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Figure 3 8 shows the delay time versus the initial surface temperature for different 
water temperatures and jet velocity of 1.43 m/sec. For the long delay times, or 
high water temperatures, linear relationship is noticed between the delay time and 
the initial surface temperature for surface temperatures above 600°C. 
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Figure 38: Effect of initial surface temperature and water temperature on re-wetting delay 
time, Yjet = 1.43 m/sec. 

5.1.4 Effect of Water Subcooling 

As was shown in Figures 36, 37 and 38 the delay time increases with decreasing 
water subcooling. This is due to the higher thickness of the vapor film in the 
stagnation zone for low subcoolings where it takes longer time to collapse. For 
high water subcoolings, the vapor film was found to destabilize very rapidly. 
Figure 39 shows the delay times during cooling of brass tube initially at 600°C by 
water jet at 21 °C. The data shows the same trend as shown in the previous figures, 
but with very short delay times; around 0.20 sec for low jet velocities and less 
than 0.05 sec for high jet velocities. 
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Figure 39: Effect of initial surface temperature on re-wetting delay time during cooling of 
l-in brass tube for several jet velocities, Twater= 21°C. 

5.1.5 Effect of Jet Velocity 

Figures 40 and 41 show that the delay time increases with decreasing jet velocity 
for two initial surface temperatures: 600°C and 740°C; respectively. 
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Figure 40: Effect of jet velocity on re-wetting delay time, Tin= 600°C. 
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Figure 41: Effect of jet velocity on re-wetting delay time, Tin= 740°C. 

5.1.6 Effect of Solid Material 

Figure 42 shows the delay time for three materials: brass, steel and Mullite for 
water temperature of 83°C and initial surface temperature of 600°C. The surface 
material has a strong influence on the delay time as shown in the figure for a 
range of thermal conductivity of about 100 W/m.K. As the surface thermal 
conductivity increases the delay time increases for a given operating conditions. 
The thermal conductivity represents the ability of the material to supply heat to 
the region where the water jet interacts with the surface. In the case of brass the 
thermal conductivity is high so it is easier to supply heat and maintain a high 
surface temperature. The thermal conductivity ofMullite (6 W/m.K) and steel (21 
W/m.K) are much lower than that of brass (109 W/m.K) so the surface cools more 
quickly; in fraction of a second for Mullite. 

Also, the heat capacity of brass is higher than that of the other two materials which 
means that brass contains higher total stored heat. This results in a slow cooling rate 
which leads to a longer delay time. 
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Figure 42: Effect of solid material on re-wetting delay time, l-in tubes, Tin= 600°C, T water 

= 83°C, Yjet = 0.6 m/sec. 

5.1.7 Effect of Surface Curvature 

Figure 43 shows the delay times for four brass surfaces with the same amount of 
solid material. Three of the surfaces (l-in tube, 2-in tube and a flat plate) have the 
same thickness of 3.2 mm. The flat plate is a rectangular she_et with the same 
length of that of the 2-in tube (12-in) and with a width equivalent to the 2-in tube 
perimeter (6.28-in). The lengh of the l-in tube is 25.7-in. The fourth surface is a 
2-in tube with 1.5 mm thickness. All pieces have the same amount of material and 
therefore their total stored heat capacity is the same. 

The delay time was found to increase by increasing the surface curvature 
(decreasing the diameter). This behavior could be due to the ability of the curved 
surface to supply heat from the bottom part (where there is no liquid around the 
surface) to the upper part of the surface where the jet interacts with the surface. 
As the surface curvature decreases and approaches a flat plate, the liquid sheet 
covers larger area of the surface which increases the heat portion that is 
transferred to boil the liquid and decreases the heat conducted to the region of 
jet/surface interaction. The effect of tube wall thickness is discussed in the 
following section 5.1.8. 
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Figure 43: Effect of surface curvature on re-wetting delay time, brass surfaces, Tin= 

600°C, Twater= 83°C, Yjet= 0.6 m/sec. 

5.1.8 Effect of Material Thickness 

As mentioned in the previus section 5.1.7, two 2-in tubes with different wall 
thicknesses were used: 3.2 mm and 1.5 mm thick. Since the two tubes have the 
same amount of material, their total bulk stored heat capacity is the same. 

However, due to the higher wall heat capacity for the thicker tube in the 
stagnation region, the vapor generation rate is higher, and the duration of the film 
boiling is longer. As a result, for the thicker tube, the delay time is longer than 
that for the thin wall tube under the same operating conditions. As the material 
thickness decreases, the amount of heat conducted to the jet/surface interaction 
region decreases which decreases the delay time. This result is shown in Figure 
44. 
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Figure 44: Effect of wall thickness on re-wetting delay time, 2-in brass tubes , T; 11 = 

600°C, Twa1c, = 83°C, Yje1 = 0.6 m/sec. 

5.1.9 Effect of Jet Orientation 

Two jet orientations were tested: Orientation 1 and Orientation 2. In Orientation I 
the axis of the slot jet is perpendicular to the tube axis. In Orientation 2 the jet 
axis and the tube axis are parallel. These jet orientations are shown in Figure 45. 

As shown in Figure 46, jet orientation has a small effect on the delay time. 
However, in Orientation 2 slightly lower delay times are observed. This could be 
due to the fact that in Orientation 2 more water goes in the axial direction which 
enhances the cooling process and therefore accelerating initiating the wet patch. 

Figure 45: Jet orientations tested in this study, Orientation I (left) and Orientation 2 
(right) during cooling of l-in brass tube, T; 11 = 500°C, Twa1er = 82°C and Y jc1 = 0.6 m/sec. 
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Figure 46: Effect of jet orientation on re-wetting delay time, l-in brass tube, Tin= 500°C, 
Twater= 82°C, Yjet= 0.6 m/sec. 

5.1.10 Summary and Comments 

Emphasis has been given here to find out the parameters that govern the re­
wetting delay time. The effect of several operating conditions on the delay time 
has been analyzed. The delay time is a strong function of water subcooling and 
initial surface temperature. Also, jet velocity affects the delay time. The delay 
time increases with increasing water temperature, initial surface temperature and 
decreasing jet velocity. Other parameters that can increase the delay time were 
found to be: increasing surface curvature and wall thickness. Surface material 
greatly affects the delay time; it increases with increasing thermal conductivity. 
The delay time increases in order of Mullite, steel and brass for the same 
operating conditions. A correlation was developed for estimating the delay time 
and found to provide good prediction of the experi.f!1ental data collected in this 
study and data found in literature. 
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5.2 Re-Wetting Front Location and Velocity 

The re-wetting front location and re-wetting ve locity are very important 
parameters in quench studies as they indicate how quickl y the fluid cools the hot 
surface. In this study, the captured high speed videos were used to measure there­
wetting front location from the center of the stagnation region to the inner side of 
the boiling region. 

