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The Effect of  Ambient  Air Condit ion  on Heat Transfer of  Hot Steel 
Plate Cooled by an Impinging Water Jet 
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It has been observed that the cooling capacity of an impinging water jet is affected by the 

seasonal conditions in large-scale steel manufacturing processes. To confirm this phenomenon, 

cooling experiments utilizing a hot steel plate cooled by a laminar jet were conducted for two 

initial ambient air temperatures (10°C and 40°C) in a closed chamber, perlbrming an inverse 

heat conduction method for quantitative comparison. This study reveals that the cooling 

capacity at an air temperature of 10°C is lower than the heat extracted at 40°C. The amount of 

total extracted heat at 10°C is 15,9/oo less than at 40°C. These results indicate the quantity of water 

vapor, absorbed until saturation, affects the mechanism of boiling heat transfer. 

Key Words : Impinging  Liquid Jet, Hot Steel Plate, Ambient Air Temperature, Inverse Heat 
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1. Introduction 

Many industrial applications use free impin- 

ging jets since a high heat transfer rate can be 

obtained with relatively simple equipment. Impin- 

ging circular water jets are used in general as a 

rapid cooling system for hot steel plate. The high 

heat transfer rate by an impinging jet is caused 

by the high momentum, which can suppress the 

formation of a vapor film between the steel plate 

and fresh water. Previous studies indicate that 

cooling by impinging jets is more efficient by 10- 

30% than cooling by high-pressure spray jets 

(Roberts, 1983 ; Tracke et al. 1985). 

Many researchers have studied the effect of 

variables on heat transfer such as impinging jet 

velocity, shape and size of the nozzle, the distance 

between the nozzle and the plate, the speed of 
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moving plate, water temperature, and surface 

roughness. However, researches have been carried 

out mostly on single-phase convective cooling, 

and limited to nucleate boiling (Ruch et al., 

1975 ; Katsuta et al., 198l : Lee et al., 1988 ; Vader 

et al., 1992). Only a few researchers have studied 

the heat transfer at high surface temperature with 

transition boiling and stable film boiling over 

Leidenfrost temperature (Ishigai et al., 1978 ; Ko- 

kado et al., 1984: Hatta et al., 1984; Oh et al., 

1992). 

lshigai et al. (1978) examined the effect of sub- 

cooling and jet velocity on the steady state heat 

flux at the impinging point by two dimensional 

impinging liquid jet cooling in the range of 10- 

1000°C of superheat. In a study of the cooling pro- 

cess with a hot steel plate by a circular impin- 

ging jet, Kokado et al. (1984) observed the effect 

of degree of sub-cooling or superheat temperature 

on the surface wetting. Hatta et al. (1984) have 

conducted similar unsteady cooling experiments 

and found that the radius of a single-phase con- 

vective cooling area is expanded in proportion 

to the square root of time. They also define the 

water-cooling area, including convective cooling 
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and nucleate boiling, and determine the average 

heat transfer coefficient in this area. More  recent- 

ly, Oh et al. (1992) examined the effect of  the 

initial surface temperature and the distance from 

nozzle to hot  steel plate on the cool ing  rate. 

We have recently discovered that the water flow 

rate to cool  a hot  steel plate of  the same steel 

grade and size in steel making  process is reduced 

by 20-30% in summer in compar ison with that in 

winter, even if other operat ing condi t ions  includ- 

ing water temperature are kept constant. Figure 1 

shows the normal ized heat flux variat ion,  which 

is obtained from an in- l ine  temperature control  

model  for one specific steel grade and size group 

in a year. A l though  water temperature was main- 

tained between 29-32°C throughout  the year, the 

heat flux between March and June is much higher 

than that between October  and February.  

In the examinat ion  on the effect of  ambient air 

condi t ion,  which is the only one previous work, 

Fi l ipovic  et al. (1994) have quantif ied the contri-  

but ion of  impinging jet boiling, conduct ion th- 

rough table roller, and air cool ing  including ra- 

diat ion heat transfer in strip cool ing of  the hot  

strip mill. They define radiat ion to ambient air to 

be a unique contr ibut ion to total heat transfer. 

