝑃𝑃𝑃𝑃𝑙𝑙0

 1 +  0.04  �𝐷𝐷𝐿𝐿�𝑅𝑅𝑒𝑒𝑙𝑙0𝑃𝑃𝑃𝑃𝑙𝑙0
� 

  Else:                                                                                 𝑛𝑛 = 2 
  ℎ𝑙𝑙0 = 0.023 ∗ 𝑅𝑅𝑅𝑅𝑙𝑙00.8𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙0.4 𝑘𝑘𝑙𝑙0

𝐷𝐷
 

 Two-phase on liquid only heat transfer coef-
ficients: ℎ𝑡𝑡𝑡𝑡

ℎ𝑙𝑙0
= �𝛷𝛷𝑀𝑀𝑀𝑀𝑛𝑛 +

1
1 + 𝑃𝑃

�
ℎ𝑛𝑛𝑛𝑛
ℎ𝑙𝑙0

�
2

 

Li and Wu   
 Reynolds number: Re𝑙𝑙 = (1 − 𝑥𝑥)

𝐺𝐺𝐺𝐺
µ𝑙𝑙

 

 Boiling number: 𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙
 

 Bond number: 
𝐵𝐵𝐵𝐵 =

𝜌𝜌𝑙𝑙𝑔𝑔𝐷𝐷2

𝜎𝜎𝑙𝑙
 

 Two-phase heat transfer coefficients: ℎ𝑡𝑡𝑡𝑡 = 334
𝑘𝑘𝑙𝑙
𝐷𝐷
𝐵𝐵𝑜𝑜0.3(𝑅𝑅𝑒𝑒𝑙𝑙0.36𝐵𝐵𝐵𝐵)0.4 

Mohamed and Karayiannis   
 Reynolds numbers: 

Re𝑙𝑙 =
(1 − 𝑥𝑥)𝐺𝐺𝐺𝐺

µ𝑙𝑙
  

 Martinelli parameter: 
𝑋𝑋𝑡𝑡𝑡𝑡 = �

1 − 𝑥𝑥
𝑥𝑥

�
0.9

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
0.5
�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.1

 

 Nucleate boiling enhancement heat transfer 
coefficient (Cooper): 

ℎ𝑛𝑛𝑛𝑛 = 55𝑃𝑃𝑟𝑟
0.12−0.434𝑙𝑙𝑙𝑙𝑙𝑙𝑅𝑅𝑝𝑝(−𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑟𝑟)−0.55𝑀𝑀−0.5𝑞𝑞0.67 

 Confinement number: 

𝐶𝐶𝐶𝐶 =
�𝜎𝜎 𝑔𝑔𝑔𝑔𝑔𝑔�

𝐷𝐷
 

 Enhancement Factor. 
𝐹𝐹 = �1 +

2.812𝐶𝐶𝑜𝑜−0.408

𝑋𝑋𝑡𝑡𝑡𝑡
�
0.64

 

 Suppression Factor 𝑆𝑆 =
1

1 + 2.56 ∗ 10−6(𝑅𝑅𝑒𝑒𝑙𝑙 ∗ 𝐹𝐹𝑛𝑛𝑛𝑛𝑛𝑛1.25)1.17 

 Two-phase liquid heat transfer coefficients 
for turbulent flow: ℎ𝑙𝑙 = 0.023 𝑅𝑅𝑅𝑅𝑙𝑙00.8𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙0.4 𝑘𝑘𝑙𝑙0

𝐷𝐷
 

 Two-phase heat transfer coefficient: ℎ𝑡𝑡𝑡𝑡 = 𝑆𝑆ℎ𝑛𝑛𝑛𝑛 + 𝐹𝐹ℎ𝑙𝑙  



 

 

 

 

3.1. Applicability ranges 

The range of applicability of all the analyzed correlations and models is shown in Tab. 5. 

Table 5: Correlation and models applicability ranges 

 
 Fluid  Pressure Diameter Mass Flux Heat Flux 

Correlation or Model  kPa mm Kg/m2s kW/m2 

Macro-Scale correlations 
Chen [1] 6 fluids 55-3792   6.2-2400 

Shah [28] R12 40-3308 5-15 70-11071 0.1-1215 
Gungor and Winterton [3] 7 fluids 8-20260 5-32 60-8179 2-4579 

Kandlikar [2] 10 fluids 100-6400 5-32 67-8179 4.7-2280 
Liu and Winterton [29] water 507-

19743 2.95-32 12.4-8189 0.35-262 

Micro-Scale correlations 
Lazarek & Black [4] R113 130-410 3.1 125-751 14-380 

Tran et al. [30] R12 496-827 2.4-2.92 44-832 0.75-12.9 
Kew and Cornwell [7] R141b  1.39-3.69 188-1480  

Warrier et al. [31] FC84  0.75   
Kandlikar & Balasubra-

manian [32] 
Water, refriger-

ants 40-6400 0.19-3.2 13-8179 0.3-2280 

Zhang et al. [6] Water, refriger-
ants 101-866 0.78-6 23.4-2939 2.95-2511 

Lee & Mudawar [33] Water, R134a 144-660 0.35 127-654 159-938 
Saitoh et al. [34] R134a 350-500 0.5-1.1 150-450 0.5-39 
Bertsch et al. [5] 12 fluids 100-517 0.16-2.92 20-3000 4-1150 

Mikielewicz [8] Water, refriger-
ants 767-1155 2-4.26 100-500 11-100 

Li and Wu [35] 12 fluids 3471-
6412 0.19-2.01 190-570 5-20 

Mahmoud and Karayiannis 
[16] R134a 600-1400 0.52-4.26 100-500 0.17-158 

Mechanicistic models 
Thome [10, 11] 7 fluids 350-793 0.77-3.1 50-347 2-2634 

Consolini & Thome [12, 
13] 4 fluids 766-811 0.51-0.79 300-200 1-200 

3.2. Similarity criteria 

A critical issue in utilizing the available correlations and models is their applicability when dif-
ferent fluids are used. To overcome these difficulty, Delhaye et al. (2004) developed criteria 
based on the Kay and Nedderman (1974) assumptions on enthalpy. These criteria may be ap-
plied both to models and correlations and they are useful to understand if the specific correla-
tion is applicable regardless the fluid and the proprieties adopted. The similarity criteria can be 
summarized in the following requirements: 
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 Same channel shape: different shapes influence the boundary layers and the heat flux 
distribution along the channel. 

 Same vapor to liquid density ratio at the respective pressures: 

�
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
𝑝𝑝�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑎𝑎)�

= �
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
𝑝𝑝�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑏𝑏)�

 

To avoid any difference in the volume occupied by every phase the ration between the 
specific volume of the two phases should be the same at the saturation pressure. 

 Same Weber number, to derive the equivalent mass flux G: 

𝑊𝑊𝑊𝑊 ≅
𝐺𝐺2𝐷𝐷
𝜎𝜎𝜌𝜌𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠

=> 𝐺𝐺𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑏𝑏) = �𝑊𝑊𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑎𝑎)𝜎𝜎𝜌𝜌𝑙𝑙,𝑠𝑠𝑎𝑎𝑎𝑎
𝐷𝐷

 

The inertia/surface tension ratio should be the same to grant the same film, droplet or 
bubbles dimension. 

 Same Boiling Number, to calculate the equivalent heat flux Q: 

𝐵𝐵𝐵𝐵 ≅
𝑄𝑄

𝐺𝐺𝐻𝐻𝑙𝑙𝑙𝑙
=>  𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑏𝑏) =

𝐻𝐻𝑙𝑙𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑏𝑏) ∙ 𝑄𝑄𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑎𝑎) ∙ 𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑏𝑏)

𝐻𝐻𝑙𝑙𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑎𝑎)∙𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑎𝑎)
 

The Boiling number can be thought of as a ratio mass flow rates per unit area. A differ-
ent mass of vapor generated can change the vapor distribution in the cannel up to the 
thermal crisis. 

 Same equilibrium quality, to calculate the equivalent inlet temperature: 

𝑥𝑥𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 ≅
𝐻𝐻𝑙𝑙,𝑖𝑖𝑖𝑖 − 𝐻𝐻𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠

𝐻𝐻𝑙𝑙𝑙𝑙
=> 

𝐻𝐻(𝑇𝑇)𝑙𝑙,𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑏𝑏) = 𝐻𝐻𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠  𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑑𝑑(𝑏𝑏) +
𝐻𝐻𝑙𝑙𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑏𝑏)

𝐻𝐻𝑙𝑙𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑎𝑎)
�𝐻𝐻𝑙𝑙,𝑖𝑖𝑖𝑖 − 𝐻𝐻𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑎𝑎) 

The use of the same equilibrium quality to calculate an equivalent inlet temperature is 
useful to grant the same energetic inlet condition for the fluid. 

 

Due the limited literature concerning the use of FC-72, the similarity criteria have been adopted 
in this thesis only for pressure drop calculation and for subcooled boiling vapor and void frac-
tion calculation. The use of the criteria for heat transfer models will be done in a further work 
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3.3. Subcooled model 

This section is intended to analyze the subcooled boiling phenomenon with a new model. Sub-

cooled boiling can be the predominant boiling phenomenon at low reduced pressures due to the 

fluid vaporization inertia. Wetting fluids, as FC-42, shows a high thermal hysteresis in high 

subcooled condition at the inlet, as reported in the work of Celata et al. (1992). In the paragraph 

a new model, based on the work of Delhaye et al. (2004), to calculate vapor quality and void 

fraction is proposed.  Figure 82 shows different boiling phases along an experimental section. 

 

Figure 82: Heat flux vs wall superheating at 1150 Kg/m2s on 100 mm tube, boiling phases. 

3.3.1. Subcooled boundaries calculation 
Single phase forced convection ends when the first vapor bubbles appear at the first nucleation 
site at the ONB (Figure 83). When a significant increase in the void fraction occurs, the fluid 
reaches the “onset of significant void” (OSV). Finally, saturated boiling starts when the whole 
mixture is in saturated conditions. Once defined ONB and OSV is possible to distinguish two 
regions in the subcooled zone: the partially developed boiling (PDB) region, delimited by the 
ONB and the OSV, and the fully developed boiling (FDB) region which is delimited by the 
OSV and the saturation point.  
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Figure 83: Subcooled flow boiling representation in a vertical channel 

The void fraction increases slightly from the ONB to the OSV and it increases much faster in 
the FDB region. The wall temperature increases linearly in single phase flow and remains al-
most constant in the boiling region, as shown in Figure 84.  

 
Figure 84: Wall temperature, bulk temperature and void fraction trends at the increasing of equi-

librium quality 

The Onset Nucleate Boiling (ONB) can be identified by an energy balance, as stated in Delhaye 
et al. (2004): 



Heat Transfer and Pressure Drops in Micro-Tubes 

 

147 

 

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂 =
𝐺𝐺𝑐𝑐𝑝𝑝𝑝𝑝𝐷𝐷

4
∙ �
��𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑙𝑙,𝑖𝑖𝑖𝑖� + (𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)𝑂𝑂𝑂𝑂𝑂𝑂�

𝑄𝑄
−

1
ℎ𝑙𝑙,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

� 

The convective heat transfer coefficient hl,conv can be calculated by the well-known Petukhov-
Gnielinskii correlation. The ONB interests only the liquid film around the tube, therefore the 
fluid properties are evaluated at the film temperature: 

�𝑇𝑇𝑙𝑙(𝑧𝑧𝑂𝑂𝑂𝑂𝑂𝑂) + 𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑧𝑧𝑂𝑂𝑂𝑂𝑂𝑂)�
2

 

The only exception is the liquid heat capacity, that is calculated at the average temperature be-
tween the inlet and the ONB:  

�𝑇𝑇𝑙𝑙(𝑧𝑧𝑂𝑂𝑂𝑂𝑂𝑂) + 𝑇𝑇𝑙𝑙,𝑖𝑖𝑖𝑖�
2

 

The wall superheating (𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠) at the ONB point can be calculated by a modified 
Frost and Dzakowic (1967) correlation for water: 

(𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)𝑂𝑂𝑂𝑂𝑂𝑂 = �
8𝜎𝜎𝜎𝜎𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

𝑘𝑘𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠𝐻𝐻𝑙𝑙𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌𝑔𝑔
�
0.5

𝑃𝑃𝑃𝑃𝑙𝑙0.95 

The Pr number exponent has been changed in this work to 0.95, to better agree with the availa-
ble experimental results. All the proprieties in last equation are calculated at the saturation tem-
perature Tsat. Tab. 5 shows the equivalent applicability range for FC-72 using similarity criteri-
on, as described in previous paragraph: 

Table 6: Frost and Dzakowic correlation (1967): applicability range for FC-72 

Parameters Water  FC-72 
Pressures 0.1-20 MPa 0.0075-1.57 MPa 

Mass velocity No restriction No restriction 
Heat flux 150 kW/m2 6.5 kW/m2 

The liquid temperature at the ONB point, to be used in the fluid proprieties calculation, is calcu-
lated iteratively from the energy balance: 

𝑇𝑇(𝑥𝑥) = 𝑇𝑇𝑖𝑖𝑖𝑖 + 4 𝑄𝑄∙𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂
𝐺𝐺∙𝑐𝑐𝑝𝑝𝑝𝑝∙𝐷𝐷

      

The heat capacity cpl is calculated at the average temperature between Tin and T(x) where x is 
ZONB.  

The Onset of Significant Void point is identified through the Saha and Zuber correlation (1974), 
as suggested in the Delhaye et al. model (2004). It is calculated starting from the ONB point. 
The liquid bulk temperature at the OSV is: 

𝑇𝑇𝑙𝑙,𝑂𝑂𝑂𝑂𝑂𝑂 = 𝛥𝛥𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 

Where ΔTOSV is the subcooling degree and it is calculated according to two possible ranges of 
the Peclet number: 

 𝑃𝑃𝑃𝑃 < 700000;       𝛥𝛥𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 = 0.0022 ∙ 𝑄𝑄𝑄𝑄
𝑘𝑘𝑙𝑙
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 𝑃𝑃𝑃𝑃 > 700000;       𝛥𝛥𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 = 153.8 ∙ 𝑄𝑄
𝐺𝐺∙𝑐𝑐𝑝𝑝,𝑙𝑙

 

Where: 

𝑃𝑃𝑃𝑃 =
𝐺𝐺𝑐𝑐𝑝𝑝.𝑙𝑙 ∙ 𝐷𝐷

𝑘𝑘𝑙𝑙
 

The fluid properties are calculated at the OSV temperature. From the thermal balance at the 
OSV point, it is possible to identify the axial position (Zosv) where OSV starts: 

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂 + �𝐻𝐻𝑙𝑙�𝑇𝑇𝑙𝑙,𝑂𝑂𝑂𝑂𝑂𝑂� − 𝐻𝐻𝑙𝑙�𝑇𝑇𝑙𝑙,𝑂𝑂𝑂𝑂𝑂𝑂�� ∙
𝐺𝐺𝐺𝐺
4𝑄𝑄

 

ONB and OSV points will be used as boundaries in the void fraction calculations for the partial 
and fully developed boiling regions. 

3.3.2. Void fraction calculation 
Two-phase pressure drop calculation needs the evaluation of the void fraction. The Zuber and 
Findlay drift flux model (1965) is widely used in the literature to evaluate the void fraction α. 

𝛼𝛼 =
𝛤𝛤𝑣𝑣

𝐶𝐶0𝛤𝛤 + 𝑉𝑉𝑔𝑔
 

Where C0 is the distribution parameter, that is a function of the local vapor void fraction and the 
local mixture velocity; Vg is the weighted drift velocity, that physically depends on the radial 
profile of the void fraction and can be calculated as a function of local the vapor void fraction 
and the local vapor velocity; 𝛤𝛤 is the volumetric flow rate. These parameters, in the original 
work, are semi-empirical and based on a fluid database. Lahey and Moody (1977) proposed dif-
ferent methods to calculate the void fraction in subcooled boiling, based on the Zuber and 
Findlay (1965) model, that was developed to estimate the void fraction in the fully developed 
boiling region. 

𝛼𝛼 =
𝑥𝑥𝑣𝑣 ∙ 𝜌𝜌𝑙𝑙 ∙ 𝐺𝐺

𝐶𝐶0(𝑥𝑥𝑣𝑣 ∙ 𝜌𝜌𝑙𝑙 + (1 − 𝑥𝑥𝑣𝑣) ∙ 𝜌𝜌𝑣𝑣)𝐺𝐺 + 𝑉𝑉𝑔𝑔 ∙ 𝜌𝜌𝑙𝑙 ∙ 𝜌𝜌𝑣𝑣
 

The differences of the Lahey and Moody (1977) model from the original one are: (a) the rela-
tion between actual vapor quality and equilibrium quality, (b) the distribution parameter C0 cal-
culation and (c) the weighted drift velocity Vg calculation. Most of the available models calcu-
late the void fraction in fully developed boiling region assume a zero quality in the partially de-
veloped boiling region. However, Levy (1967) and Griffith et al. (1958) proposed correlations 
for the void fraction at the OSV. Delhaye et al. (2004) improved the Lahey and Moody (1977) 
extending the range up to the end of subcooled region, concatenating different approaches to 
different regions of subcooled boiling.  

(a) Relation between non-equilibrium and equilibrium vapor quality in the subcooled region 

The vapor quality xv is the vapor mass fraction in a mixture. It is different but related with the 
equilibrium quality xeq: 
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𝑥𝑥𝑒𝑒𝑒𝑒(𝑧𝑧) =
𝐻𝐻(𝑍𝑍) − 𝐻𝐻𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠

𝐻𝐻𝑙𝑙𝑙𝑙
 

The original model from Lahey and Moody (1977) assumes the quality between ONB and OSV 
(PDB region) equal to zero. However, this approach would lead to an overestimation of the void 
fraction between the OSV and the saturation point (FDB zone). Therefore, a modified non-
equilibrium quality model which adopts an approximation of the subcooled void in PDB and FD 
regions should be used. Delhaye et al. (2004) proposed a hyperbolic tangent to approximate the 
transition. 

𝑥𝑥𝑣𝑣(𝑍𝑍) = 0.01𝜉𝜉 �𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍) − 𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂) �tanh��
𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍)

𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂)� − 1� + 1��   

 𝑥𝑥𝑣𝑣(𝑍𝑍) = 𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍) 𝑖𝑖𝑖𝑖 𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍) ≥ 𝑥𝑥𝑣𝑣(𝑍𝑍)         

𝜉𝜉 is a custom constant that must be identified to allow the first order continuity of the quality 
function between the PDB and FDB regions at the OSV point, where the vapor quality at OSV 
is expressed by the formula: 

𝑥𝑥𝑣𝑣,𝑂𝑂𝑂𝑂𝑂𝑂 =
1

��𝜌𝜌𝑙𝑙𝜌𝜌𝑣𝑣
� ∙ �1 − 𝛼𝛼𝑜𝑜𝑜𝑜𝑜𝑜

𝛼𝛼𝑜𝑜𝑜𝑜𝑣𝑣
� + 1�𝛼𝛼𝑂𝑂𝑂𝑂𝑂𝑂

 

being 𝛼𝛼𝑂𝑂𝑂𝑂𝑂𝑂 the void fraction at OSV originally calculated by Griffith et al. (1958) for water. Ta-
ble 6 summarizes the applicability range for the original Griffith et al. (1958) model.  

Table 7: Griffith (1958) OSV model applicability range 

Parameter Water  FC-72 
Pressure 3.4 – 6.9 – 10.3 MPa 0.25 – 0.57 – 0.8 MPa 

Mass velocity 80 – 400 kg/m2s 155 –1500 kg/m2s 
Heat flux 1600 – 8500 kW/m2  80 – 365 kW/m2 

 

To extend the applicability to other fluids Delhaye et al. (2004) changed that model, introducing 
the capillarity length: 

𝛼𝛼𝑂𝑂𝑂𝑂𝑂𝑂 =
4𝑎𝑎
𝐷𝐷

 

where: 

𝑎𝑎 = 7.5
𝑄𝑄𝑘𝑘𝑙𝑙𝑃𝑃𝑃𝑃𝑙𝑙

ℎ𝑙𝑙2[𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑙𝑙(𝑧𝑧𝑂𝑂𝑂𝑂𝑂𝑂)]
𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐
𝐷𝐷

 

The capillary length Lcap is defined as: 

𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 = �
𝜎𝜎

𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣) 

The single-phase heat transfer coefficient, ℎ𝑙𝑙 is evaluated by the Dittus-Boelter correlation and 
all the fluid properties are calculated at the OSV temperature. 
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(b) Distribution parameter 

The distribution parameter C0 used is calculated by the equation from Nabizadeh et al. (1980): 

𝐶𝐶0  =  �1 +
1 − 𝑥𝑥𝑣𝑣
𝑥𝑥𝑣𝑣

∙
𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
−1

∙ �1 +
1
𝑛𝑛
∙ 𝐹𝐹𝑟𝑟−0.1 ∙ �

𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
𝑛𝑛
∙ �

1 − 𝑥𝑥𝑣𝑣
𝑥𝑥𝑣𝑣

�
11∗𝑛𝑛
9
� 

where: 

𝑛𝑛 = �0.6
𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙

 

Fr is the Froude number defined as: 

𝐹𝐹𝐹𝐹 =
𝐺𝐺2

𝑔𝑔 ∙ 𝐷𝐷 ∙ 𝜌𝜌𝑙𝑙2
 

The void fraction α is largely influenced by the distribution parameter, Delhaye et al. (2004) de-
fines the equation as the most promising in the literature, because it involves pressure, mass flux 
and quality. Other equations, as from Saha and Zuber (1974), use a constant value and Dix 
(1971) uses a function of quality. Also in Delayie at al. (2004) a new correlation was proposed, 
but it is specific for their facility and not suitable. for FC-72. 

(c) Weighted drift velocity 

Void fraction equation is weakly influenced by the weighted drift velocity and the original for-
mula proposed by Zuber and Findlay (1965) is accurate enough for the calculation, as stated in 
Delayie at al. (2004). 

