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บทคัดย่อ 
 
วิทยานิพนธ์ฉบับนี้เป็นการศึกษาลักษณะของรูปแบบการไหล การถ่ายเทความร้อนและความ

ดันลดท่ีมีการวางตัวของท่อแตกต่างกัน ข้อมูลการทดลองการไหลในขณะเกิดการเดือดของสารท า
ความเย็น R-134a ท่ีไหลผ่านภายในท่อขนาดเส้นผ่านศูนย์กลาง 1 มิลลิเมตร ซึ่งวางตัวแตกต่างกันใน
ทิศทางการไหลในแนวนอน การไหลขึ้นในแนวด่ิงและการไหลลงในแนวด่ิง การทดลองถูกกระท าท่ี
สภาวะฟลักซ์ความร้อนคงท่ี ภายใต้ความดันอิ่มตัวท่ี 8 bar โดยป้อนฟลักซ์ความร้อนอยู่ในช่วง                 
1-60 kW/m2 และฟลักซ์มวลอยู่ในช่วง 252-820 kg/m2s  ส าหรับรูปแบบการไหลแสดงให้เห็นถึง 5 
คว ามแตก ต่ า ง ขอ ง รู ปแบบ ท่ี เ กิ ดขึ้ น ดั ง นี้  slug flow  throat- annular flow  churn flow        
annular flow และ annular-rivulet flow ซึ่งผลการทดลองช้ีให้เห็นถึงส าคัญของการเปล่ียนแปลง
ของทิศทางการไหลและรูปทรงของ gas slug ระหว่างการไหลในแนวนอนกับการไหลในแนวดิ่ง ซึ่งจะ
มีรูปทรงไม่เหมือนกัน ในการสังเกตรูปแบบการไหลท้ังสามทิศทางพบว่าจะมีอิทธิพลอย่างมากต่อ
ค่าสัมประสัทธิ์การถ่ายเทความร้อน ซึ่งการถ่ายเทความร้อนจะเพิ่มขึ้นด้วยการเพิ่มข้ึนของฟลักซ์ความ
ร้อนแต่ส่วนมากจะไม่ขึ้นกับคุณภาพไอและฟลักซ์มวล ในส่วนผลของความดันลดนั้นมีแนวโน้มท่ี
เพิ่มขึ้นด้วยการเพิ่มขึ้นของฟลักซ์ความร้อนและฟลักซ์มวล มากไปกว่านั้นค่าสัมประสิทธิ์การถ่ายเท
ความร้อนจะเพิ่มขึ้นเมื่อสารท าความเย็นไหลในทิศทางขึ้นในแนวด่ิง นอกจากนี้ยังได้ท าการ
เปรียบเทียบผลการทดลองกับวิธีการท านายท่ีมีอยู่ด้วยสหสัมพันธ์ 
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ABSTRACT 
 

Flow pattern, heat transfer, and pressure drop characteristics for different flow 
orientations were presented in this study.  The results were obtained based on flow 
boiling experiments with R- 134a flow through a 1 mm diameter channel which was 
aligned in different orientations, i.e. horizontal flow, vertical upward flow, and vertical 
downward flow.  A constant surface heat flux condition was performed under a 
saturation pressure of 8 bar, a heat flux range of 1-60 kW/m2, and a mass flux range of 
250- 820 kg/ m2s.  The flow visualization results showed five different flow patterns 
including slug flow, throat-annular flow, churn flow, annular flow, and annular- rivulet 
flow.  The experimental results showed the importance of the change in the flow 
direction. The shape of the gas slug during horizontal flow did not look the same as in 
the vertical orientations.  The flow patterns for all three orientations were found to 
have strong influence on the heat transfer coefficients.  The heat transfer coefficient 
increased with increasing heat flux but was mostly independent of vapour quality and 
mass flux.  The pressure drop tented to increase with increasing heat flux and mass 
flux. Moreover, heat transfer coefficient became increased when the refrigerant flowed 
in the vertical upward direction. In addition, the experimental data was also compared 
with the existing prediction methods. 
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Chapter 1 
Introduction 

 
1.1  Background 

The fluidic devices have been down- sized during recent years.  The 
miniaturization utilizing micro-channels can solve the problems based on heat transfer 
in the limited space in which ordinarily sized channels cannot be satisfied.  Moreover, 
the heat transfer coefficient can be increased by reducing the channel size as reported 
by Tuckermen and Pease [ 1] .  According to the literature [ 2- 4] , the reduction of the 
hydraulic diameter caused the changes in two- phase flow and heat transfer 
mechanisms.  As the channel becomes smaller to a micro- scale threshold value, 
capillary force is likely to induce the flow phenomena which are different from those 
taking place in ordinarily sized channels. The discrepancies between macro-scale and 
micro- scale flows for single- phase fluids were discussed in Dixit and Ghosh [ 5] , and 
those for two-phase flow were reported in the literature [6-10]. 

Mehendale et al.  [ 11]  and Kandlikar [ 12]  used only geometric definition for 
determining the transition to micro- channel.  The former considered the micro-
channels as the flow passages having hydraulic diameters ranging from 1 μm  to 100 
μm  while the latter defined the channels with hydraulic diameters of less than 200
μm  as micro-channels. 

Criteria pertaining to the threshold value for micro- scale flow were also 
proposed based on dimensionless parameters.  Kew and Cornwell [ 13] , for instance, 
recommended confinement number to define the micro-scale flow. The confinement 
number, 

OC , was presented by  
 

 

h

gl

O
D

g
C

5.0
)(/  

  (1.1) 

 
where hD  represents hydraulic diameter,  stands for surface tension, g  is 
gravitational acceleration, l and g are liquid and gas densities, respectively.  They 
suggested that the confinement number values greater than 0. 5 resulted in micro-
scale flow behaviors.  
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 According to Ong and Thome [9], Eötvös number, related to Bond number 
was considered to identify the threshold value and given by 
 

    




88

2

hgl gDBd
Eo


  (1.2) 

 
 The Eötvös number values of around 0. 2 caused the flow to be experienced 

the transition region. They also suggested that the term “mini-channel” was associated 
with the flow phenomena taking place at the transition from macro- scale flow to 
micro-scale flow. 

 Two-phase flow in micro-channels can be applied for many engineering devices 
such as refrigeration system, micro heat exchanger, micro fuel cell, and micro reactor. 
Referring to Mudawar [ 14] , for cooling purposes, the two- phase micro- channel flow 
has been considered as one of the effective methods for dissipating heat.  The 
advantages of applying flow boiling in micro- channels provide such benefits as high 
heat transfer coefficient with low amount of working fluid occupied in the system 
having limited space. 
 
1.2  Objectives 

1. To investigate flow pattern, heat transfer coefficient, and pressure drop         
in 1 mm diameter circular channel, which is aligned in different orientations, 
i.e. horizontal flow, vertical upward flow, and vertical downward flow. 

2. To explore the influence of channel orientations on mini-channel flow 
boiling. 

3. To compare the experimental results with the existing correlations. 
 
1.3  Scopes  

1. The test section is a stainless steel tube of 1 mm in diameter and 500 mm 
in length.  

2. R-134a refrigerant is used as a working fluid. 
3. The orientations are carried out under three different flow directions 

including horizontal flow, vertical upward flow and vertical downward flow.  
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Chapter 2 
Literature Review 

 
 The flow boiling studies focusing on flow pattern, heat transfer, and pressure 
drop in mini- and micro-channels were carried out by various researchers as follows. 
 
2.1  Flow boiling patterns characteristics in small channel 
 Two-phase flow pattern observed in small channels was investigated by several 
investigators.  For example, Arcanjo et al.  [ 15]  conducted flow visualization study for 
flow boiling of R-134a as well as R-245fa in a 2.32 mm horizontal tube. The observed 
flow patterns included bubbly flow, slug flow, churn flow, and annular flow.  For a 
horizontal channel with a diameter of 1.75 mm, Saisorn et al. [16] observed slug flow, 
throat-annular flow, churn flow, annular flow, and annular-rivulet flow. 
 

 
Fig. 2.1 Flow pattern visulizations in a 2.32 mm horizontal tube [15].  
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Fig. 2.2 Flow pattern visulizations in a 1.75 mm horizontal tube [16]. 