However ,  if  that were true, there could be no 

reason for the increased flow rate of  cool ing water 

in summer. We have theorized that ambient  air 

temperature and humidi ty  have an effect on heat 

transfer because of  boi l ing in the thin l iquid flow 

formed after jet impinging. No  previous work has 

fully accounted for this phenomenon.  

In this research, we confirmed the effect of  

ambient  air condi t ion  on a hot steel plate cooled 

by an impinging water jet. To do this, we con- 

ducted cool ing  experiments for two different am- 
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bient air condi t ions  and inverse heat transfer an- 

alyses. We suggest that the quanti ty of  water va- 

por absorbed until saturation affects the mec- 

hanism of  boil ing heat transfer. 

2. Exper iments  and D a t a  Reduct ion 

2.1 Experimental apparatus 
A schematic diagram of  the experimental  ap- 

paratus is shown in Fig. 2. Cool ing  water is pum- 

ped into the cool ing  header for stabilizing the 

water flow and pressure from the large-scale  stora- 

ge tank and then discharged through the nozzle to 

the steel plate. Water  temperature was control led 

to 5--50°C with an error range of  +0.2°C. 

A chamber  was fabricated with the size of  l m 

x 1 m x I m .  Air  in the chamber  is heated or cool- 

ed to simulate summer and winter  conditions.  

These temperature changes altered the initial re- 

lative humidity.  The range o f  air temperature 

control  is also 5--50°C with an error  range of  

+0.2°C. Glass plates were installed on the front 

and back of  the air chamber  for easier visualiza- 

tion while other sides were covered with stainless 

304 plates. To assist the evacuat ion of  water va- 

por generated dur ing cooling, two small fans were 

installed on the top of  the lair chamber.  

An equipment  with two guide rails and a 

stopper plate was set up to transport  the hot  

a 

"~ magn in Fig.3 

1. electric turnace 2. water reservoir 3. float flow 

meter 4. air chamber 5. water cooling header 6. air 

line 7. test specimen 8. transport equipment 9. ther 

mocouples 10. transmitter for RH and temp. of air 
11. data acquisition system 

Fig. 2 Schematic diagram of experimental apparatus 
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Fig. 3 Geometry of the convergent nozzle 

specimen from outside the air chamber to the 

target cooling position inside the air chamber by 

keeping the horizontal level. The contacted width 

between the ceramic floor of the transport equip- 

ment and the test specimen was minimized to 5 

mm to reduce the contact heat loss. In contrast to 

previous researches by Hatta et al. (1984) and Oh 

et al. (1992) who used a pipe nozzle, a convergent 

nozzle with 6 mm in outer diameter, as shown in 

Fig. 3, was adopted. This produced a uniformly 

thin film after impinging. To make the flow stable 

and laminar, a small cooling header with air vent 

was designed, where wire meshes were installed 

on the topside of the nozzle. The distance from 

nozzle to steel plate was fixed to 300 mm. Two 

valves were installed. One is for flow rate control 

and the other is for on /of f  control. A buoyant 

flow meter with a tolerance of + 10 ml /min was 

used. 

The specimen was made of stainless 304 with 

an as-rolled surface condition to avoid to the 

effect of oxide scale and phase transformation in 

the microstructure• We chose a smaller specimen 

with the size of  2 0 0 m m × 2 0 0 m m ×  10 mm than 

Hatta et al. (1984) and Oh et al. (1992) to pre- 

vent thermal deformation during cooling process. 

To measure the temperature change of the sp- 

ecimens, three K-type sheathed thermocouples 

with an outer diameter of 1•5 mm and 0.076 mm 

diameter alumina and cromel wires were installed 

on the bottom of the specimen at 0 mm (x /d=O) ,  
30mm ( x / d = 5 )  and 60mm ( x /d=lO)  in the 

radial direction from the impinging point. The 

alumina and cromel wires were stripped and 

spot-welded to the specimen. A T-type thermo- 

couple with an outer diameter of 0.5 mm was set 

on the spout attached to the transport equipment. 

