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I.     INTRODUCTION 

The jet impingement cooling is being extensively 
used in many industrial applications due to its 
higher heat removal capability. A numbers of 
analytical [1, 22] and experimental [8, 11, 20] work 
has been published so far for steady and transient 
state cooling condition. During transient cooling 
rewetting seems to be an important aspect of study, 
particularly in the context of emergency core 
cooling system of a nuclear reactor and cooling of 
hot metal surfaces. During loss of coolant accident 
(LOCA) conditions in a nuclear reactor, the clad 
tubes consisting of fuel rods become over heated 
even after shut down of the nuclear reactor. 
Therefore an emergency core cooling system 
(ECCS) is provided in the reactors to cool clad 
tubes under LOCA condition. In advance heavy 
water reactors (AHWR) the water jet impingement 
cooling techniques is used as a part of ECCS to 
cool the overheated clad tubes instantly under such 
condition. Rewetting phenomena have been 

reported with top-bottom flooding [1, 9], spray 
cooling [2, 4] and with jet impingement [12, 24] 
several times.  These studies covered the effect of 
various operating parameters on rewetting 
phenomena of flat, cylindrical and spherical surface 
of different materials. The operating parameters 
were initial surface temperature, jet or spray 
diameter, surface roughness, coolant temperature 
and flow rate etc. 

When the liquid jet strikes on the hot surface a 
wet patch was formed in the stagnation region, 
thereafter the liquid advances along the hot surface 
in the direction of the flow [7, 17]. Initially cooling 
commences at a relatively slow rate in the film 
boiling regime due to separation of the liquid from 
the surface by continuous vapor blanket. As the 
surface temperature reduces, rate of cooling 
increases till the single phase convection boiling 
occurs, where surface boiling completely ceases [8, 
14].  

It is assumed that liquid make contact to the hot 
surface only after the rewetting or Leidenfrost or 
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sputtering temperature [1, 13]. Rewetting 
temperature does not always remains constant; it 
depends on surrounding pressure, physical 
properties of the test section and coolant flow 
condition. The range of rewetting temperature has 
been reported so far for the SS and water was 167ºC 
to the maximum 700- 800ºC [3]. This variation in 
rewetting temperature is due to the different opinion 
regarding the point of rewetting to occur. In the 
stagnation region rewetting temperature is weekly 
affected by jet impingement velocity and strongly 
depends on water sub-cooling of 5-45ºC [10]. 
However hall et al. [11] reported rewetting 
temperature decreases with reduction in jet velocity 
and increases with jet diameter. The surface initial 
temperature marginally affects the rewetting 
temperature [11]. 

The time elapsed between commencement of jet 
and initialization of surface rewetting is termed as 
wetting delay [17]. Mozumder et. al. [15] called 
wetting delay as resident time and found it as strong 
function of surface material, surface initial 
temperature, coolant flow rate and temperature. 
Wetting delay reduces with the rise in liquid sub-
cooling, however increases with the rise in surface 
thermal conductivity, heat generation rate, jet 
impact angle and the initial surface temperature [16, 
17].once the quenching front starts moving over the 
surface it does not take much time to cover 
complete surface [12]. Therefore another parameter 
to measure surface rewetting is defined as rewetting 
velocity. Rewetting velocity is the measure of 
quench front movement between two marked 
locations over the hot surface per unit time [1, 9]. It 
was reported that rewetting velocity increases with 
the rise in liquid sub-cooling, flow rate and 
surrounding pressure [16], however decreases with 
the rise in initial wall temperature and residual 
power input [6]. Effect of flow rate is more on low 
initial surface temperature than higher surface 
temperature. At low flow rate and at low sub-
cooling rewetting velocity remained more or less 
constant [16]. Raj et. Al [18] reported that rewetting 
velocity was near 20-30 percent lower for 
horizontal tube compare to vertical arrangement. 
Celata et. Al. [5] reported higher rewetting velocity 
for spray cooling system compare to film cooling. 

At high coolant flow rate surface thickness and 
conductivity has no bearing on rewetting velocity 
[10]. However surface roughness increases the 
wetting velocity due to increase in rewetting 
temperature and heat transfer [9].  