 
Vertical circular tubes having four different channel diameters, i. e.  4. 26, 2. 88, 

2. 01 and 1. 1 mm, were used by Chen et al.  [ 17]  for flow boiling of R- 134a.  They 
observed dispersed bubble flow, bubbly flow, confined bubble flow, slug flow, churn 
flow, annular flow, and mist flow. Similar observations were reported, based on R-134a 
in a vertical quartz glass tube having a diameter of 1. 33 mm, by Martin- Callizo et al. 
[18]. 

In addition, Revellin and Thome [19], Ong and Thome [20], and Ong and Thome 
[ 9]  presented the flow patterns including isolated bubble ( IB)  regime, coalescing 
bubble ( CB)  regime and annular regime, and subsequently proposed correlations for 
the relevant transition zones.    
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Fig. 2.3 Flow pattern visulizations in (a) 4.26 mm, (b) 2.88 mm, (c) 2.01 mm, and             
(d) 1.1 mm vertical tube [17]. 

 

(a) 

(b) 

(c) 

(d) 
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Fig. 2.4 Flow pattern visulizations in a 1.33 mm vertical tube [18]. 

 
Fig.  2. 5 Flow pattern visulizations in a 0. 5 mm horizontal tube:  ( a)  Bubbly flow,             
(b) Bubbly/slug flow, (c) Slug flow, (d) Slug/semi-annular flow, (e) Semi-annular flow, 
(f) Wavy annular flow, and (g) Smooth annular flow [19]. 

 
2.2  Flow boiling heat transfer and pressure drop characteristics in small 
channel 

The followings are briefly discussions for the micro-scale heat transfer studies.  
Lin et al.  [ 21]  studied the flow boiling heat transfer of R141b refrigerant in a 

vertical tube of 1 mm in diameter. They found that the heat transfer phenomena were 
governed by nucleate boiling in low vapour quality region and by convective boiling 
in high vapour quality region.  

Owhaib et al.  [22]  carried out flow boiling of R-134a in vertical mini-channels 
with dimeters of 1.7, 1.224, and 0.826 mm. The results indicated a strong influence of 
heat flux on heat transfer characteristics when vapour quality was less than 0.6.  
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Similar results were presented by Huo et al.  [ 23]  and Shiferaw et al.  [ 24] , for 
flow boiling heat transfer of R-134a in vertical circular tubes having diameters of 4.26, 
2.01 and 1.1 mm. Huo et al. [23] also reported that the heat transfer coefficient tended 
to increase with the decrease in channel diameter.  

The flow boiling of R-134a in horizontal circular channels with diameters ranging 
from 0.5 to 1.6 mm was carried out by Basu et al. [25] . They indicated that the heat 
transfer phenomena were controlled by nucleate boiling mechanism because their 
heat transfer results were dependent on heat flux.   

Anwar et al. [26] studied heat transfer characteristics of R-152a refrigerant during 
flow boiling in a vertical mini- channel having a diameter of 1. 6 mm.  Their results 
showed the strong dependence of heat transfer coefficient on heat flux.  

Recently, Olivaira et al. [27] investigated flow boiling heat transfer of R-600a in 
a horizontal tube having a diameter of 1 mm.  They indicated that the heat transfer 
coefficients were substantially affected by heat flux, especially at low vapour quality. 
However, the dominance of nucleate boiling became decreased when vapour quality 
was increased.  

Ong and Thome [ 28]  reported heat transfer phenomena for different 
refrigerants flowing in different channel diameters, i. e.  1. 03, 2.20, and 3.04 mm.  The 
smaller channel tended to give heat transfer coefficient with lower dependency on 
heat flux.  Different refrigerants seemed to cause different heat transfer mechanisms. 
The heat transfer coefficient for R-134a showed the highest dependence on heat flux. 
However, the heat transfer coefficient for R- 245fa yielded the lowest heat flux 
dependency while R-236fa was positioned in between the other two refrigerants.   

Convective boiling was also reported as dominant mechanism governing the 
heat transfer phenomena which were presented in Lee and Lee [ 29] , Sumith et al. 
[30], and Qu and Mudawar [31]. 

Flow boiling pressure drop characteristics in small channels were reported by 
several researchers.  

Owhaib et al. [32], Tibirica et al. [33], Maqbool et al. [34], and Keepaiboon et 
al. [35] concluded that the frictional pressure drop increased with increasing mass flux.  

Maqbool et al. [34] also found from their results, based on two-phase pressure 
drop of vertical circular channels with diameters of 1.7 and 1.224 mm, that the pressure 
drop increased with decreasing saturation pressure as well as channel diameter.  

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



8 
 

 

Keepaiboon et al.  [ 35]  studied the two- phase pressure drop in a rectangular 
micro- channel having a hydraulic diameter of 0. 68 mm.  The higher the saturation 
pressure, the lower was the pressure drop. 

A number of experimental studies such as Kandlikar and Balasubramanian [36], 
Zhang et al. [37], Wang et al. [38], Lee et al. [39], and Leao et al. [40] reported the 
influence of orientations on the performance of multiport rectangular micro-channels.  

Kandlikar and Balasubramanian [36], and Zhang et al. [37] showed that amongst 
different flow orientations carried out under the same experimental conditions, the 
vertical upward flow gave the best performance, i.e. high heat transfer coefficient with 
low pressure drop.  

Wang et al.  [ 38]  studied heat transfer performance in a multiport rectangular 
micro- channels with a hydraulic diameter of 0. 825 mm and the inclination angle 
ranging from - 90° ( vertical downward)  to 90° ( vertical upward) .  They reported that 
horizontal flow and vertical upward flow tended to give the similar performance while 
poor heat transfer results were obtained for downward flow arrangement.  

Lee et al.  [ 39]  conducted flow boiling experiments with FC- 72 flow through 
horizontal and vertical rectangular micro- channels.  Their results showed that vertical 
downward flow provided the highest heat transfer coefficient, especially at low mass 
flux.  

Leao et al.  [ 40]  experimentally investigated flow boiling heat transfer and 
pressure drop of R- 245fa in rectangular micro- channels.  They reported that the flow 
boiling in a horizontal orientation gave the highest heat transfer coefficient. The results 
also showed the vertical upward flow providing the lowest pressure drop.  

As previously discussed above, the recent works on flow boiling mainly 
discussed the heat transfer and pressure drop results in mini-and micro-channels with 
various working fluids and channel diameters.  Parameters such as heat flux and mass 
flux affecting the flow boiling phenomena have been presented in several publications. 
However, the important information regarding the gravitational aspect on flow pattern, 
heat transfer, and pressure drop characteristics is still limited and, moreover, there 
have been inconsistencies in the existing data.  The difference in the results may be 
due to the presence of the channel corner in the rectangular micro-channels. The aim 
of this work is therefore to explore the influence of channel orientations on mini-
channel flow boiling without the corner effect. Flow pattern, heat transfer coefficient, 
and pressure drop results for a 1 mm diameter circular channel, which was aligned in 
different orientations, i.e. horizontal flow, vertical upward flow, and vertical downward 
flow, were presented in this study.  เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Chapter 3 
Theory 

 
3.1  Classifications of channels  

Many studies on criteria for the classification of channels have been conducted 
by different researchers, which are divided into 2 groups: 

 The first group has proposed criteria for different channel size with the 
hydraulic diameter, 

hD , as shown in Table 3.1. Mehendale et al. [11] proposed 
classification of channels for heat exchangers. The criteria for classification of different 
small channels using widely for engineering applications have been proposed by 
Kandlikar [12]. 

The second group proposed macro- scale to micro- scale transition criteria for 
different dimensionless parameter, which was presented in the literature [41], such as 
Kew and Cornwell [ 13] , Ullman and Brauner [ 42] , Harirchian and Garimella [ 43]  and 
Ong and Thome [9] as the following classification in Table 3.2. 
 
Table 3.1 Classification of channels based on hydraulic diameter. 
 

hD  (mm) 

Mehendale et al. [11]  
- Micro-heat exchanger 0.001-0.1 
- Meso-heat exchanger 0.1-1 
- Compact heat exchanger 1-6 
- Conventional heat exchanger > 6 
Kandlikar [12]  
- Micro-channel 0.01-0.2 
- Mini-channel 0.2-3 
- Conventional channel > 3 
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Table 3.2 Classification for different dimensionless parameter. 