This measured the thermal history of the cooling 

water after impinging the specimen during the 

cooling process. Two OMAGA HXI3V sensors 

for measuring the ambient air temperature and 

humidity were attached near the cooling header 

and the outer section of the air chamber. For 

visualization, a Nicon FM2 steel camera and 

Super VHS video camera were used. 

2.2 Experimental methods 
As a first step, the water was supplied to the 

cooling header when the targets for air tempera- 

ture in the air chamber and water temperature in 

the water storage tank were obtained. To mini- 

mize deviations from the target water temperature, 

it is important to supply water to the cooling 

header just before cooling starts since its temper- 

ature cannot be controlled• As air ventilated from 

the water chamber and the control valve esta- 

blished the target water flow rate, the only on /of f  

valve was turned off to confirm the target flow 

rate from the cooling start• 

Before the experiments, the surface of the spec- 

imen was cleaned with ethanol and the thermo- 

couples were attached. The specimen was heated 

to 940 °C in a muffle furnace and equalized by 

heating for more than 30 minutes at that temper- 

ature. After reaching a temperature of 800°C, the 

heated specimen was inserted into the air cham- 

ber. This delay in insertion was to prevent eleva- 

tion of the air temperature inside the air chamber. 

When the specimen temperature reached 750°C, 

the on /of f  water valve was opened and cooling 

started• During cooling process, the air condi- 

tioner was turned off and small fans were turned 

on to sustain the natural flow of the water vapor 

generated by boiling. 

2.3 Experimental conditions 
For comparative analysis, two different air 

temperatures, 10°C +0.2°C and 40°C +0.2"C were 

selected for the air chamber, while the water tem- 

perature was kept constant at 40_-L-_0.2°C. Thus 

"W40A40" means the water and air temperatures 

were both 40°C. "W40AI0" means a water tem- 

perature of 400C and an air temperature of 10°C. 

We had two test sets with different water flow 
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rate and surface roughness conditions. In the first 

test set, the experiments for two different con- 

ditions of air temperature were conducted for 

water flow of 2090 ml /min  -- 10 ml/min over a 

specimen with an average surface roughness of 

14.7/an. These experiments were undertaken be- 

tween 11:00 A.M. and 3 P.M. in one day to 

ensure a similar outer air condition. However, the 

constant outer air condition was not guaranteed. 

Therefore, in the second test set, we monitored the 

outer air condition and found it was kept constant 

at air temperature of 25°C and relative humidity 

of 65% during the entire cooling process. To 

make the effect of ambient air temperature in the 

air chamber more clearly apparent by enhancing 

the boiling heat transfer, we increased the water 

flow rate to 3000 ml/min.  The average surface 

roughness was 28/zm, which is two times larger 

than that of the |st test set. 

2.4 Data reduetion 
In contrast to previous works (Kokado et al., 

1984; Hatta et al., 1984; Oh. et al., 1992), we 

tried to define the heat transfer characteristics by 

Table l Thermo-physical property 

T ( K )  Cp(J/KgK) p(kg/m') K(W/mK) 

293 543.7 8000 17.09 

680 697.1 8000 26.90 

878 748.5 8000 31.29 

973 757.3 8000 33.01 

1072 761.0 8000 34.01 

1158 781.6 8000 35.91 

laminar liquid jet 
I I I  

x/d=  8.7 ...... I;7 .... 

i, ] 

"., x/d~ ~ regios~3.3 .-,/ 

Fig. 4 Regions for calculating heat flux 
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using the inverse heat conduction technique, not 

just cooling rate. An inverse heat conduction 

package developed by Trujillo at Trucomp Co. 

that use a regularization method was used to 

calculate the heat flux on the impinging surface 

from the measured hot plate temperatures. 

Table 1 shows the thermo-physical properties 

(Kim et al., 1990) for this calculation, which are 

dependent on the temperature of the specimen. 

