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ABSTRACT 
In the present study, heat transfer coefficient of water-ethanol mixture in the subcooled boiling region is determined in a rectangular conventional 
channel (Channel size ≥3 mm). When the heat flux and mass flux increase it is observed that heat transfer coefficient increases. But the effect of heat 
flux is significant when compared with that of mass flux in the subcooled boiling region. It is found that maximum and minimum heat transfer 
coefficient are observed for mixture with 25% Ethanol volume fraction and 75% Ethanol volume fraction respectively. Wall heat flux partitioning 
analyses is carried out for mixture with different ethanol volume to determine the contribution of heat flux towards convection, agitation and 
evaporation. It is also found that heat flux due to convection decreases with increase in heat flux at partial and fully developed nucleate boiling heat 
regions for all volume fractions. The heat flux determined from the partitioning analysis are lower than the experimentally determined heat flux values 
at the partial nucleate boiling region and are higher at the fully developed boiling region.  
 
Keywords: Agitation, Evaporation, Heat flux due to forced convection, Fully developed nucleate boiling, Partial nucleate boiling 

1. INTRODUCTION 
Subcooled boiling heat transfer characteristics in conventional channels 
are dominant parameters in the performance of cooling systems for heat 
dissipative devices like catalytic reactors, HEV batteries, electronic 
devices, radiators etc. used in nuclear, petroleum, chemical and 
automobile industries (Madhavi and Vivek. 2013). Subcooled boiling 
heat transfer characteristics in conventional channels for pure component 
have been extensively studied. In the past decades, refrigerants were 
mainly used as coolants. But the impact of these refrigerants on the 
environment in terms of global warming and ozone depletion has been 
identified in recent times (Weiwei and Fang, 2014). The use of binary 
mixtures is one of the better choice of a liquid that could be in competent 
to these coolants. The binary mixture like water-glycol is highly 
expensive and requires higher power to circulate due to high viscosity. 
Water-methanol, water-butanol and water-propanol are toxic in nature. 
For economical and environmental concern water-ethanol mixture is said 
to be best coolant to remove the heat from such heat dissipative devices.   

Flow boiling of binary mixtures is found to be complex than the 
corresponding pure fluids due to the following reasons (a) boiling point 
temperature is not constant for mixture composition (b) The 
thermophysical properties of the binary mixture does not obey the linear 
mixing law (c) the transport mechanism is confined by the mass transfer 
process of the lower boiling component when phase changes, and (d) the 
bulk liquid contact angle, which is a primary concern to understand the 
boiling mechanism, follows non-linear behavior (Lixin and Dieter, 
2006). The flow boiling has two regions, namely partial nucleate boiling 
and fully developed nucleate boiling. When the wall temperature is 
higher than the saturation temperature of the bulk liquid, nucleation of 
bubbles can be observed and is known as onset of nucleate boiling 
(ONB). At particular heat flux where bubbles lift off from the heated wall 
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of the channel is called the location of onset of significant voids (OSV). 
The bulk liquid attains the saturation temperature and the bubbles begin 
to merge and coalesce with each other. This is called onset of saturated 
nucleate boiling (OSNB). The region between the ONB and OSV is 
called partial nucleate boiling. The region between OSV and OSNB is 
called subcooled nucleate boiling. The region of ONB and OSV can be 
identified by the wall heat flux partitioning analysis. The contribution of 
applied heat flux towards forced convection, agitation and evaporation in 
subcooled flow boiling region is analysed by heat flux partioning 
analysis (Vijay et.al., 2007).  The subcooled flow boiling of water-
ethanol mixture is applicable to the operation of medium to small heat 
dissipative devices. It is well known that the operational temperature 
must be maintained to avoid any malfunction of these heat dissipative 
devices. Detailed investigation on subcooled flow boiling of water-
ethanol mixture is scarce in literature which is essential to design the 
cooling devices. Considering this, the present study aims to determine 
the subcooled flow boiling heat transfer coefficients of water-ethanol 
mixture.  