It is observed with the available literature that the 
study on rewetting phenomena associated with high 
sub cooled water jet impingement cooling 
particularly on the thin stainless steel sheet is 
limited. Therefore, an experimental investigation 
has been carried out to study cooling curves, 
rewetting temperature, wetting delay and rewetting 
velocity on the hot horizontal surface during 
transient cooling. The effect of jet exit to surface 
spacing and jet Reynolds number on these rewetting 
parameters has also been examined at different 
radial locations of the target surface. 

II.     EXPERIMENTAL PROCEDURE  

Experiments were performed for the quenching 
of a hot stainless steel horizontal surface using 
normal water jet of 22±1ºC, injected through a 
straight tube type nozzle. The complete schematic 
of the set up is shown in the Figure 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Initially water was collected in a reservoir (9) and 

supplied to the nozzle (1) using a water pump (8). A 
flow control valve (7) and a turbine flow meter (6) 
was installed between the pump and a by pass line 
(10). The nozzle was mounted on a slide (4) free to 
move in vertical direction over a work table (2). 
The test surface (5) was placed on the work table 
beneath to the nozzle assembly. Ungrounded ‘K’-

1. Nozzle assembly
2. Work table
3. Data acquisition system
4. Verticle slide
5. Test surface
6. Turbine flow meter
7. Flow control valve
8. Pump
9. Water reservoir
10. By pass line

Water 
inlet

Figure 1 Schematic of experimental set up 
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type thermocouples was attached at back side of the 
test surface and connected to the Data Acquisition 
System (3). The test surface was heated with a high 
current and low voltage auto-transformer 
arrangement. Two copper bus bars from the 
terminal of auto-transformer are attached at both 
sides of the test surface to minimize the voltage 
drop between the transformer and the test surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2 shows the details of test surface 

assembly. It consisted of a water injection nozzle (6) 
in the form of a straight tube of 2.5 mm diameter 
and 250 mm length to deliver fully developed flow 
at the nozzle exit. This tube type nozzle was 
mounted on a vertical slide (2) having the rack (3) 
and pinion (4) arrangement for vertical movement. 
In fact, the jet exit to target surface spacing was 
varied through this mechanism. The complete 
nozzle assembly was mounted on the vertical 
support (12) attached at the both sides of the main 
frame (11) of work table. In addition to rack pinion 
arrangement several holes on the two vertical 
supports was provided to vary the jet exit to target 
surface spacing. The vertical movement of nozzle 
was directly measured using a pointer (15) on the 
vertical slide having a scale (5). The test section 
with Teflon base (9) was clamped on a movable 
work table (10). The table can be moved in lateral 
and transverse direction to adjust the position of the 
test surface beneath the impinging jet. For these 
movements two lead screws were provided in two 
perpendicular directions. These lead screws were 
moved separately by using a lateral (13) and 
transverse movements handle (14). The test section 

was a 130 mm long, 38 mm wide and 0.25 mm 
thick stainless steel sheet. K-type mineral insulated 
ungrounded thermocouple of 500 micron sheath 
diameter were spot welded at the back side of test 
surface. The thermocouples were attached at 
stagnation point just beneath to the nozzle centre 
axis. The other thermocouple was at 16 mm away 
from the stagnation point in downstream radial 
location, along the longer side of test surface. The 
thermocouple side of test surface was insulated by 
applying ceramic insulation and Teflon sheet so that 
all the heat generated in the sheet was dissipated 
only by the cooling water. Since the test surface 
was very thin (0.25 mm) and the cooling was very 
fast, the Biot number for the transient cooling 
experiments became Bi << 0.1, therefore, the test 
surface can be treated as a lumped surface. Using 
1D conduction heat transfer equation, the 
temperature drop across the test surface was 
evaluated less than 0.2 ˚C, thus the temperature at 
the back of the target surface was assumed identical 
to the side of surface exposed to the coolant.  