This situation was defined as an axi-symmetric, 

two-dimensional problem. The initial conditions 

were assumed to be a uniform 940 °C. The adia- 

batic boundary conditions were applied to the 

surfaces, the side edge and the bottom except for 

the impingement side, since the radiation and 

convection heat transfer quantities on those are 

much less than the boiling heat transfer quantity 

on the impinging side. The calculation domain is 

shown in Fig. 4. Only three calculating regions 

for the unknown heat flux are defined since only 

three point-temperatures were measured. 

3. R e s u l t s  and D i s c u s s i o n  

3.1 Temperature history 
Figure 5 compares the temperature history of 

the hot steel plate for two different conditions 

(W40A40 and W40A10) in the 1 st test set. The 

temperatures were dropped dramatically after 

specific time delays. The order was x/d----O, x~ 

d = 5 ,  and x / d  = 10 and the time delay between 

x / d = O  and x / d = 5  was much less than that bet- 

ween x / d = 5  and x / d  = 10. According to previ- 

ous research results and data presented in this 

paper, the single-phase convective cooling area 

expanded as time went by and a strip of nucleate 

boiling developed at the boundaries of this area. 

The time delay and the difference between time 

delays could be explained by expansion of this 

area and the gradually reduced expansion rate. 

There was no significant difference between the 

measured temperatures in W40A40 condition and 

that in W40AI0 condition under the impinging 

point ( x / d = O ) .  However, at the x / d = 5  and x~ 

d =  10 positions, it was observed that at W40A40, 

the specimen cooled down more rapidly than at 

W40AI0. This difference became more profound 
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as the x / d  became larger. 

Similarly, as shown in Fig. 6 for the 2 nd test 

set, it was found that W40A40 caused more rapid 

cool ing than W40AI0.  In this case, the difference 

between the two condi t ions  (W40A40 and W40- 

At0)  was larger than that in the I st test set. This  

could be explained by the increased flow rate and 

rougher surface in the 2 nd test set. 

Figure  7 displays the measured water tempera- 

ture obtained from a T- type  thermocouple  on the 

spout attached to the traversing equipment,  which 

is used to gather the water that has flowed down 

from the steel plate. Just after cool ing was ini- 

tiated, the water temperature increased to 78°C. 

Thereafter,  in the W40A40 condit ion,  it main- 

tained a temperature of  about  70°C, which was 

approximately  10°C higher than that of  W40AI0.  

Since the water temperatures of  the jet were iden- 

tical for both condit ions,  we inferred that the 

higher temperature of  the flowed water was the 

result of  heat transferred from the hot steel plate 

t ,  
80 [ @ W40A'~ 0 14 

" w ,  o M o  

i ....... 

50 

"cooling stllrt 0 20 30 40 
Cooling Time (second) 

Fig. 7 Temperature history o f  the cool ing water 

from the spout attached to traversing equip- 

ment (1 st test set) 

to the water. Our results demonstrated that the 

W40A40 condi t ion  al lowed more active cool ing  

than W40A 10. 

3.2 Monitoring the cooling process 
The photographs  of  the successive stages during 

the cool ing process are shown in Fig. 8 for the 

W40A40 condi t ion  and in Fig. 9 for the W40A10 

condit ion.  As cool ing started, a water vapor  film 

with a small white circular area suddenly formed 

near the impingement  center and immediately dis- 

appeared. Then a s ingle-phase convective cool ing 

area, which was defined as "black zone"  by Ko- 

kado et al. (1984), was developed and nucleate 

boil ing was observed at the boundary  of  this area. 

However,  the major  part of  the cool ing  surface 

still remained in the film boil ing or radiat ion heat 

transfer. Also, an intense sputtering of  small wa- 

ter droplets was observed near the boundary of  

the s ingle-phase convective cool ing  area. It is 

speculated that this sputtering phenomenon  res- 

ults from flow boil ing because the thin l iquid film 

flow in the non-bo i l i ng  case shows a hydraul ic  

j u m p  without  sputtering, and also because the 

intensity of  the sputtering weakened as the inten- 

sity of  the boil ing decreased. 