The models can be classified into types. One type is the empirical 
correlations heat transfer coefficient which are based on the experimental 
results. The other type includes semi-empirical correlations that includes 
partitioning of wall heat flux which is accountable for heat transfer 
through wall. Among these kinds of correlations, the mechanistic one of 
heat flux partitioning has been receiving many interests from recent 
studies on subcooled flow boiling (Chul et al., 2017, Kim et al., 2018 and 
Hanyang Gu et al., 2019) The present work consist of determining the 
theoretical heat flux by wall heat flux partitioning analysis of water-
ethanol mixtures for different heat flux, mass flux and inlet temperatures. 
The effect of heat flux due to forced convection, agitation and 
evaporation on the subcooled flow boiling heat transfer is determined. 
Effect on boiling heat transfer coefficient due to addition of ethanol to 
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water in the subcooled boiling region at various volume fraction is also 
discussed.   

2. METHODOLOGY 
2.1 Experimental test set up and data reduction  
The schematic diagram of the experimental test set up is shown in Fig. 1. 
The photographic images of the experimental set up are shown in Fig. 2 
and 3.   

 
Fig. 1 Schematic diagram of experimental setup: (1) Rectangular 
aluminum block consisting of two rectangular channels, (2) Condenser 
coil dipped in ice water bath, (3) Reservoir (4) Peristaltic pump, (5) 
Preheater, (6) Cartridge heaters, (7) Thermocouples to measure wall 
temperature, (8) Thermocouple to measure fluid inlet temperature, (9) 
Thermocouple to measure fluid outlet temperature, (10) Temperature 
indicator panel, (11) High speed camera, (12) Light source, and (13) Data 
Aquisiation system for flow visualization 

 

 
                           

Fig. 2 Front view of the experimental setup: (1) High speed camera, (2) 
Condenser coil dipped in ice water bath, (3) Reservoir, (4) Peristaltic 
pump, (5) Preheater, (6) Temperature indicator panel, and (7) Light 
source   
 

The experimental set up consist of a closed loop comprising of a 
subcooler, reservoir, preheater and pump with variable flow rate. Two 
channels of 0.01 m (width)  × 0.01 m (height) × 0.15 m (Length) is 
considered in an aluminum blocks. Two cylindrical cartridge heaters are 
placed inside the aluminum block at the distance of 40 mm below the 
channels. The thermocouples are sued to measure wall temperatures, the 

inlet and outlet temperatures of the fluid flowing through the channel. 
The temperature readings are displayed on the temperature indicator 
panel. Heat flux is determined by temperature gradient that exist between 
the first row and second row of thermocouples that are arranged in 
aluminum block. The first row of five thermocouples are placed 2 mm 
below the channel in a row. The second row of five thermocouples are 
placed 20 mm below the first row of thermocouple as seen in Fig. 4. Heat 
loss is prevented by providing mineral wool as insulating material. 
Specifications of the equipments used are shown in Table 1 and Table 2 
(Suhas and Sathyabhama, 2017; Suhas and Sathyabhama, 2018; Suhas 
and Sathyabhama, 2018).                                                    

 
Fig. 3 Rear view of the experimental setup: (1) Rectangular aluminum 
block consisting of two rectangular channels, (2) Thermocouples to 
measure wall temperature, (3) Thermocouple to measure channel inlet 
temperature , and (4) Thermocouple to measure outlet fluid temperature 

 
 

Fig. 4 Arrangement of thermocouples in the cold plate. 

Table 1 Instruments and equipment used in the present experiment 

Instrument/Equipment  Specifications   

 
k-type thermocouple (12 no’s) 

 

Range :-20℃ to 400℃ 
Sheath length: 20 mm 

Sheath diameter: 1.2 mm 

 

 
Cartridge heater (2 no’s) 

Diameter: 12.7 mm 
Length: 150 mm 

Capacity: 750 W 

 

 
Peristaltic pump 

Capacity: 100 liters per hour 
Operating pressure: Atmospheric 

 

 
Preheater 

Chamber capacity: 4 Liters 
Heater capacity: 3 kW 
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Table 2 Specifications of high speed camera and source light 
Processor AOS Promon 501 

Lens 50 mm 
Aperture setting f/1.4 D 

Shutter speed 1/15 
Frames per second 1459 

Resolution 480×240 pixels 
 

LED PAR Light 
Slim die cast body, Power 120W, 

beam 25 degree, CRI>85, DMX 512 
Auto, sound active, 3 section 
lightweight aluminum stand 

 

 2.2    Uncertainty  

International Bureau of weights and measures (IBWM) and International 
organization of standards (ISO) random defines the independent 
variables by using root-sum-square (RSS) of standard deviation as shown 
in Equation (1).  

