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ABSTRACT 
 

The objective of the study is to develop the method of heat transfer enhancement with a very small quantity of mist. A 

small quantity of mist is locally added to a forced convection flow and the spatial temperature is decreased by the effect of 

evaporative latent heat. It can be obtained high effect of heat transfer enhancement due to the cooled main air flow close to 

the heating surface. Furthermore, it can be treated as a single phase flow, because most of the mist evaporates immediately 

after inducement. In this paper, the flow behavior and heat transfer characteristics of mist flow are clarified numerically and 

experimentally. These results show that the mist flowed into the recirculation region or downstream region, and fully 

evaporated in the channel without attaching the heating surface. The augmentation of heat transfer coefficient with mist was 

also confirmed by the FLUENT. The heat transfer coefficient has a maximum value near the reattachment region, and that 

the maximum and average Nusselt numbers increase as the Reynolds number increases. The Nusselt number increases as 

the heat flux decreases.  
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1.  INTRODUCTION 

  A mist flow, which is air flow containing water 

droplets mixed, is suitable for rapid cooling. This method 

is useful compared with the case of an air flow without 

mist. The heat transfer enhancement is caused by both 

effects of latent heat of vaporizing and the sensible heat 

of attaching water droplets. The effect of latent heat of 

vaporizing generates the decrease of spatial temperature 

of the main air flow. Hayashi and Takimoto et al.[1],[2] 

studied a convective heat transfer characteristics by the 

vaporization of suspended spray water droplets 

theoretically and experimentally on the vertical flat plate. 

Aihara et al.[3],[4] studied heat transfer characteristics of 

water droplets which were sprayed in the main air flow 

on a wedge surface. Hishida and Maeda et al.[5],[6] 

studied the various factors which govern the heat transfer 

characteristics in the condition that film-wise water does 

not exist on the heated plate. All these studies considered 

the water droplets to remain on a heated surface. 

Recently, many compact heat exchangers have been 

required to improve the thermal performance, however,  

 

 

 

these methods using film-wise and drop-wise water that 

exist on the heating surface are not suitable for cooling 

the compact or electrical devices. So we propose a new 

method to apply for the compact heat exchangers and 

electrical devices which do not permit contact of water 

droplets on the heated surface.  

  This paper shows how heat transfer is enhanced using 

a small quantity of mist vaporizing immediately near the 

heated wall, when the mist flow induced locally in the 

entrance section of the channel. So very small quantity of 

mist is vaporizing in the main air flow, this method can 

be dealt with in the same way as that of the air flow 

without mist. We applied this new method to the flow 

and heat transfer in a backward-facing step. A very small 

quantity of mist 10 μm in diameter or less was induced 

locally into the main air flow from upstream region of a 

backward-facing step which includes separation and 

reattachment. The absolute and the relative humidity of 

the main air flow increases slightly by evaporating the 

mist. Since the mist flow vaporizes in the main flow 
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immediately and blows near the heated plate, we can 

obtain the heat transfer enhancement. In this method, a 

very small quantity of mist is locally induced into the 

separated flow, evaporates in the separation shear layer 

region, and induced locally to the recirculation region or 

to the downstream region in a backward-facing step flow.   

  Thus, a very small quantity of mist in the main flow 

evaporates in the place where the temperature is high, 

and the mist does not remain because it has evaporated 

entirely. Therefore, we can treat this mist flow as the 

conventional method like a humid air. Since heat 

exchange devices have separation, reattachment, 

acceleration and slowdown flow regions, it is important 

to investigate the effects of heat transfer enhancement of 

this new method in these flow regions. 

  As the first step, we studied the heat transfer 

characteristics of the mist flow, when the mist is induced 

locally into the separation shear layer  and the 

reattachment flow region in a backward-facing step flow. 

The mist is induced from the top corner of step at the 

entrance and flows along the dividing streamline, and it 

may have an effect on the heating surface for the heat 

transfer improvement.  We conducted numerical 

calculation to estimate the effects of heat transfer 

enhancement and the flow behavior of mist by means of 

the CFD software FLUENT. Secondary the experiment 

was also conducted to measure changes of the local heat 

transfer coefficient distributions in the downstream 

region of a backward step with various values of the 

Reynolds number and the heat flux on the heated wall  

with mist.  

 

2.  EXPERIMENTAL APPARATUS 

       Figure 1 shows the schematic diagram of the heat 

transfer mechanism by a very small quantity of mist 

locally evaporated. When the mist is locally induced 

from the top corner of step, it evaporates in the inner 

layer of dividing stream line where the shear stresses 

become larger and mixing is enhanced. The mist flow in 

which the mist evaporates along the dividing stream line 

and cools the main air flow, reattaches on the heating 

surface. The region under the dividing streamline is 

usually called the recirculation region. The mist is 

evaporated also in this area, and the evaporating behavior 

is a very important factor to estimate the rate of heat 

transfer enhancement. 