As the cool ing process proceeded, the radius 

of  the s ingle-phase  convective cool ing the area 

increased, but the rate of  increase was reduced. 

Fig. 10 shows the change of  this radius for the I st 

and 2 nd test set during the cool ing process, as 

determined from video images. Similar  to the 

results obtained by Hatta et al. (1984) and Oh. et 
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(a) 0 second (b) 5 second 

(c) 15 second (d) 25 second 

Fig. 8 Photographs of the successive stages for the cooling process (W40A40 condition, 2 nd test set) 

(a) 0 second (b) 5 second 

i!ii 

(c) 15 second (d) 25 second 

Fig. 9 Photographs of the successive stages for the cooling process (W40AI0 condition, 2 nd test set) 
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al. (1992), the expansion rates are proportional 

to the square root of the elapsed time. Equation 

(l) and (2) show the relationships between the 

radius and the elapsed time for each test set. The 

radius for the 2 nd test set using a larger flow rate 

of 3000 mi/min and a rougher surface of 28/.an is 

larger than that for I st test set using a smaller flow 

rate of 2090 ml/min and a less rough surface of 

14/Jm. However, there is no significant difference 

between the W40A40 and W40AI0 conditions. It 

led us to conclude that this expansion rate could 

not be an important factor for estimating the 

cooling capacity, which differs from the opinion 

presented by Hatta et al. (1984). 

Rxst=9.5 f t -  (1) 

Rznd= 12.1 f t  - (2) 

The two differences between W40A40 and W40- 

Al0  conditions are demonstrated in Fig. 8 and 

Fig. 9. Firstly, in W40AI0, with a lower air tem- 

perature that was contrary to the W40A40 condi- 

tion, a large amount of water vapor was observed 

from the initial stage of cooling at the surroun- 

dings of the single-phase convective cooling or 

nucleate boiling areas. Secondly, when we com- 

pared the images taken at 5 seconds and 15 

seconds for both conditions, in the W40A40 con- 

dition, the somewhat white area resulted from 

nucleate boiling and film boiling was clearer than 

that in the W40A10 condition. Between these two 

differences, the second one might mean that the 

intensity or area of boiling in the W40A40 con- 

dition is more active or wider than that in the 

Temperature{W40A40) 

5 0 -  
40-~ - , . . ~  ~ z o  I~ 

3o ~ ~ ~ " ~ ~ , o ~  !1o e 20 .... , 

l o  q , ~o 
o 7 ~ [  ~ ~--¢--1 ' - ~ - ,  '~~ , ~ - P - i  

0 5 10 15 | 2 0  25 30 35 40 4S 50 
/ 

C o o ~  start 

Fig. II  Variations of the ambient air temperature 
and relative humidity during the cooling 
process 

W40AI0 condition, which matches well with the 

previously mentioned results on the temperature 

history comparison. 

On the contrary, the first difference might cause 

a misunderstanding that, due to the higher cool- 

ing capacity in the W40AI0 condition, the am- 

ount of water boiled is larger than that in the 

W40A40 condition. Therefore, we monitored the 

air temperature and the relative humidity for the 

two different conditions in the 2 nd test set (Fig. 

11). The air temperature and relative humidity for 

the outside air was maintained at 25°C and 65% 

during the cooling process. However heating up 

or cooling down of the inside air to the targeted 

10"C and 40"C changed the relative humidity. Mor- 

eover the issued water for controlling the target 

flow rate without hot specimen and heating up of 

the air temperature by the hot specimen before 

cooling start changed the humidity ratio once 

again. Eventually, when cooling was initiated for 

the 10°C target, the air temperature was 12.5°C 

and the relativity humidity was 91%. For the 40°C 

target, the air temperature was 43.5°C and the 

relative humidity was 39%. We conjectured that 

the first difference for the water vapor (as seen in 

Fig. 8 and Fig. 9) might mean only the time delay 

until saturation rather than the cooling capacity. 

