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ABSTRACT 
 

This study is intended to examine to how large conventional results on the pressure drop and the heat 
transfer can be applicable when the channel size is decreased. By using deionized water, single-phase 
flow and flow boiling heat transfer experiments were performed for a thin rectangular channel of the 
width W = 3 mm and the height � = 1.25 mm � 0.163 mm. The previous results of authors for the thin 
rectangular channel of the width W = 10 mm and the height � = 1.1 mm ~ 0.18 mm were also utilized in 
analyzing results. The channel narrowness effect on the water single-phase flow heat transfer appeared 
when the hydraulic diameter Dhy became smaller than 1.06 mm. Dhy = 1.06 mm corresponds to � = 0.640 
mm for the present 3 mm width case and � = 0.557 mm for the 10 mm width case. When the channel 
height became narrower than that size, the Nusselt number of the water single-phase flow heat transfer 
became smaller than that for a conventional size channel in the turbulent flow region. It also became 
dependent on the Reynolds number even in the laminar flow region. The modification method to 
incorporate the channel narrowness effect into the heat transfer coefficient correlation for the turbulent 
flow was proposed. The narrowness effect on the water single-phase flow pressure drop came out at Dhy = 
0.714 mm i.e. � = 0.405 mm for W = 3 mm and � = 0.369 mm for W = 10 mm. When the channel height 
became narrower than that size, the friction factor in the laminar flow region became smaller than the 
value of a conventional size channel and transition from the laminar flow to the turbulent flow was 
delayed. The method to modify the friction factor equation of the laminar flow so as to be applicable to 
the narrow channel was proposed. In the flow boiling, when boiling started, churn flow appeared even at a 
low heat flux and a flow pattern was mainly the churn flow or/and the annular flow. The heat transfer 
coefficient was larger than that of pool boiling. The critical heat flux was higher than the value of 
Kutateladze correlation for the pool boiling. However, when the flow channel height became extremely 
narrow in the present experimental range, it became lower than the Kutateladze value. The evaporation 
heat transfer of a film on the heat transfer surface was dominant. When the modification for the single-
phase flow heat transfer was introduced, the Dengler and Addoms correlation for the forced convection 
evaporation heat transfer for a conventional size channel predicted well present results. 
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1. INTRODUCTION 
 

Flow and heat transfer are quite fundamental phenomena in usual size machines. Thus, numerous 
researches have been performed for these. When cooling an integrated circuit or leak flow from a pin hole 
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of a nuclear reactor and so on are considered, knowledge on thermal hydraulics for a small scale channel 
is required. This study is intended to examine pressure drop and heat transfer of the small scale channels. 

If the flow area is scaled down, that effect is usually classified by the Knudsen number Kn of the ratio 
of the mean free path of molecules to the characteristic length of the flow path [1]. The boundary between 
the continuum flow and the slip flow is roughly 100 �m for gas and 1 �m for liquid.  

When the flow path size is decreased from the conventional size to the boundary to slip flow, it has 
been proved that the friction factor has the same trend as that for the usual size although it is a little bit 
lower than the value of the conventional size flow path. The Nusselt number in the laminar flow region 
becomes to show dependency on the Reynolds number on the contrary to the conventional size flow path 
[2] � [6]. 

In the case of two-phase flow, the situation becomes more complicated. The interaction between gas 
and liquid is important in the two-phase flow. The interaction is closely related to interface shape. The 
interface shape becomes dependent on the flow path size as it becomes small. A surface tension effect 
may also relatively increase. Thus, as the flow path size is decreased down, the effect of the down-sizing 
of the flow path size may become prominent.  