  𝜔𝜔𝑖𝑖𝑖𝑖 = �𝜔𝜔𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟
2 + 𝜔𝜔𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟

2 + 𝜔𝜔𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟
2 + 𝑠𝑠2𝜎𝜎𝑖𝑖

2               (1)    

The uncertainties of calculated parameters can be determined after 
finding the uncertainty of independent variables (Kline and McClintock, 
1953), by using Equation (2). 

𝜔𝜔𝑖𝑖𝑖𝑖2 = ∑ �𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
�
2
𝜔𝜔𝑥𝑥𝑖𝑖
2𝑟𝑟

𝑖𝑖=1                                                                           (2) 

Table 3 shows the corrected values applied to obtain actual values of 
temperature.. 

Table 3 Constants for temperature measurement corrections 
Readings Steam point (K) Ice point (K) a b 

T1 372.3 274.1 1.02 -6.58 
T2 375.4 275.2 1 -2 
T3 374.3 275.1 1.01 -4.77 
T4 375.1 275.3 1 -2 
T5 374.3 273.1 0.99 2.71 
T6 374.2 273.2 0.99 2.71 
T7 373.3 274.2 1.01 -3.76 
T8 375.2 274.1 0.99 1.71 
T9 373.2 275.2 1.02 -7.61 

T10 373.1 274.3 1.01 -3.76 
T11 372.1 273.2 1.01 -2.75 
T12 371.4 275.1 1.04 -1.45 

 
Uncertainties in measured and calculated parameters are shown in Table 
4. It is observed that the all measured temperature readings fluctuated 
within ±0.3 ºC after the stabilized period of two hours. 
 
Table 4 Uncertainties of measured and calculated parameters 

Parameter  Uncertainty  
Temperature (K) ±0.35℃ (RSS)/ ±0.1℃  

Mass flow rate (kg/s) ±2.32% 
Mass flux (kg/m2-s) ±0.77% 
Heat flux (kW/m2) ±13.3% 

Heat transfer coefficient (kW/m2-K) ±9.11% 

The voltage resolution is at a 100 mv and the range signal is 0.01mv. The 
standard deviation is found to be ±𝟎𝟎.𝟏𝟏𝟏𝟏°𝐂𝐂. The combined uncertainty of 
the temperature measurements is calculated by Equation (2). 

3. RESULTS AND DISCUSSIONS 
The experiment is conducted to determine the heat transfer coefficients 
of water-ethanol mixture (0%, 25%, 50%, 75% and 100%) in the 
subcooled flow boiling region for various parameters such as heat flux 
mass flux, channel inlet temperature. Table 5 shows the operating 
conditions that are carried out during experimentation.           

Table 5 Operating conditions in the present experiment 
 
 

Parameter 

Operating Range 
 

Pure 
water 

25% 
Ethanol 
volume 
fraction 

50% 
Ethanol 
volume 
fraction 

75% 
Ethanol 
volume 
fraction 

 
Pure 

ethanol 

Hydraulic 
Diameter 

(mm) 

 
10 

 
 
 

Heat flux 
(kW/m2) 

21.78
35.11
45.33
62.33
78.4 
90.4 

100.5
109.6
121.9
133.4 

21.78 
35.11 
45.33 
62.33 
78.4 
90.4 

100.5 
109.6 
121.9 

21.38 
35.11 
45.33 
62.33 
78.4  
90.4 

100.3 
109.6 

21.78 
35.11 
45.33 
62.33 
78.4   
90.4  

100.3 

21.78 
35.11 
45.33 
62.33 
78.4 
90.4 

Mass flux 
(kg/m2-s) 

 
76.67, 91.33, 115.33,151.67, 228.33 

Channel 
inlet 

temperatu
re (K) 

 
303, 313, 323 

 
3.1    Validation  
The experimental values obtained for water are validated with available 
literature correlations. The Mean absolute error (MAE) of Nusselt 
number for water which are determined experimentally and those 
predicted from the correlations is calculated by Equation (3).  
 