𝑉𝑉𝑔𝑔 = 1.41�
𝜎𝜎 ∙ 𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)

𝜌𝜌𝑙𝑙2
�
0.25

 



Heat Transfer and Pressure Drops in Micro-Tubes 

 

151 

 

4. Pressure drop methodology 

This paragraph analyzes different pressure drop mechanisms considered during pressure drop 
calculations. Pressure drops in subcooled boiling are different from developed boiling due to a 
“recovery” effect due to bubble implosion. The paragraph ends with a summary of the most fa-
mous literature correlations for subcooled boiling, developed boiling and micro-channels pres-
sure drops. All the correlations are used to calculate pressure drops coefficients 

4.1. Pressure drops in flow boiling 

Some examples of pressure drop trends at different heat fluxes, from the BOEMIA experiments, 
are shown in Fig. 85. The same trends were also observed from other authors, as in Kim and 
Mudawar (2012). 

The pressure drop increment is not constant and four different zones can be identified. 

 
Figure 85: Total pressure drops at different heat fluxes, for 100mm (a) and 200 mm (b) tubes. 

The subcooled fluid enters the channel (1) and the pressure drops are related only to the liquid 
frictional losses (dp/dz)f. When the fluid reaches the subcooled boiling point at ONB the bub-
bles that are formed on the tube reduces the available spaces in the channel accelerating the flu-
id and consequently the pressure drop increases (2). However, the embryo bubbles at ONB are 
formed in cavities and when they emerge encounter a large temperature gradient causing bubble 
reduction or implosion, with the resulting instabilities. The instabilities related to the wall su-
perheating hysteresis are particularly marked for wetting fluids as fluorocarbons (You and Si-
mon (1990)). In the full developed boiling region (3), before the saturation point, the accelera-
tion pressure drop (dp/dz)acc quickly increases with the void fraction. The frictional losses are 
higher due to the presence of two phases flowing through the tube. In region (2) and (3), the 
single-phase model fails to predict pressure drops and it is necessary to adopt a new model. The 
void fraction, thanks to its relation to the acceleration and frictional pressure drops, can be used 
as the main parameter to adapt usual two-phase models, such as Lockhart-Martinelli (1979), 
Friedel (1979), and others. The choice of using two-phase models instead of developing specific 
correlations is the wide validity range of the model and the possibility of use only one model for 
all the boiling zones. Margulis and Shwageraus (2014) followed the same approach in their 
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work, using the Osmachkin and Borisov (1960) correlation. After the saturated point, the pres-
sure drops are well known (4) and the traditional two-phases models can be used.  

The total pressure drop is expressed as: 

−�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑡𝑡

= −�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑓𝑓

± �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑎𝑎𝑎𝑎𝑎𝑎

± �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑔𝑔

 

In the single-phase zone, only the friction contribution is considered. 

The acceleration contribution, also considered in the subcooled region, is here expressed in 
terms of the vapor quality xv instead of the equilibrium quality xeq: 

−�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑎𝑎𝑎𝑎𝑎𝑎

=
𝐺𝐺2

𝜌𝜌𝑙𝑙
�
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
𝑥𝑥𝑣𝑣2

𝛼𝛼
+ �

(1 − 𝑥𝑥𝑣𝑣)2

(1 − 𝛼𝛼) − 1�� 

Figure 86 shows the emphasized theoretical trends; the gravitational pressure drop (dp/dz)g is 
null because the channel is horizontal. 

 
Figure 86: Pressure drop contributions at different void fractions 

4.2. Pressure drops in single phase transition flow 

In the analyzed tests, the fluid is subcooled at the inlet and a zone of the tube is in single-phase 
forced convection until the onset of nucleate boiling occurs. As described, the Reynolds’ num-
ber in the ENEA experiments varied from 2750 to 4500. Being these values between the con-
servative range 2000 < Re < 4000, the flow is mainly in transition between the laminar and tur-
bulent flow. In this region, there are no reliable models able to describe the phenomenon. Sev-
eral empirical equations have been proposed for computing the transitional pressure drop: 
Brownlie (1981); Cheng and Chiew (1998); Ligrani and Moffat (1986); Yalin and Da Silva 
(2001). However, a simple interpolation method may work better in calculating pressure drop in 
the transition range. 
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In a first approximation, the pressure drop must vary between the boundaries of laminar and 
turbulent flow. Thus, if the channel is long enough, it is possible to consider the average pres-
sure drop in a section of the channel, neglecting the physical oscillation between laminar and 
turbulent flows. In fact, in the same section and over a brief time interval, the fluid statistically 
changes its behavior cyclically. Then, the friction factor variations can be related to the Reyn-
olds number by a polynomial interpolation between the laminar and turbulent friction factor. To 
avoid any discontinuity in the functions at the boundaries, a third order polynomial has been 
adopted. This polynomial function can be expressed as: 

𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛼𝛼 ∙ 𝑅𝑅𝑒𝑒3 +  𝛽𝛽 ∙ 𝑅𝑅𝑅𝑅^2 + 𝛾𝛾 ∙ 𝑅𝑅𝑅𝑅 + 𝛿𝛿 

The 4 constants 𝛼𝛼, 𝛽𝛽, 𝛾𝛾, 𝛿𝛿 can be obtained by a 4-equations system, where the following bound-
ary conditions are imposed: 

⎩
⎨

⎧
𝐴𝐴: 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡      𝐹𝐹𝐹𝐹𝐹𝐹 𝑅𝑅𝑅𝑅 = 1100
𝐵𝐵: 𝑓𝑓𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡      𝐹𝐹𝐹𝐹𝐹𝐹 𝑅𝑅𝑅𝑅 = 8000
𝐶𝐶: 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙′ = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′      𝐹𝐹𝐹𝐹𝐹𝐹 𝑅𝑅𝑅𝑅 = 2000
𝐷𝐷: 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′ = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′     𝐹𝐹𝐹𝐹𝐹𝐹 𝑅𝑅𝑅𝑅 = 4000

 

The first two conditions are taken far from the boundaries, when the fluid is certainly laminar or 
turbulent; the second two conditions are needed to assure the function continuities at the bound-
aries. The two well know equations used for laminar and turbulent pressure drops in single 
phase are: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓           𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙 =
64
𝑅𝑅𝑅𝑅

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓        1/�𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = −2 log�
𝜀𝜀

3.7𝐷𝐷
+

2.51
𝑅𝑅𝑅𝑅�𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

� 

The Colebrook equation (1939) is solved recursively. 𝜀𝜀 is absolute rugosity of the wall, D is the 
channel diameter, and Re is the Reynold’s number. Figure 87 represents schematically the fric-
tion factor trend. 

 
Figure 87: Interpolation curve for the transition friction factor; A, B, C, D are the 4 boundary 

condition points. 
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Then, the frictional pressure drop in the subcooled liquid from inlet up to the ONB can be calcu-
lated by the equation: 

∆𝑃𝑃𝑓𝑓 = 𝑓𝑓
𝑧𝑧𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷

𝐺𝐺2

2𝜌𝜌𝑙𝑙
 

4.3. Pressure drops in subcooled and saturated boiling 

In literature, there are few predictive tools specific for subcooled flow boiling, and they are rec-
ommended mostly for water in circular tubes. The two-phases models selected to validate the 
present methodology for the subcooled and saturated boiling zones are: Friedel (1979), 
Chisholm (1967), Lockhart-Martinelli (1949), Chawla (1967) and, Müller-Steinhagen and Heck 
(1986), summarized in Table 7. 

To compare the methodology with some specific subcooled correlations, those by Owens-
Schrock (1960), Kim-Mudawar (2012) and Tong (1997) have been also selected. These correla-
tions have been used to calculate the pressure drop in the subcooled flow boiling region, be-
tween ONB and the saturation curve. The ONB and OSV points are calculated by the proposed 
methodology and used to calculate Zsub and Zsat used in the literature correlations. Owens and 
Schrock’s correlation (1960) was developed for water flow in 3 and 4.6 mm tubes. The correla-
tions of Tong et al. (1997), was developed for water flow in 1.05–2.44 mm tubes and with two 
different length-to-diameter ratios. Kim and Mudawar`s (2012) correlation was developed for 
HFE 7100 (and extended for water and R134a) and for 175-415 μm tubes. 

The experimental data are related to the total pressure drops from the inlet to the outlet, the fluid 
enters in the tube in liquid single phase with a high degree of subcooling. Thus, for the calcula-
tions, the data has been analyzed calculating the pressure drops from the inlet up to the ONB 
point (Eq. 5) as in single phase, with the transient single-phase Eq. (32). Furthermore, the points 
where the fluid being saturated (54 points) are not considered in the assessment of subcooled 
boiling method but only assessing the whole methodology. The experimental setup is provided 
with the pressure transducer at inlet and outlet, thus only the total pressure drop, from inlet to 
outlet, were available for the assessment. 

The proposed methodology uses a different correlation to calculate pressure drops for every re-
gion; In single phase the standard pressure drop equation from Colebrook (1939) were used, in-
stead, for subcooled and saturated flow boiling the correlations in Tab. 8 were used with the 
void fraction and quality. However, it should be noted that, theoretically, the subcooled and sat-
urated boiling correlation cannot be the same in the two zones. In fact, the best agreement was 
obtained using different correlations to best fit the data. For comparisons some literature sub-
cooled boiling correlation are summarized in Table 9. 
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Table 8: Two-phases pressure drop models 

Name Equations 
Lockhart-Martinelli 
(1949) 
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1
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0.5
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1 − 𝑥𝑥𝑣𝑣
𝑥𝑥𝑣𝑣

�
0.9

 

𝐶𝐶 =

⎩
⎪
⎨

⎪
⎧

20                          𝑅𝑅𝑒𝑒𝑙𝑙 ≥ 4000;  𝑅𝑅𝑒𝑒𝑣𝑣 ≥ 4000
10                          𝑅𝑅𝑒𝑒𝑙𝑙 ≥ 4000;  𝑅𝑅𝑒𝑒𝑣𝑣 ≤ 2000
12                          𝑅𝑅𝑒𝑒𝑙𝑙 ≤ 2000;  𝑅𝑅𝑒𝑒𝑣𝑣 ≥ 4000
5                            𝑅𝑅𝑒𝑒𝑙𝑙 ≤ 2000;  𝑅𝑅𝑒𝑒𝑣𝑣 ≤ 2000
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𝑓𝑓𝑙𝑙 =
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𝐺𝐺𝐺𝐺
𝜇𝜇𝑙𝑙
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𝐺𝐺𝐺𝐺
𝜇𝜇𝑣𝑣
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Chawla (1968) 
 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑓𝑓

= 𝛷𝛷𝑙𝑙
2 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙
 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙

= 4𝑓𝑓𝑙𝑙
1
𝐷𝐷
𝐺𝐺2(1 − 𝑥𝑥𝑣𝑣)2 �

1
2𝜌𝜌𝑙𝑙

� 
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𝛷𝛷𝑙𝑙
2 = 𝑥𝑥1.75 �1 + 𝑆𝑆

(1 − 𝑥𝑥𝑣𝑣)
𝑥𝑥𝑣𝑣

𝜌𝜌𝑣𝑣
𝜌𝜌𝑙𝑙
�
2.375

 

1
𝑆𝑆

= 9.1
1 − 𝑥𝑥𝑣𝑣
𝑥𝑥𝑣𝑣

(𝑅𝑅𝑒𝑒𝑣𝑣𝐹𝐹𝐹𝐹)−0.167 �
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
�
−0.9

�
𝜇𝜇𝑙𝑙
𝜇𝜇𝑣𝑣
�
0.5

 

𝐹𝐹𝐹𝐹 =
𝐺𝐺2

𝜌𝜌𝑙𝑙2 ∙ 𝑔𝑔 ∙ 𝐷𝐷
 

 
Chisholm (1967) 
 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑓𝑓

= 𝛷𝛷𝑙𝑙
2 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙
 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙

= 4𝑓𝑓𝑙𝑙
1
𝐷𝐷
𝐺𝐺2 �

1
2𝜌𝜌𝑙𝑙

� 

𝑓𝑓𝑙𝑙,𝑣𝑣 =

⎩
⎪
⎨

⎪
⎧ 0.079
�𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣4       𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣 ≥ 2000

16
𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣

        𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣 < 2000
 

𝛷𝛷𝑙𝑙
2 = 1 + (𝑌𝑌2 − 1)𝐵𝐵𝑥𝑥𝑣𝑣

2−𝑛𝑛
2 (1 − 𝑥𝑥𝑣𝑣)

2−𝑛𝑛
2 + 𝑥𝑥𝑣𝑣2−𝑛𝑛   where 𝑛𝑛

= 0.25 (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) 
 

𝑌𝑌 = �
𝑌𝑌𝑏𝑏
𝑌𝑌𝑎𝑎
�
1/2

 

𝑌𝑌𝑎𝑎 = 𝑓𝑓𝑙𝑙
2𝐺𝐺2

𝐷𝐷𝜌𝜌𝑙𝑙
;  𝑌𝑌𝑏𝑏 = 𝑓𝑓𝑣𝑣

2𝐺𝐺2

𝐷𝐷𝜌𝜌𝑣𝑣
 

𝐵𝐵 =

⎩
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎧

55
𝐺𝐺2

                            0 ≤ 𝑌𝑌 < 9.5;𝐺𝐺 ≥ 1900

2400
𝐺𝐺

          0 ≤ 𝑌𝑌 < 9.5; 500 ≤ 𝐺𝐺 < 1900

520
𝑌𝑌√𝐺𝐺

                         0 ≤ 𝑌𝑌 < 9.5;𝐺𝐺 < 600

21
𝑌𝑌

                           9.5 ≤ 𝑌𝑌 < 28;𝐺𝐺 ≥ 600

15000
𝑌𝑌2√𝐺𝐺

                          𝑌𝑌 ≥ 28;𝐺𝐺 < 1900

 

 
Müller-Steinhagen  
and Heck (1986) �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑓𝑓

= 𝐺𝐺(1 − 𝑥𝑥𝑣𝑣)
1
3 + 𝐵𝐵𝑥𝑥𝑣𝑣3 

𝐺𝐺 = 𝐴𝐴 + 2(𝐵𝐵 − 𝐴𝐴)𝑋𝑋𝑣𝑣 

𝐴𝐴 = �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙

= 4𝑓𝑓𝑙𝑙
1
𝐷𝐷
𝐺𝐺2 �

1
2𝜌𝜌𝑙𝑙

� 

𝐵𝐵 = �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙

= 4𝑓𝑓𝑣𝑣
1
𝐷𝐷
𝐺𝐺2 �

1
2𝜌𝜌𝑣𝑣

� 
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𝑓𝑓𝑙𝑙,𝑣𝑣 =

⎩
⎪
⎨

⎪
⎧ 0.079
�𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣4       𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣 ≥ 2000

16
𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣

        𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣 < 2000
 

 
 

Table 9: Two-phases subcooled and saturated boiling pressure drop models 
Name Equations 
Owens-Schrock (1960) �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑠𝑠𝑠𝑠𝑠𝑠

�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑎𝑎𝑎𝑎

= �0.97 + 0.028𝑒𝑒6.13𝑧𝑧𝑠𝑠𝑠𝑠𝑠𝑠𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 � 

Tong (1997) 
 �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑠𝑠𝑠𝑠𝑠𝑠

�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑎𝑎𝑎𝑎

=

⎩
⎪
⎨

⎪
⎧�
𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠

�
1.3

𝑒𝑒
𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠

+0.4           
𝐿𝐿
𝐷𝐷

= 50

�
𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠

�
1.3

𝑒𝑒
𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠

+1.35         
𝐿𝐿
𝐷𝐷

= 25
 

Kim-Mudawar (2012)  

−�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝐹𝐹

= −�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑠𝑠𝑠𝑠𝑠𝑠

− �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑇𝑇𝑇𝑇

 

�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑠𝑠𝑠𝑠𝑠𝑠
�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑎𝑎𝑎𝑎

= 20.73 ∙ 𝐽𝐽𝑎𝑎−0.98 �
𝐿𝐿
𝐷𝐷
�
−0.54 𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠

𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠
 

𝐽𝐽𝐽𝐽 =
𝐶𝐶𝑝𝑝,𝑙𝑙 ∙ 𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖

𝐻𝐻𝑙𝑙𝑙𝑙
 

 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐺𝐺𝐺𝐺
4𝑄𝑄

𝐶𝐶𝑝𝑝,𝑙𝑙(𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑙𝑙)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 

𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠 = min (𝐿𝐿, 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂 
 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑎𝑎𝑎𝑎

= 𝑓𝑓𝑙𝑙 ∗ �
𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷

��
2𝐺𝐺2

𝜌𝜌𝑙𝑙
� 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑇𝑇𝑇𝑇

= 𝛷𝛷𝑙𝑙
2 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙
 

𝛷𝛷𝑙𝑙
2 = 1 +

𝐶𝐶
𝑋𝑋

+
1
𝑋𝑋2

 

𝑋𝑋 = �
�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑙𝑙
�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�𝑣𝑣

 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑙𝑙

= 4𝑓𝑓𝑙𝑙
1
𝐷𝐷
𝐺𝐺2�1 − 𝑥𝑥𝑒𝑒𝑒𝑒�

2
�

1
2𝜌𝜌𝑙𝑙

� 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑣𝑣

= 4𝑓𝑓𝑣𝑣
1
𝐷𝐷
𝐺𝐺2�𝑥𝑥𝑒𝑒𝑒𝑒�

2
�

1
2𝜌𝜌𝑣𝑣

� 
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𝑓𝑓l,v  =

⎩
⎪
⎨

⎪
⎧ 0.046 𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣−0.2                       𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣 ≥ 20000

0.079 𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣−0.25      2000 ≤ 𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣 < 20000
16
𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣

                                          𝑅𝑅𝑒𝑒𝑙𝑙,𝑣𝑣 < 2000
 

𝐶𝐶 = �
0.048 𝑅𝑅𝑒𝑒𝑙𝑙𝑙𝑙0.451                  𝑅𝑅𝑒𝑒𝑙𝑙 > 2000;𝑅𝑅𝑒𝑒𝑣𝑣 > 2000
1.45 𝑅𝑅𝑒𝑒𝑙𝑙𝑙𝑙0.25 𝑊𝑊𝑒𝑒𝑙𝑙𝑙𝑙0.23         𝑅𝑅𝑒𝑒𝑙𝑙 ≤ 2000;𝑅𝑅𝑒𝑒𝑣𝑣 > 2000
2.16 𝑅𝑅𝑒𝑒𝑙𝑙𝑙𝑙0.047 𝑊𝑊𝑒𝑒𝑙𝑙𝑙𝑙0.6         𝑅𝑅𝑒𝑒𝑙𝑙 ≤ 2000;𝑅𝑅𝑒𝑒𝑣𝑣 ≤ 2000

 

𝑊𝑊𝑒𝑒𝑙𝑙𝑙𝑙 =
𝐺𝐺2𝐷𝐷
𝜌𝜌𝑙𝑙𝜎𝜎

;    𝑅𝑅𝑒𝑒𝑙𝑙 =
𝐺𝐺�1 − 𝑥𝑥𝑒𝑒𝑒𝑒�𝐷𝐷

𝜇𝜇𝑙𝑙
;     𝑅𝑅𝑒𝑒𝑣𝑣

=
𝐺𝐺𝑥𝑥𝑒𝑒𝑒𝑒𝐷𝐷
𝜇𝜇𝑣𝑣

;  

𝑅𝑅𝑒𝑒𝑙𝑙𝑙𝑙 =
𝐺𝐺𝐺𝐺
𝜇𝜇𝑙𝑙

 ;𝑅𝑅𝑒𝑒𝑣𝑣𝑣𝑣 =
𝐺𝐺𝐺𝐺
𝜇𝜇𝑣𝑣

 

 
 

The proposed methodology provides encouraging results by using Friedel (1979) and Chisholm 
(1967) correlations in the subcooled boiling zones. A lower agreement has been obtained with 
the Chawla (1968), Lockhart-Martinelli (1949) and, Müller-Steinhagen and Heck (1986) corre-
lations. The other subcooled boiling correlations have been also considered to compare the re-
sults from the present methodology with authoritative and recognized correlations. 

4.4. Methodology summary 

The total pressure drop in the tube can be calculated as: 

� �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑇𝑇

𝑍𝑍𝑡𝑡

0
= � �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑓𝑓,𝑆𝑆𝑆𝑆

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂

0
+ � �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑓𝑓,𝑇𝑇𝑇𝑇

𝑍𝑍𝑡𝑡

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂
+ � �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑎𝑎𝑎𝑎𝑎𝑎

𝑍𝑍𝑡𝑡

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂
+ � �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑔𝑔

𝑍𝑍𝑡𝑡

0
 

The gravitational contribution is neglected if the tube is horizontal (𝛾𝛾 = 0): 

� �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑔𝑔

𝑍𝑍𝑡𝑡

0
= � 𝜌𝜌(𝑍𝑍)𝑔𝑔 ∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑍𝑍𝑡𝑡

0
 

The acceleration contribution is calculated in two-phase only, neglecting the density variation in 

the single-phase zone: 

� �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑎𝑎𝑎𝑎𝑎𝑎

𝑍𝑍𝑡𝑡

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂
= �

𝐺𝐺2

𝜌𝜌𝑙𝑙
�
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
𝑥𝑥𝑣𝑣2

𝛼𝛼
+ �

(1 − 𝑥𝑥𝑣𝑣)2

(1 − 𝛼𝛼) − 1��
𝑍𝑍𝑡𝑡

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂
∙ 𝑑𝑑𝑑𝑑 

A: Regions boundaries (ONB and Saturation points) 

The single-phase region ends at the onset of nucleation boiling point, which can be identified as: 
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𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂 =
𝐺𝐺𝑐𝑐𝑝𝑝𝑝𝑝𝐷𝐷

4
∙ �
��𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑙𝑙,𝑖𝑖𝑖𝑖� + (𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)𝑂𝑂𝑂𝑂𝑂𝑂�

𝑄𝑄
−

1
ℎ𝑙𝑙,𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣 

� 

where the wall superheating at ONB is obtained from the modified Frost and Dzakowic correla-

tion: 

(𝛥𝛥𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)𝑂𝑂𝑂𝑂𝑂𝑂 = �
8𝜎𝜎𝜎𝜎𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

𝑘𝑘𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠𝐻𝐻𝑙𝑙𝑙𝑙,𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌𝑔𝑔
�
0.5

𝑃𝑃𝑃𝑃𝑙𝑙0.95 

The saturation length is obtained by a simple energy balance: 

𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐺𝐺 ∙ 𝐷𝐷
4 ∙ 𝑄𝑄

� 𝑐𝑐𝑝𝑝𝑝𝑝 ∙ 𝑑𝑑𝑑𝑑
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

𝑇𝑇𝑖𝑖𝑖𝑖
 

from which the saturation point is identified as Zsat = Lsat, if Lsat is less or equal than the tube 

length. 