Serizawa et al. [7] have reported from their experiments for 20 ~ 100 �m tubes that although they 
observed a new flow pattern of ring flow, flow patterns were similar to those for the usual size flow path 
and were roughly correlated by the Mandhane flow pattern map [8] for conventional size pipes. Triplett et 
al. [9] conducted experiments for 1.09 ~ 1.49 mm tubes. They reported the difference of the flow patterns 
between the mini flow channels and the usual size flow path. Chung et al. [10] also observed the 
difference of the flow patterns, however, the flow patterns that they observed were a little bit different 
from what Triplett et al. have reported. 

As for the pressure drop, Chung et al. stated that the separated model of Lockhart-Martinelli [11] 
correlated well with their data. Mishima and Hibiki [12] also pointed out that their data for tubes of 1 ~ 4 
mm diameter were well correlated by the Chisholm and Laird correlation [13] with some modification. 
Pehlvian et al. [14] have reported from their experiments for tubes with the diameter of 0.8, 1.0 and 3.0 
mm that the major sources of the discrepancies between experimental results and existing flow pattern 
maps were the difficulty of the definition of the flow patterns and the complex nature of the gas-liquid 
interface. They also pointed out about the pressure drop that the homogeneous model lost the accuracy as 
the flow channel size reached the micro size and the Chisholm model underpredicted the pressure drop. 
As stated above, it seems that even though the flow pattern and the pressure drop are the most 
fundamental items of the two-phase flow, clear results for these have not been obtained so far. 

Kandlikar [15] has classified the flow channel by using the hydraulic diameter Dhy such as conventional 
channels (Dhy > 3 mm), minichannels (3 m � Dhy > 200 �m), microchannels (200 �m � Dhy > 10 �m, 
transition microchannels (10 �m � Dhy > 1 �m), transition nanochannels (1 �m � Dhy > 0.1 �m) and 
molecular nanochannels (0.1 �m � Dhy). He has pointed out that nucleate boiling seems to be dominant in 
flow boiling in the microchannels. He concluded that further experimental research was necessary to 
develop more accurate models and predictive techniques for a flow boiling heat transfer coefficient and a 
critical heat flux (CHF) in the microchannles. Liu and Garimella [16] reported that the modified Chen 
model [17] provided good prediction for their flow boiling experimental results for parallel microchannels 
of 0.275 mm × 0.636 mm rectangular cross-section 

It is clear that reliable results for predicting the pressure drop, the heat transfer coefficient and the CHF 
of boiling flow in mini- and micro-channels are still needed. Koizumi et al. [18] � [20] examined the 
pressure drop, the heat transfer and the CHF for the rectangular flow channels of the width W = 10 mm 
and the channel height � = 0.18 mm ~ 1.1 mm. Results obtained so far was;  

1. In the water single-phase flow condition, the narrowness effect came out around � = 0.37 mm. 
Below that value, the friction factor became lower than the value of the conventional size flow path 
in the laminar flow region. The transition from the laminar flow to the turbulent flow was also 
delayed. The Nusselt number showed dependency on the Reynolds number even in the laminar flow 
region and became lower than the value for the conventional size flow path over the whole Reynolds 
number range. 

4367NURETH-16, Chicago, IL, August 30-September 4, 2015 4367NURETH-16, Chicago, IL, August 30-September 4, 2015



3 
 

2. Bubbly flow, slug flow, semi annular flow and annular flow were observed. The flow pattern 
transition agreed well with the Baker flow pattern map for the conventional size flow path. 

3. The Martinelli and Nelson [21] method for the pressure drop of boiling two-phase flow predicted 
experimental results well. In the low quality region, measured pressure drop was larger than the 
predicted value because of sub-cooled boiling.  

4. When the channel height was higher than 0.37 mm, a flow state was the bubbly flow until the CHF 
condition and the flow boiling heat transfer was well expressed with the Rohsenow pool boiling 
correlation [22]. When the channel height was narrower than 0.37 mm, a film flow state came out at 
an early stage after boiling initiation. Tiny bubbles were noted in the film on the heat transfer 
surface at a high heat flux. The heat transfer coefficient became larger than that of the Rohsenow 
pool boiling correlation because of the effective heat transfer of the evaporation of the film.  