Dimensionless Parameter Micro-scale flow Macro-scale flow 

 Kew and Cornwell [13] 
    - Confinement number: 

OC  
  

5.0OC  5.0OC  

 Ullman and Brauner [42]   
    - Eötvös number: Eo  2.0Eo  2.0Eo  
 Harirchian and Garimella [43]   
    - Convective confinement number:   

Re5.0 Bd  
160Re5.0 Bd  160Re5.0 Bd  

 Ong and Thome [9]   
    - Confinement number: 

OC  1OC  4.03.0 OC  

where  OC  is given by Eq. (1.1), 
Eo  is determined by Eq. (1.2), 
Bd  is the Bond number and is calculated as:    /

2

glhgDBd  .  
 
3.2  Flow boiling heat transfer 
 

3.2.1  Heat transfer coefficient 
The local heat transfer coefficient is calculated by 

 

)()(
)(

fluidin wall,

"

zTzT

q
zhloc


  (3.1) 

 
where "q is the heat flux of the channel wall, )(fluid zT is the local temperature of the 
fluid and )(in wall, zT  is the local temperature of the inner wall surface. 

The heat transfer characteristics are also presented based on average heat 
transfer coefficient, which can be determined by  

 

)( fluidwall

"

TT

q
havg


  (3.2) 

 
where  fluidT is the average temperature of the fluid and wallT is the average 
temperature of the inner wall surface. 
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The Local Nusselt number, )(zNuloc , is expressed by  
 

l

loc
loc

k

Dzh
zNu

)(
)(   (3.3) 

 
where lk  is the liquid thermal conductivity. 
 

3.2.1.1 Heat flux 
"q refers to heat flux transferred to the test section and is 

estimated by the following equation. 
 

 
πDL

qq
q" loss

  (3.4) 

 
where D  is channel diameter, L  is length of channel, q  is heat transfer rate 
generated by joule heating method and lossq denotes rate of heat loss which can be 
estimated by applying energy balance and thermal resistance concept.  The rate of 
heat loss is dependent on the flow condition and estimated up to 30% for this work. 
 

3.2.1.2 Temperature  
In Eq. (3.1), )(fluid zT  represents the local temperature of the 

refrigerant and the average temperature of the refrigerant, 
fluidT , in Eq. (3.2) can be 

calculated from an energy balance and is given by Eq. (3.5).  
 

 
p

influidfluid
cm

πDzq
TzT




 ,)(  (3.5) 

 
where influidT ,  is the fluid inlet temperature, z is the axial distance, m is the mass flow 
rate, and pc is the liquid specific heat. 
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Fig. 3.1 Variation of tube surface and the average fluid temperatures along the tube in 
the case of constant surface heat flux [44]. 
 

The local temperature of the inner wall surface, )(in wall, zT , can be 
determined from Eq.  ( 3. 6) .  For each position, it should be noted that the inner wall 
temperature can be obtained based on steady state one-dimensional heat conduction 
through the tube wall with internal heat generation. 

 

in

out
outinoutwall,outwall,in

r

r
r

k

q
rr

k

q
zTzT ln)(

2
)(

4
)()(

222 
  (3.6) 

 
where )(zTwall,out

 is the local measured outer wall surface, q  is the volumetric heat 
generation, k  is the thermal conductivity of material, outr  is outer radius of the tube, 
and inr  is inner radius of the tube. 

 

Fig. 3.2 Schematic diagram of one-dimensional radial condition [45]. 
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3.2.2  Local Vapour quality 
The Local vapour quality of fluid is calculated based on thermodynamic 

properties as follows.  
  

)(

)()(
)(

lg zi

zizi
zx l
  (3.7) 

 
From an energy balance, the local enthalpy )(zi  at position z can be calculated from 
Eq.  ( 3. 8) .  The local enthalpy of saturated liquid, )(zil , and the local latent heat of 
vapourization,  )(lg zi , are determined based on the local temperature. 

 

inleti
m

Dzq
zi 







)(  (3.8) 

 
where the inlet enthalpy, inleti , is estimated using the measured inlet temperature of 
refrigerant across the test section. 
  
3.3  Flow boiling pressure drop 
 

3.3.1  Single-phase pressure drop 
 In the analysis of single-phase flow, the pressure drop is expressed based 

on fully developed flow for all type, i. e.  circular or non- circular channels, horizontal 
or inclined channels, laminar or turbulent flows, and smooth or rough surfaces.  The 
single-phase pressure drop is calculated from: 

 

 
2

2G

D

L
fP SPSP   (3.9) 

 
The Darcy friction factor, SPf , is introduced to calculate the single-phase 

friction factor as: 
 

2

2

LG

DP
f SP

SP


  (3.10) 

 
The single- phase friction factor, SPf , for fully developed laminar or 

turbulent flows in a smooth tube can be used by Eq. (3.11) 
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1
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In Eq.  ( 3. 11) , Re  represents the Reynolds number, which is used for 

internal flow and is presented by 
 

 


GD
Re  (3.12) 

 
where G  is the mass flux,   is the density of liquid,   is the dynamic viscosity, L  is 
the pressure drop length, and D  is the channel diameter.  
   

 3.3.2  Two-phase pressure drop 
The two- phase pressure drop for horizontal flow and vertical flow 

consists of frictional, accelerational, and gravitational terms. 
 

Gaccftotal PPPP   (3.13) 
 

The frictional pressure drop, 
fP , is calculated by subtracting the 

gravitational term, and accelerational term from the measured value of total pressure 
drop. The gravitational pressure drop is neglected for horizontal flow.  

 

Gacctotalf PPPP   (3.14) 
 

The components based on acceleration and gravitation are respectively 
given by Eqs. (3.15) and (3.16).  

The accelerational term can be expressed by 
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where G  is the mass flux, x  is the vapour quality,  is the void fraction, 

g is the 
vapour density, and 

l  is the liquid density. 

The gravitational term is presented as follow 
 

  lgG gLP  )1(sin   (3.16) 
 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



15 
 

 

where L  is channel length and  is the tube angle. 

The void fraction shown in Eqs.  ( 3. 15)  and ( 3. 16)  can be estimated by 
using Zivi correlation [46] which is given by 
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Two- phase flow models used to predict two- phase pressure drop are 

introduced. The two-phase flow models are divided into two methods as follows: 
1.  Homogenous flow model ( HFM) :  this model is assumed that the 

liquid and vapour phases are homogeneous and flow with the same velocity.  

2. Separated flow model (SFM): the two phases flow separately with 
different velocities.  

   
3.3.2.1  Homogenous flow model (HFM) 

   In homogenous two-phase flow model, the basic assumption of 
homogenous two- phase are well mixed as the single- phase flowing with a single 
velocity. Therefore, the frictional pressure drop and the two-phase density are defined 
by using the homogenous flow model (HFM) method, which are respectively given by 
Eqs. (3.18) and (3.19). 
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where TPf  is two-phase friction factor, which can be defined from Eq. (3.11) with two-
phase Reynold number, TPRe  as: 

  
TP

TP

GD


Re  (3.20) 

The two-phase viscosity, TP , in Eq. (3.20) was proposed by different researchers and 
is presented in section 5.4.3 
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3.3.2.2  Separated flow model (SFM) 
The two- phase flow based on the separated flow model ( SFM) 

is defined that liquid and vapour phases are considered to flow separately in the tube 
with different in such a way the phase velocities.  The two- phase frictional pressure 
drop based on the Lockhart-Martinelli method [47] can be determined by 
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The two-phase frictional multiplier, 2

l , is calculated by 
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χ
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C
l  (3.22) 

 
The C  parameter represents the level of interactions between the two phases.  The 
Martinelli parameter, χ , is expressed by  
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where  

lF dzdP / denotes the single-phase liquid pressure gradient and  
gF dzdP / is the 

single-phase gas pressure gradient. 

For macro- scale flow and micro- scale flow, there have been several existing 
correlations proposed for the value of the C  parameter which is given in section 5.4.3. 
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Chapter 4 
Methodology 

 
4.1  Experimental apparatus and procedure 

The experimental apparatus of this study was designed and constructed for flow 
boiling of R-134a in a circular mini-channel with different orientations as shown in Fig. 
4.1. The schematic diagram of the experimental system is shown in Fig. 4.2. It mainly 
consists of R-134a refrigerant loop and a data acquisition system. 