B: Single-phase pressure drops  

The pressure drops in single phase are evaluated with: 

� �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑�𝑓𝑓,𝑆𝑆𝑆𝑆

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂

0
= � 𝑓𝑓 ∙

𝐺𝐺2

2𝐷𝐷𝜌𝜌𝑙𝑙
∙ 𝑑𝑑𝑑𝑑

𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂

0
 

where the friction factor f is calculated to consider the transition flow regime. 

C: Void fraction and actual vapour quality  

To calculate the acceleration and the two-phase frictional contributions, the evaluation of the 

void fraction is needed. It is calculated by the Lahey and Moody model: 

𝛼𝛼 =
𝑥𝑥𝑣𝑣 ∙ 𝜌𝜌𝑙𝑙 ∙ 𝐺𝐺

𝐶𝐶0(𝑥𝑥𝑣𝑣 ∙ 𝜌𝜌𝑙𝑙 + (1 − 𝑥𝑥𝑣𝑣) ∙ 𝜌𝜌𝑣𝑣)𝐺𝐺 + 𝑉𝑉𝑔𝑔 ∙ 𝜌𝜌𝑙𝑙 ∙ 𝜌𝜌𝑣𝑣
 

The distribution parameter C0 is evaluated and the weighted drift velocity. 

In the partial developed (between the ONB and the OSV points) and in the fully developed 

(from OSV to saturation) boiling regions, the non-equilibrium vapor quality is assumed, follow-

ing Delaye et al.: 

𝑥𝑥𝑣𝑣(𝑍𝑍) = 0.01𝜉𝜉 �𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍) − 𝑥𝑥𝑒𝑒𝑒𝑒(𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂) �tanh��
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where the equilibrium quality (negative in this zones) is evaluated. The parameter 𝜉𝜉is evaluated 

imposing the continuity at ZOSV with the quality calculated.  

D: Two-phase pressure drops  

The Chisolm’s model provided the best agreement with ENEA data: 
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5. Experiment Description 

Two different experimental setups were used with a different layout and experimental section. 
The tubes diameter tested vary from 1mm up to 4mm. The first experimental section was called 
BO.E.MI.A. (Boiling Experiments in MIcrochannel Apparatus) and developed as micro-boiling 
ground system.  It developed to work with small tubes (0.25-2 mm) and equipped with 0.75 and 
1 mm tube with two different tube lengths. In this section, due to the long tube length and 
smaller diameter, was tested the pressure drop model. The second section is called MicroBo 
(Microgravity Boiling) and was developed to be used in parabolic flight at near 0 g acceleration. 
The section can use tube from 1 mm up to 8mm and was equipped with tubes of 2 and 4 mm. 
Both sections use FC72 as refrigerant and for both were calculated the heat transfer coefficients. 
The paragraph presents the sections details. 

5.1. Uncertainness 

Following equations were used to calculate uncertainness and experimental error for the two 
experimental systems.  

C coefficient for thermal heat flux (known value): 

𝐶𝐶 =
Γ ∗ Cp ∗ 𝛥𝛥𝑇𝑇𝑖𝑖𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 

Related error (considering Cp as exact): 

𝐸𝐸𝐸𝐸(𝐶𝐶) = ��
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𝛥𝛥𝑇𝑇𝑖𝑖𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜
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Tbulk to calculate heat transfer coefficient:  

𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑖𝑖𝑖𝑖 + 4 ∗
𝑄𝑄 ∗ 𝑍𝑍

G ∗ Cp ∗ 𝐷𝐷
= 𝑇𝑇𝑖𝑖𝑖𝑖 +

π ∗ Γ ∗ 𝑍𝑍 ∗ 𝐷𝐷
G ∗ Cp

 

Error on thermal flux Q: 

𝑄𝑄 =
𝑊𝑊 ∗ 𝐶𝐶
𝜋𝜋𝐷𝐷2

4
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Error on mass flow rate G: 

𝐺𝐺 =
Γ
𝜋𝜋𝐷𝐷2

4
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𝐸𝐸𝐸𝐸(𝐺𝐺) = ��𝐸𝐸𝐸𝐸(Γ) ∗
4
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Error on Tbulk (considering Cp as an exact value): 
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Heat transfer coefficient H: 

𝐻𝐻 =
𝑄𝑄

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 

Error on heat transfer (considering Cp as an exact value): 
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5.1. BO.E.MI.A 

The data base used to calculate pressure drops have been obtained in the experimental facility 

BO.E.MI.A. (Boiling Experiments in MIcrochannel Apparatus), built and operated in the ENEA 

Laboratory of Thermo-Fluid Dynamics. The facility aim is to perform, at different regimes, heat 

transfer tests on mini and micro channels, with inner diameter in the range from 0.25 up to 2 

mm. A simplified layout of the experimental loop is shown in figure 88. FC-72 (perfluorohex-

ane C6F14), a fluorine liquid manufactured by 3M, was used as working fluid; it is thermally 

and chemically stable, compatible with sensitive materials, nonflammable, leaves essentially no 

residue upon evaporation and has no ozone depletion potential, properties that make it ideal for 

electronics. 

 

Figure 88: BOEMIA facility simplified layout 

The fluid is clean and degassed before entry to the flow loop to remove any non-condensable or 

impurity. A gear pump can pull the liquid up to 20 bar with a volumetric flow rate in the range 

6-552 ml/min. A membrane expansion tank pressurized with nitrogen regulates the operative 

pressure. Maximum working pressure for the facility is 9 bar. The fluid is filtered after the 

pump by a 40 µm filter. Two mass flowmeters measure the mass flowrate in two different flow 

regimes: from 2 up to 500 g/h (low mass flow regime) and from 500 up to 10000 g/h (high 

mass flow regime). The first range is covered by a digital mass flowmeter based on a thermal 



Heat Transfer and Pressure Drops in Micro-Tubes 

 

164 

 

measuring principle (Constant Temperature Anemometry), the second one by a small Coriolis-

type flowmeter. A three-way valve operates the two mass flowmeters.  

The fluid is electrically preheated upstream the test section inlet up to saturation condition or to 

a fixed subcooling degree. A counter-current tube in tube condenser cool the fluid with demin-

eralized water at the exit of the experimental section. The thermal balance of the water gives the 

total heat delivered to the fluid in the microchannel test section. 

5.1.1. Test section 
The test section consists of a horizontal 1.016 mm (0.04”) inner diameter stainless steel tube 

that have an outer diameter of about 1.6 mm. Two configurations, 100 and 200 mm long, have 

been tested. Figure 2 shows the instrumentation scheme to measure the heat transfer along the 

axial coordinate. The test rig includes: pressure taps at the inlet and outlet of the section, inlet 

and outlet thermocouples for bulk fluid temperature measurement, power supply and four wall 

thermocouples to localize the local heat transfer coefficient. 𝐿𝐿𝑡𝑡ℎ is the heated length, equal to 84 

mm and 60 mm in the 200 mm and 100 mm tube, respectively. 

 

Figure 89 - Test section instrumentation 

A constant power DC supply is used to heat the test section by Joule effect; this ensures a uni-

form heat flux at the wall in the case of uniform wall properties. The electrical power supply is 

calculated through voltage and current measurements from a 30 𝐴𝐴 and 60 𝑚𝑚𝑚𝑚 shunt resistor. 

The pressure drop is investigated by two pressure transducers (0-25 𝑏𝑏𝑏𝑏𝑏𝑏) located on either side 

of the microtube a differential manometer (0-6.895 𝑏𝑏𝑏𝑏𝑏𝑏) parallel to the transducers, to take an 

extra differential pressure measurement, is present. In the 200 mm test tube, a micro-spring is 

inserted after the outlet pressure tap in order to mix the fluid flow: a more reliable refrigerant 

bulk temperature, Tb, is then measured by an additional fine-wire thermocouple (50 mm, Type 

K) directly inserted into the tube, leading to a proper assessment of enthalpy balance both in 

single-phase and two-phase conditions, above all in laminar flow regime (Fig 2). 
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5.1.2. Uncertainties 
The input uncertainties and the most significant calculated uncertainties are presented in Table 

10. The average uncertainty on the experimental heat transfer coefficient has been evaluated be-

tween 14% and 17.8% for the 100 mm and 200 mm tube, respectively. The uncertainty on the 

inner diameter is the major parameter affecting errors. More specific details can be found in the 

previous work by Saraceno (2012). 

Table 10: Measurement uncertainties 

Mass flow rate (hi) 0.15 % of Readings 

Mass flow rate (low) 1 % on F.S. 

Diameter 25 μm 

Temperature 0.40 °C 

Pressure 0.08  % on F.S. 

Differential pressure drop 0.075 % of Calibrated Span 

Electrical Power 0.48-1.42 % of Readings 

5.2. Experimental data base 

The test matrix shown in table 11-12 was used for the experiments: globally, the ranges are: 

pressure 3-5 bar, mass flux 824-1439 Kg/m2s and heat flux 1.6-181 kW/m2. A total of 1244 data 

points was collected. Not all the points were useful to determinate heat transfer coefficient in 

saturated boiling. Therefore, only 82 points have been selected in the present study. The aim of 

a next study will be to investigate the subcooled boiling, thus selecting a larger number of ex-

perimental points.  

Table 11: Data base for the 200 mm channel  

N° Tin P Mass flux q" min q" max Data points Saturated 
points 

- C° MPa Kg/m2s W/m2 W/m2 n° n° 

1 84 0.308 1126 4357 98414 124 10 

2 88 0.502 1234 4227 181562 128 0 

3 87 0.408 1234 4297 170409 72 3 

4 97 0.404 1030 3297 97900 52 12 

5 97 0.405 925 3188 99653 60 19 

6 98 0.404 824 3056 86153 68 16 

7 84 0.305 1235 4143 71069 60 0 
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8 97 0.405 1439 7406 87896 32 3 

9 87 0.304 1132 4070 70838 44 5 

10 83 0.305 1020 4148 25347 36 0 

     
Total 680 68 

Table 12: Data base for the 100 mm channel 

N° Tin P Mass flux q" min q" max Data points Saturated 
points 

- C° MPa Kg/m2s W/m2 W/m2 n° n° 

1 65 0.304 1149 7685 76510 64 0 

2 78 0.302 1131 7687 76510 64 0 

3 85 0.,07 1148 2501 47315 40 0 

4 86 0.308 1139 7422 80253 68 0 

5 86 0.309 1126 8718 127005 84 7 

6 85 0.304 1032 1612 113401 100 7 

7 91 0.403 1223 2923 116891 96 0 

8 93 0.401 1138 2286 57113 48 0 

     
Total 564 14 
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5.3. MicroBO 

The second experimental facility was called MICROBO: MICROgravity BOiling. The facility 
was designed at the ENEA laboratories to perform flow-boiling experiments at microgravity 
and normal gravity conditions to obtain heat transfer coefficients. Figure (90) is a schematic of 
the loop, that consists of a gear pump (with a maximum flow rate of 500 ml/min), a filter, a 
flow-meter, an electric pre-heater, the flow boiling test section, a condenser, a bellows, and a 
tank to store the process fluid (FC-72).  

 

Figure 90: Schematic of the experimental loop (Air replaced N2) 

The experiments that were made are:  

I. flow boiling in 2.0 mm tube  
II. flow boiling in 4.0 mm tube 

The working fluid is FC-72, perfluorohexane, C6F14, a liquid manufactured by 3M. It was pro-
jected to be employed in electronic cooling and to be used for boiling experiments. Picture in 
Figure (91) shows the experimental facility mounted in the cabin of an A300 Zero-G. A special 
box of ERTACEL® confine and protect the test section from any leakage, for the same reason 
all the piping of the facility is contained in a double confinement. 
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Figure 91: MICROBO experimental rack mounted in the cabin of an A300 Zero-G 

5.3.1. System Description 
This section presents each system of the experiment. Each system description should include a 
written description of how the system function. The experimental loop consists in three main 
systems:  

• main fluid loop,  
• second confinement,  
• air loop 

5.3.1.1. Main Fluid Loop 

The main fluid loop consists of components described in the present section. The working fluid 
was described in the experiment description paragraph. The fluid is contained in the main cir-
cuit. A gear pump is used to pump the fluid in the loop. The main provided pressure of the 
pump is max 5.2 Bar. The max differential pressure by the pump is 7 Bar. After the pump, the 
liquid pass through an impurity filter. FC-72 could reach the maximum temperature of 90°C due 
to the saturation pressure. 

5.3.1.1.1. 2.0 mm and 4.0 mm Standard Test Sections. 

The first test section is made of a Pyrex tube with a transparent metal layer deposited on the 
outer surface equipped with the electric field. The next figure (86) shows the section.  

 

Figure 92: Schematic of the test section for the flow boiling  

The deposed metal layer is transparent to allow the flow boiling visualization that is performed 
by a high-speed digital camera. A set of thermocouples attached to the outer tube wall measures 
wall temperatures. The configuration is showed in next Figure (87).  



Heat Transfer and Pressure Drops in Micro-Tubes 

 

169 

 

 
Figure 93: Schematic of the test section 

A high-speed digital video camera perform the flow pattern visualisation. Ten thermocouples 
measure the tube outer wall temperature in different locations. An adhesive tape of Kapton at-
tach the thermocouple on the tube and makes a perfect electrical insulation, on the outer surface 
of the tube.  

The Pyrex tube is confined in a special box made of Sustarin C and closed between two trans-
parent windows of Lexan to grant the visualization. The internal maximum temperature ex-
pected is in in the range between 45.0 °C and 55.0 °C. Figure (94) shows the section and fol-
lowing Figure (89) shows the box. 

The standard vertical tube test section is made of Pyrex and is equipped with a transparent metal 
layer deposited on the outer surface. Inner tube diameter is or 4.0 mm or 2.0mm. The metal layer 
is made of Indium Tin Oxide and its thickness is of the order of 100-150 nm. The heated length 
is 155 mm and is heated by Joule effect. This configuration allows obtaining constant heat flux 
at the inner surface of the test section. The metal layer is transparent to allow tube heating as 
well as boiling phenomena visualization. Figure (94-95) show the test section. 

 

Figure 94: Test section 

 

Figure 95: Test Section in the confinement box 
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5.3.1.1.2. Condenser 

The condenser consists of two coaxial tubes. Figure (96) shows the condenser. 

 

 

Figure 96: Condenser 

The two tubes were made of copper; the outer one is a second confinement barrier, while the 
fluid flows in the inner tube. The condenser is cooled by a fan in a forced flow. To avoid any 
accidental contacts with hot surfaces the bended tubes were placed into a polycarbonate cylin-
der. The expected temperature of the fluid at the entrance is 90°C and the outer temperature ex-
pected is 35°C. The maximum outer possible temperature is 50°C. All the second confinement 
between the test section exit and the condenser inlet is protected with a thermal insulation tube. 

5.3.1.1.3. Pre-Heaters 

The system is equipped with two pre-heaters.The first pre-heater was realized with a stainless 
steel tube of 2 m. The heater elements are inside a tube; the second confinement of the pre-
heater is realized with an Anticorodal tube of 80 mm in diameter and 1.2 m in length. An elec-
tric resistance in a metallic tube provides the heat. It is electrically insulated and immersed in 
FC72. 

The second pre-heater has the aim to increase the inlet temperature of the fluid. The materials 
are Sustarin C and POM-C, which support a maximum temperature of 125°C. A flat electric re-
sistance covered with silicone rubber and attached on the outer surface of the heat exchanger 
provided the heat. Wall temperature and the exit fluid temperature, which was saturation tem-
perature of FC-72 at 2.5 Bar (86 °C), were the maximum temperature of the preheaters. There 
was an insulating foam between the preheater and the outer containment. 

5.3.1.1.4. Pressurizer-Tank 

The tank containing FC-72 controls the pressure of the system during the experiments. It con-
sists of a metal body, an external shell, and of an elastic membrane containing the fluid. The 
membrane separates the air volume of the shell from the fluid. The presence of the air in the 
shell and the deformation of the membrane absorbs the variation of volume of the main circuit 
caused by the thermal expansion of the liquid and of the vapour formed in the test section. 
Moreover, acting on the air pressure inside the shell it is possible to control the system pressure. 
The air pressure control is sent to the vent line. When the system pressure has to be increase 
during the experiment, air is injected in the control volume of the tank.  

5.3.1.2. Second Confinement 

The second confinement of main circuit loop is realized to create a container for any accidental 
fluid leakage from the mail loop. The volume of the second confinement is three times larger 
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than the total volume of the main loop which is around to 2.0 l. The maximum design pressure 
was 2.5 Bar, enough to contain all the fluid volume and to resist to the aircraft depressurization. 
The components of the second confinement system are: 

• corrugated tubes,  
• cylindrical tanks,  
• rectangular tanks. 

All the main loop pipes are contained in the corrugated tubes, while the cylindrical tanks con-
tained valves, sensors, and filter. For safety, the second containment has a pressure switch that 
could shut down the electrical system if the pressure in the containment goes over 2.0 Bar. 

5.3.1.2.1. Tubes 

The second confinement of main circuit pipe is realized with an external corrugated tube. The 
material is stainless steel AISI 304. Figure (97) shows the confinement. 

 

Figure 97: Second confinement of a pipe  
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5.3.1.2.2. Tanks 

The system has two different tanks. One circular to store liquid leakages and one rectangular to 
store components. The components of the main circuit could not be inserted inside the corrugat-
ed tube. For this reason, they will be sited in some special tanks built. Stainless belts and metal 
brackets guaranteed the holding of the tanks on the rack. 

5.3.1.3. Air Loop 

Air loop is used to maintain the pressure of the pressurizer. The air must be pumped by a hand 
pump in the circuit. A pressurized tank and two different lines are present. 

5.3.1.4. Rack schematic 

The components are inserted inside the rack with the disposition showed in the Figure (98) 

 
Figure 98: Schematization of the position of experimental components in the rack.  
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5.3.2. Test Route 
This section describes the typical test route to flow boiling test. It is divided in two phases: 

1. Regulation phase 
2. Low gravity experiment 

5.3.2.1. Regulation phase 

The experimental loop is regulated to reach the steady condition 10 seconds before the pull up, 
this regulation is obtained by a specific mass flow rate and heat flux. Steady condition means 
that all the parameters of the process (fluid temperature, system pressure, mass flow rate, wall 
temperatures) are stable and do not change with time. In these conditions, flow boiling occurs in 
the test section. Figure (101) shows the schematization of the loop during the flow boiling with 
the indication of the fluid phases inside the loop.  

 

Figure 99: Schematization of the test loop and the two-phase flow during a flow-boiling test 

Boiling occurred in the test section and after the test section. The condenser condenses the two-
phase fluid. The pre-heater heated the fluid up to a temperature just below the saturation. Hence, 
the fluid flows from the pre-heater up to the test section as liquid phase. In the by-pass line, dur-
ing flow boiling, the liquid is stagnant. The fluid temperature, at the exit of the pre-heaters, is 
measured by thermocouples and is regulated at the desired value automatically by a computer. 
The pressure transducer, located at the inlet of test section measured the system pressure. The 
operator, through the valves in the air loop, regulates the pressure. The flow meter measures the 
mass flow rate, which is regulated by the gear pump controlled by the operator. Ten thermocou-
ples measured the wall temperatures measures the outer wall of the test section. The computer 
controls fluid temperature at the condenser through the fans, which create a forced airflow on 
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the serpentine of the condenser. When the regulation phase is concluded, the loop reaches its 
steady state in less than one minute.  

5.3.3. Low gravity experiment 
Once the steady condition is reached during the regulation phase, the test loop maintains the 
steady conditions for long time without any control of the operators. Hence, the loop remains in 
steady conditions at the pull up announcement for all the duration of the flight parabola. The da-
ta and images are recorded during this time to allow the study of gravity on flow boiling and 
bubble behaviour. 

5.3.3.1.1. Pre-heating mode 

The objective of the pre-heating phase was to increase the temperature of the loop components 
from the room values to the equilibrium values before the tests. Once values are reached, by 
each component, after a period of 15 minutes, the experiment can start. 

5.3.3.1.2. Experimental protocol 

This section describes the operations made during parabolas for flow boiling experiments. The 
minimum time interval between two flight parabolas is 1 minute. Figure (100) shows the opera-
tive sequence. 

• 60 s before the pull up: Regulation. 
• 50 s before the pull up: Start of data acquisition. 
• 45 s before the pull up: Checklist to verify the parameters of the test and the parameters 

of the experimental loop 
• After the end of the parabola. Stop of data acquisition 

 

 

Figure 100: Schematization operations carried out during a typical parabola for a flow-boiling 
test 

The air tank is refilled during the flight every 2 or 3 parabolas by an operator using the hand 
pump. At the end of parabolic flight pressure in the tank is emptied and bringed to ambient 
pressure. 
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5.3.4. Uncertainties 
Following the uncertainties of MicroBo are reported in Table 13. The calculations of heat trans-
fer coefficients are refined with the temperature gradient in the thickness of the pyrex tube. Heat 
transfer coefficients of low gravity tests are compared with those obtained at the same flow 
conditions (inlet temperature, mass flow rate, pressure, heat flux) at normal gravity with the test 
section vertically oriented and fluid flowing upwardly. The results of heat transfer coefficients 
are discussed in the following section and are reported as the ratio between low gravity and 
normal gravity heat transfer. More details can be found in the work of C.Baltis et al. (2012). 

Table 13: Analysis of experimental uncertainty 

Electrical tension 0.1 V 
Current 0.01 A 
Length 5*10−5  m 
Temperature 0.3 °C 
Conductivity 94014.48*10−6  W/m2K 
Pressure in 6*10−2  Bar 
Pressure drop 105*10−4  Bar 
Mass Flux 163.66*10−8  Kg/s 
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6. Assessment 

The paragraph is divided into three sections, one for heat transfer correlations and models in 
both experimental sections (BO.E.MI.A and MicroBo), and one for pressure drop model in 
BO.E.MI.A. The study of pressure drop has been done only in BO.E.MI.A due to the sufficient 
length and pressure drop in the channel. In fact, MicroBo, due to the big channel diameter and 
short channel length compared to sensor’s full-scale, MicroBo is inappropriate to measure pres-
sure drops inside the channel. 