5. At the critical heat flux condition, the heat transfer surface was covered by a liquid lump, a large 
bubble pushed away the liquid lump, a dry area was formed on the heat transfer surface and then a 
liquid lump came around to cover the heat transfer surface again. This process repeated rapidly 

6. The critical heat flux was lower than the value of the conventional size flow channel. The Koizumi 
and Ueda [23] method predicted well the trend of the critical heat flux. 

In the present study, the channel width was decreased from 10 mm to 3 mm and the similar 
experiments on the single-phase flow heat transfer and the flow boiling heat transfer were performed for 
the channel height � = 0.163 mm �1.25 mm. 
 
2. EXPERIMENTAL APPARATUS AND PROCEDURES  

2.1. Experimental Apparatus 
 
The experimental apparatus used in the present study is schematically shown in Fig. 1. The apparatus 

was composed of a water storage main-tank, water circulation pumps, a sub-tank for preheating test fluid 
and a test section. Deionized water was used in experiments. 

The water storage main-tank was an open tank with a cover to protect it from dust. The main-tank had 
electric heaters to control water temperature. The water circulation pumps were canned-type gear pumps. 
The sub-tank was an open tank and had electric heaters. Water in the sub-tank was heated with the 
electric heaters up to the boiling condition at atmospheric pressure. A pipe coil in which test fluid flowed 
was submerged in the hot water in the sub-tank. Test fluid could be pre-heated up close to saturation 
temperature at atmospheric pressure. 

Water pumped out from the main-tank by the circulation pumps flowed into the pre-heating section 
through a rotameter. The pre-heated test fluid flowed into the test section. Test fluid flowing out from the 
test section outlet returned to the main-tank.  

Details of the test sections are presented in Fig. 2. The top cover of the test section is made of a 
transparent poly-carbonate plate which is one of acrylic resin for high temperature use. The bottom plate 
was a glass epoxy plate of 10 mm thick. The bottom plate has a slit of 3 mm wide and 50 mm long. A 
copper heat transfer surface of 3 mm wide and 50 mm long was inserted into the slit so as for the top 
surface to be flush with the bottom plate surface. The test section surface was finished with a #1,500 
emery paper before every experiment. The bottom part of the heat transfer surface was thickened to 6 
mm. The height of this part was 30 mm and there were three holes at every 7 mm in vertical direction and 
four holes in flow direction at every 10 mm for fixing thermocouples. Thus, there were twelve holes in 
total for the thermocouples. The bottom part of this thermocouple fixing section was further thickened to 
80 mm to attach three 500 W electric cartridge heaters to heat the heat transfer surface.   

A thin stainless plate was put between the top poly-carbonate plate and the bottom glass epoxy plate. 
The stainless plate had a slit of 3 mm wide and 260 mm long. This slit became a test flow channel. The 
gap i.e. the channel height � was varied by changing the thickness of the stainless plate. O rings and a thin 
silicone sheet of 0.1 mm thick were used for sealing. The top poly-carbonate plate and the bottom glass 
epoxy plate were tightly fastened with eight bolts and nuts. The flow channel height � was measured with 
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Fig. 1  Schematic Diagram of Experimental Apparatus Fig. 2  Details of Test Section 

a laser displacement meter after fastening the test section. The measurement was performed at 15 points 
in the flow direction and 3 points in the width direction at each flow direction point. The average value at 
the 45 points was used as the channel height �. The test section was fully covered with thermal insulator. 
After the experiment, the test flow channel height � was confirmed again with the same measuring 
method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The length and the width of the test flow channel were 260 mm and 3 mm, respectively. The heat 

transfer surface was at 115 mm from the inlet of the test flow channel. The length of the test heat transfer 
surface was 50 mm.  