The re-wetting front velocity was then calculated fro m the measured front 
location as will be shown in the following paragraphs. 

In typical images, the re-wetting front in circumferential direction during the 
cooling process is shown Figure 47 where the images were captured at a rate of 
500 frames/sec and a resolution of 512 x512 pixels. The perimeter was fully 
wetted after 4.656 sec. The corresponding re-wetting front in the axial direction is 
shown in Figure 48. 

t=2 .144 

t=3 .192 t=3.552 t=3.888 

Figure 47: Re-wetting fro nt in circumferential direction during coo ling of l-in diameter 
brass tube, T in= 700°C and T water = 2 1 oc. 
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Figure 48: Re-wetting front in axial direction during cooling of l-in diameter brass 
tube, Tin= 700°C and T wmer = 21 °C. 

As indicated in Chapter One: Introduction, the re-wetting velocity is defined as 
the velocity at which there-wetting front propagates along the hot dry surface. 

The re-wetting front velocity in the axial direction was calculated by dividing the 
location distance between two points at the surface in the axial direction by the 
time interval required for there-wetting front to move between the two locations. 
This was done for several location points at the surface. Almost all of the tests of 
this study show that the re-wetting velocity tends to be constant after the rapid 
initiation of the wet patch. A typical plot is shown in Figure 49 in the next sub­
section when discussing the effect of initial surface temperature on re-wetting 
velocity. Therefore, what is of interest in this study is the average re-wetting 
velocity, Urw, determined by taking the average of the re-wetting velocities 
calculated between the several location points. 

Many researchers have found that the re-wetting velocity decreases with 
increasing initial surface temperature, increasing liquid temperature and 
decreasing jet velocity. The findings of this study are consistent with these 
findings as will be shown in the following sub-sections. 

5.2.1 Effect of Initial Surface Temperature 

Figure 49 shows the effect of initial surface temperature on the re-wetting front 
location during cooling of a 2-in diameter stainless steel tube for Twmer = 83°C and 
Yjet = 0.93 m/ sec. For comparison, the figure also shows the wetting front location 
on an unheated tube. As shown in the figure , longer time is required to reach a 
certain point on the surface as the initial surface temperature increases. The figure 
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also shows that the delay time to initiate the wet patch on the surface increases by 
increasing initial surface temperature. 
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Figure 49: Re-wetting front location versus time during cooling of a 2-in diameter 
stainless steel tube for varying initial surface temperatures, Twater= 83°C and Yjet= 0.93 

m/sec. 

Figures 50, 51 and 52 show the effect of initial surface temperature on the re­
wetting front velocity for several water temperatures and for three jet velocities: 
0.22, 0. 93 and 1.43 m/sec; respectively. The figures show that the average re­
wetting velocity decreases with increasing initial surface temperature. As the 
difference in temperature between the solid and the water increases the heat 
transferred to the water increases for a constant T water· Therefore large number of 
droplets is generated at the leading edge of the re-wetting front. These droplets 
slow down the forward movement of the re-wetting front. Also, increasing the 
initial surface temperature causes the water temperature to more increase as it 
moves on the surface decreasing its cooling capability. 

The initial surface temperature and the re-wetting velocity were found to be best 
correlated by a power law function as shown in Equation 2. The constants 
appearing in the equation are shown in Table 5 for several operating conditions. 
Ueda [30] also found that the re-wetting front velocity decreases by increasing 
initial surface temperature and although they did their experiments with vertical 
tubes the re-wetting velocity and the initial surface temperature were correlated 
by a power law function. 

74 



PhD. - K. Takrouri 

0.8 

u 0.6 ~ 
C1l 

.!!! 
E 
~ 
.} 0.4 

0.2 

McMaster-Engineering Physics 

l: Twater = 74 ocl 
• 80 
-------- ----~-1 

Vjet = 0.22 m/sec 

0 -~~ -~---~~-T-·---- -··- ··~ -~-··--·~·----.,- ~-----,--------~--~·~--

300 400 500 600 700 800 

Initial surface temperature, T1n (°C) 

Figure 50: Re-wetting front velocity versus initial surface temperature during cooling of a 
2-in diameter stainless steel tube for various water temperatures, Yjet = 0.22 m/sec. 
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Figure 51: Re-wetting front velocity versus initial surface temperature during cooling of a 
2-in diameter stainless steel tube for various water temperatures, Yjet = 0.93 m/sec. 
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Figure 52: Re-wetting front velocity versus initial surface temperature during cooling of a 
2-in diameter stainless steel tube for various water temperatures, Yje 1= 1.43 m/sec. 

urw(cm/sec) =a. Tin b (2) 

a e T bl 5 C onstants o fE ~quatwn 2fi or severa operatmg con 1t10ns. 

Conditions a (em/sec. °Cb) b 

Yjet = 0.22 m/sec 
Twater=74°C 1.30x 105 -2.01 
T water=80 °C 7.06x 104 -1.94 

Yjet= 0.93 m/sec 
8.04x 103 T water=70 °C -1.47 

Twater=74 °C 2.02x 104 -1.63 
T water=83 oC 2.48x 105 -2.08 

Vjet = 1.43 m/sec 
Twater=74 °C 8.65x I 05 -2.18 
Twater=80 oC 2.00x 106 -2.33 
T water=83 °C 2.00x 106 -2.35 
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5.2.2 Effect of Jet Velocity 

Figure 53 shows there-wetting front location versus time for several jet velocities 
during cooling of a 2-in diameter stainless steel tube for T water= 70°C and Tin = 

600°C. 
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Figure 53: Re-wetting front location versus time during cooling of a 2-in diameter 
stainless steel tube for various jet velocities, Twater = 70°C and Tin= 600°C. 