6.1. Methodology  

The proposed method has been applied to the ENEA database from the BOEMIA and MICRO-
BO test sections. The Mean Percentage Error (MPE), the Mean Absolute Percentage Error 
(MAPE), and the percentage of data within the ±30% error band (±30%) have been used to as-
sess the methodology. The mean percentage error (MPE) is the computed average of percentage 
errors by which forecasts of a model differ from actual values of the quantity being forecast. 

𝑀𝑀𝑀𝑀𝑀𝑀 =
100%
𝑁𝑁

�𝐴𝐴− 𝐶𝐶
𝐴𝐴

𝑛𝑛

𝑖𝑖=1

 

A is the actual measured value of the quantity being predicted, C is the calculated value and N is 
the number of measured values. The formula is useful to understand how far the mean predic-
tion is from the data and it has the advantage of neglecting any white noise due to the instru-
mentation. 

The Mean Absolute Percentage Error is: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =
100%
𝑁𝑁

�
‖𝐴𝐴 − 𝐶𝐶‖

𝐴𝐴

𝑛𝑛

𝑖𝑖=1

 

MAPE is a quantity used to measure how close predictions are to the eventual outcomes and 
represents the mean error committed for a single forecast. 
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6.2. BO.E.MI.A heat transfer coefficients 

The test matrix shown in table 14 was used for the experiments: globally, the ranges are: pres-
sure 3-5 bar, mass flux 925-1439 Kg/m2s and heat flux 3-181 kW/m2. A total of 676 data points 
were collected. 

Table 14: Test matrix 

N° T P Mass flux q" fix min q" fix max Data points 

- C° MPa Kg/m2s W/m2 W/m2 n° 

1 84 0.308 1126 4357 98414 124 

2 88 0.502 1234 4227 181562 128 

3 87 0.408 1234 4297 170409 72 

4 97 0.404 1030 3297 97900 52 

5 97 0.405 925 3188 99653 60 

6 98 0.404 824 3056 86153 68 

7 84 0.305 1235 4143 71069 60 

8 97 0.405 1439 7406 87896 32 

9 87 0.304 1132 4070 70838 44 

10 83 0.305 1020 4148 25347 36 

     
Total 676 

 

Not all of the points are in saturated boiling are useful to determinate heat transfer coefficient in 
those conditions. Therefore, only 68 points have been selected. The channel thickness in the 
BOEMIA facility is low enough to consider negligible axial conduction and thermal inertia, as 
shown in Saraceno (2012). Two typical boiling curves inside the channel for different heat flux-
es are shown in Figure 101 and Figure 102. At the inlet the fluid is subcooled and it can be as-
sumed to be in forced convection regime. Due to the high thermal flux, boiling starts in the par-
tial nucleate boiling zone and then in the fully developed boiling. The observed occurrence of 
higher wall superheat degrees at the beginning of the boiling process is known as hysteresis ef-
fect and is marked for highly wetting liquids such as refrigerants: the sudden decrease of wall 
temperatures suggests the onset of nucleate boiling (ONB) in the subcooled flow boiling re-
gime. In the presence of high thermal fluxes then the fluid reaches the film boiling zone. At 
higher pressures the increase of the saturation temperature determines an increment of the heat 
flux needed to reach the transition boiling regime. Moreover, the increment of the mass flux re-
duces the temperature difference between the fluid and the channel wall, due to the increase the 
heat transfer coefficient in turbulent conditions. 
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 Figure 101: Boiling curve for test #6 – 100 mm   

  
Figure 102: Boiling curve for test #1 – 200 mm 

The fluid bulk temperature has been evaluated by a thermal balance, considering the heat losses 
preliminarily evaluated with the facility empty and in vacuum conditions, as discussed in Sara-
ceno et al. (2012). Thermodynamic properties of FC-72 have been calculated by the REFPROP 
v. 9.1 program. 

During the analysis, the Cooper correlation (1984) for pool boiling was also tested to check if 
any point, at low mass fluxes, may be referred to that regime. However, the correlation does not 
provide good results, confirming that the analyzed data are far from pool boiling conditions. 
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Table 15: Models and correlations assessment 

 MAPE % % of Points within ±30% 

Correlation or Model 100 mm 
(14 pts.) 

200 mm 
(68 pts.) 

both 
(82 pts.) 

100 mm 
(14 pts.) 

200 mm 
(68 pts.) 

both 
(82 pts.) 

Macro-Scale correlations 

Chen [1] 9.52 25.91 23.11 100.0 61.8 68.3 

Shah [28] 45.47 35.09 36.86 7.14 33.8 29.3 

Gungor and Winterton 
[3] 

121.83 79.65 86.85 0.0 0.0 0.0 

Kandlikar [2] 88.35 61.18 65.82 0.0 0.0 0.0 

Liu and Winterton [29] 52.05 57.92 56.92 0.0 0.0 0.0 

Micro-Scale correlations 

Lazarek & Black [4] 87.90 66.04 69.77 0.0 0.0 0.0 

Tran et al. [30] 59.17 55.74 56.33 0.0 0.0 0.0 

Kew and Cornwell [7] 62.66 44.07 47.24 0.0 1.47 1.2 

Warrier et al. [31] 89.46 89.92 89.84 0.0 0.0 0.0 

Kandlikar & Balasubra-
manian [32] 

60.13 39.83 43.30 0.0 33.8 28.0 

Zhang et al. [6] 26.99 18.64 20.07 85.7 82.3 82.9 

Lee & Mudawar [33] 325.55 438.37 419.10 28.6 26.5 26.8 

Saitoh et al. [34] 41.23 24.69 27.51 7.1 69.12 58.5 

Bertsch et al. [5] 66.95 61.85 62.72 0.0 5.9 4.88 

Mikielewicz [8] 80.39 82.02 81.74 0.0 0.0 0.0 

Li and Wu [35] 12.96 13.51 13.42 100.0 89.7 91.5 

Mahmoud and 
Karayiannis [16] 

61.34 67.43 66.39 0.0 0.0 0.0 

Mechanicistic models 

Thome [10, 11] 28.21 30.37 30.0 50.00 64.7 62.2 

Consolini & Thome [12, 
13] 

42.05 32.91 34.47 25.00 47.4 43.6 

 

Tab. 15 summarizes the models and correlations assessment based on the average (global) heat 
transfer coefficients in the test tube. Only the saturated points (10% of the available 680 data 
points for the 200 mm tube and only 14 points for the 100 mm tube) were elaborated.  
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6.2.1. Discussion on Models  

The Three-Zone model provides the best results for the #4 and #9 tests summarized in table 14 
(200 mm). Globally the MAPE is 30.0% and 62.2% of data are predicted within the 30% error 
range.  The model returns the best approximations for low flow rates and heat fluxes. However, 
the model needs to be adapted to the FC-72 refrigerant in combination with a steel tube, by tun-
ing the empirical parameters. The results of the comparison with the experimental data is shown 
in Figures 103-104. 

The Slug-Coalescence model provides lower errors, but only for few data points. The best pre-
dictions occur in the same conditions as in the previous model, suggesting the common nature 
of the two models. As for the Three-Zone model, however, standard parameters are not suitable 
for every fluid and conditions and must be found for the employed experimental section and its 
operating fluid. Considering both tube lengths, the MAPE is around 34.5% and 43.6% of data 
can be predicted within the 30% error range, as shown in Figure 103. The model has been de-
veloped to be applied in the transition between the slug and bubble coalescence regime, which 
usually appear at positive qualities, this is the reason for the low number of predicable data. 
However, as reported by Mahmoud and Karayiannis (2014) in their review, the model provides 
good results in micro-channels where the superficial shear stress are predominant. This situation 
is more evident at high mass fluxes and reducing the channel size.  

 
Figure 103: Thome et al. model 

 
Figure 104: Consolini et al. model 
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6.2.2. Discussion on Macro-Scale correlations  

Macro scale correlations are more suitable for higher channel diameter where the inertia forces 
dominate the capillarity ones.  

The Chen’s correlation provides the best results in the macro-scale set of correlations, besides 
of its simplicity. Globally the MAPE is around 23.11% and 68.3% of data is predicted inside the 
±30% error. The model approximate data better in the 1st test matrix of the 200 mm tube. The 
results worsen with the pressure increment, reaching the lower agreement for the test #6 for the 
same tube. Figure 101 shows the global comparison. 

The Shah’s correlation works quite well with the ENEA database: the global MAPE is around 
36.9% and 29.3% of data are in the 30% error band, Figure 102 shows the comparison. With 
reference to the 200 mm tube, the best prediction is obtained in the test #3. This shows how the 
prediction capability improves with the increment of the heat flux. However, the agreement de-
creases reducing the mass flux, reaching the lower agreement for the test #6. 

 
Figure 105:  Chen correlation  

 
Figure 106: Shah correlation 

The correlation from Gungor and Winterton does not provide good predictions. The global 
MAPE is 86.85% but any point is predicted within the 30% error. The correlation overestimates 
the heat transfer coefficient for a quite constant value. However, it performs better at high mass 
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and thermal fluxes. The prediction error is too high to obtain good information from this corre-
lation.  

Apparently, Kandlikar’s correlation returns results like the Shah correlation; however, all the 
calculated values are overestimated. The global MAPE is around 65.82% but no data are within 
the ±30% error range. The best results are obtained with the test #3 with the 200 mm tube for 
high mass and thermal fluxes. The worst results are for the test #5 (100mm tube) with low mass 
and thermal flux. This correlation uses a fluid specific factor, assumed to be 1, following the au-
thor suggestion. Further studies to obtain this fluid factor are needed to use this correlation. 

The Liu and Winterton correlation provides the worst results in this macro-scale category with a 
MAPE of almost 56.92% and 0% of data within the ±30%. The best results are obtained in the 
200 mm tube for the test #9 and the worst for the test #3. However, the difference in the predic-
tion is not so important compared with the magnitude of the error that makes this correlation 
unsuitable for the present experimental data base. The reason is probably the use of the all-
liquid Reynolds number rather than the two-phase one. In fact, this not consider the high per-
centage of vapor bubbles present in the channel at high thermal fluxes. 

6.2.3. Discussion on Micro-Scale correlations  

Micro scale correlations are expected to be more suitable for the analyzed channel. However, 
the behaviors of the correlations are different and not all the correlations produce good results.  

The correlation from Lazarek and Black  returns a MAPE of 69.8% but with 0% of data within 
the error range of 30%. Differently from Gungor and Winterton his correlation underestimates 
by a constant value the heat transfer coefficients. However, it works better at high heat and mass 
fluxes and the best results have been obtained on the test #6 in the 200 mm tube. Probably 
changing the non-dimensional constants inside the correlation could lead to better results.   

Tran et al. correlation predicts quite well the data: globally the MAPE is about 56.33% and 0% 
of data is in the ±30% error band. The correlation is quality independent, it does not depend on 
the assumption made for the test section heat losses. The best results have been obtained for the 
test #1, and the worst are for the #6, for the longer tube. The correlation is sensible to the mass 
flux, reducing their accuracy as it decreases. 

The correlation from Kew and Cornwell provides globally 1.22% of data predicted into the 
±30% error band and the average MAPE is about 47.24%. The correlation performs better at 
low fluid velocity where 6.25% of data are predicted within ±30% error with an MAPE of 
40.1% for the #6 test in the 200 mm tube. The correlation was developed for R141b. 

The correlation of Warrier et al. does not provide good results, with a global MAPE of 89.9%. 
This behavior is due to the presence in the correlation of the Boiling number only. The results 
obtained are strongly underestimated. 

Kandlikar and Balasubramian correlation gives good predictions: the global MAPE is 43.3% 
and 28% of data are in the 30% error bands, all for the 200 mm tube. The predictions are more 
accurate for the test #6, where the mass flux is the lower and the worst results are for the test #8 
where the mass fluxes are high.  However, the relation underestimates the heat transfer coeffi-
cients. Figure 107 shows the comparison with the present data.  
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The correlation of Zhang et al. shows 82.9% of data inside the 30% error bands and a MAPE of 
20.1%. The best results are for intermediate heat fluxes and high mass flux in the 6th and 9th 
tests of the 200 mm tube. The agreement decreases strongly with the increment of pressure 
reaching a MAPE of 49.1% for the test #3. This is due to the presence of the reduced pressure in 
the Cooper pool boiling correlation and the subcooled in the Foster and Zuber correlation, by 
which the liquid heat transfer coefficient is calculated. Globally the correlation underestimates 
the heat transfer coefficient as shown in Figure 108. 

 
Figure 107: Kandlikar and Balasubramian correlation 

 
Figure 108: Zhang et al. correlation  

Lee and Mudawar correlation overestimates the heat transfer coefficient and returns a global 
MAPE of more than 419% with 26.8% of data within the error bands. The correlation performs 
worse at low heat fluxes and high qualities. This depends on the three different relations used to 
calculate the heat fluxes as functions of quality. Probably changing the equation could improve 
the prediction capability. However, the best results have been calculated for the dataset #8 in the 
200 mm tube, where the model returns a MAPE of about 316% but with more than 66.7% of da-
ta inside the 30% error range.  

The correlation of Saitoh et al. predicts well the analyzed data. In fact, it returns a total MAPE 
of 27.5% and 58.5% of data inside the 30% error bands. Limiting to the 200 mm tube tests, 
those value are 24.7% and 69.1% respectively. The performance can be observed in Figure 109. 
The model considers the developed and undeveloped turbulent fluxes for liquid and vapor phase 
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during the evaluation of the friction factor, the Martinelli parameter and the liquid heat transfer. 
The nucleate boiling is in function of the Prandtl number. The good results are probably due to 
the layout of the Saitoh’s experiment that is like the current test section. The best results are for 
high mass fluxes and high pressure for the #3 dataset of the 200 mm tube, where all data is 
within the ±30% error and the correlation presents a MAPE of 13.4%. 

Bertsh correlation does not predict well the heat transfer coefficient data, showing a global 
MAPE of 62.7% and 4.88% data points within the 30% error. The behavior of this correlation is 
like the macro scale correlation of Liu and Winterton. The correlation performs better at high 
mass flux.  

Mikielewicz correlation does not provide good results (MAPE higher than 81.7% and no data 
points in the 30% error band). However, like the correlation of Bertsch et al., it works better for 
high mass fluxes and low heat fluxes. The application range of this correlation is both for micro 
and macro scale.  

The correlation of Li and Wu performs well, as it can be seen in Figure 110; the global MAPE 
is about 13.4% and 91.5% of data is predicted inside the 30% error. The correlation structure is 
very simple, it includes only the Boiling number, the Bond number and the Reynolds liquid 
number. The good agreement with experimental results is probably due to the low-quality val-
ues in the data. The prediction capability improves as heat and mass fluxes increase. The best 
prediction has been obtained for the few data of the 100 mm tube (MAPE between 6% and 
17%, 100% data in the 30% error) and in the test #1 of the 200 mm experiments: in this case it 
returned a MAPE of 4.7% and the 100% of data are predicted within the 30% error.  

Mahmoud and Karayiannis correlation is based on suppression and enhancement factors. For 
the present test section, the correlation does not provide good results. The global average MAPE 
is about 66.39% and no data points are within the 30% error range. The best prediction has been 
obtained at high thermal fluxes.  

 
Figure 109: Saitoh et al. correlation 
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Figure 110: Li and Wu correlation 

6.3. MicroBo heat transfer coefficients 

For every model were taken the standard recommended data from RERPROP database for all 
fluids. FC-72 is not a common fluid and often is difficult to find specific parameters fitted for it, 
also Plexiglas tube does not have a known roughness. Moreover, some models are semi-
empirical (as the Three Zone and Slug-Coalescence models) and they need a specific data fit-
ting. Thus, for the present analysis the global parameters are always used and for a more specif-
ic analysis further research is suggested.  

6.3.1. 2 mm Test Section 
The 2 mm test section has ten different thermocouples at positions indicates in the table 16: 

Table 16: 2 mm test section thermocouples positions 

Axial positions 
% 

10 19 28 37 46 63 70 77 84 92 
cm 

0,015 0,029 0,043 0,057 0,071 0,0998 0,110 0,1217 0,1330 0,1442 

The section was subjected to four different sets of tests varying the thermal flux and at operative 
pressure and bulk flux constants: 

I. The first test set was performed in micro-gravity conditions, during the parabolic flight, 
with the quantity shows in Table 17: 

 

 

 

 

 

0

5000

10000

15000

20000

25000

30000

0 5000 10000 15000 20000 25000 30000

HT
C 

Ca
lc

ul
at

ed
 [W

/m
2 K

]

HTC Experimental [W/m2K]

Li and Wu

200 mm

100 mm



Heat Transfer and Pressure Drops in Micro-Tubes 

 

186 

 

Table 17: First test quantity on 2 mm test section  

Internal diameter 0.002 m 
Channel lenght 0,15754 m 

Subcooling 35,400 K 
Operative pressure 1,870 bar 

Bulk flux 280,000 kg/m2s 
Gravity 0 m/s2 

Heat flux 7.3-18.1 kw/m2 

The set consist in 14 different tests with different heat fluxes showed in table 18:  

Table 18: First test heat fluxes on 2 mm test section  

Heat flux kw/m2 
7.2 8.5 9.6 10.8 11.8 12.6 12.7 14.0 14.7 14.7 16.1 16.7 17.3 18.1 

Totally there were taken 130 data points from this set. 

II. A second set of tests was performed in normal gravity conditions, on earth, with the 
quantity shows in table 19: 

Table 19: Second test on 2 mm test section  

Internal diameter 0.002 m 

Channel lenght 0.15754 m 

Subcooling 35.00 K 

Operative pressure 1.850 bar 

Bulk flux 277.00 kg/m2s 

Gravity 9.81 m/s2 

Heat flux 7.2-18.22 kw/m2 

The set consist in 14 different tests with different heat fluxes showed in table 20:  

Table 20: Second test heat fluxes on 2 mm test section  

Heat flux kw/m2 
7.1 8.3 9.5 10.6 11.6 12.4 12.6 13.9 14.2 14.8 15.9 16.5 17.1 18.2 

Totally there were taken 140 data points from this set. 

III. The third set of tests was performed in micro-gravity conditions, during the parabolic 
flight, with the quantity shows in table 21: 
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Table 21: Third test on 2 mm test section  

Internal diameter 0.002 m 

Channel lenght 0.15754 m 

Subcooling 29.40 K 

Operative pressure 1.90 bar 

Bulk flux 467.00 kg/m2s 

Gravity 0 m/s2 

Heat flux 9.6-44.4 kw/m2 

The set consist in 13 different tests with different heat fluxes showed in table 22:  

Table 22: Third test heat fluxes on 2 mm test section micro-gravity 

Heat flux kw/m2 
9.5 12.9 16.7 20.2 23.7 27.5 30.9 34.1 34.7 36.9 38.0 41.3 44.4 

Totally there were taken 130 data points from this set. 

IV. The fourth set of tests was performed in normal gravity conditions, on earth, with the 
quantity shows in table 23:  

Table 23: Fourth test on 2 mm test section  

Internal diameter 0.002 m 

Channel lenght 0.15754 m 

Subcooling 29.4 K 

Operative pressure 1.9 bar 

Bulk flux 449.00 kg/m2s 

Gravity 9.81 m/s2 

Heat flux 9.6-44.4 kw/m2 

The set consist in 13 different tests with different heat fluxes showed in table 24:  

Table 24: Fourth test heat fluxes on 2 mm test section  

Heat flux kw/m2 
9.5 13.0 16.6 20.2 23.7 27.4 31.0 34.1 34.7 36.9 37.9 41.3 44.3 

Totally there were taken 130 data points from this set. 

6.3.1.1. Discussion on models 

The analysis with the Three-Zone model returned 540 calculated heat transfer coefficients that 
compared with the expected ones returns a total RMS of 217 and 0.16% of data within the error 
band of 30%. Figures 111-112 shows heat transfer coefficient versus quality and experimental 
heat transfer coefficient versus expected. 
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Figure 111: Three-Zone 2 mm heat transfer coefficient versus quality  

 
Figure 112: Three-Zone 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 322 
with the minimum RMS of 177 at intermediate heat fluxes of 14.77 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 407 
with the minimum RMS of 173 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 33% data inside the 30% error range and an average RMS of 130 
with the minimum RMS of 95 at intermediate heat fluxes of 44.76 kW/m2. 

• Fourth data set returns 32% data inside the 30% error range and an average RMS of 94 
with the minimum RMS of 95 at intermediate heat fluxes of 34.76 kW/m2. 

Using the thermodynamic qualities for the fourth set of data gives an RMS of 91 and 11.53% of 
data inside the 30% error band. 

The analysis with Slug-Coalescence model returned 153 calculated heat transfer coefficients 
that compared with the expected ones returns a total RMS of 735 and 0% of data within the error 
band of 30%. Figures 113-114 shows heat transfer coefficient versus quality and experimental 
heat transfer coefficient versus expected. 
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Figure 113: Slug-Coalescence 2 mm heat transfer coefficient versus quality  

 
Figure 114: Slug-Coalescence model 2mm experimental heat transfer coefficient versus calcu-

lated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 640 
with the minimum RMS of 499 at intermediate heat fluxes of 14.48 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 743 
with the minimum RMS of 519 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 33% data inside the 30% error range and an average RMS of 870 
with the minimum RMS of 415 at intermediate heat fluxes of 16.70 kW/m2. 

• Fourth data set returns 32% data inside the 30% error range and an average RMS of 671 
with the minimum RMS of 437 at intermediate heat fluxes of 16.63 kW/m2. 

For this model is impossible to use the thermodynamic qualities because it did not work with 
negative values for quality. 

6.3.1.2. Discussion on macro-Scale correlations  

Following correlations are studied by authors for macro-scale tubes. The definition of macro-
channel is in the first chapter.  
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The analysis with the Chen’s correlation returned 540 calculated heat transfer coefficients that 
compared with the expected ones returns a total RMS of 103 and 34.03% of data within the error 
band of 30%. Figures 115-116 shows heat transfer coefficient versus quality and experimental 
heat transfer coefficient versus expected. 