A flow rate was measured with rotameters. The flow rate was also measured by catching water flowing 
out from the outlet of the test section during certain time period. The rotameters were calibrated before 
experiments. 

Fluid temperature was measured at the inlet and the outlet of the test section, and in the main-tank and 
the sub-tank with sheath chromel-alumel thermocouples. Heat transfer surface temperature was measured 
at twelve points also with sheath chromel-alumel thermocouples. The thermocouples were calibrated 
before experiments.  

Surface temperature was derived by extrapolating the temperatures measured at three vertical locations. 
The surface heat flux was also derived from the temperatures measured at three vertical locations by using 
the Fourier law.  

Pressure was measured at the inlet and the outlet of the test flow channel and also at the inlet and the 
outlet of the heat transfer section with Bourdon tubes. Pressure drop between the inlet and the outlet of 
the heat transfer section was measured with the manometer of Hg or Fluorinert FC-3283. The density of 
the Fluorinert FC-3283 is 1.83 kg/m3. When the pressure drop was high, the Hg manometer was used. 
When the pressure drop was low, the Fluorinert manometer was used. When the Fluorinert manometer 
was used, a long time experiments was avoided to reduce the effect of the dissolution of the Fluorinert 
into water.  

A flow state was recorded with a high speed video camera up to 2,000 frames/second.  
The flow channel gap � was ranged from 0.163 mm to 1.25 mm in the present study.  
 

2.2. Experimental Procedure 
 
A water storage main-tank was filled with distilled water. Then, using a bypass line between a pump 

and the tank, water was circulated. There was a filter of 5 �m mesh in the bypass line. The water in the 
tank was cleaned up by this bypass circulation. Then, the water was circulated in the test flow channel.  

 

4369NURETH-16, Chicago, IL, August 30-September 4, 2015 4369NURETH-16, Chicago, IL, August 30-September 4, 2015



5 
 

2.2.1. Single-phase pressure drop experiments 
The temperature of test fluid was set at room temperature. A flow rate to the test section was fixed at a 

pre-determined value. Waiting for a while after it was confirmed that the movement of liquid surface in 
the manometer ceased, a flow rate and a pressure drop were measured. Then, the same procedure was 
iterated after the flow rate was increased by a prescribed value.  

 
2.2.2. Single-phase heat transfer experiments 

The temperature of test fluid at the test section inlet was set at room temperature. A flow rate to the test 
section and heat input to cartridge heaters of the test section were fixed at pre-determined values, 
respectively. Waiting for a while after it was confirmed that the movement of liquid surface in the 
manometer ceased and that heat transfer surface temperatures and the fluid temperature at the outlet of the 
test section were fully stabilized, a flow rate, a pressure drop, the heat transfer surface temperatures and 
the fluid temperatures at the inlet and the outlet of the test section were measured. Then, the same 
procedure was iterated after the flow rate was increased by a prescribed value.  

 
2.2.3. Flow boiling heat transfer experiments 

The test fluid temperature at the inlet of the test section was set at approximately 98 °C. A flow rate to 
the test section was fixed at a pre-determined value. Then, electric power supply for the heaters of the test 
section was increased stepwise. After it was confirmed that the flow condition and test section 
temperatures were fully stabilized at each step, the flow rate, pressure at the heating test section inlet, 
pressure drop between the inlet and the outlet of the heating test section, water temperatures at the inlet 
and the outlet of the test section and the temperatures of the heating test section at twelve locations were 
recorded. A flow state was recorded from top through the transparent top cover of the test section by a 
high speed video camera at 2,000 frames/s. This procedure was iterated until the surface temperature of 
the heating test section showed an unstable state such as it fluctuated or kept going up. The flow channel 
height � tested in the present experiments was in a range from 0.163 mm to 1.25 mm. The hydraulic 
diameter Dhy was from 0.309 mm to 1.76 mm.  