 

4.1.1  Refrigerant loop 
In the refrigerant loop, starting from receiver tank, the R- 134a refrigerant 

flowed respectively through  filter/ drier, rotameter, pre- heater, sight glass tube, and 
entered the test section. Water tanks together with condensing units and a heater were 
used to allow the refrigerant vapour condensing into the subcooled liquid refrigerant 
which was subsequently collected in a receiver tank to finish a cycle.  The flow rate 
was able to be adjusted by changing the speed of gear pump.  There were two DC 
power supplies.  One was applied for pre- heater to control vapour quality before 
entering the test section.  The other was connected to the test section, which was 
based on constant surface heat flux condition.   Transparent tubes were installed at 
the inlet and outlet of test section in order to allow visual observations.  The two-
phase flow with different directions, e. g.  horizontal flow, vertical upward flow, and 
vertical downward flow was feasible by installing the test section on an adjustable 
platform.  During the experiments, all relevant instruments for each position were 
installed to monitor the state of the refrigerant.  The rotameter for R- 134a was 
calibrated in the range of 0.006-0.044 LPM by manufacturer. All thermocouples as well 
as pressure transducers were well calibrated and the signals were recorded by the 
data acquisition system. 

 

Table 4.1 Experimental conditions. 

Refrigerant 
Diameter (mm) 

R-134a 
1 

Length (mm) 500 
Mass flux (kg/m2s) 250-820 
Heat flux (kW/m2) 1-60 
Saturation pressure (bar) 8 
Test section material Stainless steel 
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Fig. 4.1 Experimental facility.
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Fig. 4.2 Schematic diagram of experimental system. 
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Fig. 4.3 Schematic diagram of the test section. 
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 4.1.2  Test section 
The schematic diagram of the test section, as illustrated in Fig.  4. 3, 

consisted of a stainless streel tube with inner diameter of 1 mm and length of 500 
mm. The outside of the test section was insulated by rubber foam installation. The DC 
power supply ( 120 A, 15 V)  was connected to the test section to meet the constant 
surface heat flux condition. The multi-meter (Fluke 375 model), which has uncertainty 
of  2%  for current and  1%  for voltage, was employed to measure the electric 
current and voltage values. T-type thermocouples were installed to measure the inlet 
and oulet temperatures of refrigerant across the test section.  Another 12 T- type 
thermocouples were installed along the channel length to obtain the outer surface 
temperatures of the tube.  Such 12 thermocouples were firmly attached on the tube 
surface by using a set of shrink sleeves and cable ties. Transparent tubes used for flow 
visualization with inner diameter of 1 mm were connected to the test section.   The 
images of flow pattern were captured by a camera having shutter speeds of 1/ 15-
1/10,000 s. An adjustable LED light source was used as illumination system which was 
aligned perpendicular to the viewing section. 

 
 4.1.3  Data acquisition  

Each flow boiling experiment was commenced by keeping the 
saturation pressure, flow rate, and inlet vapour quality in the test section constant at 
the desired value, and then varying the heat applied to the tube.  The experimental 
system was allowed to approach a steady state before recording the data 
corresponding to flow pattern, heat transfer rate, flow rate, temperature, and pressure. 
The present experimental conditions and the uncertainties of the relevant parameters 
are respectively presented in Table 4.1 and 4.2. 
 
Table 4.2 Uncertainties of measured quantities and calculated parameters. 
Parameter     Uncertainty 
Channel diameter  0.05 (mm) 
Temperature  0.3 (°C) 
Heat transfer coefficient  7.4% 
Pressure drop  12.3% 
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Chapter 5 
Results and Discussions 

 
 In this chapter, the single- phase flow experiments are needed to validate the 
experimental setup, and hence, should be the first to be carried out before flow boiling 
process. The two-phase flow results for flow pattern, heat transfer, and pressure drop 
characteristics in three orientation are presented and discussed in this study.  This 
chapter is divided into four main parts including single-phase flow, flow boiling pattern, 
flow boiling heat transfer and flow boiling pressure drop.    
 
5.1  Single-phase flow 

The single- phase flow experiments are the first to be conducted to check the 
validity of the system. As presented in Fig.  5.1, the heat loss to the surroundings can 
be obtained based on the energy balance between the heat applied to test section 

)( IVqin   and that to the fluid ))(( inletoutletpmea TTcmq   . With the thermal resistance 
concept, Fig. 5.2, the rate of heat loss is estimated by Eq. (5.1).  

 
)(357.0 , Roomoutwallloss TTq   (5.1) 
 

where outwallT ,  is the measured outer wall surface, and 
RoomT  is the ambient 

temperature. 

The single- phase flow data was compared with the prediction for fully 
developed laminar flow in a circular tube under constant surface heat flux condition: 

 
36.4Nu  (5.2) 

 
 Well- known correlations for turbulent flow proposed by Dittus- Boelter [ 48] 

and Gnielinski [49] are also used to compare the data. 

Dittus-Boelter [48]: 
 

4.08.0 PrRe023.0Nu  (5.3) 
 

Gnielinski [49]: 
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where 2)64.1Reln79.0( f  (5.5) 
 

The heat transfer data showed good agreement with the predicted value, as 
illustrated in Figs. 5.3 and 5.4. 

In addition, the friction factor for laminar flow theory, and Blasius correlation 
[50] are defined by Eq. (5.6) and (5.7) respectively. The single-phase friction factor data 
tended to comply with the predictions, as seen in Fig. 5.5.  

Laminar flow theory: 
 

Re

64
f  (5.6) 

 
Blasius equation [50]: 
 

25.0Re316.0 f  (5.7) 
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Fig. 5.1 Energy balance between the heat applied to test section and that to the 

fluid. 
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Fig. 5.2 Heat loss characterization curve. 
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Fig.  5. 3 Comparison between the single-phase flow data and the prediction for fully 
developed laminar flow. 
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Fig.  5. 4 Comparison between the single- phase flow data and the prediction for 
turbulent flow. 
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Fig. 5.5 Comparison between the single-phase friction factor data and the prediction. 
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5.2  Flow boiling pattern 
Flow patterns and flow regime maps for horizontal and vertical orientations are 

presented in this section. The development of a specific flow pattern in vertical micro-
scale channel may be contributed by gravitational force in addition to the others such 
as surface tension force, inertia force and viscous shear force. 

 

5.2.1  Flow pattern 
The visual observations of two-phase flow entering and leaving the 1 mm 

diameter tube were conducted through transparent tubes which were installed to 
match up with the test section.  The observations were carried out using a camera 
having shutter speed of 1/15-1/10,000 s together with an adjustable LED light source. 
In this work, flow boiling experiments were handled in such a way that the heat applied 
to the test section was varied in small increments, while saturation pressure, inlet 
vapour quality and refrigerant flow rate were kept constant at the desired value. 
Regarding the flow visualization, Figs.  5. 6, shows photographs of flow pattern during 
horizontal, vertical upward, and vertical downward flows, observed from viewing 
window which was the transparent tube located downstream of the test section. The 
followings are the descriptions for the observed flow patterns.  

Slug flow:  elongated bubbles become lager in length than the channel 
diameter. 

Throat-annular flow: the two consecutive vapour slugs, expanding along 
the axial direction, tend to penetrate the liquid bridge and coalesce into a throat- like 
gas core.  This flow pattern has also been called by other names such as liquid ring 
flow [51], and slug-annular flow [7]. 

Churn flow:  the appearance of disruptive region due to the distortion of 
the elongated bubble flowing at sufficiently high flow rate.  

Annular flow:  continuous vapour flow surrounded by continuous liquid 
film flowing on the tube wall. 

Annular- rivulet flow:  annular flow is observed alternately with rivulet 
flow. The latter, characterized by the flowing of a rivulet-like liquid stream on the tube 
surface, was first reported by Barajas and Panton [52]. 

According to the flow visualization, it was found that slug flow, throat-
annular flow, churn flow, annular flow, and annular- rivulet flow were observed from 
all three channel orientations, i. e.  horizontal flow, vertical upward flow, and vertical 
downward flow.  Note that, however, the effect of channel orientation on the flow 
pattern was detected especially in slug flow and churn flow regimes.  There was the 
difference in the shape of the interfacial surface between the slug flow patterns 
observed in horizontal flow and vertical flow. The typical bullet-shaped gas slugs took 
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place in the horizontal flow but it was replaced by the non- bullet- shaped gas slugs 
when the tube was oriented in vertical direction.  In vertical flow, the ends of the gas 
slug became contorted, as seen in Fig.  5. 6( a) , due to the interactions between the 
buoyancy force and the flow inertia.  For churn flow, as presented in Fig.  5. 6( c) , the 
observations indicated that the disruptive region developed in vertical downward flow 
was the largest in comparison to that in the other flow directions. The large disruptive 
region during vertical downward flow may be caused by the vigorous agitation resulted 
from the buoyancy force becoming against the flow inertia. 