 
TABLE 1  

UNCERTAINTY IN THE MEASUREMENTS 

 
The surface temperature during transient cooling 

and the steady state were recorded using a data 
acquisition system. The water flow rate was 
measured with the help of a turbine flow meter. The 
flow rate was manipulated to vary the jet Reynolds 
number using the flow control valve. The test 
section was heated by the current supplied through 
auto- transformer. The voltage drop across the sides 
of test surface was measured by a digital voltmeter. 
The corresponding current supplied was measured 
with the help of an ammeter and a current 
transformer arrangement. The nozzle diameter was 
measured with a optical micrometer. The 
uncertainty in the measurement is shown in Table-1. 

Parameter  Accuracy  

water flow rate 0.10 lpm 

nozzle diameter 0.10 mm 

test surface dimensions 0.02 mm 

test surface thickness 0.01 mm 

Thermocouple location 0.50 mm 

temperature  1.5˚C at 500-800 ˚C,  
0.5˚C at 200-500 ˚C 

1 - Valve
2 - Vertical Slide
3 - Pinion for Vertical Movement
4 - Rack
5 - Scale
6 - Nozzle
7 - Test Surface
8 - Clamps
9 - Teflon Base
10 - Movable Table
11 - Main Frame
12 - Vertical Support
13 -  Lateral Movement Handle
14 - Traverse Movement Handle
15 - Scale Pointer

Figure 2 schematic of nozzle assembly  
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Initially to start the experiments the water pump 
was started, the main valve near nozzle was kept in 
closed condition and the bypass line valve remained 
in open condition. When the cooling of test surface 
was desired, the bypass line was closed and main 
valve (1) near nozzle was opened. The test surface 
was cleaned properly with the acetone and then 
heated slowly up-to the initial surface temperature 
of 800 oC by regulating auto transformer. When the 
test surface temperature was stabilized 
approximately for 15 minutes and all the 
thermocouples on the test surface showed 
temperature within 800 ± 10ºC, the supplied voltage 
and the current value is recorded. The supplied heat 
flux to the test surface was calculated by using 
Equation 1.  

A

VICos
q

φ
=′′

    - (1) 
The water was injected through the nozzle on test 

surface by closing the ball valve mounted on the 
bypass line and opening the ball valve just before 
the nozzle. As the cooling water jet impinged on the 
surface, the surface temperature was dropped 
drastically within a few seconds of jet impingement. 
The transient and steady state surface temperature 
data with time were recorded by the data 
acquisition system at the rate of 100 samples per 
seconds. 

TABLE 2  
OPERATING RANGE OF EXPERIMENTAL PARAMETERS 

Experimental parameter Operating range 

Reynolds number (Re) 5,000 – 24,000 

Jet exit to surface spacing (z/d) 4 – 16 

Nozzle diameter (d) 2.5 mm 

Thickness of test surface (w) 0.25 mm 

Water temperature 22 ± 1ºC 

Initial surface temperature 800ºC 

 
For every experiment a new heating surface was 

prepared to avoid any effect of change in surface 
properties, oxidation and surface deformation from 
the previous experiment. The surface temperature 
data were recorded before the commencement of 
the jet impingement till the steady state cooling 
condition was achieved. A number of experiments 
were performed for different jet Reynolds number 
and jet exit to surface spacing. The jet Reynolds 
number was varied by manipulating the water flow 
rate and spacing (z) by changing vertical position of 

the nozzle on the vertical slide. The operating 
ranges of experimental parameters have been 
shown in the Table -2. 

III. RESULT AND DISCUSSION 

Surface is initially heated up to 800ºC, thereafter, 
round water jet is impinging over the surface. These 
data under transient cooling conditions are analysed 
for different parameters. The radial surface 
temperature distribution with the time is shown in 
Figure 3, for all the jet Reynolds number examined 
at nozzle exit to surface spacing, ‘z/d = 16’.  

IV. RESULT AND DISCUSSION 

Surface is initially heated up to 800ºC, thereafter, 
round water jet is impinging over the surface. These 
data under transient cooling conditions are analysed 
for different parameters. The radial surface 
temperature distribution with the time is shown in 
Figure 3, for all the jet Reynolds number examined 
at nozzle exit to surface spacing, ‘z/d = 16’.  