It was sometimes observed in preparatory experiments that bubbles generated in the test flow channel 
moved oscillatory back and forth. Large flow resistance was added between the pump outlet and the test 
flow channel to avoid it. After the large resistance was introduced, the bubbles never went back and a 
float in a rotameter did not show fluctuation. Thus, a constant-steady flow rate at the inlet of the test 
section was maintained in the flow boiling heat transfer experiments. 
 
3. EXPERIMENTAL RESULTS AND DISCUSSIONS 

 
3.1. Single-Phase Flow Heat Transfer 

 
In experiments, a local heat transfer coefficient h was calculated as follows; 
 

lw

w

TT
qh
�

�                                                                                                                                         (1) 

 
Here qw and Tw are the surface heat flux and the surface temperature at each temperature measurement 
location of the heating test section, respectively. Tl is the water temperature there calculated by 
interpolating the water temperatures measured at the inlet and the outlet of the test section. Then, the 
average value of the heat transfer coefficients at four locations was calculated. The average heat transfer 
coefficient was set as the heat transfer coefficient for that test condition in the single-phase flow heat 
transfer experiments. 

The results of the single-phase flow heat transfer experiments are presented in Figs. 3 � 6. In the 
figures, the Nusselt number 
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is plotted against the Reynolds number. Here, Dhy is the hydraulic diameter and kl is the thermal 
conductivity of water, respectovely. In the figure, the Nusselt number for laminar flow between infinite-
parallel plates (Özi�ik [24]) 

 
235.8�Nu                                                                                                                                          (3) 

 
and the Nusselt number of the Dittus-Boelter correlation for turbulent flow in a flow channel 

 
023.0,PrRe 4.08.0 �� CCNu                                                                                                       (4) 

 
are also shown for comparison with a dashed line and a solid line, respectively. In Eq. (4), Pr is the 
Prandtl number of water and Re is the Reynolds number 
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Gap = 0.791 mm, Dh = 1.252 mm
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   Fig. 3  Single-Phase Flow Heat Transfer                Fig. 4  Single-Phase Flow Heat Transfer 
              Coefficient (� = 0.791 mm)                                    Coefficient (�= 0.596 mm) 
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  Fig. 5  Single-Phase Flow Heat Transfer                 Fig. 6  Single-Phase Flow Heat Transfer 
             Coefficient (�= 0.288 mm)                                       Coefficient (�= 0.203 mm) 
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l

hylDu
Re

�
�                                                                                                                                          (5) 

 
Here, ul is the water velocity and �l is the water kinematic viscosity, respectively. 

It should be noted that Eq. (3) is for the condition that top and bottom walls are heated uniformly, but 
only the bottom wall was heated in the present experiments.   

In Fig. 3 where � = 0.791 mm, the measured results agree well with the values of Eq. (4) when Re > 
2,000. As Re becomes smaller than 2,000, the measured results deviate from Eq. (4) and approach to the 
value of Eq. (3). It suggests that the flow transition from the turbulent flow to the laminar flow starts 
around Re � 2,000 with a decrease in Re.  

In Fig. 4 where � = 0.596 mm, similar trend to Fig. 3 is observed although the measured results are a 
little bit smaller than the values in Fig. 3 and the values of Eq. (4) in the turbulent flow region. 

As � is farther decreased, some difference comes out as shown in Fig. 5 where � = 0.288 mm. The 
Nusselt number is smaller than the value of Eq. (4) in the turbulent flow region and weak dependency of 
the Nusselt number on the Reynolds number in the laminar flow region. These differences becomes more 
prominent in Fig. 6 where � = 0.208 mm.  