 
 

 
 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



28 
 

 

 
 
 

 
 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



29 
 

 

 
 
 

 
Fig. 5.6 Flow patterns for different orientations: (a) Slug flow, (b) Throat-annular flow, 

(c) Churn flow, (d) Annular flow and (e) Annular-rivulet flow. 
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 5.3.2  Flow regime map 
The flow pattern data for the three channel orientations is illustrated in 

Fig.  5. 6, which is the flow regime map established with the coordinates of mass flux, 
G , and vapour quality, x . The solid lines together with the flow regime names in the 
figure refer to the boundaries of the flow patterns and transitions from one flow 
pattern to another. As presented in Fig. 5.7 and 5.8, the flow pattern map for horizontal 
flow is in fair agreement with transition lines for vertical flows except in the annular 
flow regime. In comparison to horizontal flow case, the presence of buoyancy force in 
the vertical channel tended to sustain the annular flow regime to higher vapour 
quality.  However, there was no significant difference in the results between vertical 
upward flow and vertical downward flow as illustrated in Fig. 5.9. 
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Fig. 5.7 Flow regime map between horizontal flow and vertical upward flow. 
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Fig. 5.8 Flow regime map between horizontal flow and vertical downward flow.  
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Fig. 5.9 Flow regime map between vertical upward flow and vertical downward flow. 
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5.3.3  Comparison of observed flow pattern with the transition lines 
The present results were also compared with the macro-micro-scale flow 

pattern maps developed by Ong and Thome [9]. Their transition lines were proposed 
for flow boiling in channels having hydraulic diameters ranging from 0.5 to 3 mm, and 
corresponded to dimensionless numbers accounting for different effects such as 
surface tension, inertia, and gravity. The flow pattern transition lines were proposed as 
follow. 

Isolated bubble /coalescing bubble ( CBIB / ) is expressed as  
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Coalescing bubble/annular ( ACB / ) is presented by 
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Plug-slug/coalescing bubble ( CBPS / ) for ACBCBPS xx //  and Co < 0.34 

is given by 
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Plug-slug/annular (S-P/A) for ACBCBPS xx //  and Co < 0.34 is written by 

 
ACBAPS xx //   (5.10) 

 
Referring to Eqs. (5.8)-(5.10), Bo  represents boiling number, goRe is all-

vapour Reynolds number, loRe is all- liquid Reynolds number, g is vapour viscosity,  

l is liquid viscosity, goWe is all- vapour Weber number, loWe is all- liquid Weber 
number, and loFr  denotes all-liquid Froude number. 

The results of the comparisons showed that their method well predicted 
the present data as depicted in Fig. 5.10. 
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Fig.  5. 10 Comparison of the observed flow patterns with the transition lines by Ong 
and Thome correlation [9]. 
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5.3  Flow boiling heat transfer 
This section presents and discusses the heat transfer results for the three 

channel orientations.  The local heat transfer coefficients are presented at first.  The 
average heat transfer coefficients are subsequently presented, and the corresponding 
comparison between the experimental heat transfer data and the prediction methods 
come in last. 

 

5.3.1  Local heat transfer coefficient 
The local heat transfer results based on flow pattern data for the three 

channel orientations is presented in Fig.  5.11.  It can be seen from the figure that the 
flow patterns are found to have strong influence on the heat transfer coefficients. The 
results also indicated that gas-core flow such as annular flow and annular-rivulet flow 
appears with the high heat transfer coefficient in comparison to the other flow regimes. 
On the other hand, Slug flow gives the lowest values of heat transfer coefficient. 
Throat-annular flow, churn flow and annular flow resulted in moderate values of heat 
transfer coefficient, which are interested for designing of cooling system because this 
may be a good choice for using mini-channel.   

In addition, the influence of channel orientation, heat flux, mass flux, and 
vapour quality on heat transfer characteristics are also addressed follows. 

The variation of the local heat transfer coefficient with vapour quality for 
different heat flux values are presented in Fig.  5. 12.  For all channel orientations at 
mass flux of 665 kg/m2s as shown in Figure, the local heat transfer results increase with 
increasing heat flux and are less affected by vapour quality.  

Fig.  5.13 and 5.14, presents the variation of the heat transfer coefficient 
with vapour quality for heat flux at 7.4-14.6 kW/m2 and at 45-48.1 kW/m2 respectively. 
The heat transfer coefficient is depicted with various values of mass flux.  The figure 
reveals an insignificant effect of mass flux on the local heat transfer coefficient. 

The mechanisms of heat transfer during flow boiling in mini- channel, 
presented in Fig. 5.12-5.14, seem to be nucleate boiling contribution. Also, the similar 
observations were reported by Saitoh et al. [53] , Shiferaw et al. [54] , Basu et al. [25] 
and Anwar et al. [26]. The behaviors during flow boiling in three channel orientations 
show the independence of heat transfer coefficient on mass flux. As a result, the speed 
controller may not be needed for cooling system.    
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Fig. 5.11 Local heat transfer coefficient data for various flow patterns. 
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Fig.  5. 12 Local vapour quality versus local heat transfer coefficient for various heat 
flux values. 
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Fig.  5. 13 Local vapour quality versus local heat transfer coefficient for various mass 
flux values at low heat flux. 
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Fig.  5. 14 Local vapour quality versus local heat transfer coefficient for various mass 
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The influence of channel orientation on the heat transfer coefficient for 
G=252 kg/m2s, G=655 kg/m2s, and G=820 kg/m2s is shown in Fig. 5.15-5.17. The effect 
of channel orientation on heat transfer coefficient for mass flux of 252 kg/m2s is seen 
in Fig. 5.15. Without corner effect, the heat transfer coefficient is less affected by the 
orientation.  

In addition, the increment of mass flux, with increasing heat flux are 
observed in Fig.  5. 16 and 5. 17.  The figure indicated that the behaviors during flow 
boiling at low vapour quality are the dependence of heat transfer coefficient on the 
flow direction.  Also, the comparison of heat transfer results obtained from horizontal 
flow and vertical flow directions shows that the vertical downward flow yields higher 
heat transfer coefficient than horizontal flow, especially at low vapour quality.  As a 
consequence, the flow boiling process in vertical downward orientation can increase 
heat transfer around 30% over horizontal direction. On the contrary, the results based 
on rectangular channel were reported by Kandlikar and Balasubramanian [ 36] , and 
Wang et al. [38]. Their results showed the downward flow arrangement gave relatively 
low heat transfer performance when compared to the other flow directions. This may 
be due to the difference in the rectangular and circular channel.  However, Lee et al. 
[39] found that at low mass flux, the vertical downward flow provided the highest heat 
transfer coefficient.  The influence of the corner effect on the heat transfer 
characteristics may induce the inconsistencies obtained from circular and non-circular 
channels.  The effect of channel orientation, heat flux, and mass flux on heat transfer 
characteristics are also presented based on average heat transfer coefficients in the 
coming section.      
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Fig.  5. 15 Local vapour quality versus local heat transfer coefficients for different 
orientations at mass flux of 252 kg/m2s. 
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Fig.  5. 16 Local vapour quality versus local heat transfer coefficients for different 
orientations at mass flux of 665 kg/m2s. 
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Fig.  5. 17 Local vapour quality versus local heat transfer coefficients for different 
orientations at mass flux of 820 kg/m2s. 
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5.3.3  Average heat transfer coefficient 
The heat transfer coefficient is presented as a function of heat flux at 

different mass flux values, as illustrated in Fig.  5.18.  The results indicated that for all 
three channel orientations carried out in this work, the heat transfer coefficient was 
strongly dependent on heat flux.  Nevertheless, the effect of mass flux on the heat 
transfer coefficient was not obviously detected for both horizontal and vertical 
orientations.  The mechanism behind this observed trend can be possibly explained 
based on nucleate boiling which is dominant over forced convective contribution. The 
nucleate boiling during horizontal flow was also reported as dominant mechanism by 
different researchers such as Lazarek and black [55] , Tran et al. [56] , Choi et al.  [57] , 
Saisorn et al.  [ 16] , and Basu et al.  [ 25] .  In this work, it seemed that the interactions 
induced by the flow inertia and the buoyancy force in vertical upward flow as well as 
in vertical downward flow were not strong enough to impose the convective 
contribution on the flow mechanisms. 