Actually, Fig. I1 shows that, while the W40A10 

condition could be easily saturated in 5 seconds, 

the W40A40 condition was saturated nearly at the 

end of the cooling. Then, by reviewing the psy- 

chrometry chart that shows the relationships be- 

tween the air temperature and the humidity ratio, 
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and the relative humidity in 1 kg of air, we found 

that about 0.01 kg of  water vapor is required to 

reach saturation in the W40A10 condition, while 

more than 0.1 kg is needed in the W40A40 condi- 

tion. This is more than 10 times the amount of  

water vapor as found in the W40AI0 condition 

(Stoecker and Jones, 1982). So it was inferred 

that the previously mentioned large amount of 

water vapor observed in the W40A10 condition 

emerged because it could absorb only a small 

amount of water vapor until saturation, not be- 

cause it has a high cooling capacity. 

3.3 Comparisons of extracted heat 

Numerical analysis using inverse heat conduc- 

tion software was conducted for the two condi- 

tions of the 1 st and 2 nd test sets. Figure 12 com- 

pares the measured and calculated temperature 

histories for the W40A40 condition in the 1 st test 

set. The differences between the measured and 

calculated temperatures were within 20°(:: for all 

calculations. 
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Figure 13 shows the histories of the calculated 

heat fluxes for the three regions shown in Fig. 4 

in the I st test set. At the start of cooling, the 

radiation or film boiling was dominant on all the 

regions. After that, as the single-phase convective 

heat transfer area expanded, each region experi- 

enced transition and nucleate boiling, and finally 

the single-phase convective heat transfer with 

time delay between each one. This is why the 

calculated heat fluxes stayed in low values in 

radiation or film boiling and increased to the 

maximum at nucleate boiling, and thereafter de- 

creased experiencing the single-phase convective 

cooling. Among the three regions of Fig. 4, the 

maximum heat flux appeared on the region closest 

to the impinging point, as we had expected. Be- 

tween the two different conditions, there is no 

significant difference on the region closest to the 

impinging point for the entire cooling process. 

But, on the other two regions, the heat flux before 

the maximum value in the W40A40 condition is 

larger than that in the W40AI0 condition except 

for the initial radiation and final single-phase 

convective cooling. 

To quantify the difference in the heat transfer 

between the two different air conditions, the amo- 

unt of the total extracted heat was compared. The 

amount of total extracted heat for 27 seconds from 

cooling start was calculated by integrating the 

data in Fig. 13 with respect to time, multiplying 

the area of the heat transfer region, and summing 

up all values for three regions. This time, 27 

seconds was selected because it meant that the 

region farthest from the impinging point was 

going into single-phase convective cooling for the 

two different air conditions. Table 2 compares the 

total heat flows between the two air conditions in 

the I st and 2 nd test sets. As had been expected, the 

amount of the extracted heat in the 1st test set was 

smaller than that in the 2 no test set. In the both test 

sets, it was discovered that the amount of  total 

extracted heat in the case of 10°C was smaller by 

nearly 15% than that of the 40°(:: condition. 

Results of uncertainty analysis for the measure- 

ments of  major variables, which effect on the 

amount of the extracted heat during the cooling 

process, are tabulated in Table 3. The cooling 
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Table 2 Comparison of extracted heat between 
W40A10 and W40A40 conditions 

~ i o n  Deviation, 
W40A40, W40AI0, 

Case ~ (~'(106 J) (~)'(106 J) ((~)-(~)) * 100/~), (.%o) 

I s t  test set 6.47 5.61 15.3 

2 nd test set 9.11 7.84 16.2 

Table 3 Uncertainty in measurements 

Variable Uncertainty 
(%) 

Ambient air temperature 2.14 

Position of thermocouple 3.33 

Water temperature 0.91 

Time 0.93 

Specimen temperature 0.76 

Water flow rate 0.33 

surface of  the specimen was cleaned by alcohol  

when it was prepared and its horizontal  level and 

the posi t ion were frequently checked. Also a 

specimen was used for a experiment to prevent the 

error  by its deformation.  Therefore we thought  

that the errors by the surface condi t ion  and the 

posit ion o f  the test specimen were negligible. 