Figures 54 and 55 show the effect of jet velocity on the re-wetting velocity for 
several initial surface temperatures and for two water temperatures: 70 and 80°C; 
respectively. The re-wetting velocity increases with increasing jet velocity 
especially for low surface temperatures and low water temperatures. The increase 
in jet velocity induces more liquid downstream of the re-wetting front which 
enhances the heat transfer to the vapor film. This results in faster cooling of the 
surface ahead of the re-wetting front which leads to a higher re-wetting velocity 
[40]. 

Figure 56 shows the re-wetting velocity versus jet velocity for varying water 
temperatures. Same conclusions could be drawn from this figure as from Figures 
54 and 56. Moreover, linear relationship is observed between re-wetting velocity 
and jet velocity. 
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Figure 54: Re-wetting front velocity versus jet velocity during cooling of a 2-in diameter 
stainless steel tube for several initial surface temperatures, Twater= 70°C. 
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Figure 55: Re-wetting front velocity versus jet velocity during cooling of a 2-in diameter 
stainless steel tube for several initial surface temperatures, Twater= 80°C. 
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Figure 56: Re-wetting front velocity versus jet velocity during cooling of a 2-in diameter 
stainless steel tube for various water temperatures, Tin= 600°C. 

5.2.3 Effect of Water Subcooling 

Figure 57 shows a typical plot of the re-wetting front location versus time for 
several water temperatures. 
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Figure 57: Re-wetting front location versus time during cooling of a 2-in diameter 
stainless steel tube for various water temperatures, Tin= 600°C and Vjet = 0.93 m/sec. 
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Figures 58 to 61 show the effect of water temperature on the re-wetting velocity 
for several jet velocities and for four initial surface temperatures: 500, 600, 680 
and 740°C; respectively. It is shown that as the water temperature decreases the 
re-wetting velocity increases and the effect being more marked at high jet 
velocities. This could be explained by the increase in the heat transfer coefficient 
by increasing the jet velocity. This result is in agreement with Piggott and 
Porthouse [ 16] for falling film cooling of vertical surfaces. 
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Figure 58: Re-wetting front velocity versus water temperature during cooling of a 2-in 
diameter stainless steel tube for various jet velocities, Tin= 500°C. 
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Figure 59: Re-wetting front velocity versus water temperature during cooling of a 2-in 
diameter stainless steel tube for various jet velocities, Tin= 600°C. 
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Figure 60: Re-wetting front velocity versus water temperature during cooling of a 2-in 
diameter stainless steel tube for various jet velocities, Tin= 680°C. 
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Figure 61: Re-wetting front velocity versus water temperature during cooling of a 2-in 
diameter stainless steel tube for various jet velocities, Tin= 740°C. 
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Figures 62, 63 and 64 show the effect of water temperature on the re-wetting 
velocity for several initial surface temperatures and for three jet velocities: 0.22, 
0.93 and 1.43 rn!sec; respectively. Linear relationship is noticed between the re­
wetting velocity and water temperature for the three jet velocities. 
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Figure 62: Re-wetting front velocity versus water temperature during cooling of a 2-in 
diameter stainless steel tube for various initial surface temperatures, Vjet = 0.22 m/sec. 
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Figure 63: Re-wetting front velocity versus water temperature during cooling of a 2-in 
diameter stainless steel tube for various initial surface temperatures, Vjet= 0.93 m/sec. 
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Figure 64: Re-wetting front velocity versus water temperature during cooling of a 2-in 
diameter stainless steel tube for various initial surface temperatures, Vjet = 1.43 m/sec. 

It is comn1on in literature to correlate the inverse of the re-wetting front velocity 
to the product of jet velocity and water sub.cooling [18, 30, 16]. This product 
describes parameters from the liquid side only and it gives indication of the ability 
of the liquid to cool the surface. In this study, the relation between these 
parameters was found to be as follows: 

el/urw = B.(Vjet·~Tsub)n (3) 

Where B and n are constants. Figure 65 shows the relation for four initial surface 
temperatures and the constant values are shown in Table 6. 
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Figure 65: Data ofre-wetting front velocity with correlation prediction, 2-in steel tube. 

Tabl 6 C t t fE e ons an so CJUatiOn 3~ or severa I ... I rn t Inttia SU ace t em_gera ures. 

Condition lnB n (sec/em) 

Tin=500°C 3.26 -0.60 
Tin=600°C 4.24 -0.75 
Tin=680°C 6.29 -1.22 

Tin=740°C 7.85 -1.55 

5.2.4 Effect of Surface Curvature 

It is advantageous to explore wetting of unheated curved surfaces before 
discussing re-wetting of hot dry curved surfaces. Figure 66 shows the wetting 
front location in axial direction on three surfaces: flat plate, 2-in tube and l-in 
tube. It is noticed that the curvature of the surface has a considerable effect on the 
maximum distance the wetting front can reach on the surface. The maximum 
distance increases as the surface curvature decreases and it is maximum for a flat 
plate. This is due to jet hydrodynamics which provide more pressure on the liquid 
in axial direction on a flat plate. For a curved surface, some portion of the liquid 
slips down on the surface and flows beneath the tube. 
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Figure 66: Effect of surface curvature on wetting front location in axial direction for three 
surfaces with different curvatures at room temperature. 

Figure 67 shows there-wetting front location for three hot brass surfaces initially 
at 600°C but with different curvatures. In this figure it can be seen that re-wetting 
of the flat plate starts before that of the 2-in tube which also starts before the l-in 
tube. Again, as discussed in sub-section 5.1. 7 page 66, this is caused by the fact 
that as the surface curvature decreases the surface quenches faster due to surface 
geometry which enhances heat transfer to the liquid. Also, the figure shows that 
as the surface curvature decreases, the liquid can spread to a higher distance as 
discussed in the previous paragraph. 

Figure 68 shows the re-wetting velocity for the three surfaces for several water 
temperatures. 
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Figure 67: Effect of surface curvature on re-wetting front location in axial direction for 
three brass surfaces initially at 600°C, Twater = 83°C and Yjet= 0.6 m/sec. 
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Figure 68: Effect of surface curvature on re-wetting front velocity in axial direction for 
three brass surfaces initially at 600°C, Yjet = 0.6 m/sec and several water temperatures. 
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5.2.5 Effect of Solid Material 

Figure 69 shows the re-wetting front location for different types of materials 
(Mullite, Steel and Brass). It can be seen that the material type has a considerable 
effect on the delay time as well as on the re-wetting front velocity. This is due to 
the difference in thermal conductivity between the materials tested. The re­
wetting velocity on Mullite is higher than that at the other tubes as its thermal 
conductivity is much lower. The effect of solid material was also discussed in 
section 5.1.6 page 65. 
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Figure 69: Effect of solid material on there-wetting front location in axial direction for 
three 1-tubes with different material types initially at 600°C, Twater = 83°C and Yjet = 0.6 

m/sec. 