Fig.  5. 19 compares the heat transfer coefficients, associated with various 
flow regimes, in three channel orientations.  For a prescribed mass flux of 252 kg/ m2s 
as seen in Fig. 5.19(a), the heat transfer coefficient seemed to be unchanged regardless 
of a change in the channel arrangement. As mass flux increases, however, there was a 
dependence of the heat transfer characteristics on the flow arrangement as shown in 
Fig. 5.19(b) and (c). Vertical flow, especially the downward arrangement, gave better 
results when compared to the horizontal flow. The buoyancy force was parallel to the 
flow inertia during upward arrangement.  On the contrary, the buoyancy force tended 
to become against the flow inertia when the channel was arranged in downward 
direction. The latter case is likely to encourage the agitation near the channel wall to 
some extent, causing the vertical downward flow better than the others. It should be 
noted that for rectangular channels, Lee et al.  [ 39]  indicated the vertical downward 
flow yielding the highest heat transfer coefficient whereas Zhang et al.  [ 37] , and 
Kandlikar and Balasubramanian [ 36]  obtained the good results during vertical upward 
flow.  The inconsistencies in the results based on rectangular channels might be due 
to the corner effect.  The present heat transfer results, presented in Fig.  5. 19, 
corresponding to the confinement number of around 0. 87, may be compatible with 
mini-channel behavior according to the macro-microscale transition proposed by Ong 
and Thome [9]. The figure also indicates the gas core flow such as annular flow pattern, 
which may be a good choice for cooling purpose based on phase-change process. For 
non- boiling gas- liquid flow, however, the slug flow instead of gas core flow tends to 
give high heat transfer performance as discussed in Howard et al. [58] , and Saisorn et 
al. [59].    
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Fig. 5.18 Heat flux versus heat transfer coefficient for different mass flux values. 
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Fig. 5.19 Heat transfer coefficients for different orientations. 
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 5. 3. 4  Comparison between the experimental heat transfer data and the 
prediction methods 

Due to the nucleate boiling behavior which was detected in this work, 
the correlations, which were developed based on nucleate boiling dominant region, 
and those, dealing with the contributions of nucleate boiling and forced convective 
mechanisms, were used to examine the present heat transfer data.  

For nucleate boiling dominant mechanism, the correlations proposed by 
Cooper [60], and Tran et al. [56] were used to compare the experimental data. 

Although Cooper correlation [ 60]  was developed from nucleate pool 
boiling phenomena, several recent researchers such as Mahmoud and Karayiannis [61], 
Bertsch et al. [62] , and Bertsch et al. [63] recommended the method of Cooper [60] 
for predicting heat transfer coefficient during nucleate flow boiling.  The prediction is 
expressed as   

 
  67.0"5.055.012.0

M)ln4343.0(55 qPPh RR

  (5.11) 
 

where 
RP  is reduced pressure and M  is molecular weight. 

Tran et al.  [ 56]  developed the prediction method by modifying the 
correlation proposed by Lazarek and Black [ 55] .  Their correlation corresponds to 
nucleate flow boiling in mini-channel and is presented by the following equation 
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where oB is boiling number and 

loWe  is all-liquid weber number. 
Regarding the flow phenomena dominated by the contributions of 

nucleate boiling and forced convective mechanisms, Bersch et al. correlation [63] and 
Shah correlation [64] were employed to examine the present results.  

Bertsch et al. [63] developed the micro-channel correlation based on an 
additive concept for nucleate boiling and forced convective contributions, and the 
corresponding database covered different flow directions.  Their proposed correlation 
is expressed as 

cbnb FhShh   (5.13) 

where S  is a suppression factor which is presented as 
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)1( xS   (5.14) 
 

The enhancement factor, F, is calculated as 
 

)6.0exp()(801 62

OCxxF   (5.15) 
 

OC  in Eq. (5.15) represents the confinement number. 

nbh  is calculated by using Cooper correlation [ 60]  as seen in Eq.  ( 5. 13) , and cbh  is 
determined by    
 

xhxhh gocblocbcb ,, )1(   (5.16) 
 

locbh ,
and 

gocbh ,
are given by Eqs. (5.17) and (5.18), respectively. 
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The correlation proposed by Shah [ 64]  was developed, based on Shah 

correlation [65, 66], to predict heat transfer coefficient for both macro-scale and micro-
scale channels. The correlation corresponds to horizontal and vertical channels having 
hydraulic diameters ranging from 0. 38 mm to 27. 1 mm.  The prediction method is 
based on the larger of nucleate boiling contribution and forced convective 
contribution. The correlation can be expressed as shown below.    

 
TPhh F  (5.19) 

 
The factor, F , is calculated as 

   
og B110We008.01.2F   (5.20) 
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If F  calculated in Eq.  ( 5. 20)  is less than 1, use F =1.  If 01.0Fr lo
 during horizontal 

flow, use F =1. 
The heat transfer coefficient, 

TPh , is given by 
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For nucleate boiling contribution, nbh  is given by Eqs. (5.22)-(5.24) 
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where E in Eqs. (5.23) and (5.24) is presented by  
 










0011.043.15

0011.07.14

o

o

B

B
E  (5.25) 

 
The parameter J  is given by 
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n
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where loFr  is Froude number, n  can be given by Eq.  ( 5. 27) , and CoC  is convection 
number expressed in Eq. (5.28) 
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The liquid-phase heat transfer coefficient, lh , is determined by   
 

D

k
h l

lll

4.08.0
PrRe023.0  (5.29) 

 
For convective boiling regime, cbh , is calculated by  
 

8.08.1  J
h

h

l

cb  (5.30) 

 
Fig. 5.20, shows the comparisons between the present data and the predictions. 

The results with different channel orientations were examined by the heat transfer 
prediction methods as presented in Table 5.1. The mean absolute error (MAE) and the 
percentage of data () predicted within  30% error band were used for the evaluation 
as shown in the table.  For all channel orientations carried out in this work, the 
comparison results revealed that nucleate boiling mechanism was likely to play 
dominant role in the present set of experimental conditions. The nucleate boiling flow 
behavior in mini- channel with different flow directions was well predicted by Tran et 
al. correlation [56] and even by Cooper correlation [60] which was developed for pure 
nucleate boiling.  The two methods, corresponding to nucleate boiling dominant 
mechanism, were able to capture more than 95% of the data within  30% error band 
(MAE of less than 12%). It can be indicated from Fig. 5.20(a) and (b) that the method 
by Tran et al.  [ 56]  is a little bit better than the Cooper correlation [ 60] .  This may be 
explained based on the observed trend indicating the heat transfer coefficient which 
was a strong function of heat flux but insignificant affected by mass flux.  The trend 
was similar to that reported by Tran et al. [56]. 

Fig. 5.20(c) and (d) compares the heat transfer data with predictions considering 
nucleate boiling mechanism as well as convective boiling contribution.  The 
correlations of Bertsch et al.  [ 63]  and Shah [ 64]  yielded approximately similar 
performance.  The correlations predicted about 70%  of all data within  30%  error 
band and gave MAE of around 23%. They are good choices for predicting the present 
data although their performances are the second best following the method based on 
nucleate boiling dominant mechanism.  The present heat transfer data corresponds 
well with nucleate boiling behavior as previously discussed in Figs.  5. 18 and, hence, 
the correlations of Bertsch et al. [63] and Shah [64] should be considered by looking 
at their nucleate boiling contribution terms. Their good predictions may be attributed 
to the following reasons. Bertsch et al. [63] employed the Cooper correlation [60] in 
their nucleate boiling term.  For Shah correlation [ 64] , however, the boiling number 
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was selected to correlate the nucleate boiling term. When there is no substantial effect 
of mass flux on the heat transfer coefficient for a given saturation pressure ( or a 
constant latent heat of vapourization) , the nucleate boiling term is consequently 
governed by heat flux.  It is obviously depicted by Fig.  5. 20 that the present heat 
transfer characteristics, strongly dependent on heat flux for horizontal and vertical flow 
arrangements, can be compatible with nucleate boiling behavior. 
 
Table 5.1 Comparison of the heat transfer prediction with the present heat transfer 

data for different orientations. 