𝑀𝑀𝑀𝑀𝑀𝑀 = 1

𝑟𝑟
∑ �𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑃𝑃 𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝐸𝐸𝑥𝑥𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟 𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑃𝑃 𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
� × 100                    (3) 

                                  
The comparison of heat transfer coefficient data of water with those 

predicted using available literature correlations are seen in Fig. 5. 
Gungour and Winterton correlation (1986), Kandlikar correlation (1998), 
Liu-Winterton correlations (1991) and Chen correlation (1966) predicted 
the experimental values with mean absolute error (MAE) of 8.82%, 
11.46%, 13.31% and 21.37% respectively. It can be seen that the Chen 
correlation under predicted the experimental results. These deviation are 
mainly due to: 
i) Non uniform temperature distribution in cold plate  
ii) The assumption of one dimensional temperature distribution to 
calculate heat flux.  

The Gungour –Winterton and Kandlikar correlations predicted the 
experimental values better when compared with that of Chen and Liu-
Winterton correlations because of Boiling number in Gungour-Winterton 
and Kandlikar correlations.The boiling number plays a major role in 
subcooled flow boiling region. It is also proved to be significant while 
predicting the subcooled flow boiling heat transfer coefficient by heat 
transfer approach (Claudi, 2010). When there is an increase in heat flux, 
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the nucleation sites are activated in large numbers. After bubble 
nucleation, the layer of superheated liquid mixes well with the subcooled 
liquid at the top layer leading to agitation (Minxia et al., 2013). The heat 
flux can be considered as the net effect of transient heat transfer around 
the nucleation sites and micro-layer evaporation beneath the bubbles. 
The departed bubble removes the heat from the channel wall.  

 
Fig. 5  Comparision of subcooled flow boiling heat transfer coeffcient 

values of water with correlations.  

3.2 Results on subcooled flow boiling  
The variation of subcooled flow boiling heat transfer coefficient with 
ethanol volume fraction at various inlet temperatures at heat flux of 90.4 
kW/m2 is shown in Fig. 6.  

 
Fig. 6: Variation of subcooled flow boiling heat transfer coefficient 

with ethnaol volume fraction 
The subcooled boiling takes place for both water and ethanol at this 
particular value. If the heat flux is lesser than 90.4 kW/m2, heat 
transferred to water will lead forced convection and not subcooled 
boiling. If the heat flux is greater than 90.4 kW/m2, saturated boiling of 
ethanol will commence. It is seen that the heat transfer coefficient 
increases for mixture with the 25% ethanol volume fraction. But with 
further addition of ethanol, the heat transfer coefficient reduces. For 25% 
volume fraction, difference between dew point temperature  (𝑇𝑇𝑑𝑑) and 
bubble point temperature (𝑇𝑇𝑖𝑖) is obtained to be maximum and thus 
indicates the widest region of coexisting liquid vapour (Suhas and 
Sathyabhama, 2017; Fu et al., 2013). The wide range of coexisting region 
is observed due to an increase in evaporative heat flux for mixture with 

25% ethanol volume fraction as shown in Fig. 7. For mixture with 25% 
ethanol volume fraction, the higher volatile component near the wall of 
the channel induces temperature gradients in the micro layer region. This 
gradient causes the Marangoni force to push the bulk liquid towards the 
liquid vapour interface which causes agitation and thus increases the heat 
transfer. 

 
Fig. 7 Variation of heat flux due to evaporation with theoretical heat 

flux obtained due to wall heat flux partitioning 

3.3 Wall heat flux Partitioning 
In the present work the region of ONB and OSV are determined by Unal 
(1975) correlation as given by Equation (4) and (5). This correlation was 
chosen because it is difficult to determine the experimental values of heat 
flux required for ONB and OSV. 