5.2.6 Effect of Number of Jets 

In this study, most of the tests were done with a single jet directed towards the 
center point of a horizontal tube. The effect of the number of jets on the motion of 
there-wetting front was studied by fixing the operating conditions but increasing 
the number of jets in operation from a single jet to two and then to three jets. 
Figure 70 shows an image of cooling of a l-in brass tube by two jets. The nozzles 
are 3-in apart and of same dimensions and surface-to-nozzle spacing. The effect 
of number of jets on there-wetting front location is shown in Figure 71 where the 
re-wetting front measured from the stagnation point beneath jet 1 towards that of 
jet 2 is shown. The figure shows that the number of jets has some effect on the re­
wetting delay time, which decreased by increasing the number of the jets. This 
trend is expected because the rate of cooling increases when the number of jets 
cooling the surface increases. The re-wetting front location for the three cases ( 1, 
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2 or 3 jets in operation) is initially almost the same but it is larger when 2 and 3 
jets are in operation. Jet 3 is 6 inches away from jet 1 and thus seems to have a 
small effect on re-wetting the region beneath jet 1. 

Figure 70: Cooling of l-in brass tube by two jets, T in= 500°C, T water = 82°C and VJ"' = 0.6 
m/sec. 
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Figure 71: Effect ofnumberofjets on there-wetting front location in axial direction 
during cooling of l-in brass tube, Tin= 500°C, T water = 82°C and Y jet = 0.6 m/sec . 

5.2.7 Effect of Jet Orientation 

Figure 72 shows the effect of jet orientation on the re-wetting front velocity as a 
function of water temperature. Two jet orientations were tested; Orientation 1 and 
Orientation 2 as described in sub-section 5.1.9 page 68 . Jet orientation was found 
to have a small effect on the re-wetting front velocity in the axial direction but 
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with a slight increase for Orientation 2. This slight increase might be due to the 
fact that in Orientation 2 more liquid flows in the axial direction than in 
Orientation 1 where more liquid slips down on the curved surface and flows 
beneath the tube. 
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Figure 72: Effect of jet orientation on the re-wetting front velocity in axial direction 
during cooling of l-in brass tube, Tin= 500°C, I water= 82°C and Yjet = 0.6 m/sec. 

5.2.8 Effect of Material Thickness 

Figure 73 shows the effect of tube wall thickness on the re-wetting location 
during cooling of 2-in brass tubes initially at 600°C, I water= 83°C and Vjet = 0.6 
m/sec. 
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Figure 73: Effect of material thickness on the re-wetting front location in axial direction 
during cooling of 2-in brass tubes, Tin = 600°C, T water= 83°C and Yjet = 0.6 m/sec. 

The figure shows that the wall thickness has a considerable effect on the delay 
time as well as the re-wetting velocity. The average re-wetting velocity for the 
two different thicknesses are shown in Figure 74 for several water temperatures. 
The effect of the tube wall thickness has already been discussed in section 5.1.8 
page 67. 
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Figure 74: Effect of material thickness on there-wetting front velocity in axial direction 
during cooling of 2-in brass tubes for several water temperatures, Tin = 600°C, and Vjet = 

0.6 m/sec. 
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5.2.9 Rebound of theRe-\-Vetting Front 

As mentioned in Chapter One: Introduction, the re-wetting front was found to 
rebound a small distance after the initiation of the wet patch. Figure 7 5 shows this 
behavior during cooling of l-in brass tube initially at 800°C with jet velocity of 
0.22 m/sec and jet temperature of 21 °C. This behavior is due to rapid heat 
conduction in the solid tube towards the region where the wet patch is initiated on 
the surface. The initiation of the wet patch creates a· high temperature gradient in 
the solid and forms a deriving force for rapid heat conduction towards the wet 
patch. The rapid heat conduction causes the region of the surface surrounding the 
wet patch to re-dry which causes the re-wetting front to rebound. This behavior 
was not found in literature and it is believed to be first reported in this study. 

Figure 75 : Rebound of there-wetting front during cooling of a l-in diameter brass tube, 
T; 11 = 800°C, V je1 = 0.22 m/sec and Twaler= 21 °C. 
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Figure 76 shows the rebound distance during cooling of a 2-in steel tube initially 
at 600°C versus water temperature for different jet velocities. As can be seen in 
the figure, the rebound distance increases by decreasing jet velocity and by 
decreasing water temperature. As jet velocity increases, the jet hydrodynan1ics 
form higher resistance to the rebound of the re-wetting front. Also, as water 
temperature decreases, the surface cools faster and the deriving force of heat 
conduction within the surface increases. The effect of water temperature tends to 
be sharper as water temperature increases. 
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Figure 76: Effect of water temperature on there-wetting front rebound distance in axial 
direction during cooling of a 2-in diameter stainless steel tube for various jet velocities, 

Tin= 600°C. 

Figure 77 shows the rebound distance against jet velocity for several water 
temperatures where linear relation is observed. The effect of jet velocity is 
stronger as water temperature decreases. 
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Figure 77: Effect of jet velocity on there-wetting front rebound distance in axial direction 
during cooling of a 2-in diameter stainless steel tube for various water temperatures, Tin= 

600°C. 