For  the uncertainty analysis of  the total ex- 

tracted heat, the method of  single sample experi- 

ments proposed by Kline and McCl in tock  (1953) 

was selected. It was assumed that the total ex- 

tracted heat is directly or  inversely propor t ional  

to the variables listed in Table  3. The uncertainty 

of  the total extracted heat in the W 4 0 A I 0  condi-  

t ion was estimated as 4.25%. 

3.4 Relat ion  between normal ized heat  f lux 
and A water  vapor quant i ty  

In the compar ison of  extracted heat above, it 

was found that the transferred heat in the easily 

saturated W 4 0 A I 0  condi t ion  was smaller than 

that in the W 4 0 A I 0  condit ion,  which could ab- 

sorb much amount  of  water vapor  until satura- 

tion. Other variables such as l iquid flow rate, 

l iquid temperature,  nozzle shape, and distance 

between specimen and nozzle remained the same. 

According  to these results, it is reasoned that, for 

0.010 - 0 1 2 
.£ 

0.008 "=.1 

@ 10 

8C= 0o06 , o,9 

~ o.oo4 o,8 ~ 

0.7 '~ 
o.oo2 • :o.~ =a 

o .ooo  . . . . . . . . . . . . . . .  !os 
'96.10 '97.1 '97,4 '97.7 '97.9 

Fig. 14 Variations of the normalized heat flux and A 

water vapor quantity in a year 

1.3 
. j  

1.2 • • 

~ °° D • 
,~ 1.1 

1.0 e •  
• 0 •  • 110 

0.8 ~ ' ' , 
0 .000 0.004 0 .008 0 .012  0 .016 

(saturated.measured) humidity ratio 

Fig. 15 Comparison between normalized heat flux 

and A water vapor quantity (Mild Steel, 

thickness between 5-6 mm) 

0.9 

the exact compar ison of  the cool ing capacity, it is 

necessary to account  for how much water vapor  

could be absorbed in the ambient  air. 

Consequently,  we have calculated A water va- 

por quanti ty of  the ambient  air by using local 

meteorological  observations for a year (Fig. l ) .  

Here A water vapor  quant i ty  is defined as the 

difference of  the weight of  water vapor  in 1 kg of  

air determined from the measured ambient  air 

temperature and the relative humidi ty with that in 

I kg of  air at saturation state for the same ambient  

temperature. Figure  14 shows this calculated qu- 

antity with the normalized heat flux. As we ob- 

served, A water vapor  quant i ty  explains the tran- 

sition of  normalized heat flux very well. Figure  15 

shows the relat ionship between the normalized 

heat flux and A water vapor  quant i ty  for different 

size and material specifications from those in Fig. 

I. F rom these results, it is concluded that the A 

water vapor  quanti ty may be one of  the major  

Copyright (C) 2003 NuriMedia Co., Ltd. 
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factors that govern the mass diffusion of water 

vapor into ambient air from a boiling system. 

4. Conclusions 

The experiments were conducted under two 

different ambient air temperatures-10°C and 40°C 

in a closed chamber to confirm the seasonal varia- 

tion of the cooling capacity in the case of impin- 

ging jet cooling of a hot steel plate. The conclu- 

sions of this study can be summarized as follows : 

(1) Heat transfer becomes more active in high 

ambient air temperature than that in the relatively 

low ambient air temperature when all other fac- 

tors except for the humidity ratio remain constant. 

(2) The developing rate of the single-phase 

convective heat transfer area is proportional to 

the square root of the elapsed time. but it is in- 

dependent of the ambient air conditions. 

(3) The ambient air condition affect the boi- 

ling phenomenon with a thin liquid film and the 

total heat transferred quantity at 10°C ambient air 

temperature is smaller by nearly 15% than that at 

40°C. 

(4) The quantity of water vapor absorbed un- 

til saturation, can accurately explain the seasonal 

transition of heat flux in impinging jet cooling 

process of hot steel plate. Consequently to im- 

prove the cooling control accuracy, it is necessary 

to consider A water vapor quantity. 
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