 ℎ∆𝑇𝑇𝑊𝑊
𝑞𝑞”

 =0.24 when 𝑢𝑢 ≥ 0.45 𝑚𝑚/𝑠𝑠                                                          (4) 
ℎ∆𝑇𝑇𝑊𝑊
𝑞𝑞”

 =0.11 when 𝑢𝑢 < 0.45 𝑚𝑚/𝑠𝑠                                                           (5) 

 Equation (5) is preferred because the velocity is found to be less than 
0.45 m/s in the present experiment. When ℎ∆𝑇𝑇𝑊𝑊

𝑞𝑞”
 exceeds 0.11, heat flux 

value chosen is found to be in the fully developed nucleate boiling region. 
When ℎ∆𝑇𝑇𝑊𝑊

𝑞𝑞”
 is less than 0.11, the heat flux is found to be in the partial 

nucleate boiling region.   
 
                  3.3.1   Partial nucleate boiling 
Bowring (1962) suggested superposition method to determine the heat 
flux in partial nucleate boiling as given by Equation (6) and Equation (7). 
The heat flux supplied is partioned as heat flux due to forced convection 
and heat flux due to evaporation of the micro layer of the liquid above 
the wall surface. 

𝑞𝑞𝑖𝑖𝑟𝑟𝑖𝑖 = 𝑞𝑞𝜕𝜕𝑖𝑖 + 𝑞𝑞𝑟𝑟𝑖𝑖                                                                                  (6) 

𝑞𝑞𝜕𝜕𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑟𝑟
𝑃𝑃ℎ𝑦𝑦𝑦𝑦

(𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟 − 𝑇𝑇𝑟𝑟)                                                                           (7) 

Single phase forced convective heat transfer coefficient can be calculated 
by Dietus Botler Equation (8).  
𝑁𝑁𝑢𝑢 = 0.023𝑅𝑅𝑅𝑅0.8𝑃𝑃𝑃𝑃0.4                                                                         (8) 
The evaporative heat flux is considered as fully developed nucleate pool 
boiling by Bergles and Roshsenow (1964) as given by Equation (9). The 
evaporation above the heated wall is due to the phase change of liquid if 
it would be in pool boiling condition (Vijay and Gopinath, 2006).  

 𝑞𝑞𝑟𝑟𝑖𝑖 = 𝑞𝑞𝑟𝑟𝑖𝑖 = 𝜇𝜇𝑟𝑟ℎ𝜕𝜕𝑓𝑓�
𝑓𝑓(𝜌𝜌𝑙𝑙−𝜌𝜌𝑣𝑣)

𝜎𝜎𝑠𝑠
𝑃𝑃𝑃𝑃𝐸𝐸 𝑟𝑟⁄ �𝐶𝐶𝑝𝑝,𝑙𝑙[𝑇𝑇𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙−𝑇𝑇𝑆𝑆𝑤𝑤𝑆𝑆]

𝐶𝐶𝑠𝑠ℎ𝑓𝑓𝑓𝑓
�
1/𝑟𝑟

                    (9) 
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𝑞𝑞𝑂𝑂𝑘𝑘𝑂𝑂 and ∆𝑇𝑇𝑤𝑤𝑂𝑂𝑘𝑘𝑂𝑂 can be predicted by Equation (10) and (11) as given 
below:   

𝑞𝑞𝑂𝑂𝑘𝑘𝑂𝑂 = 𝑞𝑞𝑟𝑟𝑖𝑖 �1 − ��𝑞𝑞𝑛𝑛𝑛𝑛
𝑞𝑞𝑓𝑓𝑓𝑓
�
2
− 1� �𝑞𝑞𝑓𝑓𝑓𝑓

𝑞𝑞𝑛𝑛𝑛𝑛
��                                               (10) 

 

∆𝑇𝑇𝑤𝑤𝑂𝑂𝑘𝑘𝑂𝑂 = � 𝑞𝑞𝑂𝑂𝑂𝑂𝑂𝑂

5.3𝑖𝑖1.1561.8
2.41

𝑝𝑝0.0234�
�

𝑖𝑖0.0234
2.41�

                                        (11) 

Bjorge (1982) suggested using Equation (12) to predict the wall super 
heat during partial nucleate boiling.  

∆𝑇𝑇𝑤𝑤𝑖𝑖𝑟𝑟𝑖𝑖 = ∆𝑇𝑇𝑤𝑤𝑂𝑂𝑂𝑂𝑂𝑂

�1−�
𝑞𝑞𝑝𝑝𝑛𝑛
2 −𝑞𝑞𝑓𝑓𝑓𝑓

2

𝑞𝑞𝑛𝑛𝑛𝑛
2 �

1/3                                                                  (12) 

              3.3.2 Fully developed nucleate boiling (Subcooled nucleate 
boiling) 
Bowring (1962) developed superposition method to determine the heat 
flux in fully developed nucleate boiling region as given by Equation (13). 