5.2.10 Summary and Comments 

The effect of several operating conditions on there-wetting front location andre­
wetting velocity has been analyzed. There-wetting velocity is a strong function of 
initial surface temperature and jet velocity. Water subcooling has also a 
considerable effect. There-wetting velocity increases with increasing jet velocity, 
decreasing surface temperature and decreasing water temperature. Other 
parameters that can increase there-wetting velocity were found to be: decreasing 
surface curvature and decreasing wall thickness. Surface material was also found 
to have an effect. Correlations were developed for estimating the re-wetting 
velocity and found to provide good prediction of the experimental data collected 
in this study. The re-wetting velocity was found to be proportional to water 
temperature and jet velocity and related with a power function to initial surface 
temperature. It was also related with a logarithmic function to the product of jet 
velocity and water subcooling. Looking at the details of there-wetting front itself, 
it was found that the front could rebound just after the formation of the wet patch. 
The amount of the rebound was found to increase by decreasing water 
temperature and jet velocity. 
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5.3 Boiling Region Size 

Very few studies are available in literature that discusses the size of the boiling 
region. This area of research is relatively unexplored and it is the aim of this 
section to investigate this region. The leading edge (the outer edge) of the boiling 
region is defined as the re-wetting front. The inner edge represents the location 
where the vigorous boiling stops and the forced convection heat transfer mode 
becomes dominant at the further inside of the inner edge. The term "stop boiling 
position" was used by Hammad [13, 33] and Mozumder [9] to refer to the inner 
edge of the boiling region. 

Visible observations during the quench tests show that the outer annular region of 
the wet region is characterized by vigorous boiling. The boiling region was 
observed to stay almost constant in size as the re-wetting front progresses towards 
the end of the tube in the axial direction. 

5.3.1 Effect of Initial Surface Temperature and Water Subcooling 

Figure 78 shows the effect of initial surface temperature on the boiling region size 
for several water temperatures. The boiling region size increases with decreasing 
the initial surface temperature and with increasing water temperature. Under these 
conditions the transition and nucleate boiling are preferable more than the film 
boiling and thus the boiling region size increases. Linear relatiol}ship is observed 
between the boiling region size and the initial surface temperature. 
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Figure 78: Effect of initial surface temperature on the boiling region size in axial 
direction during cooling of a 2-in diameter stainless steel tube for various water 

temperatures, Yjet= 0.93 m/sec. 
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5.3.2 Effect of Solid Material 

Figure 79 shows the effect of solid material type on the boiling region size. As it 
is shown, for particular experimental conditions and for a certain location of the 
re-wetting front on the surface, the boiling region size on brass tube is higher than 
that on steel tube. Therefore, as the thermal conductivity of the material increases, 
the boiling region size increases. Mitsutake [21] also reported an increase in the 
size of the boiling region by the increase in thermal conductivity in their 
experiments. The material with higher thermal conductivity can supply more heat 
to enlarge the boiling region size. 
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Figure 79: Effect of solid material type on the boiling region size in axial direction during 
cooling of 2-in diameter tubes, T water= 83°C and Vjet = 0.6 m/sec. 

5.3.3 Effect of Number of Jets 

The boiling region was noticed to slightly increase in size as the number of jets 
increases. This is due to the higher cooling rate provided as the number of jets 
increases; conditions where transition and nucleate boiling are preferable more 
than film boiling. 

5.3.4 Summary and Comments 

The boiling region size was found to increase with water temperature and with 
decreasing initial surface temperature. As the solid thermal conductivity 
increases, the boiling region size was found to increase. 
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5.4 Quench Temperature 

As mentioned in Chapter One: Introduction, the quench temperature of a hot 
surface is defined as the temperature at which the onset of the rapid cooling 
occurs. The quench temperature can be determined by taking the intersection 
point between two tangent lines drawn at the temperature-time profile before and 
after the rapid decrease in temperature. The re-wetting temperature, however, is 
defined as the temperature at which actual contact between the liquid and the hot 
surface occurs. 

All theoretical models of quench cooling require knowledge of either the quench 
temperature or the re-wetting temperature and incorrectly assumed values of these 
temperatures could lead to enormous errors in the final analysis of the problem 
[ 15]. The aim of this section is to study the quench temperature under varying 
operating conditions. Discussion of the re-wetting temperature is left for the next 
section. 

5.4.1 Effect of Initial Surface Temperature 

Figures 80 and 81 show the quench temperature versus the initial surface 
temperature for several water temperatures during cooling of a 2-in diameter 
stainless steel tube for jet velocity Vjet = 1.43 m/sec. The figures show the quench 
temperature at Location 1 and Location 2 at the tube surface; respectively. 

A linear relationship between the quench temperature and the initial surface 
temperature is obtained. Figure 80 shows that the quench temperature is more 
dependent on the initial surface temperature for lower water temperatures. The 
dependence gets weaker as water temperature increases. As water temperature 
increases it approaches the saturation temperature where less effective heat 
transfer occurs. Under such condition, the quench temperature becomes less 
dependent on the operating conditions. This will be discussed further in section 
5.4.2 page 97 when presenting the effect of water subcooling on the quench 
temperature. 

In Figure 81 the quench temperature at Location 2 also shows a linear relationship 
with the initial surface temperature but with a weak dependence on water 
temperature. This weak dependence is due to the increase in water temperature as 
water moves on the hot surface towards Location 2 at the tube. 

An interesting point to raise here is that the quench temperature at Location 2 
shows a dependence on the initial surface temperature for the all water 
temperatures investigated. This is dissimilar to the case at Location 1 where the 
dependence on the initial surface temperature gets weaker as water temperature 
increases. This is because the quench process at Location 2, where the surface 
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temperature is still high and close to the initial surface temperature, occurs by 
propagation of the quench front. At Location I, however, as the water temperature 
increases, the surface experiences a longer quench delay time during which the 
surface temperature decreases by vapor film boiling. The cooling rate of vapor 
film boiling at Location 1 is much higher than that at Location 2 as will be shown 
in section 5.6.3 page 124 when discussing the cooling rates in vapor film and 
nucleate boiling regimes. 
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Figure 80: Quench temperature at Location 1 versus initial surface temperature during 
cooling of a 2-in diameter stainless steel tube for Yjet= 1.43 m/sec. 
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Figure 81: Quench temperature at Location 2 versus initial surface temperature during 
cooling of a 2-in diameter stainless steel tube for Vjet= 1.43 m/sec. 

The quench temperature at Location 3 and Location 4 shows similar linear 
relationship with the initial surface temperature. For comparison, Figure 82 shows 
the quench temperature versus the initial surface temperature at Locations 1-4 
during cooling of the 2-in diameter stainless steel tube for Twater = 74°C and Yjet = 

1.43 m/sec. For higher water temperatures, Location 3 and Location 4 show 
similar dependency on the initial surface temperature like that at Location 2 which 
was shown in Figure 81. 
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Figure 82: Quench temperature at Locations 1-4 versus initial surface temperature during 
cooling of a 2-in diameter stainless steel tube forT water= 74°C and Vjet = 1.43 m/sec. 