      The experiment was conducted in an exhaust type of 

rectangular channel with a backward-facing step as 

shown in Fig.2. The Mist generator unit is shown in Fig.3. 

The spray of the mist is generated from a thin feed pipe.  

Once accumulating the generated mist within a chamber, 

it was induced to the main air flow. The quantity of mist 

added to the main flow was about 16.7 mg/s and the mass 

ratio to the quantity of the main air flow was about 3.8-

15.2×10
-3 

%. The average diameter of the mist was 

approximately 10μm, which was measured by an 

immersion method. A fully developed temperature field 

was obtained by the heated plate in the downstream 

region from the entrance of the expanded channel. The 

stream wise coordinate X had its origin at this step point. 

The entrance section height H0 was 60 mm, backward-

facing step height H was 40 mm, channel expand ratio 

ER=(H＋H0)/ H0 was 1.67. The heat transfer surface was 

produced by attaching stainless steel foil of 30 μm 

thickness to the wall, and the heat flux q was maintained 

uniformly under direct current heating. In order to 

observe the time and spatial changes of the temperature 

field on the heating surface, the detail measurement of 

the temperature was carried out by using an infrared 

camera through the window which was set up in the 

portion in opposite side of the heating surface. The 

entrance and downstream sections of the channel were  

both 300 mm in span.  

       Another measurement system was employed to 

obtain the distributions of the wall temperature. The wall 

surface temperature Tw was measured by means of a 

cupper-constantan thermocouples of φ70 μm soldered at 

mid span on the back of the stainless steel foil. The fluid 
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Fig.1 Heat transfer mechanism by the mist evaporation. 
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bulk temperature Tb was obtained by adding the 

temperature increase equivalent to the total quantity of 

heat generated between the starting point of heating and 

an arbitrary point of measurement to the entrance 

temperature. Then the local heat transfer coefficient hx= 

q/(Tw-Tb) was obtained. The Reynolds number is 

expressed by ReH= U0H/ν, where the backward-facing 

step height H was used as the representative length. The 

experiment was carried out with ReH=12500-50000 and  

the heat flux q=89.5-496 W/m
2
.   

 

3. RESULTS AND DISCUSSION 

3.1.  Distribution of local heat transfer coefficient and 

flow behavior of mist by the FLUENT 

      The simulation result of the stream wise local heat 

transfer coefficient distributions calculated using the 

FLUENT is shown in Fig.4. A dashed line means the 

value of heat transfer coefficient calculated from the 

equation of Dittus-Boelter in the turbulent flow region 

developed within the circle pipe. This calculation result 

shows that these are approximately the same values in 

the position of X/H=100 in the downstream region of the 

channel. We considered that these were reasonable 

calculation results of the turbulent forced convection  

flow in a pipe.   

       For the comparison of the experimental results of 

local heat transfer coefficient and the simulation result by 

the FLUENT in the range of X/H=0-18 is also shown in 

Fig.5.Although the simulation results and experimental 

results of local heat transfer coefficient do not agree well 

in the range of X/H=0.5-1.5, the whole local heat transfer 

coefficient distributions were similar and qualitatively in 

agreement. Especially, the increment of the local heat 

transfer coefficient distribution of the simulation result 

with mist is similar to the experimental value. The flow 

behavior of the mist is considered that it is closely related 

to heat transfer characteristics of the mist flow however it 

is very difficult to measure the behavior of mist 

experimentally. Therefore, the behavior of the mist is 

confirmed from the simulation result by means of the 

FLUENT, and it was analyzed numerically where the 

mist would evaporate in the duct.The numerical analysis 

about the evaporation and the traces of mist particles 

were carried using the Discrete Phase Model (DPM) and 

chemical species model which arenormally installed the  

FLUENT. 

      The DPM was applied for calculating traces of the 

mist particles by the disperse phase based on the steady 

solution of the continuous phase of the flow by turbulent 

calculation model, k-ω SST. The total of the number of 

calculation grids are 4.1×10
6
, mainly employed the six 

face-piece mesh. The initial conditions of calculation are 

calculation model, k-ω SST. The total of the number of 

calculation grids are 4.1×10
6
, mainly employed the six 

face-piece mesh. The initial conditions of calculation are 

the velocity of main flow U0=10 m/s, the main air 

temperature T=298.15 K and the heat flux q=496 W/m
2
. 