 

 

 

 

 

 

 

 

 

 

 

 

The Figure 3 is in line with the transient curves 
obtain by many investigators for jet impingement 
[14, 15], for spray cooling [4, 5], and for film 
cooling system [1, 9]. With these figures it is 
evident that immediate cooling is started in the 
stagnation region and a wet patch is formed. 
However for transition (1≤ (r/d) ≤ 2.5) and wall jet 
region (2.5≤ r/d) cooling is slightly delayed. This is 
due to flow retardation towards the wall jet region 

Figure Surface temperature distribution for Re= 10000, z/d=16
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Figure Surface temperature distribution for Re= 5000, z/d=16
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Figure Surface temperature distribution for Re= 24000, z/d=16
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Figure Surface temperature distribution for Re= 16000, z/d=16
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Figure 3 Surface temperature distribution at z/d = 16 for (a) Re = 5000  
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[7, 11]. It has also been observed that at high 
Reynolds number cooling is fast for all the region 
compares to low Reynolds number. The surface 
temperature reduces form 800ºC to 150ºC with in 
0.88 sec at stagnation point and at 16 mm 
downstream it reaches in approx 1.3 sec, for the Re 
= 24,000. Whereas at Re = 5000 it takes 1.74 sec 
and 3.6 sec respectively. The lesser difference in 
time value with the higher Reynolds number can be 
attributed by the high flow rate coupled with the 
higher Reynolds number. The larger liquid flow 
covered wider area and cooled the surface with 
much faster rate. It was observed that the jet exit to 
surface spacing does not have significant effect on 
the cooling curves. The variation in transient 
cooling time was observed within 5 - 10% for all 
the value of ‘z/d’ examined without any particular 
trend. The transient cooling performance of the 
surface was further evaluated on the basis of 
Rewetting temperature, wetting delay and 
Rewetting velocity. 

 

 

 

 

 

 

 

 

 

 

The time variant surface temperature value 
during the cooling is used to evaluate the 
temperature gradient. The surface temperature 
gradient is obtained by taking the difference of two 
consecutive temperature data. The surface 
temperature is considered as the rewetting 
temperature when a sharp rise in temperature 
gradient value is observed [21]. The sharp rise in 
temperature gradient is observed when the 
temperature gradient falls in the range of 250 - 300 
˚C/s. Thus the surface temperature corresponding to 

these gradient values is considered as rewetting 
temperature. The time difference between the 
initialization of jet impingement and the time at 
which surface rewetting starts is termed as wetting 
delay [15, 17]. The rewetting velocity at particular 
radial location is the measure of the radial distance 
travel by the wetting front from the stagnation point. 
Thus at a particular radial location it is obtained by 
taking the ratio of radial distance of that location 
from the stagnation point to the wetting delay at the 
same location [9].  

Rewetting temperature reduces for downstream 
locations away from stagnation point for entire 
range of Reynolds number examined. As the jet 
strikes on hot surface at the stagnation point a wet 
patch was formed with in 0.08sec for Re=5000. 
Whereas this patch formation takes only 0.04 sec 
for Re=24000. The formation of wet patch at 
stagnation region can be due to immediate cooling 
or wetting of that region. The temperature of the 
surface at this condition was recorded around 794 – 
796ºC. The rise in surface temperature gradient was 
also seen at these temperatures value. Thus, 
rewetting of surface at stagnation point was 
assumed to be at 794 – 796ºC. The rewetting 
temperature at 16 mm radial location was observed 
in the range of 761-765ºC for Re=5000. These 
value increased to 766-771ºC, 775-780ºC and 781-
784ºC for Re=10000, 16000, 24000 respectively. 
The drop in rewetting temperature at radial distance 
may be due to rise in temperature of fluid over the 
surface at some radial location as compare to fresh 
fluid which strikes at the stagnation point. The 
effect of fluid temperature rise on rewetting 
temperature at radial location was the same as the 
effect of liquid sub cooling on the rewetting 
temperature [8]. 