5.4.2 Effect of Water Subcooling 

The quench temperature increases with increasing liquid subcooling. When the 
liquid gets cooler, thinner vapor film is expected which collapses faster. 
Therefore, the vapor film collapses at a higher temperature [10]. 

Figure 83 shows the quench temperature at Location 1 versus water temperature 
during cooling of a 2-in diameter stainless steel tube for varying initial surface 
temperatures and for Vjet = 1.43 m/sec. The quench temperature shows a strong 
dependence on water temperature for water temperatures higher than those of the 
circled points. For water temperatures less than the circled points, the quench 
temperature depends on the initial surface temperature and weakly depends on 
water temperature. Here, the quench occurs very rapidly in fractions of a second 
after applying the water. 

For water temperatures above 81 °C, the quench temperature tends to almost a 
constant value (ranging between 450-4 70°C) for the varying initial surface 
temperatures. 

The range in which the quench temperature strongly depends on water 
temperature will be referred to here as the "critical water subcooling" range. For 
water temperatures higher than 81 °C the water temperature increases as the water 
moves on the hot surface and quickly approaches the saturation temperature. 
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Therefore, for those high water temperatures the quench temperature shows weak 
dependence on the initial water subcooling. 
For initial surface temperature of 500°C the strong dependence of the quench 
temperature on water temperature was observed in the range of water temperature 
between 81-83°C. 
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Figure 83: Quench temperature at Location I versus water temperature during cooling of 
a 2-in diameter stainless steel tube for varying initial surface temperatures and for Yjet = 

1.43 m/sec. 

The water temperatures of the circled points appearing in Figure 83 are plotted 
against the initial surface temperature in Figure 84. The resulting curve forms a 
boundary between the region of rapid quench (short delay times) and the region of 
delayed quench (relatively long delay times; like 2 seconds and more). 

Usually, transition between the two regimes occurs suddenly by any small 
increase in water temperature. In the rapid quench region the conditions for vapor 
film destabilization are rapidly reached just after the jet interacts with the surface. 
If, initially, the conditions for vapor film destabilization are not reached (due to 
high heat conduction in the solid towards the stagnation region) then the whole 
solid must cool down by vapor film boiling before the film destabilizes. This 
results in a much longer quench delay time. 
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Figure 84: Water temperature at critical subcooling versus initial surface temperature 
during cooling of a 2-in diameter stainless steel tube for Yjet = 1.43 m/sec. 

5.4.3 Effect of Spatial Location 

At locations on the tube surface other than the stagnation point, the quench 
temperature shows weak dependence on water subcooling but depends on the 
initial surface temperature. Again, at these locations, the water temperature had 
already got higher as the water moved on the hot surface. Figure 85 to Figure 90 
show the quench temperature versus water temperature for varying initial surface 
temperature at Locations 2 to Location 7; respectively. Locations 5-7 are at the 
same vertical axis and are located 3 inches away from the stagnation point along 
the tube horizontal axis. All locations are shown in the corresponding figure. 
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Figure 85: Quench temperature at Location 2 versus water temperature during cooling of 
a 2-in diameter stainless steel tube for varying initial surface temperature and for Yjet = 

1.43 m/sec. 
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Figure 86: Quench temperature at Location 3 versus water temperature during cooling of 
a 2-in diameter stainless steel tube for varying initial surface temperature and for Yjet = 

1.43 m/sec. 
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Figure 87: Quench temperature at Location 4 versus water temperature during cooling of 
a 2-in diameter stainless steel tube for varying initial surface temperature and for Vjet = 

1.43 m/sec. 
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Figure 88: Quench temperature at Location 5 versus water temperature during cooling of 
a 2-in diameter stainless steel tube for varying initial surface temperature and for Vjet = 

1.43 m/sec. 
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Figure 89: Quench temperature at Location 6 versus water temperature during cooling of 
a 2-in diameter stainless steel tube for varying initial surface temperature and for Yjct = 

1.43 m/sec. 
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Figure 90: Quench temperature at Location 7 versus water temperature during cooling of 
a 2-in diameter stainless steel tube for varying initial surface temperature and for Yjct = 

1.43 m/sec. 
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For ease of comparison between the spatial locations, Figure 91 shows the quench 
temperature at Locations 1 to Location 4 versus water temperature for initial 
surface temperature Tin = 720°C and Vjet = 1.43 mlsec. This figure shows that the 
quench temperature decreases by going towards the tube bottom point from TC 2 
to TC 4. This is because the tube lower part cools by conduction to the upper part 
as the upper surface quenches. Figure 92 shows similar results for initial surface 
temperature of 500°C. 
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Figure 91: Quench temperature at Locations 1-4 versus water temperature during cooling 
of a 2-in diameter stainless steel tube for Tin = 720°C and Yjet = 1.43 m/sec. 
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Figure 92: Quench temperature at Locations 1-4 versus water temperature during cooling 
of a 2-in diameter stainless steel tube for Tin= 500°C and Vjet = 1.43 m/sec. 
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Figure 93 shows the quench temperature at Locations 5-7 versus water 
temperature for initial surface temperature Tin = 660°C and Yjet = 1.43 m/sec. 
Location 5 shows similar behaviour to that of Location 1, as Location 5 is more 
affected than Location 6 and Location 7 by the vapor film boiling that occurs on 
the surface in the initial stage of the cooling process. This effect was also 
previously shown in Figure 22 in Chapter Four page 45. 
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Figure 93: Quench temperature at Locations 5-7 versus water temperature during cooling 
of a 2-in diameter stainless steel tube for Tin= 660°C and Vjet = 1.43 m/sec. 

Figure 94 shows the quench temperature for Locations 5-7 for initial surface 
temperature of 500°C. 
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Figure 94: Quench temperature at Locations 5-7 versus water temperature during cooling 
of a 2-in diameter stainless steel tube for Tin= 500°C and Vjet = 1.43 m/sec. 

5.4.4 Effect of Jet Velocity 

The jet velocity was found to have a weak effect on the quench temperature: the 
quench temperature slightly increased by increasing jet velocity. As the jet 
velocity increases the quench delay time decreases. However, this does not lead to 
a higher quench temperature as increasing jet velocity also increases the cooling 
rate of vapor film boiling. This causes the surface to quench at almost the same 
temperature regardless of the jet velocity. This behavior was also shown in Figure 
31 in Chapter Four page 56. 