A boundary condition had no slip on the channel inner 

wall and heat insulation wall conditions in a channel and 

the channel wall was made into adiabatic conditions. The 

mist particles were 10 μm in diameter. The mist particle 

1, 2 and 3 are induced to the flow at center in the channel 

from the upper position, the middle position and the 

lower position of the slit respectively. The mist particles 

1 and 3 have evaporated, after flowing to the position of 

X/H=9-9.5. Moreover, the particle 2 entered the position 

of the recirculation region of X/H=4.5, and it has 

evaporated. The mist particles which flowed in the 

channel evaporate less than X/H=10 respectively as 

shown in Fig.6. In light of the Fig.6, the mist particles are 

evaporated in a downstream region or a recirculation 

region, and it is seem that the temperature of the main air 

flow is decreased with the latent heat of mist evaporation. 

100

80

60

40

20

0

h
x 

 [
W

/(
m

2
K

)]

1009080706050403020100

X/H

Experiment

 M=16.7 [mg/s]

 No Mist

 

Simulation

 M=16.7 [mg/s]

 No Mist

ER=1.67  

q=496[W/m
2
]

U
0
=10[m/s]

ReH=25000

Dittus Boelter’s eq.

Fig.4 Distribution of hx by the FLUENT(X/H=0-100). 

Fig.5 Distribution of hx by the FLUENT(X/H=0-18). 

100

80

60

40

20

0

h
x 

 [
W

/(
m

2
K

)]

181614121086420

X/H

Experiment

 M=16.7 [mg/s]

 No Mist

 

Simulation

 M=16.7 [mg/s]

 No Mist

ER=1.67  

q=496[W/m
2
]

U
0
=10[m/s]

ReH=25000

Fig.6 Flow behavior of mist particle. 

 

2.5

2.0

1.5

1.0

0.5

0.0

Y
/H

109876543210

X/H

 Particle 1

 Particle 2

 Particle 3



Paper No. IMPRES2013-119 

 

 International Symposium on Innovative Materials for Processes in Energy Systems 2013, September 4-6, 2013, Fukuoka, Japan 

Therefore, the heat transfer coefficient distribution  

increases.  

 

3.2.  Transient behavior of wall temperature 

 In order to investigate how the heating surface in the 

downstream region of a backward-facing step is cooled 

with mist, a very small quantity of mist was added to the 

flow from the region near the top corner of the backward-

facing step. In the experiment, heat flux q on the heating 

surface was q=351 W/m
2
 and the main flow velocity was 

U0=10m/s (ReH=25000). The heating surface temperature 

distributions with mist were measured using the infrared 

camera, and the transient response of the temperature 

distribution was measured. The temperature distribution 

before the mist was sprayed at t=0 s is shown in Fig.7 (a). 

Further, the temperature distributions at t=10, 20, 40 

seconds after the mist is sprayed are also shown in Figs.7 

(b), (c) and (d), respectively. The range of measurement 

was restricted due to the size of the observation window, 

and the region of X/H=1.0 to 5.0and Z/H=-1.0 - 1.0 was  

measured.  

 Figure 7 (a) shows the image before spraying the 

mist, and it has a high temperature region just behind a 

backward-facing step. The temperature decreases 

gradually as X/H increases from 0 to 5.0. This result 

shows the temperature distribution of the typical 

backward-facing step flow at downstream region. The 

image of Fig.7 (b) shows that the cooling effect appears 

immediately after the mist addition. The whole heating 

surface is cooled, and the high temperature region 

remains only near the facing step in Fig.7 (c). It is seem 

that the temperature distribution of Fig.7 (c) and Fig.7 (d) 

is almost the same, which means that after in 20 seconds, 

temperature distribution becomes in an almost  

steady state.  

       The heating surface at the downstream region from a 

backward-facing step was immediately cooled when 

spray a small quantity of the mist is added from the 

location near the corner of step.  From the temperature 

distribution results of the heating surface using the 

infrared camera, before and after the mist is added, it is 

seem that the temperature distribution in the span wise  

direction is roughly uniform.   

 

3.3.  Distributions of local heat transfer coefficient 

 Figures 8, 9 and 10 show the change of heat transfer 

coefficient with respect to ReH at q=496 W/m
2
. As ReH 

increases, the heat transfer coefficient also increase, and 

attaines the maximum at X/H=4-6 with the various 

Reynolds numbers with mist. In the downstream region, 
the distribution curve with mist approached to that 

without mist. In the case of no mist, the maximum of the 

local heat transfer coefficient is obtained at the X/H value 

of about 6-7. The value of heat transfer coefficient 

decreases as X/H increases from the maximum point. 