The best fit coefficient C of the right hand side of Eq. (4) was found as presented in Figs. 4 and 5 with 
dotted lines. Results so derived are plotted against the hydraulic diameter Dhy in Fig. 7. In the figure, 
results of Koizumi et al. [18] � [20] for 10 mm width experiments are also included. Clear dependency of 
the coefficient C on Dhy that C decreases with a decrease in Dhy is noticed irrespective of the channel 
width. The dependency of C on Dhy is approximated with linear relation as  

 
004.0018.0 �� hDC  , Dhy < 1.06 mm                                                                                                  (6) 

 
The boundary that C starts to decrease is Dhy = 1.06 mm i.e. � = 0.640 mm for the 3 mm width case and � 
= 0.557 mm for the 10 mm width case. It implies that the effect of narrowness on the water single-phase 
flow heat transfer comes out below that size. It should be noted that Eq. (6) is dimensionally incomplete. 
Although the dimension of Dhy is mm, C itself is dimensionless. Farther examination is required.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. 2. Single-Phase Flow Pressure Drop 
 
Results of single-phase flow pressure drop experiments are illustrated in Figs. 8 � 11. The results are 

presented in the relation between the friction factor � and the Reynolds number. In the figure, the friction 
factor for the laminar flow in a rectangular duct [25] 

0 0.5 10

0.01

0.02

0.03

Hydraulic diameter Dhy[mm]

C

Nu=C Re0.8Pr0.4

C=0.023

C = 0.018 Dhy + 0.004

 Width 3mm
 Width 10mm

Fig. 7  Coefficient of Dittus-Boelter Correlation
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 Fig. 8  Single-Phase Flow Friction                           Fig. 9  Single-Phase Flow Friction 
            Factor (� = 0.515 mm)                                              Factor (� = 0.401 mm) 
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the friction factor for laminar flow in a pipe 
 

Re
64

��                                                                                                                                                (8) 

 
and the Blasius friction factor for a turbulent flow in a pipe 

 

25.0Re
3164.0

��                                                                                                                                            (9) 
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  Fig. 10  Single-Phase Flow Friction                           Fig. 11  Single-Phase Flow Friction 
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are included for comparison. Here, 	 is the ratio of the channel height � and the channel width.  
In Fig. 8 where the channel height � = 0.515 mm, the measured friction factors agree well with the 

values of Eq. (7). The measured friction factor turns to deviate from the value of Eq. (7) around Re � 
1,000 and becomes to follow the trend of Eq. (9). It suggests that the flow turns to the laminar to the 
turbulent flow around there. The measured friction factors are a little smaller than the values of Eq. (7).  

In Fig. 9 where � = 0.401mm, the measured fiction factor agree well with the values of Eq. (7). 
However, the measured friction factors continue to decrease with an increase in Re even in the region 
supposed to be turbulent flow in the experimental range.  

In Fig. 10 where � = 0.288 mm, the measured friction factors are a little smaller than the values of Eq. 
(7) in the laminar flow region. The measured friction factors continue to decrease with an increase in Re 
even in the region supposed to be turbulent flow as in Fig. 9.  

In Fig. 11 where � = 0.203 mm, the measured friction factors are smaller than the values of Eq. (7) in 
the laminar flow region. The difference between the measured values and the values of Eq. (7) in Fig. 11 
is larger than that in Fig. 10. The measured friction factors continue to decrease with an increase in Re 
even in the region supposed to be turbulent flow as in Figs. 9 and 10. Those results are the same as those 
for the channel width W = 10 mm [18] � [20].  

For the laminar flow condition, how much the friction factor decreased from the value of Eq. (7) was 
derived from the present experimental results. The decreasing ratios C' from the value of Eq. (7) are 
plotted in Fig. 12. This result is approximated as  
 

hy
Eq

measured DC 4.1'
)7.(

��
�

� ,   Dhy < 0.714 mm                                                                                                 (10) 

 
It should be noted again that Eq. (10) is dimensionally incomplete. Although the dimension of Dhy is mm, 
C' itself is dimensionless. Farther examination is required. 