𝑞𝑞𝜕𝜕𝑃𝑃𝑖𝑖 = 𝑞𝑞𝜕𝜕𝑖𝑖 + 𝑞𝑞𝑟𝑟𝑖𝑖 + 𝑞𝑞𝑖𝑖                                                                       (13) 
Agitation heat flux (𝑞𝑞𝑖𝑖) results from the thermal boundary layer during 
bubble growth and lift-off and is given by Equation (14). This is due to 
replacing the adjacent cold liquid in the departed site. 

𝑞𝑞𝑖𝑖 = 𝑁𝑁𝑖𝑖𝑓𝑓𝑉𝑉𝑖𝑖𝐶𝐶𝑖𝑖𝑟𝑟∆𝑇𝑇𝑤𝑤                                                                            (14) 

Nucleation site density (𝑁𝑁𝑖𝑖) is calculated by Equation (15) and (16). 

𝑁𝑁𝑖𝑖 = 0.34 × 104(1− 𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐)∆𝑇𝑇𝑊𝑊2           ∆𝑇𝑇𝑂𝑂𝑘𝑘𝑂𝑂 < ∆𝑇𝑇𝑤𝑤 < 15𝐾𝐾         (15) 

𝑁𝑁𝑖𝑖 = 0.34 × 104(1− 𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐)∆𝑇𝑇𝑊𝑊5.3        15𝐾𝐾 < ∆𝑇𝑇𝑤𝑤                         (16) 

Bubble frequency (f) is calculated by Equation (17) 

𝑓𝑓 = 1
𝑟𝑟𝑤𝑤+𝑟𝑟𝑓𝑓

                                                                                            (17) 

Where 𝑡𝑡𝑤𝑤 is called bubble waiting period and 𝑡𝑡𝑓𝑓 is called bubble growth 
period.  

Wall superheat in fully developed nucleate boiling (OSV region) can be 
estimated by Engelberg-Foster and Grief correlation as given by 
Equation (18).  

∆𝑇𝑇𝑤𝑤𝑂𝑂𝑤𝑤𝑤𝑤 = 0.7𝑞𝑞𝑓𝑓𝑦𝑦𝑛𝑛
ℎ𝑓𝑓𝑓𝑓

− 7.8𝑅𝑅𝑒𝑒𝑒𝑒[−0.0163(𝑒𝑒 − 1)]�0.7𝑞𝑞𝜕𝜕𝑃𝑃𝑖𝑖�
0.25

          (18) 

Where, ∆𝑇𝑇𝑤𝑤𝑂𝑂𝑤𝑤𝑤𝑤 is wall super heat at onset of vapour generation. 
Sekoguchi et al (1980) developed an empirical correlation for the wall 
super heat at commencement of fully developed boiling region as given 
by Equation (19).  

∆𝑇𝑇𝑤𝑤𝑂𝑂𝑤𝑤𝑤𝑤 = 13.5 ℎ𝑓𝑓𝑓𝑓
𝐶𝐶𝑝𝑝,𝑙𝑙

�𝑞𝑞∗𝑤𝑤𝑣𝑣𝑓𝑓
ℎ𝑓𝑓𝑓𝑓𝐺𝐺

�
0.65

                                                            (19) 

Where, 𝑞𝑞 ∗𝑖𝑖𝑖𝑖𝑓𝑓 is considered as the average of predicted values of heat 
flux. The average is calculated by the heat flux value that is considered 
in the partial nucleate boiling region and the first value of the heat flux 
which falls under fully developed nucleate boiling region.   
Ahmad (1970) developed an empirical correlation assuming the wall 
temperature at OSV to be equal to the saturation temperature which is 
represented by Equation (20) 

ℎ𝑂𝑂𝑆𝑆𝑂𝑂𝑃𝑃ℎ
𝑘𝑘𝑙𝑙

= 2.44 �𝜌𝜌𝑙𝑙𝑃𝑃ℎ𝑖𝑖𝑙𝑙
𝜇𝜇𝑙𝑙

�
0.5
�𝐶𝐶𝑝𝑝,𝑙𝑙𝜇𝜇𝑙𝑙

𝑘𝑘𝑙𝑙
�
0.333

�ℎ𝑖𝑖𝑛𝑛
ℎ𝑓𝑓𝑓𝑓
�
0.333

�ℎ𝑓𝑓𝑓𝑓
ℎ𝑙𝑙
�
0.333

             (20) 

Unal correlation (1975) is used to predict the heat flux when the OSV 
occurs which is given by Equation (21). 