References Horizontal  
Vertical 
upward 

 
Vertical 
downward 

 Average 

 
MAE 
(%) 

 
(%) 

MAE 
(%) 


(%) 

MAE 
(%) 


(%) 

MAE 
(%) 


(%) 

Cooper [60] 16.4 100  13.4 87  4.1 100  11.3 95.7 
Tran et al. [56] 8.9 100  11.4 91.7  10.4 100  10.2 97.2 
Bertsch et al. [63] 24 76.2  18.9 79.2  26.2 56.5  23 70.6 
Shah [64] 32.6 38.1  23.7 78.3  13.0 95.7  23.1 70.7 
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Fig. 5.20 Comparison between experimental data and calculated heat transfer coeffi- 
cient using different correlations: (a) Cooper [60], (b) Tran et al. [56], (c) Bertsch et al. 
[63] and (d) Shah [64]. 

 
5.4  Flow boiling pressure drop 

Flow pattern and heat transfer characteristics, which are important for 
understanding the flow boiling process were discussed in the previous sections. 
Another key parameter affecting the process is two-phase pressure drop. 

 

5.4.1  Pressure drop component 
In this section, the total pressure drop, which was directly measured 

across the test section by the differential pressure transducer, included frictional 
pressure drop, accelerational pressure drop, and gravitational pressure drop which was 
neglected for horizontal flow.  The pressure drop components for all three channel 
orientations, based on friction, acceleration and gravitation, were presented in the 
section 3.3.2. The experimental data of pressure drop components were presented as 
a function of heat flux at the mass of 655 kg/m2s and the saturation pressure was kept 
constant at 8 bar.  It can be seen from Fig.  5. 21 that the result of pressure drops is 
dominance of frictional pressure drop for all conditions.    
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Fig. 5.21 Pressure drop components as a function heat flux for different orientations. 
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 5.4.2 Frictional pressure drop 
By knowing the total pressure drop and the other components, the 

frictional pressure drop can be obtained and is subsequently presented in Figs.  5. 22 
and 5.23. The results illustrated that with increasing heat flux or mass flux, the pressure 
drop was increased. The increment of heat flux during the phase-change process may 
enhance the vapour velocity, leading to the increased pressure drop.  The shear 
developed at the tube wall, and that at the vapour- liquid interface may also be 
enhanced due to the increase in mass flux. 

The variation of the frictional pressure drop, displayed together with the 
flow pattern data for the three flow arrangements, with heat flux is illustrated in Fig. 
5. 23.  For each mass flux, in general, the pressure drop tended to increase with heat 
flux, which may be resulted from the two- phase flow experiencing higher velocity as 
previously discussed.  As seen in Fig.  5. 23, the gas core flow such as annular flow 
seemed to possess high shear stress at vapour- liquid and liquid- wall interfaces in 
comparison to the other flow regimes.  The figure also shows that in this study, the 
vertical downward flow gave the highest pressure drop, followed by horizontal flow 
and vertical upward flow, respectively. The difference in pressure drop between these 
three flow directions may be attributed to the chaotic flow due to liquid- vapour 
interactions.  For vertical upward flow, the buoyancy force tended to aid the vapour 
phase. The buoyancy and inertia forces were in parallel, which was believed to cause 
relatively low level of interactions.  On the contrary, the highest pressure drop during 
vertical downward arrangement may be the result of the opposing buoyancy force 
counteracting the vapour phase, which leads to the vigorous interactions. It should be 
noted that these results can also be interpreted based on the Lockhart- Martinelli 
method which represents the C parameter as the level of interactions between the 
two phases.  For this study, the values of C parameter for vertical upward flow, 
horizontal flow, and vertical downward flow were respectively equal to 7, 11, and 13. 
Interestingly, it seemed that there was no influence of the corner effect on the 
pressure drop characteristics because the previous works, based on rectangular 
channels, such as Zhang et al. [37], and Kandlikar and Balasubramanian [36] reported 
the results similar to the present ones associated with circular channel. 
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Fig. 5.22 Heat flux versus frictional pressure drop for different mass flux values. 
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Fig. 5.23 Frictional pressure drop for different orientations. 
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 5. 4. 3 Comparison between the frictional pressure drop data and the 
prediction methods 

In this section, the frictional pressure drop data are compared with two 
existing models, i.e. the homogenous flow model and the separated flow model.   

For homogenous flow model, the assumption of homogenous two-
phase flow as well as the pressure drop calculations based on homogenous flow 
model were presented in section 3. 3. 2. 1.  The two- phase viscosity models given by 
Eqs. (5.31)-(5.38), with different researchers were used for comparison in this study as 
shown in Fig. 5.24 and Table 5.2.  

The two- phase viscosity presented in Eq.  ( 5. 31)  was proposed by 
McAdams et al. [67]. The viscosities of each phase are weighted by their corresponding 
mass quality. 

 

lgTP

xx






11  (5.31) 

 
Cicchitti et al. [68] proposed the two-phase viscosity expressed in Eq. 

(5.32), in which the mass quality is an important parameter for the calculation.  
 

lgTP xx  )1(   (5.32) 
 

Owens [ 69]  proposed the two- phase viscosity was assumed to be 
equal to the liquid viscosity as given in Eq. (5.33). 

 
lTP    (5.33) 

 
The two-phase viscosity models based on volumetric quality ( ) was 

obtained by Dukler et al. [70] and Beattie and Whalley [71] as shown in Eqs. (5.34) and 
(5.35), respectively. 

 
Dukler et al. [70] 
 

lgTP  )1(   (5.34) 
 

Beattie and Whalley [71] 
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lgTP  )5.21)(1(   (5.35) 
 

and 
lg




x

x

l

g


  (5.36) 

 
where   is the volumetric quality as shown in Eq. (5.36), 

l and g are liquid and gas 
specific volumes, respectively, and lg is determined as lg  lg .  

Lin et al. [72] proposed the two-phase viscosity obtained from R-12 during vaporization 
in a capillary tube as follow. 
 

)(4.1

glg

gl

TP
x 





  (5.37) 

 
Awad and Muzychka [73] 
 

)1)((22

)1)((22

x

x

lglg

lglg

TP








  (5.38) 

 
The comparison results indicated that the homogenous flow model 

were in fair agreement with the data for three flow arrangements. 
 
Table 5. 2 Comparison of the homogeneous flow model with the present pressure 

drop data for different orientations. 
References 

Horizontal  
Vertical 
upward  

 
 Vertical 
downward 

 Average 

 
MAE  
(%) 

 
(%) 

 
MAE 
(%) 

 
(%) 

 
MAE 
(%) 

 
(%) 

 
MAE 
(%) 

 
(%) 

Mc Adams et al. [67] 43.6 9.5  29.3 40.9  52.4 0.0  41.8 16.8 
Cicchitti et al. [68] 29.6 66.7  14.1 95.5  38.7 50.0  27.4 70.7 
Owens [69] 25.1 66.7   12.0 95.5   34.3 54.2   23.8 72.1 
Dukler et al. [70] 48.4 0.0   34.4 27.3   56.3 0.0   46.4 9.1 
Beattie and whalley [71]  36.6 42.9  23.9 77.3  46.4 8.3  35.6 42.8 
Lin et al. [72]  38.1 33.3  24.8 63.6  48.4 8.3  37.1 35.1 
Awad and Muzychka [73]  36.6 47.6  22.4 86.4  46.8 4.2  35.3 46.0 
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Fig.  5. 24 Comparison between experimental data and calculated frictional pressure 
drop with correlation proposed by (a) Mc Adam et al. [67], (b) Cicchitti et al. [68], (c) 
Owens [69], (d) Dukler et al. [70], (e) Beattie and Whalley [71], (f) Lin et al. [72], and (g) 
Awad and Muzychka [73]. 

For the separated flow model, as discussed in section 5. 4. 2, C 
parameter appearing in the Lockhart- Martinelli method [ 47]  was likely to play 
important role on the pressure drop characteristics.  In this section, therefore, the 
present pressure drop data was compared with the calculated values obtained based 
on C parameter predicted by different correlations.  