Dhy = 0.714 mm corresponds to � = 0.405 mm for the 3 mm width case and � = 0.369 mm for the 10 
mm width case. It implies that the effect of narrowness on the laminar water single-phase flow pressure 
drop comes out below that size. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3 Flow Boiling Heat Transfer Experiments 
 

3.3.1 Flow pattern 
Flow patterns observed in the present boiling heat transfer experiments are mainly slug flow and 

annular flow. When phase change i.e. boiling started in the test flow channel, the flow pattern turned from 
liquid single-phase flow to the churn flow directly. The typical example of the flow patterns observed in 

Fig. 12  Friction Factor Decreasing Ratio in Laminar Flow
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the present experiments is shown in Fig. 13 comparing with the Baker flow pattern map [26]. 
Experimental points are distributed in the annular and the slug flow region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3.2 Flow boiling heat transfer 
Experimental results of flow boiling experiments are presented in the form of a boiling curve in Figs. 

14 � 17. In the figures, the onset condition of nucleate boiling by the Bergles and Rohsenow correlation 
[27], the nucleate pool boiling relation by the Rohsenow correlation [22] and the critical heat flux of 
saturated pool boiling by the Kutateladze correlation [28] are illustrated with a dotted line and solid lines, 
respectively for comparison. Final plots in figures correspond to the critical heat flux (CHF) condition. 
The CHF condition was defined in the present experiments as the point that a further increase in the heat 
flux from that condition resulted in surface temperature fluctuation or the excursion of the heat transfer 
surface temperature. 

In Figs. 14 � 17, the inclinations of plots in the boiling curve are milder than that of the Rohsenow 
correlation value. It should be noted that data plots are in the smaller wall super heat region than that of 
the Rohsenow correlation. It suggests that the flow boiling heat transfer coefficient was larger than the 
pool boiling. The critical heat fluxes for � = 0.838 mm � 0.472 mm are larger than those of the 
Kutateladze correlation. The critical heat flux for � = 0.273 mm is smaller than that of the Kutateladze 
correlation. Further examination is required for those results.   

Heat transfer coefficients hTP in the case of � = 0.838 mm are presented in Fig. 18. In the figure, the 
measured heat transfer coefficient was divided by the single-phase water flow heat transfer coefficient hL0 
of Eq. (4). In this calculation, the water velocity is decided by assuming that the total mas flow rate of 
vapor and liquid flows in the channel as water. The solid line in the figure exhibits the values of the 
Dengler and Addoms correlation [28] 
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Here, x is the vapor quality. Greek symbols 
 and � are the density and viscosity, respectively. 

Subscripts g and l denote gas band liquid, respectively. 
In Fig. 18, when the heat flux is low and the quality is low, boiling is dominant. Then, as the heat flux 

and the vapor quality increase, data plots come to follow the Dengler and Addoms relation. It implies that 
the evaporation of a film on the heat transfer surface becomes dominant and the heat transfer is 
augmented than boiling, which is well reflected in the boiling curve in Fig. 14. 

Heat transfer coefficients in the case of � = 0.163 mm are presented in Fig. 19. Solid symbols are 
measured results. The Dengler and Addoms correlation overpredicted the heat transfer coefficient. It was 
pointed out in section 3.1 that when the channel height got narrow, the single-phase heat transfer 
coefficient became smaller than the value of Eq. (4) in the turbulent flow region and it was proposed to 
modify Eq. (4) by using Eq. (6). When this modification is performed, data plots come close to the 
Dengler and Addoms relation as shown by open symbol in Fig. 19. 