𝑞𝑞𝑂𝑂𝑤𝑤𝑤𝑤 = ℎ𝑂𝑂𝑆𝑆𝑂𝑂∆𝑇𝑇𝑤𝑤,𝑂𝑂𝑆𝑆𝑂𝑂

0.11
                                                                              (21) 

Mixture properties of water-ethanol like thermal conductivity, liquid 
viscosity and surface tension are calculated by Flippov (1968), 
McLaughlin Equation (Deam and Mattox, 1970) and Macleoad-Sudgen 
correlation (Moles and Shaw, 1972) represented in the Equation (22), 
Equation (23) and Equation (24) respectively 
𝑘𝑘𝑚𝑚−𝑘𝑘𝑖𝑖
𝑘𝑘𝑗𝑗−𝑘𝑘𝑖𝑖

= 𝐶𝐶𝑚𝑚𝜕𝜕𝑓𝑓
2 −𝑚𝑚𝜕𝜕𝑖𝑖(1 − 𝐶𝐶)                                                              (22)   

𝑙𝑙𝑙𝑙(𝜇𝜇𝐸𝐸) = 𝑒𝑒𝑖𝑖𝑙𝑙𝑙𝑙𝜇𝜇𝑖𝑖 + 𝑒𝑒𝑓𝑓𝑙𝑙𝑙𝑙𝜇𝜇𝑓𝑓                                                                  (23) 

𝜎𝜎𝐸𝐸
1/4 = 𝑃𝑃𝑃𝑃𝑓𝑓(𝜌𝜌𝐿𝐿𝐸𝐸𝑒𝑒𝑓𝑓 − 𝜌𝜌𝑟𝑟𝑖𝑖𝑦𝑦𝑓𝑓)                                                               (24) 

The value of mixture constant C in Equation (22) can be chosen as 0.72 
(Mcniel et al., 2010).  

               3.3.3 Estimation of heat flux due to forced convection, 
evaporation and agitation  

The variation of heat flux with wall super heat for water-ethanol mixtures 
at different ethanol volume fractions, at constant mass flux of 115.33 
kg/m2-s and inlet temperature of 303 K are shown in Fig. 8 to 12. It is 
observed that there is significant increase in heat flux at the subcooled 
flow boiling region when compared with that of forced convective 
region. Theoretical heat flux  are lower than the experimentally 
determined heat flux values in the partial nucleate boiling region, but the 
theoretical heat fluxes are higher than the experimentally determined heat 
flux values in fully developed nucleate boiling region. It can also be seen 
that the region of ONB and OSV decreases with decrease in heat flux 
when the mixture with ethanol volume fraction increases. This is because 
the components in the liquid mixture have different boiling points. The 
lower boiling component breaks away from the liquid-vapor interface 
and the higher boiling component gets accumulated near layer of the 
concentration gradient near this interface (Minxia et al., 2012). Fig.13 
show the variation of heat flux due to convection, evaporation and 
agitation with experimentally determined heat flux and the contribution 
to heat transfer by wall heat flux for pure water. Similar results are 
obtained for different ethanol volume fraction.  

 
Fig. 8 Variation of heat flux with wall superheat for water. 

Fig. 14 shows the percentage contribution to heat transfer among three 
heat fluxes, i.e heat flux due forced convection, evaporation and 
agitation. It can be observed that the heat flux due to forced convection 
decreases with increase in experimentally determined heat flux in partial 
nucleate and fully developed nucleate boiling regions. This implies that 
the increase in mass flux is not significant in these regions. Hence 
agitation due to bubble and heat transfer decreases with increase in inlet 
temperature. Heat flux due to evaporation and agitation increases with 
increase in heat flux. Fully developed nucleate boiling occurs when heat 
flux value exceeds 100 kW/m2. Above this value of heat flux, agitation 
occurs. 
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Fig. 9 Variation of heat flux with wall superheat for water-ethanol 
mixture of ethanol volume fraction of 25%. 