For macro-scale flow, C parameter proposed by Chisholm [74] can be 
given as follows. 
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C  (5.39) 

 
For micro- scale flow, there have been several existing correlations 

proposed for the value of the C parameter.  The correlations, accounting for possible 
dominant parameters extracted from the consolidated database, were recently given 
by English and Kandlikar [75] , Li and Wu [76] , Kim and Mudawar [77] , and Huang and 
Thome [78].  
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English and Kandlikar [75] modified the Mishima and Hibiki correlation 
[79] , and showed that the C parameter was dependent on the hydraulic diameter for 
laminar liquid – laminar gas flow as follow.  

 
  hD

eC
319

15


  (5.40) 
 

Li and Wu [ 76]  identified Bond number and liquid Reynolds number 
as the influential parameters.  The adiabatic database was used to develop their 
correlation. The Li and Wu correlation [76] can be given by  
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 (5.41) 

 
Bd  in Eq. (5.41) represents the Bond number.  

Kim and Mudawar [77] developed flow boiling correlation by modifying 
their previous method [80] which was available for non-boiling flow. The modification 
was done by using Weber number and Boiling number.  Kim and Mudawar correlation 
[77] was proposed as shown below.  
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 (5.42) 

where 
HP  is heated perimeter of channel, 

FP  is wetted perimeter of channel, and 

goSu , is all-vapour Suratman number.  
Huang and Thome [ 78]  proposed flow boiling correlation especially 

for high mass flux. Their correlation can be given by 
 















2000Re,2000ReforReRe9.0

2000Re,2000ReforReRe0037.0

2.0034.0

83.07.1

gllog

gllog
C  (5.43) 

 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



64 
 

 

Fig. 5.25 and Table 5.3 show the comparison of the predicted values 
based on the pressure drop correlations with the experimental data for horizontal and 
vertical orientations.  The mean absolute error ( MAE)  and the percentage of data () 
predicted within  30% error band were used to represent the predictive accuracy of 
the corresponding methods. It was found from this study that the macro-scale based 
method was not able to capture the influence of micro-scale flow as indicated in Fig. 
5.25(a). Fig. 5.25(b) and (c) illustrates that the correlations of English and Kandlikar [75], 
and Li and Wu [76], which were developed based on adiabatic flow, did not work well 
with the present flow boiling pressure drop data. Instead, the flow boiling correlations 
developed by Kim and Mudawar [ 77] , and Huang and Thome [ 78]  provided good 
predictions for all three flow arrangements.  These two methods approximately 
predicted 70%  of all data within  30%  error band, corresponding to MAE of about 
25%  as presented in Fig.  5. 25( d)  and ( c) .  The Huang and Thome correlation [ 78] 
seemed to be a good choice because of its easy use. Although the Huang and Thome 
correlation [ 78]  was developed from flow boiling pressure drop database associated 
with square channels, the prediction method was in good agreement with the present 
results.  This may implicitly indicate that the corner effect induced in a square cross 
section tends to have less influence on flow boiling pressure drop in the square 
channel with hydraulic diameter of around 1 mm. 
 
Table 5.3 Comparison of the pressure drop prediction with the present pressure drop 

data for different orientations. 

References Horizontal   
Vertical 
upward 

  
Vertical 
downward 

  Average 

 
MAE 
(%) 

 
(%) 

MAE 
(%) 


(%) 

MAE 
(%) 


(%) 

MAE 
(%) 


(%)

Lockhart-Martinelli [47]  93.3 14.3  122.5 18.2  78.5   8.3  98.1 13.6 
English and Kandlikar [75]  66.8   0.0   56.9  0.0  71.1   0.0  64.9  0.0 
Li and Wu [76] 41.5 33.3    79.7  9.1   35.8 33.3   52.3 25.3 
Kim and Mudawar [77]  21 61.9    25.3 72.7   21.4 66.7   22.5 67.1 
Huang and Thome [78] 28 66.7   14.5 95.5  36.8 54.2  26.4 72.1 

 
 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



65 
 

 

(dP
F
/dz)

exp
 (kPa/m)

0 100 200 300 400

(d
P

F
/d

z)
p

re
 (

k
P

a
/m

)

0

100

200

300

400

Horizontal flow

Vertical upward flow

Vertical downward flow

Lockhart-Martinelli (1949)

MAE = 98.1 %

+30 %

-30 %

= 13.6 %

(a)

 
  

 (dP
F
/dz)

exp
 (kPa/m)

0 100 200 300 400

(d
P

F
/d

z)
p

re
 (

k
P

a
/m

)

0

100

200

300

400

Horizontal flow

Vertical upward flow

Vertical downward flow

English and Kandlikar (2005)

MAE = 64.9 %
+30 %

-30 %

= 0 %

(b)

 
 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



66 
 

 

(dP
F
/dz)

exp
 (kPa/m)

0 100 200 300 400

(d
P

F
/d

z)
p

re
 (

k
P

a
/m

)

0

100

200

300

400

Horizontal flow

Vertical upward flow

Vertical downward flow

Li and Wu (2010)

MAE = 52.3 %

+30 %

-30 %

= 25.3 %

(c)

 
 

(dP
F
/dz)

exp
 (kPa/m)

0 100 200 300 400

(d
P

F
/d

z)
p

re
 (

k
P

a
/m

)

0

100

200

300

400

Horizontal flow

Vertical upward flow

Vertical downward flow

Kim and Mudawar (2013)

MAE = 22.5 %
+30 %

-30 %

= 67.1 %

(d)

 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



67 
 

 

(dP
F
/dz)

mea
 (kPa/m)

0 100 200 300 400

(d
P

F
/d

z)
p

re
 (

k
P

a
/m

)

0

100

200

300

400

Horizontal flow

Vertical upward flow

Vertical downward flow

Huang and Thome (2017)

MAE = 26.4 %
+30 %

-30 %

= 72.1 %

(e)

 
Fig.  5. 25 Comparison between experimental data and calculated frictional pressure 
drop using different correlations: (a) Lockhart-Martinelli [47], (b) English and Kandlikar 
[75], (c) Li and Wu [76], (d) Kim and Mudawar [77], and (e) Huang and Thome [78]. 
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Chapter 6 
Conclusions and Suggestions 

 
6.1 Conclusions 

This study investigated the effect of channel orientations on flow boiling behaviors 
in a circular mini-channel having a diameter of 1 mm. Flow pattern, heat transfer, and 
pressure drop characteristics of horizontal, vertical upward, and vertical downward 
flows were presented and discussed in this paper.  The change in flow direction was 
found to affect the flow pattern, heat transfer coefficient, and pressure drop. The main 
conclusions from the present study can be drawn as follows. 

 

 6.1.1 Flow pattern 
1. Slug flow, throat-annular flow, churn flow, annular flow, and annular-

rivulet flow were observed from all three orientations.  
2.  Slug flow pattern and churn flow pattern observed in horizontal 

orientation were not completely compatible with those in vertical orientations. 
3.  The macro- micro- scale flow pattern maps developed by Ong and 

Thome correlation [9] showed a good agreement with the data. 
 

 6.1.2 Flow boiling heat transfer 
1. Flow pattern had significant influence on heat transfer characteristics. 
2. The heat transfer coefficient increased with increasing heat flux but 

was less dependent on mass flux as well as vapour quality. 
3.  The dominance of nucleate boiling was observed for all channel 

orientations.  Vertical flow can resulted in higher heat transfer coefficients in 
comparison to horizontal flow. 

4. The nucleate boiling mechanisms was detected in this study. 
 

 6.1.3 Flow boiling pressure drop 
1. The pressure drop increased with increasing heat flux or mass flux. 
2. The vertical downward flow tended to give the highest pressure drop.  
3.  Kim and Mudawar [ 77] , and Huang and Thome [ 78] , the flow boiling 

correlations such as provided a good predictions for all channel orientations. 

For all three flow directions, vertical downward flow yielded good heat transfer 
results but induced the highest pressure drop.  Based on the present flow conditions, 
the flow boiling during vertical upward flow in a 1 mm diameter channel resulted in 
moderate values of heat transfer coefficient with the lowest pressure drop.  As a 
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consequence, the vertical upward flow arrangement seemed to be a good choice for 
the cooling devices. 
 
6.2 Suggestions for future work 
 In this section, suggestions for future investigation for flow boiling in mini and 
micro channels are presented. The following future works require further investigations 
as follows.   

1.  The effect of channel orientation on flow phenomena in micro- channels 
with smaller diameters  

2.  Flow pattern, heat transfer and pressure drop characteristics in a micro-
channel heat sink with different orientations   
 3. The effect of refrigerant on flow boiling behaviors in micro-channel 
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เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 
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