 
Figure 115: Chen 2 mm heat transfer coefficient versus quality  

 
Figure 116: Chen 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 48.6% data inside the 30% error range and an average RMS of 133 
with the minimum RMS of 94 at intermediate heat fluxes of 20.6 kW/m2. 

• Second data set returns 31.4% data inside the 30% error range and an average RMS of 
163 with the minimum RMS of 255 at intermediate heat fluxes of 9.6 kW/m2. 

• Third data set returns 33% data inside the 30% error range and an average RMS of 248 
with the minimum RMS of 90 at intermediate heat fluxes of 25.4 kW/m2. 

• Fourth data set returns 26.1% data inside the 30% error range and an average RMS of 73 
with the minimum RMS of 86 at intermediate heat fluxes of 15.1 kW/m2. 

The analysis with the Shah’s correlation returned 461 calculated heat transfer coefficient that 
compared with the expected ones returns a total RMS of 192 and 23.6% of data within the error 
band of 30%. Figures 117-118 shows heat transfer coefficient versus quality and experimental 
heat transfer coefficient versus expected. 
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Figure 117: Shah 2 mm heat transfer coefficient versus quality  

 
Figure 118: Shah 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 19.84% data inside the 30% error range and an average RMS of 258 
with the minimum RMS of 171 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 8.73% data inside the 30% error range and an average RMS of 
319 with the minimum RMS of 165 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 31.73% data inside the 30% error range and an average RMS of 
130 with the minimum RMS of 99 at intermediate heat fluxes of 34.76 kW/m2. 

• Fourth data set returns 34.28% data inside the 30% error range and an average RMS of 
127 with the minimum RMS of 98 at intermediate heat fluxes of 34.75 kW/m2. 

The analysis with the Gungor and Winterton correlation returned 504 calculated heat transfer 
coefficient that compared with the expected ones returns a total RMS of 282 and 3.97% of data 
within the error band of 30%. Figures 119-120 shows heat transfer coefficient versus quality 
and experimental heat transfer coefficient versus expected. 
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Figure 119: Gungor and Winterton 2 mm heat transfer coefficient versus quality  

 
Figure 120: Gungor and Winterton 2 mm experimental heat transfer coefficient versus calculat-

ed 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 339 
with the minimum RMS of 246 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 416 
with the minimum RMS of 226 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 6.35% data inside the 30% error range and an average RMS of 211 
with the minimum RMS of 114 at intermediate heat fluxes of 44.42 kW/m2. 

• Fourth data set returns 9.52% data inside the 30% error range and an average RMS of 
213 with the minimum RMS of 101 at intermediate heat fluxes of 44.39 kW/m2. 

The analysis with the Kandlikar’s correlation returned 504 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 309 and 5.36% of data within the 
error band of 30%. Figures 121-122 shows heat transfer coefficient versus quality and experi-
mental heat transfer coefficient versus expected. 
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Figure 121: Kandlikar 2 mm heat transfer coefficient versus quality  

 
Figure 122: Kandlikar 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 386 
with the minimum RMS of 269 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 473 
with the minimum RMS of 273 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 9.52% data inside the 30% error range and an average RMS of 224 
with the minimum RMS of 102 at intermediate heat fluxes of 44.42 kW/m2. 

• Fourth data set returns 11.90% data inside the 30% error range and an average RMS of 
224 with the minimum RMS of 98 at intermediate heat fluxes of 41.33 kW/m2. 

The analysis with the Liu and Winterton correlation returned 560 calculated heat transfer coef-
ficient that compared with the expected ones returns a total RMS of 164 and 17.67% of data 
within the error band of 30%. Figures 123-124 shows heat transfer coefficient versus quality 
and experimental heat transfer coefficient versus expected. 
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Figure 123: Liu and Winterton 2 mm heat transfer coefficient versus quality  

 
Figure 124: Liu and Winterton 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 3.57% data inside the 30% error range and an average RMS of 218 
with the minimum RMS of 145 at intermediate heat fluxes of 17.3 kW/m2. 

• Second data set returns 7.86% data inside the 30% error range and an average RMS of 
269 with the minimum RMS of 141 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 31.42% data inside the 30% error range and an average RMS of 
112 with the minimum RMS of 95 at intermediate heat fluxes of 36.99 kW/m2. 

• Fourth data set returns 27.85% data inside the 30% error range and an average RMS of 
110 with the minimum RMS of 102 at intermediate heat fluxes of 34.12 kW/m2. 
 

6.3.1.3. Discussion on micro-Scale correlations  

Following correlations are studied by authors for micro-scale tubes. The definition of micro-
channel is in the first chapter. 
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The analysis with the Lazarek and Black correlation returned 540 calculated heat transfer coef-
ficient that compared with the expected ones returns a total RMS of 275 and 5% of data within 
the error band of 30%. Figures 125-126 shows normalized heat transfer coefficient versus quali-
ty and expected heat transfer coefficient versus quality and experimental heat transfer coeffi-
cient versus expected. 

 
Figure 125: Lazarek and Black 2 mm heat transfer coefficient versus quality  

 
Figure 126: Lazarek and Black 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 331 
with the minimum RMS of 237 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 405 
with the minimum RMS of 245 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 9.23% data inside the 30% error range and an average RMS of 206 
with the minimum RMS of 103 at intermediate heat fluxes of 41.32 kW/m2. 

• Fourth data set returns 10.76% data inside the 30% error range and an average RMS of 
207 with the minimum RMS of 98.52 at intermediate heat fluxes of 37.91 kW/m2. 
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The analysis with the Tran et al. correlation returned 540 calculated heat transfer coefficient that 
compared with the expected ones returns a total RMS of 395 and 2.88% of data within the error 
band of 30%. Figures 127-128 shows normalized heat transfer coefficient versus quality and 
experimental heat transfer coefficient versus expected. 

 
Figure 127: Tran et al. 2 mm heat transfer coefficient versus quality  

 
Figure 128: Tran et al. 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 514 
with the minimum RMS of 361 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 629 
with the minimum RMS of 366 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 3.84% data inside the 30% error range and an average RMS of 273 
with the minimum RMS of 128 at intermediate heat fluxes of 41.33 kW/m2. 

• Fourth data set returns 7.69% data inside the 30% error range and an average RMS of 
275 with the minimum RMS of 113 at intermediate heat fluxes of 41.33 kW/m2. 

The analysis with the Kew and Cornwell correlation returned 540 calculated heat transfer coef-
ficient that compared with the expected ones returns a total RMS of 242 and 7.84% of data with-
in the error band of 30%. Figures 129-130 shows heat transfer coefficient versus quality and ex-
perimental heat transfer coefficient versus expected. 
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Figure 129: Kew and Cornwell 2 mm heat transfer coefficient versus quality  

 
Figure 130: Kew and Cornwell 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 292 
with the minimum RMS of 210 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 358 
with the minimum RMS of 218 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 16.15% data inside the 30% error range and an average RMS of 
181 with the minimum RMS of 90.52 at intermediate heat fluxes of 41.32 kW/m2. 

• Fourth data set returns 15.38% data inside the 30% error range and an average RMS of 
182 with the minimum RMS of 87.23 at intermediate heat fluxes of 37.91 kW/m2. 

The analysis with the Kandlikar and Balasubramanian correlation returned 540 calculated heat 
transfer coefficient that compared with the expected ones returns a total RMS of 39 and 22.22% 
of data within the error band of 30%. Figures 131-132 shows heat transfer coefficient versus 
quality and experimental heat transfer coefficient versus expected. 
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Figure 131: Kandlikar and Balasubramanian 2 mm heat transfer coefficient versus quality  

 
Figure 132: Kandlikar and Balasubramanian 2 mm experimental heat transfer coefficient versus 

calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 39.28% data inside the 30% error range and an average RMS of 61 
with the minimum RMS of 95 at intermediate heat fluxes of 8.50 kW/m2. 

• Second data set returns 45% data inside the 30% error range and an average RMS of 76 
with the minimum RMS of 105 at intermediate heat fluxes of 10.64 kW/m2. 

• Third data set returns 2.30% data inside the 30% error range and an average RMS of 23 
with the minimum RMS of 62 at intermediate heat fluxes of 12.99 kW/m2. 

• Fourth data set returns 2.31% data inside the 30% error range and an average RMS of 23 
with the minimum RMS of 62 at intermediate heat fluxes of 9.54 kW/m2. 

The analysis with the Warrier et al. correlation returned 462 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 126 and 43.05% of data within the 
error band of 30%. Figures 133-134 shows heat transfer coefficient versus quality and experi-
mental heat transfer coefficient versus expected. 
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Figure 133: Warrier et al. 2 mm heat transfer coefficient versus quality  

 
Figure 134: Warrier et al. 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 61.11% data inside the 30% error range and an average RMS of 97 
with the minimum RMS of 103 at intermediate heat fluxes of 9.68 kW/m2. 

• Second data set returns 48.41% data inside the 30% error range and an average RMS of 
117 with the minimum RMS of 102 at intermediate heat fluxes of 14.04 kW/m2. 

• Third data set returns 39.04% data inside the 30% error range and an average RMS of 
160 with the minimum RMS of 100 at intermediate heat fluxes of 44.42 kW/m2. 

• Fourth data set returns 27.61% data inside the 30% error range and an average RMS of 
145 with the minimum RMS of 98 at intermediate heat fluxes of 41.33 kW/m2. 

The analysis with the Zhang et al. correlation returned 462 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 58.56 and 23.79% of data within 
the error band of 30%. Figures 135-136 shows heat transfer coefficient versus quality and ex-
perimental heat transfer coefficient versus expected. 
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Figure 135: Zhang et al. 2 mm heat transfer coefficient versus quality  

 
Figure 136: Zhang et al. 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 11.90% data inside the 30% error range and an average RMS of 40 
with the minimum RMS of 60 at intermediate heat fluxes of 9.68 kW/m2. 

• Second data set returns 17.46% data inside the 30% error range and an average RMS of 
49 with the minimum RMS of 73 at intermediate heat fluxes of 12.45 kW/m2. 

• Third data set returns 33.33% data inside the 30% error range and an average RMS of 79 
with the minimum RMS of 100 at intermediate heat fluxes of 23.78 kW/m2. 

• Fourth data set returns 32.38% data inside the 30% error range and an average RMS of 
76 with the minimum RMS of 111 at intermediate heat fluxes of 27.48 kW/m2. 

The analysis with the Lee and Mudawar correlation returned 462 calculated heat transfer coeffi-
cient that compared with the expected ones returns a total RMS of 1375 and 2.62% of data with-
in the error band of 30%. Figures 137-138 shows heat transfer coefficient versus quality and ex-
perimental heat transfer coefficient versus expected. 
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Figure 137: Lee and Mudawar 2 mm heat transfer coefficient versus quality  

 
Figure 138: Lee and Mudawar 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 2969 
with the minimum RMS of 2340 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 3549 
with the minimum RMS of 1877 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 5.71% data inside the 30% error range and an average RMS of 601 
with the minimum RMS of 267 at intermediate heat fluxes of 44.42 kW/m2. 

• Fourth data set returns 4.77% data inside the 30% error range and an average RMS of 
565 with the minimum RMS of 234 at intermediate heat fluxes of 44.39 kW/m2. 

The analysis with the Saitoh et al.  correlation returned 501 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 241 and 11.44% of data within the 
error band of 30%. Figure 139-140 shows heat transfer coefficient versus quality and experi-
mental heat transfer coefficient versus expected. 
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Figure 139: Saitoh et al. 2 mm normalized heat transfer coefficient versus quality  

 
Figure 140: Saitoh et al. 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 1.6% data inside the 30% error range and an average RMS of 177 
with the minimum RMS of 155 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 470 
with the minimum RMS of 274 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 32.28% data inside the 30% error range and an average RMS of 
137 with the minimum RMS of 104 at intermediate heat fluxes of 34.76 kW/m2. 

• Fourth data set returns 11.9% data inside the 30% error range and an average RMS of 
208 with the minimum RMS of 93 at intermediate heat fluxes of 41.33 kW/m2. 

The analysis with the Bertsch et al. correlation returned 540 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 56 and 26.33% of data within the 
error band of 30%. Figures 141-142 shows heat transfer coefficient versus quality and experi-
mental heat transfer coefficient versus expected. 
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Figure 141: Bertsch et al. 2 mm heat transfer coefficient versus quality  

 
Figure 142: Bertsch et al. 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 10% data inside the 30% error range and an average RMS of 39 
with the minimum RMS of 58 at intermediate heat fluxes of 9.68 kW/m2. 

• Second data set returns 31% data inside the 30% error range and an average RMS of 73 
with the minimum RMS of 103 at intermediate heat fluxes of 14.29 kW/m2. 

• Third data set returns 23% data inside the 30% error range and an average RMS of 45 
with the minimum RMS of 100 at intermediate heat fluxes of 9.59 kW/m2. 

• Fourth data set returns 42% data inside the 30% error range and an average RMS of 76 
with the minimum RMS of 95 at intermediate heat fluxes of 20.26 kW/m2. 

The analysis with the Mikielewicz’s correlation returned 540 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 64 and 27% of data within the error 
band of 30%. Figures 143-144 shows heat transfer coefficient versus quality and experimental 
heat transfer coefficient versus expected. 
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Figure 143: Mikielewicz 2 mm heat transfer coefficient versus quality  

 
Figure 144: Mikielewicz 2 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 28.57% data inside the 30% error range and an average RMS of 63 
with the minimum RMS of 101 at intermediate heat fluxes of 9.68 kW/m2. 

• Second data set returns 45% data inside the 30% error range and an average RMS of 143 
with the minimum RMS of 103 at intermediate heat fluxes of 14.86 kW/m2. 

• Third data set returns 6.15% data inside the 30% error range and an average RMS of 26 
with the minimum RMS of 71 at intermediate heat fluxes of 12.99 kW/m2. 

• Fourth data set returns 30% data inside the 30% error range and an average RMS of 71 
with the minimum RMS of 103 at intermediate heat fluxes of 20.26 kW/m2. 

The analysis with the Li and Wu correlation returned 540 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 221 and 21.68% of data within the 
error band of 30%. Figures 145-146 shows heat transfer coefficient versus quality and experi-
mental heat transfer coefficient versus expected. 
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Figure 145: Li and Wu model 2mm heat transfer coefficient versus quality  

 
Figure 146: Li and Wu model 2mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 42.14% data inside the 30% error range and an average RMS of 133 
with the minimum RMS of 101 at intermediate heat fluxes of 16.14 kW/m2. 

• Second data set returns 0.71% data inside the 30% error range and an average RMS of 
1034 with the minimum RMS of 536 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 36.16% data inside the 30% error range and an average RMS of 52 
with the minimum RMS of 107 at intermediate heat fluxes of 9.59 kW/m2. 

• Fourth data set returns 7.69% data inside the 30% error range and an average RMS of 
333 with the minimum RMS of 116 at intermediate heat fluxes of 44.39 kW/m2. 

The analysis with the Mohamed and Karayiannis correlation returned 462 calculated heat trans-
fer coefficient that compared with the expected ones returns a total RMS of 280 and 15.35% of 
data within the error band of 30%. Figure 147-148 shows heat transfer coefficient versus quality 
and experimental heat transfer coefficient versus expected. 
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Figure 147: Mohamed and Karayiannis 2 mm heat transfer coefficient versus quality  

 
Figure 148: Mohamed and Karayiannis 2 mm experimental heat transfer coefficient versus cal-

culated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 11.9% data inside the 30% error range and an average RMS of 187 
with the minimum RMS of 132 at intermediate heat fluxes of 14.78 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 911 
with the minimum RMS of 534 at intermediate heat fluxes of 18.22 kW/m2. 

• Third data set returns 45.71% data inside the 30% error range and an average RMS of 95 
with the minimum RMS of 98 at intermediate heat fluxes of 27.59 kW/m2. 

• Fourth data set returns 3.8% data inside the 30% error range and an average RMS of 380 
with the minimum RMS of 158 at intermediate heat fluxes of 44.39 kW/m2. 

6.3.2. 4 mm Test Section 
The 4 mm test section has ten different thermocouples at positions indicates in the table 25: 
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Table 25: 4 mm test section thermocouples positions 

Axial positions 
% 

11 19 27 35 42 60 68 77 85 93 
cm 

0.017 0.030 0.042 0.054 0.065 0.094 0.106 0.119 0.132 0.144 

However, the thermocouple number 6th broke during one of the experiments. Thus, test number 
5th has less data points. The section was subjected to 5th different sets of tests where the thermal 
flux change and the operative pressure and bulk flux remain constants: 

I. First test set was performed in normal gravity conditions, on earth, with the quantity 
shows in table 26: 

Table 26: First test quantity on 4 mm test section  

Internal diameter 4E-03 m 

Channel lenght 0.15 m 

Subcooling 29.64 K 

Operative pressure 1.86 bar 

Bulk flux 177.06 kg/m2s 

Gravity 9.81 m/s2 

Heat flux 5.1-28.8 kw/m2 

The set consist in 16th different tests with different heat fluxes showed in table 27: 

Table 27: First test heat fluxes on 4mm test section  

Heat flux kw/m2 
5.1 6.6 8.2 9.6 11.1 12.7 15.1 17.3 19.3 20.6 22.2 23.7 24.9 25.4 27.0 28.8 

Totally there were taken 160 data points from this set. 

II. Second test was performed in miro-gravity conditions, during the parabolic flight, with 
the quantity shows in table 28: 

Table 28: Second test on 4 mm test section  

 
Internal diameter 4E-03 m 

Channel lenght 0.15 m 

Subcooling 27.43 K 

Operative pressure 1.80 bar 

Bulk flux 179.67 kg/m2s 

Gravity 0 m/s2 

Heat flux 5.1-28.8 kw/m2 
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The set consist in 16th different tests with different heat fluxes showed in table 29: 

Table 29: Second test heat fluxes on 4 mm test section  

Heat flux kw/m2 
5.1 6.6 8.1 9.6 11.1 12.7 15.1 17.3 19.3 20.6 22.2 23.7 24.8 25.4 26.9 28.8 

Totally there were taken 160 data points from this set. 

III. Third test was performed in normal gravity conditions, on earth, with the quantity shows 
in table 30: 

Tabella 30: Third test on 4 mm test section  

Internal diameter 4E-03 m 

Channel lenght 0.15 m 

Subcooling 27.43 K 

Operative pressure 1.86 bar 

Bulk flux 244.23 kg/m2s 

Gravity 9.81 m/s2 

Heat flux 6.7-42.1 kw/m2 

The set consist in 15th different tests with different heat fluxes showed in table 31:  

Table 31: Third test heat fluxes on 4 mm test section  

Heat flux kw/m2 
6.7 11.3 15.8 20.1 24.9 29.3 30.5 32.0 34.0 35.6 36.3 37.0 38.6 40.3 42.1 

Totally there were taken 150 data points from this set. 

IV. Fourth test was performed in miro-gravity conditions, during the parabolic flight, with 
the quantity shows in table 32: 

Table 32: Fourth test on 4 mm test section  

Internal diameter 0.004 m 

Channel lenght 0.15 m 

Subcooling 25.36 K 

Operative pressure 1.74 bar 

Bulk flux 250.20 kg/m2s 

Gravity 0 m/s2 

Heat flux 6.7-42 kw/m2 

The set consist in 16th different tests with different heat fluxes showed in table 33: 
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Table 33: Fourth test heat fluxes on 4 mm test section  

Heat flux KW/M2 
6.7 11.3 15.8 20.1 24.9 29.3 30.5 32.0 34.0 35.6 36.3 36.9 38.6 40.3 42.0 
Totally there were taken 160 data points from this set. 

V. Fifth test was performed in normal gravity conditions, on earth, with the quantity shows 
in table 34:  

Table 34: Fifth test on 4 mm test section  

Internal Diameter 0.004 m 
Channel lenght 0.15 m 

Subcooling 29.64 K 
Operative Pressure 1.86 bar 

Bulk flux 177.06 kg/m2s 
Gravity 9.81 - 

Heat flux 33.3-65.9 kW/m2 

The set consist in 14th different tests with different heat fluxes showed in table 35: 

Table 35: Fifth test heat fluxes on 4 mm test section  

Heat flux kw/m2 
33.3 35.5 38 39.8 42.4 44.9 47.2 50.2 52.6 55 57.5 60.4 63.2 65.9 
Totally there were taken 126 data points from this set. The 6th thermocouple broke during exper-
iments. 

6.3.2.1. Discussion on models 

The analysis with the model returned 756 calculated heat transfer coefficient that compared with 
the expected ones returns a total RMS of 348 and 21.34% of data within the error band of 30%. 
Figures 149-150 shows heat transfer coefficient versus quality and experimental heat transfer 
coefficient versus expected. 

 
Figure 149: Three-Zone 4 mm heat transfer coefficient versus quality  
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Figure 150: Three-Zone 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 9.38% data inside the 30% error range and an average RMS of 400 
with the minimum RMS of 352 at intermediate heat fluxes of 28.8 kW/m2. 

• Second data set returns 8.75% data inside the 30% error range and an average RMS of 
424 with the minimum RMS of 360 at intermediate heat fluxes of 28.8 kW/m2. 

• Third data set returns 17.33% data inside the 30% error range and an average RMS of 
356 with the minimum RMS of 311 at intermediate heat fluxes of 12.7 kW/m2. 

• Fourth data set returns 17.33% data inside the 30% error range and an average RMS of 
361 with the minimum RMS of 310 at intermediate heat fluxes of 42 kW/m2. 

• Fifth data set returns 53.17% data inside the 30% error range and an average RMS of 
233 with the minimum RMS of 226 at intermediate heat fluxes of 63.2 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 176 and 54.76% of 
data inside the 30% error band. 

The analysis with the Slug-Coalescence model returned 229 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 1006 and 3.43% of data within the 
error band of 30%. Figures 151-152 shows heat transfer coefficient versus quality and expected 
heat transfer coefficient versus calculated graphics for every set with corrected vapor quality. 
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Figure 151: Slug-Coalescence 4 mm heat transfer coefficient versus quality  

 
Figure 152: Slug-Coalescence 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 1625 
with the minimum RMS of 875 at intermediate heat fluxes of 11.1 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 1739 
with the minimum RMS of 978 at intermediate heat fluxes of 11.1 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 941 
with the minimum RMS of 485 at intermediate heat fluxes of 11.1 kW/m2. 