Other results of the two-phase flow heat transfer with the modification of Eq. (6) are presented in Fig. 
20. It is concluded that the Dengler and Addoms correlation could be applicable to predict the two-phase 
flow heat transfer coefficient until 0.16 mm if the modification for the channel narrowing effect is 
introduced into the liquid single-phase flow heat transfer coefficient.  
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3.3.3 Two-phase flow pressure drop 
Martinelli and Nelson [21] presented the method to predict the pressure drop during forced-

circulation boiling of water. Present results are compared with that prediction. If the inlet condition of the 
flow channel is saturated, the ratio of the two-phase flow pressure drop �PF in the boiling channel to the 
single-phase flow pressure drop �PL0 of saturated-water in the case that the flow rate is equal to the total 
mass flow rate is expressed as 
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where L is the channel length, P is the pressure, x is the quality, xe is the exit quality, z is the flow 

direction coordinate and �Ltt is the two-phase flow pressure drop multiplier. The exponent n is 0.2 or 0.25 
for turbulent flow. The inlet condition in the present experiments was sub-cooled. Thus, the saturation 
point was estimated from the heat flux and the flow rate, and then Eq. (13) was applied to the saturated 
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region. The pressure drop between the inlet of the flow channel and the saturation point could be derived 
from the single-phase flow pressure drop relation i.e. Eqs. (7) and (10).  

The two-phase flow pressure drop �P1 for the two-phase flow region calculated with Eq. (13) and the 
measured two-phase flow pressure drop �P2 that is obtained by subtracting the single-phase region 
pressure drop calculated with Eqs. (7) and (10) from the pressure drop measured between the inlet and the 
outlet of the heating section are compared in Fig. 21. The Martinelli and Nelson method may predict the 
two-phase flow pressure drop for the present conditions. However, data are limited. It is hard to derive a 
conclusion at this stage. Farther examination is definitely required.  

 
4. CONCLUSIONS 

 
By using deionized water, single-phase flow and flow boiling heat transfer experiments were 

performed for a thin rectangular channel of the width W = 3 mm and the height � = 1.25 mm � 0.163 mm. 
Following conclusions were obtained from the present experimental results and the previous experimental 
results of authors for the thin rectangular channel of the width W = 10 mm and the height � = 1.1 mm ~ 
0.18 mm. 
1. The channel narrowness effect on the water single-phase flow heat transfer appeared when the 

hydraulic diameter Dhy became smaller than 1.06 mm. Dhy = 1.06 mm corresponds to � = 0.640 mm for 
the present 3 mm width case and � = 0.557 mm for the 10 mm width case. When the channel height 
became narrower than that size, the water single-phase flow heat transfer Nusselt number became 
smaller than that for a conventional size channel in the turbulent flow region. It also became dependent 
on the Reynolds number even in the laminar flow region. The modification method to incorporate the 
channel narrowness effect into the Dittus-Boelter correlation for the turbulent flow was proposed. That 
was to change the coefficient from 0 023 to 0.018 Dhy + 0.004 (dimensionless) for Dhy < 1.06 mm.  

2. The narrowness effect on the water single-phase flow pressure drop came out around the hydraulic 
diameter Dhy = 0.714 mm i.e. � = 0.405 mm for W = 3 mm and � = 0.369 mm for W = 10 mm. When 
the channel height became narrower than that size, the friction factor in the laminar flow region became 
smaller than the value of a conventional size channel. Transition from the laminar flow to the turbulent 
flow was also delayed. The method to modify the friction factor equation of the laminar flow so as to be 
applicable to the narrow channel was proposed. That was to multiply the laminar friction factor by C' = 
1.4Dhy (dimensionless) for Dhy < 0.714 mm.  

3. In the flow boiling, when boiling started, churn flow appeared even at a low heat flux and a flow 
pattern was mainly the churn flow or/and annular flow. The heat transfer coefficient was larger than that 
of pool boiling. The critical heat flux was higher than the value of the Kutateladze correlation for the 
pool boiling. However, when the flow channel height became extremely narrow in the present 
experimental conditions, it became lower than the Kutateladze value.  

4. In the flow boiling, the evaporation heat transfer of a film on the heat transfer surface was dominant. 
When the modification for the single-phase flow heat transfer was introduced, the Dengler and Addoms 
correlation for the forced convection evaporation heat transfer for a conventional size channel predicted 
well present results.  
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