The effect of Reynolds number and jet exit to 
surface spacing, ‘z/d’ on rewetting temperature is 
shown in Figure 4. It is observed that with the rise 
in Reynolds number Rewetting temperature 
increases whereas spacing ‘z/d’ does not affects it 
significantly. The rise in Reynolds number is 
corresponding to the rise in liquid mass flux and it 
was well established that with the rise in mass flux 
rewetting temperature increases [8, 13]. With the 

Figure 5 Effect of z/d on Rewetting temperature 
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rise in spacing, ‘z/d’, rewetting temperature rises 
continuously for Re = 5000, whereas at higher 
Reynolds number it has no particular trend. The 
increasing trend in rewetting temperature with the 
rise in spacing at Re = 5000, may be due to effect of 
gravity on jet velocity striking at surface. The jet 
velocity increase with the rise in jet exit to surface 
spacing and the effect of spacing is more at lower 
Reynolds number than the higher value. With the 
rise in jet velocity rewetting temperature increases 
as the surface cooling take place much faster than 
the lower velocity jet. 

The variation in wetting delay with the Reynolds 
number and jet exit to surface spacing at 16 mm 
radial location is shown in Figure 5. With the rise in 
Reynolds number wetting delay reduces drastically. 
However the effect of change in spacing, ‘z/d, is 5 
percent without any specific trend. The wetting 
delay at 16 mm radial location is in the range of 
1.81-1.91 sec for Re = 5000, which reduces by 22 
percent, 65 percent and 80 percent respectively for 
Re = 10000, 16000 and 24000.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contrary to the wetting delay, the rewetting 
velocity for 16 mm radial location increases with 
the rise in Reynolds number. The variation of 
rewetting velocity with the Reynolds number is 
shown in Figure 6. For Re = 5000 rewetting 
velocity observed was 8-9 mm/s which increases to 
37 - 41 mm/s at Re = 24000.  The increase in 
rewetting velocity with the rise in Reynolds number 
is due to higher heat transfer rate and higher jet 
flow associated with the higher Reynolds number. 
The higher heat transfer rate in the wet region can 
further lead to precursory cooling of nearby dry 
region. This results in lower surface temperature for 
downstream location and with the lower surface 
temperature the rewetting velocity increases [6, 19]. 
Both these two factors, increase in flow rate and 
reduction in surface temperature results leads to rise 
in rewetting velocity. The effect of change in jet 
exit to surface spacing on rewetting velocity is also 
observed in the range of 5 percent with the average 
value.  

V. CONCLUSIONS 

With the experimental investigation of round jet 
impingement of 78ºC sub-cooled water on the hot 
SS surface of 800 ºC initial temperature, the 
following conclusions has been made.  

A wet patch is formed at stagnation region, 
immediate as water jet strikes on the hot surface. 
The Formation of wet patch is not affected by 
change in Reynolds number and jet exit to surface 
spacing, ‘z/d’. However at 16 mm radial location 
rewetting temperature and rewetting velocity 
increases with the rise in jet Reynolds number from 
5000 - 24000. Whereas wetting delay reduces with 
the rise in the jet Reynolds number. The rise in flow 
rate and heat transfer with the rise in Reynolds 
number is responsible for such behavior.  

The effect of change in jet exit to surface spacing 
on wetting delay and rewetting velocity is found in 
the range of 5 percent with the average value 
without any specific trend for all jet Reynolds 
number. 

NOMENCLATURE 

A surface area of sheet, m
2
 

Bi  Biot number, hw/ksur 

Figure 6 Wetting delay with Reynolds number at different z/d
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Figure 7 Rewetting Velocity with Reynolds number at different z/d
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d nozzle exit or tube exit diameter, m 

h heat transfer coefficient, W/m
2
.K 

I current, A 

k thermal Conductivity of coolant, W/m.K  

q″ heat flux, W/m
2 

Re Reynolds number; ud/υ,  

r  radial distance, m  

t time, sec 

T temperature, 
o
C 

u rewetting velocity, m/s 

U jet exit velocity, m/s 

V voltage drop, V 

v volume of sheet 

w thickness of sheet, m 

z distance between jet exit to target surface, 

m 

z/d dimensionless jet exit to surface spacing 

Greek symbols 

ρ density of material, kg/m
3 

υ kinematic viscosity of air, m
2
/s 

α thermal diffusivity of surface, m
2
/s 

φCos  power factor 

Suffix  

e experimental values 

j jet 

o stagnation value 

p predicted values 

rew rewetting 

wet wetting 

s surface 
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