• Fourth data set returns 32% data inside the 30% error range and an average RMS of 477 
with the minimum RMS of 177 at intermediate heat fluxes of 8.2 kW/m2. 

For this model is impossible to use the thermodynamic qualities because it did not work with 
negative qualities. Using the thermodynamic qualities for the fifth set of data gives an RMS of 
582 and 0% of data inside the 30% error band. 
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6.3.2.1. Discussion on macro-Scale correlations  

Following correlations are studied by authors for macro-scale tubes. The definition of macro-
channel is in the first chapter. 

The analysis with the Chen’s correlation returned 580 calculated heat transfer coefficient that 
compared with the expected ones returns a total RMS of 86.41 and 62.71% of data within the er-
ror band of 30%. Figueres 153-154 shows heat transfer coefficient versus quality and expected 
heat transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 153: Chen 4 mm heat transfer coefficient versus quality  

 
Figure 154: Chen 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 67.18% data inside the 30% error range and an average RMS of 96 
with the minimum RMS of 99 at intermediate heat fluxes of 11.1 kW/m2. 

• Second data set returns 57.81% data inside the 30% error range and an average RMS of 
104 with the minimum RMS of 99 at intermediate heat fluxes of 15.1 kW/m2. 

• Third data set returns 65.83% data inside the 30% error range and an average RMS of 90 
with the minimum RMS of 93 at intermediate heat fluxes of 25.9 kW/m2. 

• Fourth data set returns 60% data inside the 30% error range and an average RMS of 96 
with the minimum RMS of 97 at intermediate heat fluxes of 15.1 kW/m2. 
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• Fifth data set returns 0% data inside the 30% error range and an average RMS of 55 with 
the minimum RMS of 56 at intermediate heat fluxes of 42.4 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 35 and 0% of data 
inside the 30% error band. 

The analysis with the Shas’s correlation returned 580 calculated heat transfer coefficient that 
compared with the expected ones returns a total RMS of 235 and 32.1% of data within the error 
band of 30%. Figures 155-156 shows heat transfer coefficient versus quality and expected heat 
transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 155: Shah 4 mm heat transfer coefficient versus quality  

 
Figure 156: Shah 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 32.03% data inside the 30% error range and an average RMS of 293 
with the minimum RMS of 214 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 27.34% data inside the 30% error range and an average RMS of 
315 with the minimum RMS of 228 at intermediate heat fluxes of 24.8 kW/m2. 

• Third data set returns 43.33% data inside the 30% error range and an average RMS of 
252 with the minimum RMS of 196 at intermediate heat fluxes of 38.6 kW/m2. 
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• Fourth data set returns 39.16% data inside the 30% error range and an average RMS of 
264 with the minimum RMS of 205 at intermediate heat fluxes of 38.6 kW/m2. 

• Fifth data set returns 7.14% data inside the 30% error range and an average RMS of 117 
with the minimum RMS of 102 at intermediate heat fluxes of 63.2 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 120 and 8.89% of 
data inside the 30% error band. 

The analysis with the Gungor and Winterton correlation returned 580 calculated heat transfer 
coefficient that compared with the expected ones returns a total RMS of 499 and 0% of data 
within the error band of 30%. Figures 157-158 shows heat transfer coefficient versus quality 
and expected heat transfer coefficient versus calculated graphics for every set with corrected 
vapor quality. 

 
Figure 157: Gungor and Winterton 4 mm heat transfer coefficient versus quality  

 
Figure 158: Gungor and Winterton 4 mm experimental heat transfer coefficient versus calculat-

ed 
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Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 479 
with the minimum RMS of 440 at intermediate heat fluxes of 11.1 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 509 
with the minimum RMS of 483 at intermediate heat fluxes of 11.1 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 505 
with the minimum RMS of 521at intermediate heat fluxes of 24.9 kW/m2. 

• Fourth data set returns 0% data inside the 30% error range and an average RMS of 520 
with the minimum RMS of 527 at intermediate heat fluxes of 24.9 kW/m2. 

• Fifth data set returns 0% data inside the 30% error range and an average RMS of 482 
with the minimum RMS of 468 at intermediate heat fluxes of 42.4 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 526 and 0% of data 
inside the 30% error band. 

The analysis with the Kandlikar’s correlation returned 580 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 416 and 0% of data within the error 
band of 30%. Figures 159-160 shows heat transfer coefficient versus quality and expected heat 
transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 159: Kandlikar 4 mm heat transfer coefficient versus quality  
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Figure 160: Kandlikar 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 453 
with the minimum RMS of 418 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 486 
with the minimum RMS of 443 at intermediate heat fluxes of 24.8 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 437 
with the minimum RMS of 407 at intermediate heat fluxes of 36.3 kW/m2. 

• Fourth data set returns 0% data inside the 30% error range and an average RMS of 456 
with the minimum RMS of 419 at intermediate heat fluxes of 36.3 kW/m2. 

• Fifth data set returns 0% data inside the 30% error range and an average RMS of 283 
with the minimum RMS of 262 at intermediate heat fluxes of 63.2 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 310 and 0% of data 
inside the 30% error band. 

The analysis with the Liu and Winterton correlation returned 746 calculated heat transfer coeffi-
cient that compared with the expected ones returns a total RMS of 130 and 27.24% of data with-
in the error band of 30%. Figures 161-162 shows heat transfer coefficient versus quality and ex-
pected heat transfer coefficient versus calculated graphics for every set with corrected vapor 
quality. 
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Figure 161: Liu and Winterton 4 mm heat transfer coefficient versus quality  

 
Figure 162: Liu and Winterton 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 18.75% data inside the 30% error range and an average RMS of 154 
with the minimum RMS of 122 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 15.63% data inside the 30% error range and an average RMS of 
169 with the minimum RMS of 131 at intermediate heat fluxes of 23.7 kW/m2. 

• Third data set returns 31.42% data inside the 30% error range and an average RMS of 
112 with the minimum RMS of 95 at intermediate heat fluxes of 37 kW/m2. 

• Fourth data set returns 18.67% data inside the 30% error range and an average RMS of 
136 with the minimum RMS of 116 at intermediate heat fluxes of 36.9 kW/m2. 

• Fifth data set returns 14.67% data inside the 30% error range and an average RMS of 
150 with the minimum RMS of 124 at intermediate heat fluxes of 42.4 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 58 and 6.67% of da-
ta inside the 30% error band. 

Following correlations are studied by authors for micro-scale tubes. The definition of micro-
channel is in the first chapter. 
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6.3.2.1. Discussion on micro-Scale correlations  

The analysis with the Lazarek and Black correlation returned 746 calculated heat transfer coef-
ficient that compared with the expected ones returns a total RMS of 369 and 0% of data within 
the error band of 30%. Figures 163-164 shows heat transfer coefficient versus quality and ex-
pected heat transfer coefficient versus calculated graphics for every set with corrected vapor 
quality. 

 
Figure 163: Lazarek and Black 4 mm heat transfer coefficient versus quality  

 
Figure 164: Lazarek and Black 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 408 
with the minimum RMS of 401 at intermediate heat fluxes of 11.1 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 434 
with the minimum RMS of 421 at intermediate heat fluxes of 24.8 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 415 
with the minimum RMS of 403 at intermediate heat fluxes of 36.3 kW/m2. 

• Fourth data set returns 0% data inside the 30% error range and an average RMS of 427 
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with the minimum RMS of 409 at intermediate heat fluxes of 36.6 kW/m2. 
• Fifth data set returns 0% data inside the 30% error range and an average RMS of 310 

with the minimum RMS of 306 at intermediate heat fluxes of 42.4 kW/m2. 
Using the thermodynamic qualities for the fifth set of data gives an RMS of 310 and 0% of data 
inside the 30% error band. 

The analysis with the Trasn et al. correlation returned 746 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 811 and 0% of data within the error 
band of 30%. Figures 165-166 shows heat transfer coefficient versus quality and expected heat 
transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 165: Tran et al. 4 mm heat transfer coefficient versus quality  

 
Figure 166: Tran et al. 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 906 
with the minimum RMS of 835 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 954 
with the minimum RMS of 868 at intermediate heat fluxes of 24.8 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 818 
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with the minimum RMS of 762 at intermediate heat fluxes of 36.3 kW/m2. 
• Fourth data set returns 0% data inside the 30% error range and an average RMS of 827 

with the minimum RMS of 759 at intermediate heat fluxes of 36.3 kW/m2. 
• Fifth data set returns 0% data inside the 30% error range and an average RMS of 599 

with the minimum RMS of 586 at intermediate heat fluxes of 57.5 kW/m2. 
Using the thermodynamic qualities for the fifth set of data gives an RMS of 599 and 0% of data 
inside the 30% error band. 

The analysis with the Kew and Conrwell correlation returned 746 calculated heat transfer coef-
ficient that compared with the expected ones returns a total RMS of 348 and 0% of data within 
the error band of 30%. Figures 167-168 shows heat transfer coefficient versus quality and ex-
pected heat transfer coefficient versus calculated graphics for every set with corrected vapor 
quality. 

 
Figure 167: Kew and Cornwell 4 mm heat transfer coefficient versus quality  

 
Figure 168: Kew and Cornwell 4 mm experimental heat transfer coefficient versus calculated 
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• First data set returns 0% data inside the 30% error range and an average RMS of 358 
with the minimum RMS of 351 at intermediate heat fluxes of 11.1 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 381 
with the minimum RMS of 371 at intermediate heat fluxes of 17.3 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 363 
with the minimum RMS of 354 at intermediate heat fluxes of 36.3 kW/m2. 

• Fourth data set returns 0% data inside the 30% error range and an average RMS of 374 
with the minimum RMS of 359 at intermediate heat fluxes of 36.3 kW/m2. 

• Fifth data set returns 0% data inside the 30% error range and an average RMS of 277 
with the minimum RMS of 272 at intermediate heat fluxes of 42.4 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 268 and 0% of data 
inside the 30% error band. 

The analysis with the Warrier et al. correlation returned 580 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 204 and 23.45% of data within the 
error band of 30%. Figures 169-170 shows heat transfer coefficient versus quality and expected 
heat transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 169: Warrier et al. 4 mm heat transfer coefficient versus quality  
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Figure 170: Warrier et al. 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 8.59% data inside the 30% error range and an average RMS of 168 
with the minimum RMS of 155 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 7.81% data inside the 30% error range and an average RMS of 
180 with the minimum RMS of 164 at intermediate heat fluxes of 24.9 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 326 
with the minimum RMS of 304 at intermediate heat fluxes of 36.3 kW/m2. 

• Fourth data set returns 0% data inside the 30% error range and an average RMS of 339 
with the minimum RMS of 312 at intermediate heat fluxes of 36.3 kW/m2. 

• Fifth data set returns 77.38% data inside the 30% error range and an average RMS of 
105 with the minimum RMS of 100 at intermediate heat fluxes of 60.4 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 58 and 0% of data 
inside the 30% error band. 

The analysis with the Kandlikar and Balasubramanian correlation returned 746 calculated heat 
transfer coefficient that compared with the expected ones returns a total RMS of 37 and 8.99% 
of data within the error band of 30%. Figures 171-172 shows heat transfer coefficient versus 
quality and expected heat transfer coefficient versus calculated graphics for every set with cor-
rected vapor quality. 
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Figure 171: Kandlikar and Balasubramanian 4 mm heat transfer coefficient versus quality  

 
Figure 172: Kandlikar and Balasubramanian 4 mm experimental heat transfer coefficient versus 

calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 13.75% data inside the 30% error range and an average RMS of 47 
with the minimum RMS of 52 at intermediate heat fluxes of 11.1 kW/m2. 

• Second data set returns 16.86% data inside the 30% error range and an average RMS of 
52 with the minimum RMS of 58 at intermediate heat fluxes of 11.1 kW/m2. 

• Third data set returns 2.66% data inside the 30% error range and an average RMS of 32 
with the minimum RMS of 33 at intermediate heat fluxes of 24.9 kW/m2. 

• Fourth data set returns 2.67% data inside the 30% error range and an average RMS of 34 
with the minimum RMS of 34 at intermediate heat fluxes of 24.9 kW/m2. 

• Fifth data set returns 0% data inside the 30% error range and an average RMS of 25 with 
the minimum RMS of 27 at intermediate heat fluxes of 60.4 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 14 and 0% of data 
inside the 30% error band. 
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The analysis with the Zhang et al. correlation returned 580 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 72 and 44.8% of data within the er-
ror band of 30%. Figures 173-174 shows heat transfer coefficient versus quality and expected 
heat transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 173: Zhang et al. 4 mm heat transfer coefficient versus quality  

 
Figure 174: Zhang et al. 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 34.36% data inside the 30% error range and an average RMS of 75 
with the minimum RMS of 96 at intermediate heat fluxes of 12.7 kW/m2. 

• Second data set returns 27.34% data inside the 30% error range and an average RMS of 
77 with the minimum RMS of 104 at intermediate heat fluxes of 12.7 kW/m2. 

• Third data set returns 63.33% data inside the 30% error range and an average RMS of 
112 with the minimum RMS of 100 at intermediate heat fluxes of 35.6 kW/m2. 

• Fourth data set returns 54.16% data inside the 30% error range and an average RMS of 
117 with the minimum RMS of 100 at intermediate heat fluxes of 36.9 kW/m2. 

• Fifth data set returns 0% data inside the 30% error range and an average RMS of 27 with 
the minimum RMS of 30 at intermediate heat fluxes of 50.2 kW/m2. 
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Using the thermodynamic qualities for the fifth set of data gives an RMS of 26 and 0% of data 
Lee and Mudawar  

The analysis with the Lee and Mudawar correlation returned 580 calculated heat transfer coeffi-
cient that compared with the expected ones returns a total RMS of 1058 and 12.59% of data 
within the error band of 30%. Figures 175-176 shows normalized heat transfer coefficient ver-
sus quality and expected heat transfer coefficient versus calculated graphics for every set with 
corrected vapor quality. 

 
Figure 175: Lee and Mudawar 4 mm heat transfer coefficient versus quality  

 
Figure 176: Lee and Mudawar 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 10.15% data inside the 30% error range and an average RMS of 
1321 with the minimum RMS of 821 at intermediate heat fluxes of 11.1 kW/m2. 

• Second data set returns 9.36% data inside the 30% error range and an average RMS of 
1415 with the minimum RMS of 909 at intermediate heat fluxes of 11.1 kW/m2. 

• Third data set returns 10.83% data inside the 30% error range and an average RMS of 
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786 with the minimum RMS of 736 at intermediate heat fluxes of 37 kW/m2. 
• Fourth data set returns 11.67% data inside the 30% error range and an average RMS of 

816 with the minimum RMS of 766 at intermediate heat fluxes of 36.9 kW/m2. 
• Fifth data set returns 8.33% data inside the 30% error range and an average RMS of 

1105 with the minimum RMS of 918 at intermediate heat fluxes of 50.2 kW/m2. 
Using the thermodynamic qualities for the fifth set of data gives an RMS of 663 and 2.22% of 
data inside the 30% error band. 

The analysis with the Saitoh et al. correlation returned 702 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 370 and 0% of data within the error 
band of 30%. Figures 177-178 shows heat transfer coefficient versus quality and expected heat 
transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 177: Saitoh et al. 4 mm heat transfer coefficient versus quality  

 
Figure 178: Saitoh et al. 4 mm experimental heat transfer coefficient versus calculated 
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Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 488 
with the minimum RMS of 460 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 0% data inside the 30% error range and an average RMS of 325 
with the minimum RMS of 293 at intermediate heat fluxes of 24.8 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 446 
with the minimum RMS of 419 at intermediate heat fluxes of 36.3 kW/m2. 

• Fourth data set returns 0% data inside the 30% error range and an average RMS of 286 
with the minimum RMS of 259 at intermediate heat fluxes of 36.3 kW/m2. 

• Fifth data set returns 0% data inside the 30% error range and an average RMS of 336 
with the minimum RMS of 329 at intermediate heat fluxes of 63.2 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 344 and 0% of data 
inside the 30% error band. 

The analysis with the Bertsch et al. correlation returned 746 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 66 and 32% of data within the error 
band of 30%. Figures 179-180 shows heat transfer coefficient versus quality and expected heat 
transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 179: Bertsch et al. 4 mm heat transfer coefficient versus quality  
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Figure 180: Bertsch et al. 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 12.5% data inside the 30% error range and an average RMS of 49 
with the minimum RMS of 54 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 1.25% data inside the 30% error range and an average RMS of 
43 with the minimum RMS of 42 at intermediate heat fluxes of 11.1 kW/m2. 

• Third data set returns 45.33% data inside the 30% error range and an average RMS of 78 
with the minimum RMS of 100 at intermediate heat fluxes of 35.6 kW/m2. 

• Fourth data set returns 52.67% data inside the 30% error range and an average RMS of 
136 with the minimum RMS of 101 at intermediate heat fluxes of 24.9 kW/m2. 

• Fifth data set returns 16.67% data inside the 30% error range and an average RMS of 76 
with the minimum RMS of 102 at intermediate heat fluxes of 57.5 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 17 and 2.38% of da-
ta inside the 30% error band. 

The analysis with the Mikielewicz correlation returned 746 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 85 and 30.83% of data within the 
error band of 30%. Figures 181-182 shows heat transfer coefficient versus quality and expected 
heat transfer coefficient versus calculated graphics for every set with corrected vapor quality. 
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Figure 181: Mikielewicz 4 mm heat transfer coefficient versus quality  

 
Figure 182: Mikielewicz 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 31.25% data inside the 30% error range and an average RMS of 127 
with the minimum RMS of 122 at intermediate heat fluxes of 17.3 kW/m2. 

• Second data set returns 23.75% data inside the 30% error range and an average RMS of 
54 with the minimum RMS of 62 at intermediate heat fluxes of 11.1 kW/m2. 

• Third data set returns 31.42% data inside the 30% error range and an average RMS of 42 
with the minimum RMS of 43 at intermediate heat fluxes of 36.3 kW/m2. 

• Fourth data set returns 8.67% data inside the 30% error range and an average RMS of 
136 with the minimum RMS of 116 at intermediate heat fluxes of 24.9 kW/m2. 

• Fifth data set returns 39.68% data inside the 30% error range and an average RMS of 89 
with the minimum RMS of 95 at intermediate heat fluxes of 63.2 kW/m2. 

Using the thermodynamic qualities for the fifth set of data gives an RMS of 80 and 28.57% of 
data inside the 30% error band. 

The analysis with the Li and Wu correlation returned 746 calculated heat transfer coefficient 
that compared with the expected ones returns a total RMS of 442 and 8.75% of data within the 
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error band of 30%. Figures 183-184 shows heat transfer coefficient versus quality and expected 
heat transfer coefficient versus calculated graphics for every set with corrected vapor quality. 

 
Figure 183: Li and Wu 4 mm heat transfer coefficient versus quality  

 
Figure 184: Li and Wu 4 mm experimental heat transfer coefficient versus calculated 

Following the results for every test set, that were described in the last paragraph: 

• First data set returns 0% data inside the 30% error range and an average RMS of 1204 
with the minimum RMS of 932 at intermediate heat fluxes of 24.9 kW/m2. 

• Second data set returns 5% data inside the 30% error range and an average RMS of 205 
with the minimum RMS of 157 at intermediate heat fluxes of 24.8 kW/m2. 

• Third data set returns 0% data inside the 30% error range and an average RMS of 868 
with the minimum RMS of 713 at intermediate heat fluxes of 38.6 kW/m2. 

• Fourth data set returns 30% data inside the 30% error range and an average RMS of 144 
with the minimum RMS of 117 at intermediate heat fluxes of 38.6 kW/m2. 

• Fifth data set returns 0% data inside the 30% error range and an average RMS of 543 
with the minimum RMS of 483 at intermediate heat fluxes of 63.2 kW/m2. 
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Using the thermodynamic qualities for the fifth set of data gives an RMS of 561 and 0% of data 
inside the 30% error band. 

The analysis with the Mohamed and Karayiannis correlation returned 580 calculated heat trans-
fer coefficient that compared with the expected ones returns a total RMS of 547 and 0.2% of da-
ta within the error band of 30%. Figures 185-186 shows heat transfer coefficient versus quality 
and expected heat transfer coefficient versus calculated graphics for every set with corrected 
vapor quality. 

 
Figure 185: Mohamed and Karayiannis 4 mm heat transfer coefficient versus quality  

 
Figure 186: Mohamed and Karayiannis 4 mm experimental heat transfer coefficient versus cal-

culated 
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with the minimum RMS of 877 at intermediate heat fluxes of 38.6 kW/m2. 
• Fourth data set returns 0.83% data inside the 30% error range and an average RMS of 

244 with the minimum RMS of 225 at intermediate heat fluxes of 38.6 kW/m2. 
• Fifth data set returns 0% data inside the 30% error range and an average RMS of 710 

with the minimum RMS of 692 at intermediate heat fluxes of 63.2 kW/m2. 
Using the thermodynamic qualities for the fifth set of data gives an RMS of 58 and 6.67% of da-
ta inside the 30% error band. 
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6.4. BO.E.MI.A pressure drops 

6.4.1. Single-phase transient flow  
Assessing the equation for single phase transient pressure drop a good agreement were ob-

tained: 100% of the predicted data (79 points) have an error <30%, the MAPE is 4.71% and the 

MPE 0.79%. However, the pressure drop values are quite close to the differential pressure in-

strument error, ±510 Pa, both in 100 and 200 mm channels, thus the measurements may be af-

fected by an experimental error that can strongly affect the model uncertainty. A graphical rep-

resentation of the results is shown in Figure 189: 

 

Figure 187: Pressure drop, experimental vs predicted in 100 mm (orange) and 200 mm (blue) 

tubes. 