Similarly, Gadala [37] found that the quench at the stagnation point during jet 
impingement cooling of a hot steel surface is mainly and greatly affected by water 
temperature but hardly affected by water flow rate.· 

5.4.5 Correlation for the Quench Temperature 

The quench temperature at the stagnation point was found to depend on water 
subcooling and initial surface temperature. However, only the tests for which the 
delay time exceeded 2 seconds were used to obtain a correlation for the quench 
temperature. This is in order to exclude the tests where rapid quenches occurred 
immediately after applying the coolant. For example, for the tests shown in Figure 
29 in Chapter Four page 54, the test with water temperature 71 °C was excluded. 
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These tests show weak dependence on the initial surface temperature as was 
shown in Figure 83 page 98. 
The correlation was obtained using the least mean square method and found to 
take the form: 

Tq (° C)= 12.18(~Tsub) + 246.4 (4) 

The above correlation was obtained using the following ranges of operating 
conditions: Vjet= 0.22-1.43 m/sec, Tin= 500-720°C and Twater= 72-84°C using the 
2-in diameter stainless steel tube. A plot of the correlation and the experimental 
data is shown in Figure 95. The figure shows thatthe quench temperature value is 
within the range 420-580°C for the above mentioned operating conditions. 
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Figure 95: Correlation for the quench temperature at Location 1 during cooling of a 2-in 
diameter stainless steel tube for Tin= 500-720°C and Yjet = 0.22-1.43 m/sec. 

5.4.6 Summary and Comments 

Determining the quench temperature is important for reactor safety. Most quench 
theoretical models require knowledge of the quench temperature. In this section 
the effect of several parameters on the quench temperature during cooling a 
stainless steel tube was studied. It was found that the quench temperature is 
mainly affected by the degree of water subcooling and the location on the test 
tube. A major conclusion of this section is that a water subcooling range exists 
beyond which the dependence on water subcooling is insignificant. A correlation 
for the quench temperature as a function of water subcooling was developed 
based on the experimental data collected in this study. 
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5.5 Re-Wetting Temperature 

The re-wetting temperature is defined as the temperature at which actual liquid­
solid contact occurs. Determination of the re-wetting temperature is of great 
importance in reactor safety analysis. This temperature represents a limit between 
a high temperature region, where inefficient film boiling cooling takes place, and 
a lower temperature region, where much more efficient nucleate boiling occurs 
[ 41 , 4 2]. Gunnerson [ 41 ] reported that generally the re-wetting tern perature may 
span a wide range of values, depending on the thermo-physical nature of the hot 
surface and the liquid. The re-wetting temperature is always lower than the 
quench temperature. 

This temperature is very hard to determine from the temperature-time profile and 
visual observation of there-wetting process is required. 

In this study the re-wetting temperature at the stagnation point was determined 
from the captured high speed videos at the moment when the liquid sheet is 
ruptured due to the rapid vaporization resulting from entering the transition and 
nucleate boiling region. This moment is compared with the cooling profile 
measured by the thermocouple at the stagnation point. For the other locations, the 
re-wetting temperature was determined by comparing the visual observation at the 
moment when the leading edge of there-wetting front reaches that location with 
the temperature-time profile obtained by the thermocouple at that same location. 

The effects of several parameters on the re-wetting temperature are discussed in 
the following sub-sections. Comparison, where possible, with other studies is 
presented. 

Before discussing the effect of the operating conditions on the re-wetting 
temperature and for better understanding of the quench and the re-wetting 
temperatures, the two temperatures are plotted in Figure 96 versus water 
temperature. Also, shown in the figure are the quench delay time and the re­
wetting delay time. The measurements shown in the figure were obtained at 
stagnation point during cooling of a l-in diameter brass tube initially at Tin = 
580°C and for Vjet = 0.93 m/sec. The quench delay time was determined from the 
cooling profile at the quench temperature. The re-wetting delay time, however, 
was determined from the visual observation when the rupture of the liquid sheet 
occurs. At low water temperatures, the quench and the re-wetting temperatures 
approach each other. In the critical water subcooling region, around 77-83°C, 
there was more than 1 00°C difference between the two temperatures. 
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Figure 96: Quench andre-wetting temperatures at Location 1 and delay times versus 
water temperature during cooling of a l-in diameter brass tube for Tin= 580°C and Yjer= 

0.93 m/sec. 

5.5.1 Correlation for theRe-Wetting Temperature 

The re-wetting temperature at the stagnation point was found to relate linearly 
with water subcooling for all jet velocities and initial surface temperatures. The 
correlation was found to take the form: 

(5) 

The above correlation was obtained using the following ranges of operating 
conditions: Vjet = 0.22-1.43 m/sec, Tin= 500-720°C and Twater= 68-84°C using a 2-
in diameter stainless steel tube. Also, only those tests for which the delay time 
exceeds 2 seconds were used to obtain this correlation. 

Figure 97 shows a plot of the correlation and the experimental data for the varying 
operating conditions. The correlation provides good fit of the data. 
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Figure 97: Correlation for there-wetting temperature at Locations 1 during cooling of a 
2-in diameter stainless steel tube for Tin= 500-720°C and Yjet= 0.22-1.43 m/sec. 

5.5.2 Comparison with Correlations Available from Literature 

Several correlations for the quench and minimum film boiling temperatures are 
available from literature and have been developed using experimental data. Many 
of them are correlated to coolant subcooling in a relation similar to Equation 5. 

Following is a group of popular empirical correlations where T mtb denotes 
minimum film boiling temperature. These correlations will be compared with 
Equation 4 and Equation 5. In some of these correlations (Ohnishi correlation) the 
minimum film boiling temperature was defined the same way as the quench 
temperature was defined here. The correlations are: 

Lauer and Hufschmidt (L-H) correlation (water with stainless steel cylinder and 
sphere) [10]: 

~Tmtb= 5.893 ~Tsub + 228.6 

Adler correlations [1 0]: 

11 T mtb = 6 ~ Tsub + 13 0 (distilled water with stainless steel sphere) 

11 T mtb = 7 ~ Tsub + 175 (de-ionized water with stainless steel sphere) 
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Bradfield correlation (water with copper sphere) [3, 10]: 

~Tmtb= 6.15 ~Tsub + 200 

Groneveld and Stewart (G-S) correlation at atmospheric pressure (water with 
Inconel tube) [ 4 3]: 

Tmtb= 6.3 ilTsub + 289 

Ohnishi correlation [3]: 

Figure 98 shows a plot of Equation 4 and Equation 5 and the above empirical 
correlations. 