 

 
 

Fig. 10 Variation of heat flux with wall superheat for water-ethanol 
mixture of ethanol volume fraction 50%. 

 

 
Fig. 11 Variation of heat flux with wall superheat for water-ethanol 

mixture of ethanol volume fraction 75% 

 
Fig. 12 Variation of heat flux with wall superheat for ethanol 

 

Fig. 13 Variation of theoretical heat flux with experimentally 
determined heat flux for water 

 
Fig. 14: Percentage contribution of heat flux to heat transfer in wall 

heat flux partitioning analyses for pure water 
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4. CONCLUSIONS 

The heat transfer coefficient of water-ethanol mixture in the subcooled 
flow boiling region is determined for various parameters such as heat 
flux, mass flux and inlet temperature. The wall heat flux partioning 
analysis is carried out to determine the regions of Onset of Nucleate 
boiling and Onset of Vapour generation and the following conclusions 
can be arrived:  

 It is seen that increase in heat flux and mass flux increases heat 
transfer coefficient in the subcooled flow boiling regions.  

 However, the increase in heat flux proved to be significant to 
increase in heat transfer coefficient in the subcooled flow 
boiling region when compared with that of mass flux.  

 It is observed that the high values of heat transfer coefficient is 
obtained with the addition of ethanol to water inititially upto 
25% ethanol volume fraction. 

 But at 50% and 75% ethanol volume fractions the heat transfer 
coefficient reduces.  

 The pure ethanol has marginally higher value of heat transfer 
coefficient than the mixture of 75% ethanol volume fraction. 

 From the wall heat flux partition analysis, it is found that only 
the heat flux due to forced convection decreases at partial and 
fully developed nucleate boiling regions for all values of 
ethanol volume fractions. 
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NOMENCLATURE 
 
Bo     Boiling number  
 Cp  

C      
Specific heat (kJ kg-1-K-1) 
Mixture Constant  

d        Diameter (m) 
dh      Hydraulic diameter (m) 
Fx     Force parallel  to flow direction (N) 
f        Bubble frequency (s-1) 
h    Heat transfer coefficient (kWm-2-K-

1) 
ℎ𝜕𝜕𝑓𝑓  Latent heat of vaporization (kJkg-1) 
k   Thermal conductivity (Wm-1-K-1) 
m     Mass flow rate 
Na     Nucleation site density (m-2) 
Nu     Nusselt number 
n    Number of readings 
Pr    Prandtl number 
p     Pressure (bar) 

Re     Reynolds number 
q     Heat flux (kWm-2) 
t      Time (ms) 
T      Temperature (K) 
𝜎𝜎𝑖𝑖   Standard deviation  

Greek Symbols 
∆𝑒𝑒𝑤𝑤𝑖𝑖𝑟𝑟    Difference between the saturated 

pressure and vapour pressure (bar) 

∆𝑇𝑇    Temperature difference (K) 

∆𝑇𝑇𝑊𝑊  Wall superheat (K) 
𝜌𝜌         Density (kgm-3) 
𝜇𝜇         Dynamic viscosity (kgm-1-s-1) 
𝜔𝜔         Uncertainty 

 
 

Subscript 
a Agitation  
cr   Critical  
d     Dew point 
dep    Departure  
ch    Channel 
cp    Calculated parameter  
Exp   Experimental 
ev     Evaporation  
f     Fluid 
fc    Forced convection  
fdb Fully developed Boiling 
fr      First row 
fw     Wall and fluid 
hyd Hydraulic  
i     First sample         
i+1     Next sample 
in    Inlet 
ip    Independent parameter 
ONB Onset of Nucleate Boiling 
OSV Onset of Vapour Generation 
nb Nucleate Boiling  
pb Pool Boiling  
l     Liquid 
Sat     Saturated 
Sr     Second row       
s      Single phase  
tp     Two phase  
w Waiting 
W       Wall 
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