Since a recirculation region is formed in the upstream 
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region from the reattachment point is obtained in this 

area indicates lower heat transfer coefficient is obtained 

in. In a recirculation region of X/H=0-7, it is seem the 

heat transfer coefficients are improved. Moreover, also 

the heat transfer coefficients distribution becomes some 

higher at downstream after X/H=7. The tendency of the 

improvement on the heat transfer coefficient in a 

downstream region becomes remarkable as ReH increases. 

The maximum heat transfer is obtained at the X/H value 

of about 4-6. As compared with the case where mist is 

not included, the maximum positions are moved to 

upstream region. This result shows that the mist is carried 

along the shear layer and it evaporates at the region 

upstream from the reattachment position. The thermal 

boundary layer is reformed as the cooled air approaches 

to the heating surface. Moreover, the maximum position 

of local heat transfer coefficient moves to downstream 

region with the increased of ReH. The increase of ReH 

means also the increase of the main flow velocity. The 

mist evaporates more at a downstream region when ReH  

increases. 

       Figure 11 shows the effects of heat flux q on the heat 

transfer coefficient at ReH =12500 with the heat flux 

range of 89.5-496 W/m
2
. For comparison, the local heat 

transfer distributions with no mist are also illustrated for 

two kinds of heat flux q=176 and q=496 W/m
2
. When the 

heat flux changes, the local heat transfer coefficients in 

the case of with mist give higher values than these in the  

case of no mist.  

       Especially, it is remarkable that the local heat 

transfer coefficient increase when the heat flux becomes 

low. In addition, the increase range of the heat transfer 

coefficient spreads to the downstream region. The 

maximum local heat transfer coefficients in the case with 

mist reach about 2.5 times higher than those in the case  

of no mist at q=89.5 W/m
2
. 

 

3.4.  Evaluation of heat transfer enhancement 

The Nusselt number was calculated in order to clarify 

more the effect of heat transfer promotion using locally 

sprayed mist of a very small quantity. The maximum 

Nusselt number was calculated from the maximum heat 

transfer coefficient on the conditions of ReH =12500-

50000 and the heat flux q=176, 241, 496 W/m
2
. The 

relation between the maximum Nusselt number and the 

Reynolds number is shown in Fig.11.The maximum 

Nusselt number increased with mist is added with three 

kinds of heat flux q=176, 241, 496 W/m
2
. In the case of 

the low heat flux condition q=176 W/m
2
, especially the 

effect of heat transfer promotion is the highest, with 

about 2.6-3 times compared with the case of no mist. It is 

seem that this technique is very promising for heat 

transfer promotion. 

       Similarly, the average Nusselt number was also 

calculated from the average heat transfer coefficient in 

the recirculation region X/H=0-6. The relation between 
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the average Nusselt number and the Reynolds number is 

shown in Fig.13. The average Nusselt number in the case 

with mist is improving. In the case of low heat flux 

condition q=176 W/m
2
, the average Nusselt number also 

becomes higher and its heat transfer promotion is 

improving 2 times as well as that is the case of the  

maximum Nusselt number.  

       These results show that a high heat transfer 

promotion effect is acquired for in both the maximum 

and the average Nusselt numbers by adding mist. The 

heat transfer promotion technique in which a very small  

quantity mist added is found that very effective.  

4. CONCLUSIONS 

Heat transfer and flow characteristics of a backward-

facing step flow with a small quantity of mist is  

examined numerically and experimentally. 

      The conclusions are as follows.  

 

1. The tendency of the local heat transfer coefficient 

distributions which are calculated by the FLUENT 

are similar and qualitatively in agreement. The 

tendency of the local heat transfer coefficient 

distributions which are calculated by the FLUENT 

are similar and quantitatively in agreement with the  

experimental value 

2. Adding locally a small quantity of mist from the  top 

corner of step, the heating surface in the downstream 

region from the step was cooled rapidly. The 

uniformity of the temperature in the span wise  

distribution was confirmed. 

3. Compared to the general single phase flow, the heat 

transfer coefficient becomes larger by adding mist. 

Especially large heat transfer enhancement is  

achieved near the reattachment region. When the 

Reynolds number increases under the uniform heat 

flux condition, the heat transfer coefficient increase 

and the maximum point of heat transfer coefficient  

moves to downstream region.  

4. High heat transfer coefficient is obtained and the 

maximum point of heat transfer coefficient moves to 

downstream region in association with Reynolds 

number increases under the uniform heat flux  

condition. 
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