During the experiment, the average measured single-phase pressure drops were about 2.3 kPa 

for the 200 mm tube and 1.7 kPa for the 100 mm. The maximum and minimum values were re-

spectively 3.95 kPa and 1.49 kPa for the 200 mm tube and 1.76 kPa and 1.44 kPa for the 100 

mm tube. Comparing the results with the laminar and turbulent equations, the experimental data 

are respectively ÷1/3 of the laminar results and ÷15 times compared to the turbulent. Thanks to 

its good agreement, before the ONB point, once the void fraction is calculated, it can be used in 

any of the available pressure drop models. However, must be noted that the single-phase pres-

sure drops are quite low (few kPa), thus the instrumentation error is high if compared with the 

pressure drops. If all the 139 subcooled points (subcooled boiling only) are considered in single 

phase, the pressure drop is lower than the expected, as shown in Figure 188. Despite the average 

enthalpy is lower than the saturation value and the equilibrium quality xeq is negative, the single-

phase model is not able to predict the pressure drops in the subcooled flow.  
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Figure 188: Single-Phase pressure drops  

6.4.2. Subcooled flow boiling  
The assessments for the subcooled flow boiling equations of Table 8 are reported in Table 36, 

where all the points are assessed considering the saturated correlations of Müller-Steinhagen 

and Heck, Friede, Lockhart-Martinelli, Chisholm and Chawla calculated with the vapour quality 

and void fraction from, and the literature correlations of Kim-Mudawar, Owens-Schrock and 

Tong, specifically developed for subcooled flow boiling. The partial results for the total pres-

sure drops in the 100 mm and the 200 mm tubes are shown in in Tables 37 and 38, respectively. 

Table 36: Global results for subcooled flow foiling points with new-model and literature sub-

cooled correlation 
Global (139 points)  

 Present methodology  Subcooled boiling correlations  

Sub-

cooled 

boiling 

model 

Chisholm  Friedel  

Müller-

Steinhagen 

and Heck  

 

Lockhart-

Martinelli  
Chawla  

Owens-

Schrock  
Tong  

Kim-

Mudawar  

 

MPE -2,83% 13,48% 22,41% -32,25% 51,30% -13,78% 26,09% -118,77% 

MAPE 21,57% 19,02% 24,12% 40,35% 51,32% 32,78% 29,05% 128,40% 

±30% 79,86% 76,26% 67,63% 61,87% 15,11% 65,47% 52,52% 20,86% 

Table 37: 100mm results for subcooled flow foiling points with new-model and literature sub-

cooled correlation 
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100 mm (76 points)  

 Present methodology  Subcooled boiling correlations  

Subcooled 

boiling 

model 

Chisholm  Friedel  

Müller-

Steinhagen 

and Heck  

 

Lockhart-

Martinelli  
Chawla  

Owens-

Schrock  
Tong  

Kim-

Mudawar  

 

MPE -2,44% 14,87% 24,44% -33,75% 51,38% -10,46% 29,89% -107,18% 

MAPE 20,82% 17,45% 24,44% 40,42% 51,38% 28,64% 29,89% 111,78% 

±30% 78,95% 78,95% 68,42% 60,53% 15,79% 73,68% 52,63% 19,74% 

Table 38: 200mm results for subcooled flow foiling points with new-model and literature sub-

cooled correlation  
200 mm (63 points)  

 Present methodology  Subcooled boiling correlations  

Subcooled 

boiling 

model 

Chisholm  Friedel  

Müller-

Steinhagen 

and Heck  

 

Lockhart-

Martinelli  
Chawla  

Owens-

Schrock  
Tong  

Kim-

Mudawar  

 

MPE -3,29% 11,81% 19,95% -30,44% 51,20% -17,79% 21,50% -132,76% 

MAPE 22,47% 20,90% 23,72% 40,27% 51,25% 37,78% 28,03% 148,45% 

±30% 80,95% 73,02% 66,67% 63,49% 14,29% 55,56% 52,38% 22,22% 

The subcooled boiling pressure drops trends by using the Kim and Mudawar and Owens and 

Schrock and Tong correlations, are shown in Figure 189; The same trends for the proposed 

methodology, adopting different models, are shown in Figure 190.  
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Figure 189: Pressure drop prediction for specific subcooled boiling correlations: (a) Owens-

Schrock, (b) Tong and (c) Kim-Mudawar. 
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Figure 190: Pressure drop predictions with the applied methodology: (a) Chisholm, (b) Friedel, 

(c) Müller-Steinhagen and Heck , (d) Lockhart-Martinelli , and (e) Chawla. 

The average experimental error is ±9.5%, ranging between a minimum of ±3% for high pressure 

drop values and ±35.4% for the lower ones. 

From Figures 189, 190 and the results in Tab. 36, it appears how the analysed experimental data 

are well predicted when the Chisholm correlation is used. It presents a MAPE of 21.57% and a 

MPE of -2.83%, and it is capable of predict up to 79.86% of the points with an error lower than 

±30%. The best results are for the 100 mm tube, where the Chisholm correlation obtain a 
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MAPE of 20.82% and a MPE of -2.44% with the 78.95% of data below the 30% error. How 

showed by Figures 189-190 and Tab. 36-37-38 the MAPE alone is not always the best instru-

ment to evaluate the prediction accuracy for a correlation, alone cannot fully describes the quali-

ty of a prediction. In fact, any deviation from the mean values is not evident by this statistical 

instrument, neither the error sign. The lower MAPE is for Friedel correlation, but the trends, the 

MPE and the ±30% error bands are better for Chisholm correlation how showed in Figure 190. 

The best results obtained from the literature specific subcooled correlations comes from the 

Owens-Schrock correlation where the MPE is -13.78%, MAPE 32.78 and 65.47% of the data 

has an error lower then ±30%. The correlations have a wider error then the ones proposed with-

in the methodology and show a wider dispersion, particularly marked for the 200mm data. The 

present conclusion agrees with Friedel and Tribbe and Müller-Steinhagen, where the Chisholm 

correlation was identified as the most suitable one, performing very well in calculating pressure 

drops for μl/μg> 1000 and with mass velocities greater than 100 kg/m2s, as in the BOEMIA set-

up. 

6.4.3. Saturated flow boiling   

At saturation is possible to use another correlation to best fit the experimental data. The chosen 

correlations are the same for subcooled flow boiling: Müller-Steinhagen and Heck, Friedel, 

Lockhart-Martinelli, Chisholm and Chawla. For the assessment, the vapor qualities and the real 

void fraction are used following the proposed methodology. If the equilibrium quality is higher 

than the vapor quality, the equilibrium quality is used in the correlations, instead the void frac-

tion is always calculated regardless the kind of quality used. Table 39 reports global results for 

the total pressure drops (only for the point when the saturation in reached) and Tables 40-41 re-

spectively shows the results for the 100 mm and 200 mm tubes. 

Table 39: Global results for saturated flow foiling points 

Global (84 points) 

 Present methodology  

Subcooled 

boiling model 

Lockhart-

Martinelli  
Chisholm  Chawla  Friedel  

Müller-Steinhagen 

and Heck  

MPE -15,71% 29,55% 44,09% 45,43% 56,77% 

MAPE 26,54% 30,25% 44,09% 45,43% 56,77% 

±30% 70,24% 44,05% 15,48% 14,29% 0,00% 

Table 40: 100mm results for saturated flow foiling points  
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100 mm (24 points) 

 Present methodology  

Subcooled 

boiling model 

Lockhart-

Martinelli  
Chisholm  Chawla  Friedel  

Müller-Steinhagen 

and Heck  

MPE -20,35% 24,26% 39,05% 41,28% 53,23% 

MAPE 24,67% 25,73% 39,05% 41,28% 53,23% 

±30% 75,00% 54,17% 41,67% 20,83% 0,00% 

Table 41: 200mm results for saturated flow foiling points  

200 mm (60 points) 

 Present methodology  

Subcooled 

boiling model 

Lockhart-

Martinelli  
Chisholm  Chawla  Friedel  

Müller-Steinhagen 

and Heck  

MPE -13,86% 31,67% 46,11% 47,09% 58,19% 

MAPE 27,29% 32,06% 46,11% 47,09% 58,19% 

±30% 68,33% 40,00% 5,00% 11,67% 0,00% 

The saturated flow boiling pressure drops trends by using the proposed methodology, adopting 

different models, are shown in Figure 191. 
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Figure 191: Saturated pressure drop predictions predicted: (a) Lockhart-Martinelli, (b) 

Chisholm, (c) Chawla, (d) Friedel and (e) Müller-Steinhagen and Heck.  

Figure 191 and the results in Table 39 show how the predictions underestimate the experimental 

data in most of the correlations, suggesting using a higher void fraction in the channel. Howev-

er, the Lockhart-Martinelli correlation, that overestimated the data in subcooled flow boiling re-

gion, had a low error at saturated conditions; its MPE is -15,71%, the MAPE 26,54% and 

70,24% of the data have an error lower than ±30%. The second-best correlation is the Chisholm 

one, with and MPE of 29,55% a MAPE of 30,25% and 44,05% of the data with an error lower 

than ±30%. It suggests using the Lockhart-Martinelli correlation to obtain a good prediction and 

Chisholm correlation in first approximation. A further study should be a better calculation of the 

void fraction to use always the same correlation for all the subcooled and saturated length. 
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6.4.4. Full methodology  

Merging the best results obtained from the single phase transient pressure drop obtained, the 

best results from subcooled flow boiling model of Chisholm and the best saturated flow boiling 

results obtained from Lockhart-Martinelli (both calculated with the void fraction and vapor 

quality), the data in Tab. 42 is obtained. The 100 mm tube get the best results with an MPE of -

5.25% a MAPE of 16.60% and 84.40% of the data with an error lower than ±30%. The global 

results, for both 100 mm and 200 mm channels, are quite good and near to the 100 mm tube re-

sults; the MPE is -5.88%, MAPE is 18.54% and 82.45% of the data has an error lower than 

±30%. 

Table 42: Global results for the methodology 

Methodology global results 

 100 mm 200 mm Global 

Points 141,00 161 302 

MPE -5,25% -6,43% -5,88% 

MAPE 16,60% 20,24% 18,54% 

±30% 84,40% 80,75% 82,45% 

The total pressure drops trends obtained by using the proposed methodology, and adopting the 

transient model for single-phase, Chisholm for subcooled boiling and Lockhart-Martinelli for 

saturated boiling, as described above, are shown in Figure 192. It is possibile to use also Friedel 

in the methodology, The choice of using Chisholm is due to the lower MPE joined to the big-

gest number of data predicted with an error lower of 30%.  
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Figure 192: Global methodology drop predictions; Transient pressure drop for Single Phase, 

Chisholm for subcooled flow boiling and Lockhart-Martinelli for saturated flow boiling.  

The average pressure drops (experimental) was 3.69 kPa in the 100 mm channel, the minimum 

value was 1.47 kPa and the maximum 16.74 kPa; for the 200 mm channel, the three values 

were: 6.87 kPa, 1.44 kPa and 22.87 kPa, respectively. 
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7. Conclusions 

This thesis presented an assessment for seventeen correlations as well as two mechanistic mod-
els and their application on microgravity and normal gravity on two different experimental fa-
cilities. The assessment has been conducted using local heat transfer coefficients calculated 
along the experimental section on the thermocouples position and with the pressure drops be-
tween the entrance and the end of experimental sections.   

7.1. Heat transfer 

The comparison demonstrated that all examined correlations are not general enough and/or 
could not predict the current experimental data with a reasonable accuracy. A depth remark for 
MICROBO is necessary, due to microgravity applicaiton, for every correlation to understand 
the possible causes of a bad prediction or the insufficient accuracy of the model/correlation. 
However, no one of the correlation is expected to work with FC-72 as refrigerant fluid. To ex-
amine the difference in data between the micro and standard gravity, a brief description of the 
results for every model and with every section is proposed. 

7.1.1. BO.E.MI.A 
A comparison of several models and correlations available in the literature, for flow boiling heat 
transfer in micro and macro tubes, has been performed using experimental data obtained by 
ENEA through the facility BOEMIA on 1 mm tubes, 100 mm and 200 mm long. In this prelim-
inary phase of the study, only saturated boiling points have been considered. Macro scale corre-
lations provide quite better results than expected, especially the Chen correlation that is the old-
est one. However, the micro scale correlations provide a better agreement than the macro scale 
ones. The correlations of Zhang et al.  and Li and Wu give more than 83% of data within ±30% 
error band, with a MAPE lower than 27%. This behavior is due to the dimension of the 1 mm 
channel that is close to the micro scale. The mechanistic “Three-zone model” provides a better 
agreement than the “Slug-Coalescence model” with more experimental points. More experi-
ments are needed with different fluids to increase the database range.  

7.1.2. MicroBo  
Also, the mechanistic models failed to predict the experimental data of all tubes, especially the 
Slug-Coalescence model, which may be attributed to the fact that these models are not totally 
based on theory but depend on empirical parameters. They are semi-mechanistic models and 
needs to be fitted on the experimental section. 

The Three-Zone model returns the best results for the 4 mm test section in terrestrial gravity 
conditions when the vapor and thermodynamic quality are positive. Begin the model theoreti-
cally independent from gravity, the 2 mm test section the model returns almost the same approx-
imation micro and normal gravity with +1% error in the zero gravity case. Instead for 4 mm the 
prediction is worse. Globally the model needs to be adapted with FC-72 refrigerant e with Pyrex 
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tube, by tuning the empirical parameters. up to 50% of data is well predicted (when the model is 
used inside their normal hypothesis). Globally the RMS is around 200 and 10% of data con be 
predicted within the 30% error range.   

The Slug-Coalescence model returns bad results. Standard parameters are not suitable with the 
analyzed experimental section and its operating fluid. The model is developed for the transition 
between the slug and bubble coalescence regime that usually appear at positive qualities far 
from the experiment’s range. In addition, the model works only in micro-channels where the 
superficial shear stress is predominant. This situation rises with high mass flux and reducing the 
channel size. The error magnitude makes the analysis of the gravity related phenomena totally 
impossible. Globally the RMS is around 800 and 1.5% of data can be predicted within the 30% 
error range.   

Macro scale correlations are more suitable in the 4 mm channel where the transition between 
micro and macro scale is not clearly defined. Most of the correlation does not take in account 
the gravity term. Chen correlation returns the better results, followed by Shas and Liu and Win-
terton correlation. 

The Chen correlation returns the better results for both 2 mm and 4 mm channel in all the ana-
lyzed cases. The model approximate data better in the terrestrial gravity experiments. The better 
results were obtained with 4 mm tube excluding with the higher heat fluxes. Moreover, the dif-
ference between micro and standard gravity data reduces with the decrement of channel diame-
ter. Gravity term does not appear in the correlation expression. Globally the RMS is around 95 
and 45% of data is predicted well. The model approximate data better in the terrestrial gravity 
experiments with an average increment of +5\10% in the error range e -10\100 in the global 
RMS. The better results were obtained with 4 mm tube excluding for the last data set, with the 
higher heat fluxes, that returns 0% of data within the 30% error range. 

The Shas correlation works well with the database, the better prediction is obtained with 4 mm 
tubes. The predictions are better in the terrestrial gravity experiments. Gravity term does not ap-
pear in the correlation expression. The global RMS is around 215 and 27% of data are in the 
30% error band. 

Gungor and Winterton correlation does not returns a good prediction on the database. The pre-
diction boundary of the correlation is out of the experimental range and FC-72 was not included 
in its originally experimental data. The prediction error is too high to obtain some information 
between gravity and zero gravity conditions from the model. The difference between micro and 
standard gravity data reduces with the decrement of channel diameter. Gravity term does not 
appear in the correlation expression. The global RMS is 370 and 2% of data are predicted within 
the 30% error band. 

Kandlikar’s correlation returns similar results to the Gungor and Winterton correlation. The bet-
ter results are with the 2 mm channel for the higher mass and thermal fluxes. The gravity pres-
ence improves the results. The correlation use a fluid specific factor that was impose arbitrary to 
1 and takes into account the gravity force. The global RMS is around 350 and 2.5% of data are 
within the 30% error range. The gravity presence improves the results of about +2% on the data 
between the 30% error ranges. 
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The Liu and Winterton correlation works quite well with the database. The best results are ob-
tained with 4 mm channel and in standard gravity conditions. The model does not take into ac-
count the gravity term. Moreover, the difference between micro and standard gravity data re-
duces with the decrement of channel diameter. The correlation works quite well with the data-
base and returns almost 32% of data within the 30% error bands with a global RMS of 145. The 
difference in the prediction between the 2 mm and 4 mm channels is about -30 on RMS and -
10% of data between the error bands. Moreover, the difference from standard and micro gravity 
conditions +3\5% in prediction capacity (data between error bands of 30%) and 2\50 for accu-
racy (RMS). 

Micro scale correlations are theoretically more suitable in the 2 mm channel where the transition 
between micro and macro scale is more accentuated to micro scale. Also in this case most of the 
correlation does not take in account the gravity therm. Zhang, Kandlikar, Bertsch and Mik-
ielewicz correlation returns the better results. The two best correlations for general purpose are 
from Bertsch and Mikielewicz. The difference in the results is important to define the transition 
between micro and macro scales. 

Lazarek and Black correlation works better with the 2 mm channel, how expected, and with 
higher heat and mass fluxes. Moreover, the difference between micro and standard gravity data 
reduces with the decrement of channel diameter. This difference is important because denotes 
how the reduction in channel size is correlated with the increment of superficial forces despite 
the buoyancy. The correlation is simple (it remembers the Gnieliwski correlation of Nusselt 
number) and does not consider the gravity therm. Globally the correlation returns an RMS of 
300 and 2.5% of data within the error range of 30%. The difference in RMS between the 2 mm 
and 4 mm channels is about +110 and the data between 30% error bands increment is about 5%. 
The difference between zero gravity and terrestrial gravity in the predicted data is about 1-50 on 
RMS and 1-2% of data within the 30% error bands. 

Tran’s correlation not predict well the data with the 4mm channel. The correlation is quality in-
dependent, results does not change using or not the modified quality. Globally the RMS is about 
550 and 1.5% of data is between the 30% error bands. However if considered only the 2 mm 
channel the RMS increase up to 273 and 8% of data predicted within the 30% error bands with 
higher mass and heat fluxes. 

Kew and Cornwell correlation not predict very well the heat transfer coefficients. The correla-
tion is projected to work in the micro scale and in fact it predicts better the results with the 2 mm 
channel, especially at high mass and bulk flux. Moreover, the difference between standard and 
micro gravity is not evident. The correlation does not consider the gravity force and is designed 
to work with R141b. The correlation not predict very well the heat transfer coefficients, globally 
only 4% of data are predicted into the 30% error bands and the average RMS is about 300. 

Warrier et al. better prediction relates to the reduction on the scale. The better prediction is for 
higher heat fluxes for 4mm channel. This correlation does not consider the gravity term. The 
correlation returns a global RMS of about 150 and 30% of data within the 30% error bands. The 
results improve in the 2 mm channel where the medium RMS is 128 and 43% of data is predict-
ed within the 30% error bands. Moreover the difference between predictions in standard gravity 
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and in micro gravity is about +20% of data within the 30% error bands ad -15-20 on RMS for 
standard gravity cases. 

Kandlikar and Balasubramanian correlation strongly underestimate the heat transfer coeffi-
cients. The predictions are more accurate in the 2 mm channel where the micro scale behavior is 
more marked. The correlation underestimating the heat transfer coefficients and works better 
with low heat and mass fluxes. The correlation is based on the Kandlikar correlation for macro 
scale, it uses a fluid specific factor that was impose arbitrary to 1 and but not takes into account 
the gravity force. The global RMS is 40 and 15% of data are in the 30% error bands. In the 2 
mm channel up to 45% of data is predicted in the 30% error bands with an average RMS of 76. 
Moreover, the correlation works better on normal gravity conditions with an increment of 15% 
of data within the error bands of 30% and a difference between the microgravity of 15 points on 
RMS. 

Zhang et al. correlation results with the 4 mm channel are better than the 2 mm. The best predic-
tions are for intermediate heat fluxes and high mass flux. The model accuracy falls quickly with 
the increment of heat fluxes. The difference between corrected and not corrected quality is neg-
ligible. The model does not consider the gravity force. The correlation shows 33% of data inside 
the 30% error bands and an average RMS of 75 underestimating the heat fluxes. The results with 
the 4 mm channel are better than the 2 mm, another 20% of data is within the 30% error bands 
and RMS is improve of 30. The difference between the normal and micro gravity case is low; 
5\10% of data in the 30% error range and 1\5 points of RMS (in favor of normal gravity). 

Lee and Mudawar correlation high overestimate the heat transfer coefficient. The data is in the 
correct range only for low qualities. This depends on the different structure of the relations with 
the increment of quality. Probably changing the equation could improve the prediction capacity. 
However, the best results are for 4 mm tube with the increment of mass and heat fluxes. The 
correlation does not consider the gravity force. The correlation high overestimate the heat trans-
fer coefficient and returns a global RMS of about 1150 with 7.5% of data within the error bands 
of 30%. The increment of prediction in standard gravity case is about of 1% of data in the 30% 
error range and 40 points on RMS. 

Saitoh et al. correlation is used outside their projected diameter range and heat fluxes range, in 
fact the globally results are bad. The 4 mm results are the worst. However, is interesting to ob-
serve that the model take into account the gravity force and works better in the microgravity 
cases. Only 6% of data is in the 30% error bands and the global RMS is about 300. 

The Bertsh’s correlation predict quite well heat transfer coefficient data. The behavior of this 
correlation is like Saitoh correlation. The best predicted data are for 4 mm channel in micro 
gravity (outside from the declared application range). Instead, for the 2 mm channel general 
trend is inverted and the best prediction is with standard gravity data. The correlation works bet-
ter at high mass flux and heat fluxes. Moreover, the correlation takes into account the gravity 
force. The Bertsh’s correlation predict data with a global RMS of 75 and 17% of data points 
within the 30% error bands. The difference between micro e standard gravity in this second case 
is around 10% of data inside the 30% error bands and 30 on RMS. 

Mikielewicz correlation correlation generally works better with 4 mm tube but the best predic-
tion is with 2 mm. The application range of this correlation is for both micro and macro scale. 
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The correlation works better in standard gravity. This correlation considers the gravity force. 
The correlation predicts quite well the data with 30% of data within the 30% error band and an 
average global value of 75 on RMS. The best prediction is with 45% of data within the 30% er-
ror bands and an average RMS of 145. The correlation works better in standard gravity with a 
difference up to +20% of data inside the 30% error bands and 60 points on RMS value. 

Li and Wu correlation has a strange behavior, for the 4 mm tube the correlation predicts only the 
data in micro gravity and the best prediction are with the 2 mm tube is in standard gravity. The 
correlation is applied inside their application range but with a fluid that was not take in consid-
eration by the author. The prediction capacity improves with heat and mass flux. And the differ-
ence with and without gravity is not clear. The model considers the gravity force. The global 
RMS is about 450 and 15% of data is predicted inside the 30% error bands. The best prediction 
with the 2 mm tube has 36% of data inside the 30% error bands and RMS of about 52. 

The Mohamed and Karayiannis correlation change with the hydraulic diameter. Both 2 mm and 
4 mm channel use the same correlation. The 4 mm channel returns the worst results. Moreover, 
the correlation considers the gravity effect. The global average RMS is about 400 and 8% of da-
ta points are within the 30% error range. However, the 2 channel returns an RMS of about 280 
and 15% of points predicted within the error band of 30%. The micro gravity predictions return 
up to 45% of data within the 30% error bands and an average RMS of 95. 

Most of the correlation returns the expected behavior. Macro correlations works better with the 
4 mm tube and micro scale correlation with 2 mm. However, there are some exceptions like 
Mikielewicz, Chen and Liu and Winterton correlation that works always well. This behavior is 
due to the dimension of the 2mm channel that is close yet to the macro scale. The prediction 
power of the correlations is better in standard gravity with some exceptions by Saitoh, Bertsch 
and Mohamed and Karayiannis. The mechanistic Three-zone model works better in standard 
gravity. The Slug-Coalescence model does not return satisfying results. The best results are 
from macro-scale correlations.  

7.2. Pressure drops 

A flow boiling pressure drop calculation methodology, is described; its main features are the 
capability to be used also in transition flow and in the use of the non-equilibrium vapor quality 
instead of the equilibrium thermodynamic quality. The model includes single phase, subcooled 
and saturated boiling conditions, identifying their boundaries. Employing a third order interpo-
lation curve, the pressure drop for subcooled liquid in transition flow can be calculated. The 
methodology is based on the work of Delhaye et al.. The model considers the fluid proprieties, 
the energy, mass and momentum conservation to predict the ONB, OSV points and a hyperbolic 
function is adopted to calculate the non-equilibrium vapor quality in the subcooled boiling re-
gion.  

The vapor quality and void fraction are used in the well-known pressure drop models, such as: 
Friedel, Chisholm, Chawla, Lockhart-Martinelli and Müller-Steinhagen and Heck. The results 
have been also compared with the correlations from Owens-Schrock, Tong, and Kim-Mudawar 
, specific for subcooled flow boiling. The best agreement with the ENEA experimental data has 
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been obtained using a transient model for the Single-Phase flow region, the Chisholm model for 
the subcooled flow boiling region followed by Lockhart-Martinelli for the saturated flow boil-
ing region. The resulting MAPE is of 18,54%, a MPE of -5,88% and 82,45% of the predicted 
points with an error lower than 30%. The results are very encouraging because none of the em-
ployed correlation was developed specifically for the ENEA database or adapted on it, with the 
only exception of a small reduction of the Pr number exponent (0.95 instead of 1) in the Frost 
and Dzakowic correlation for ONB prediction. Further pressure drop correlations that can be 
used with the proposed methodology are available in the literature. Moreover, all the methodol-
ogy steps have been checked with an “applicability model”, proposed by Delhaye et al. , to as-
sure the compatibility with the fluid and ranges used in the experimental facility. 
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8. Annex A: Programs Validation 

A programs validation is necessary to assure the quality of the obtained results. The validation 
is made confronting the literature data by Mohamed and Karayiannis (2012), for the Multiple 
Correlation Model, Thome et al. (2004), for the Three-Zone Model, and Consoloni et al. (2010), 
for the Bubble Coalescence Model, with the program ones.  

The fluid proprieties database used for every model is RefProp v.9.1. 

8.1. Three-Zone model 

The overlook starts with the Three-Zone Model and the results obtained by Thome et al. (2004) 
confronting heat transfer data with a big database from different studies: 

• Lazarek and Black (1982) 
• Wambsganss et al. (1993) 
• Tran et al. (1996) 
• Yan and Lin (1998) 
• Bao et al. (2000) 
• Baird et al. (2000) 
• Lin et al. (2001) 
• Agostini (2002) 

The validation analysis is made on the data that were obtained from digitalizing published 
graphs. These results are for a single flow channel except for that of Yan and Lin (1998) and 
Agostini (2002). As most of the results are for low to intermediate vapor qualities, it will be as-
sumed here that all these data fall in the elongated bubble regime where the Consolini and 
Thome (2010) model works. 

The global parameters for the correlations are showed in the following Tab. (43): 

Table 43: Global parameters for Three-Zone model. 

Minimum film thickness: 0.3 [µm] 
Correcting factor for initial film thickness:  0.29 [-] 
Frequency bubble exponential factor:  1.74 [-] 
Reference heat exponential factor:  -0.5 [-] 
Reference heat multiplication factor: 3328.00 [-] 
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8.2. Lazarek and Black 

The first such study was of Lazarek and Black (1982), who investigated evaporation of R-113 in 
a 3.1 mm stainless tube. They performed experiments starting from subcooled inlet conditions 
with a two-part vertical test section heated by direct current. The confrontation on the data 
shows a strong difference on the value of the heat transfer coefficient. The trend is the same, but 
the value seems to be translated with a proportional factor on the vertical axis. Probably the dif-
ference is due to the fluid database used. The following two Figures 193-194 are the original 
and obtained trends. Dotted lines are for optimized parameters. 

 
Figure 193: Lazarek and Black (1982) data on Thome et al. (2004) study for R113. 

 
Figure 194: Lazarek and Black (1982) data obtained with Refprop 9.1 for R113. 

The specific parameters for the correlations are showed in the following Tab (44): 

Table 44: Lazarek and Black (1982) parameters for Three-Zone model. 

Minimum film thickness: 1.00E-02 [µm] 
Correcting factor for initial film thickness:  1.18 [-] 
Frequency bubble exponential factor:  1.80 [-] 
Reference heat exponential factor:  -0.54 [-] 
Reference heat multiplication factor: 3319.00 [-] 
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8.3. Wambsganss et al. 

Next, is analyzed the study, at Argonne Laboratory, of Wambsganss et al. (1993). They worked 
on R-113 evaporating in a circular channel of 2.92 mm. They used a test section heated by direct 
current and the liquid enters sub-cooled. They gave a complete description of the test set-up and 
the diameter of the tube is near the maximum value of the database at the limit of the meso-tube 
classification. Like the previous analysis the confrontation on the data shows a strong difference 
on the value of the heat transfer coefficient, the trend is the same, but the mean value seems to 
be translated with a proportional factor on the vertical axis. Figure 195 show the original trend 
and Figure 196 the obtained trends. Dotted lines are for optimized parameters. 

 
Figure 195: Wambsganss et al. (1993) data on Thome et al. (2004) study for R113. 

 
Figure 196: Wambsganss et al. (1993) data obtained with Refprop 9.1 for R113. 
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The specific parameters for the correlations are showed in the following Table 45: 

Table 45: Wambsganss et al. (1993) parameters for Three-Zone model. 

Minimum film thickness: 4.70E-01 [µm] 
Correcting factor for initial film thickness:  0.77 [-] 
Frequency bubble exponential factor:  1.72 [-] 
Reference heat exponential factor:  -0.47 [-] 
Reference heat multiplication factor: 3298.00 [-] 

8.4. Tran et al. 

Tran et al. (1996) reported results for R-12 evaporating in a 2.46 mm circular channel. The ex-
perimental test section was electrically heated with four clamps to change the heated length. Af-
ter each clamp a thermocouple measured the bulk temperature of the fluid. The trend is the 
same, but are translated up on the vertical axis. Figures 197-198 show the original trend and the 
obtained trends. Dotted lines are for optimized parameters. 
 

 
Figure 197: Tran et al. (1996) data on Thome et al. (2004) study for R12. 
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Figure 198: Tran et al. (1996) data obtained with Refprop 9.1 for R12. 

The specific parameters for the correlations are showed in the following Table 46: 

Table 46: Tran et al. (1996) parameters for Three-Zone model. 

Minimum film thickness: 3.60E-01 [µm] 
Correcting factor for initial film thickness:  0.87 [-] 
Frequency bubble exponential factor:  1.71 [-] 
Reference heat exponential factor:  -0.57 [-] 
Reference heat multiplication factor: 3321.00 [-] 

8.5. Yan and Lin  

Yan and Lin (1998) investigated flow boiling of R-134a inside a bundle of 28 pipes with an in-
ternal diameter of 2 mm. This set of tests is the only one in the database where a preheater has 
been used to control the vapor quality at the inlet of the test section. The diameter of the tube of 
the preheater and the heat flux associated are unknown at the location where the bubbles were 
created. In this study, the mass flux was varied from 50 to 200 kg/m2s, heat flux from 5 to 20 
kW and saturation temperature from 5 to 31 °C. For the fourth time the trend is the same but are 
translated up on the vertical axis. Figures 199-200 show the original trend and the obtained 
trends. Dotted lines are for optimized parameters. 
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Figure 199: Yan and Lin (1998) data on Thome et al. (2004) study for R134a. 

 
Figure 200: Yan and Lin (1998) data obtained with Refprop 9.1 for R134a. 

The specific parameters for the correlations are showed in the following Table 46: 

Table 47: Yan and Lin (1998) parameters for Three-Zone model. 

Minimum film thickness: 1.92E+00 [µm] 
Correcting factor for initial film thickness:  1.20 [-] 
Frequency bubble exponential factor:  1.27 [-] 
Reference heat exponential factor:  -0.44 [-] 
Reference heat multiplication factor: 3551.00 [-] 
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400 mm of the tube was unheated, providing an entrance region; that section was followed by a 
270 mm long test zone and then by a 200 mm unheated exit zone. Tests were made over a wide 
range of conditions: mass velocities from 50 to 1800 kg/m2s, vapor qualities from 0% to 90%, 
heat fluxes from 5 to 200 kW/m2 and a range of saturation pressures. For every study the trend is 
the same but translated up on the vertical axis, the parameters correction does not affect how 
expected the data. Figures 201-202 show the original trend and Figures 203-204 the obtained 
trends. Dotted lines are for optimized parameters. 
 

 
Figure 201: Bao et al. (2000) data on Thome et al. (2004) study for R11. 

 
Figure 202: Bao et al. (2000) data obtained with Refprop 9.1 for R11. 
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Figure 203: Bao et al. (2000) data on Thome et al. (2004) study for R123. 

 

 
 

Figure 204: Bao et al. (2000) data obtained with Refprop 9.1 for R123. 

The specific parameters for the correlations are showed in the following tables Tables 48-49. 

Table 48: Bao et al. (2000) parameters for Three-Zone model for R11. 

Minimum film thickness: 2.00E-02 [µm] 
Correcting factor for initial film thickness:  0.59 [-] 
Frequency bubble exponential factor:  1.72 [-] 
Reference heat exponential factor:  -0.59 [-] 
Reference heat multiplication factor: 3334.00 [-] 
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Table 49: Bao et al. (2000) parameters for Three-Zone model for R123. 

Minimum film thickness: 8.00E-02 [µm] 
Correcting factor for initial film thickness:  0.44 [-] 
Frequency bubble exponential factor:  1.73 [-] 
Reference heat exponential factor:  -0.55 [-] 
Reference heat multiplication factor: 3324.00 [-] 

8.7. Baird et al. 

Baird et al. (2000) studied R-123 in a 0.92 mm diameter tube and CO2 in 1.95 mm tube. In this 
work was analyzed the local heat transfer coefficients of CO2. In the heating system used the 
thermal inertial of the tube wall is large. Differently, this time the trend is the same but are 
translated not only to the vertical axis but also on the horizontal. This phenomenon is due to the 
starting quality of the model. Figures 205-206 show the original trend and the obtained trends. 
Dotted lines are for optimized parameters. 

 
Figure 205: Baird et al. (2000) data on Thome et al. (2004) study for CO2. 



Heat Transfer and Pressure Drops in Micro-Tubes 

 

258 

 

 
Figure 206: Baird et al. (2000) data obtained with Refprop 9.1 for CO2. 

The specific parameters for the correlations are showed in the following Table 50: 

Table 50: Baird et al. (2000) parameters for Three-Zone model. 

Minimum film thickness: 1.50E-01 [µm] 
Correcting factor for initial film thickness:  0.34 [-] 
Frequency bubble exponential factor:  1.70 [-] 
Reference heat exponential factor:  -0.55 [-] 
Reference heat multiplication factor: 3323.00 [-] 

8.8. Lin et al. 

Lin et al. (2001) database were made on R-141b in a vertical 1.1 mm tube test section. The mass 
velocity range was from 300 to 2000 kg/m2s and heat flux range was of 18-72 kW/m2, however 
the only presented data was at the mass velocity of 510 kg/m2s. The outlet pressure of the test 
section was atmospheric while the inlet pressure varied from 1.34 to 2.19 bar depending the 
flow conditions. The trend is the same, but the value seems to be translated with a proportional 
factor on the vertical axis. The following Figures 207-208 are the original and obtained trends. 
Dotted lines are for optimized parameters. 
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Figure 207: Lin et al. (2001) data on Thome et al. (2004) study for R141b 

 
Figure 208: Lin et al. (2001) data obtained with Refprop 9.1 for R141b. 

The specific parameters for the correlations are showed in the following Table 51: 

Table 51: Lin et al. (2001) parameters for Three-Zone model. 

Minimum film thickness: 5.80E-01 [µm] 
Correcting factor for initial film thickness:  0.86 [-] 
Frequency bubble exponential factor:  1.79 [-] 
Reference heat exponential factor:  -0.60 [-] 
Reference heat multiplication factor: 3324.00 [-] 

8.9. Agostini  

Agostini (2002) studied R134a in a multichannel experiment section two different values of hy-
draulic diameter, dh = 0.77 mm (18 channels) and 2.01 mm (11 channels) and with rectangular 
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shape of the channel. For every study the trend is the same and match the original data. Figures 
209-210 show the original trend within the different channel diameter and Figures 211-211 the 
obtained trends. Dotted lines are for optimized parameters. 

 
Figure 209: Agostini (2002) data on Thome et al. (2004) study for R134a in a 0.77 mm channel. 

 

 
Figure 210: Agostini (2002) data obtained with Refprop 9.1 for R134a in a 0.77 mm channel. 
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Figure 211: Agostini (2002) data on Thome et al. (2004) study for R134a in a 2.01 mm channel. 

 
Figure 212: Agostini (2002) data obtained with Refprop 9.1 for R134a in a 2.01 mm channel. 

The specific parameters for the correlations are showed in the following Tables 52-53: 

Table 52: Agostini (2002) parameters for Three-Zone model for 0.77 mm channel. 

Minimum film thickness: 1.82 [µm] 
Correcting factor for initial film thickness:  1.23 [-] 
Frequency bubble exponential factor:  1.18 [-] 
Reference heat exponential factor:  -0.05 [-] 
Reference heat multiplication factor: 3272.00 [-] 

Table 53: Agostini (2002) parameters for Three-Zone model for 2.01 mm channel.  

Minimum film thickness: 3.00E+00 [µm] 
Correcting factor for initial film thickness:  0.80 [-] 
Frequency bubble exponential factor:  1.70 [-] 
Reference heat exponential factor:  -0.24 [-] 
Reference heat multiplication factor: 3452.00 [-] 
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8.10. Bubble Coalescence model 

Following is reported the validation procedure for the Bubble Coalescence model of Consolini e 
Thome (2010). The overlook starts with results obtained during the model validation confront-
ing heat transfer data with their database for fluids: 

• R-134a 
• CO2 
• R141-b 
• R-236fa 

The validation analysis is made on the data that were obtained from digitalizing published 
graphs. These results are for a single flow channel. 

The global parameters for the correlations are showed in the following Table 54: 

Table 54: Global parameters for Bubble-Coalescence model. 

beta:  1 [-] 
chi:  3 [-] 
eta:  0.02 [-] 

8.10.1. Validation R-134a 
The trend is the same, but the value seems to be translated with a proportional factor on the ver-
tical axis. Probably the difference is due to the fluid database used. The following two Figures 
213-214 are the original and obtained trends.  

 
Figure 213: Validation R-134a data on Consolini et al. (2010) study. 
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Figure 214: R-134a data obtained with Refprop 9.1. 

8.10.1. Validation thermal flux 
The trend is the same but the value seems to be translated with a proportional factor on the ver-
tical axis. Probably the difference is due to the fluid database used. The following two Figures 
214-215 are the original and obtained trends.  

 
Figure 215: Validation thermal flux data on Consolini et al. (2010) study for R236fa. 
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Figure 216: Validation thermal flux data obtained with Refprop 9.1 for R236fa. 

8.10.1. Validation mass flux  
The trend is the same, but the value seems to be translated with a proportional factor on the ver-
tical axis. Probably the difference is due to the fluid database used. The following two Figures 
217-218 are the original and obtained trends.  

 
Figure 217: Validation mass flux data on Consolini et al. (2010) study for R236fa. 
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Figure 218: Validation mass flux data obtained with Refprop 9.1 for R236fa. 

8.10.1. Validation CO2  
The trend is the same, but the value seems to be translated with a proportional factor on the ver-
tical axis. Probably the difference is due to the fluid database used. The following two Figures 
219-220 are the original and obtained trends.  

 
Figure 219: Validation CO2 data on on Consolini et al. (2010) study. 
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Figure 220: Validation CO2 data obtained with Refprop 9.1. 

8.10.1. Validation R-141b   
The trend is the same, but the value seems to be translated with a proportional factor on the ver-
tical axis. Probably the difference is due to the fluid database used. The following two Figures 
221-222 are the original and obtained trends.  

 
Figure 221: Validation R-141bdata on Consolini et al. (2010) study. 
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Figure 222: Validation R-141b data obtained with Refprop 9.1. 

8.11. Correlations 

Following is reported the validation procedure for the Correlations. The overlook starts with re-
sults obtained during the model validation confronting heat transfer data with the database of 
Mohammed and Krayannis during the experiment reported in the Table 55: 

Table 55: Correlation validation experiment proprieties 

Mass Velocity: 300 [Kg/(m2s)] 
Thermal Flux: 56000 [W/(m2)] 
Internal Channel Diameter: 0.52 [mm] 
Channel Length: - [m] 
Pressure: 600 [KPa] 
Temperature: - [C] 

The validation analysis is made on the data that were obtained from digitalizing published 
graphs. These results are for a single flow channel. 

The global parameters for the correlations are showed in the following Table 56: 

Table 56: Global parameters for Bubble-Coalescence model. 

Fluid: R134a [file-name] 
Gravity: 9.81 [m/s2] 
Roughness: 0.001 [mm] 

The trend is the same, but the value seems to be translated with a proportional factor on the ver-
tical axis. Probably the difference is due to the fluid database used. The following two Figures 
223-224 are the original trends. Figures 225-226  shows obtained trends. 
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Figure 223: Correlation data from Mohammed and Krayiannis studies (2012) for microchan-

nels. 

 
Figure 224: Correlation data obtained with Refprop 9.1 for microchannels. 
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 Figure 225: Correlation data from Mohammed and Krayiannis studies (2012) for macrochan-

nels. 

 
Figure 226: Correlation data obtained with Refprop 9.1 for macrochannels. 

 

 

0

5000

10000

15000

20000

25000

30000

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80He
at

 tr
an

sf
er

 c
oe

ffi
ci

en
t (

W
/(

m
2K

))

Vapor quality

Chen
Shah
Gungor and Winterton
Kandlikar
Liu and Wintherton
Experiment



Heat Transfer and Pressure Drops in Micro-Tubes 

 

270 

 

9. Annex B: Programs Schematics 

Following are reported the operative diagram flux for every program used. Schematics will not 
have any description because they are proposed only for a description purpose. 

• Three-Zone program: 

 
Figure 227: Three-zone program flux diagram 
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• Slug-Coalescence program: 

 
Figure 228: Slug-Coalescence flux diagram 
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• Correlations main program: 

The program is divided in the main program and correlations subroutines. 

 
Figure 229: Correlation main program flux diagram 
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o Chen subroutine: 

 
Figure 230: Chen subroutine flux diagram 

o Shah subroutine: 

 
Figure 231: Shah subroutine flux diagram 
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o Gungor and Winterton subroutine: 

 
Figure 232: Gungor and Winterton subroutine flux diagram 

o Kandlikar subroutine: 

 
Figure 233: Kandlikar subroutine flux diagram 
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o Liu and Winterton subroutine: 

 
Figure 234: Liu and Winterton subroutine flux diagram 

o Lazarek and Black subroutine: 

 
Figure 235: Lazarek and Black subroutine flux diagram 
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o Tran et al. subroutine: 

 
Figure 236: Tran et al. subroutine flux diagram 

o Kew and Cornwell subroutine: 

 
Figure 237: Kew and Cornwell subroutine flux diagram 
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o Warrier et al. subroutine: 

 
Figure 238: Warrier et al. subroutine flux diagram 

o Kandlikar and Balasubramanian subroutine: 

 
Figure 239: Kandlikar and Balasubramanian subroutine flux diagram 
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o Zhang et al. subroutine: 

 
Figure 240: Zhang et al. subroutine flux diagram 
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o Lee and Mudawar subroutine: 

 
Figure 241: Lee and Mudawar subroutine flux diagram 
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o Saitoh et al. subroutine: 

 
Figure 242: Saitoh et al. subroutine flux diagram 
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o Bertsch et al. subroutine: 

 
Figure 243: Bertsch et al. subroutine flux diagram 
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o Mikielewicz subroutine: 

 
Figure 244: Mikielewicz subroutine flux diagram 

o Li and Wu subroutine: 

 
Figure 245: Li and Wu subroutine flux diagram 
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o Mohamed and Karayiannis subroutine: 

 
Figure 246: Mohamed and Karayiannis subroutine flux diagram 
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