As can be seen from the figure, the equations are consistent with the other 
correlations. 
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Figure 98: Comparison of Equations 4 and 5 with correlations available from literature. 

5.5.3 Effect of Initial Surface Temperature 

Figure 99 shows there-wetting temperature versus water temperature for varying 
initial surface temperatures. The effect of the initial surface temperature is not 
significant especially for the higher water temperatures; the conditions which are 
of interest in this study. However, it can be seen that the re-wetting temperature 
increases slightly with increasing initial surface temperature. 
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As was mentioned in Chapter Two: Literature Review, it was experimentally 
found that the re-wetting temperature increases as a linear function of the initial 
surface temperature in the experiments done by Stevens [38]. They studied film 
and transition boiling on 1. 9 em diameter copper sphere moving through 
subcooled water. It was reported by J. Carbajo [10] that this linear relation was 
not confirmed by other experiments. In this study, a linear relationship between 
both the quench and the re-wetting temperatures was noticed (as was shown in 
Figures 80-82, pages 95-97). However, the linear relationship between the quench 
temperature and the initial surface temperature is clearer than that of the re­
wetting temperature. 
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Figure 99: Re-wetting temperature at Location I versus water temperature for varying 
initial surface temperatures during cooling of a 2-in diameter stainless steel tube and for 

Yjet = 1.43 m/sec. 

5.5.4 Effect of Jet Velocity 

In this study, weak dependence was observed of there-wetting temperature on the 
jet velocity in the range 0.22-1.43 m/sec. There-wetting temperature was found to 
only slightly increase with increasing jet velocity. Stevens [38] in his study of 
film and transition boiling on the copper spheres moving through subcooled water 
found that the velocity of the sphere had no effect on the minimum film boiling 
temperature. Other researchers reported that for subcooled conditions with low 
flow rates the mass flux effect is small or non-existent [42]. Gadala [37] found 
that the stagnation point during jet impingement on a flat steel plate is hardly 
affected by water flow rate. 
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5.5.5 Quench and Re-wetting Temperatures in Axial Direction 

In this study, a test section was prepared to study the quench and the re-wetting 
temperatures in the axial direction upon quenching by jet impingement. The test 
section was a l-in brass h1be prepared as discussed in Chapter Three. The tube 
was instrumented with five thermocouples located at: 0.0, 1.3, 3.5, 5.08 and 6.7 
em from the stagnation point. 

Figure I 00 shows an image of the tube upon cooling with water jet at velocity of 
Yjet = 0.93 m/sec for initial surface temperature Tin = 580°C. The thermocouple 
locations are shown in the figure. The figure also shows the corresponding surface 
temperature at the five locations at time t = 9.1 sec from starting the cooling 
process . At this time, Location 1 has already wet while Location 2 is around the 
re-wetting temperature. Locations 3, 4 and 5 are still at a high temperature. 
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Figure I 00: Surface temperature and the corresponding image during cooling of a l-in 
diameter brass tube for Yjet = 0.93 m/sec and T;0 = 580°C after t = 9.1 sec. The five 

locations are at: 0.0, 1.3, 3.5, 5.08 and 6.7 em from the stagnation point. 

For other points in the time domain, a plot of the surface temperature versus the 
relative axial distance is shown in Figure 101. The relative axial distance is the 
axial distance divided by the width of the jet. The figure shows the temperature at 
each locat ion from t = 0.0 until the whole tube has cooled to the jet temperature. 
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Figure I 0 I : Surface temperature versus the relative axial location during cooling of a l-in 
diameter brass tube for Yjet = 0.93 m/sec and Tin= 580°C. The five locations are at: 0.0, 

1.3 , 3.5 , 5.08 and 6.7 em from the stagnation point. 

To investigate the effect of water subcooling, Figure 102 shows the quench and 
the re-wetting temperatures at the five locations for water temperatures in the 
range 54-82°C for initial surface temperature T in = 580°C and for Yjet = 0.93 
rn/sec. 
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Figure I 02 : Quench and re-wetting temperatures versus the relative axial location for 
several water temperatures during cooling of a l-in brass tube for initial surface 

temperature T;11 = 580°C and Yjel = 0.93 m/sec. 

The quench temperature at Location I and Location 2 are almost the same as they 
are located close to each other. The quench temperature starts to level off to 
almost a constant value at the other locations. This is because the upper surface of 
the tube has cooled down due to film boiling and heat conduction to the 
stagnation area and due to the increase in water temperature as the water moves 
on the surface. 

It can be seen that the length on the tube axis does not have a considerable effect 
on both the quench and the re-wetting temperatures for high water temperatures 
and at Locations 3, 4 and 5. 
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5.5.6 Effect of Tube Size and Solid Material 

The quench and the re-wetting temperatures versus water subcooling during 
cooling of a l-in brass tube are shown in Figure 103. These correlations were 
found to take the form: 

(6) 

Trw= 6.04 ~Tsub + 256.3 (7) 

Figure 104 shows these correlations as well as the correlations obtained for the 2-
in stainless steel tube as was shown previously in Equation 4 and Equation 5. 

The figure shows that the quench temperature of the brass tube is lower than that 
of the stainless steel tube and it is more sensitive to the water subcooling (steeper 
slope for brass). The lower quench temperatures of brass compared to those of 
steel are due to the effect of the two factors: the solid material and the surface 
curvature. As was shown in sub-section 5 .1.6 page 65 the delay time increases by 
increasing the solid thermal conductivity. This causes the surface to cool to a 
lower temperature before it starts to quench. Also, as was shown in sub-section 
5.1.7 page 66 the delay time increases by decreasing tube diameter. This again 
causes the surface to cool to a lower temperature before it reaches the quench 
temperature. 

Jet impingement cooling results in localized cooling near the stagnation region for 
steel in contrast to brass where the entire heated tube quickly feels the effect of 
the jet on the surface. Brass can easily supply heat to the region of the jet-surface 
interaction which increases the quench delay time. Therefore, brass shows lower 
quench temperatures. 

From the above discussion, it is concluded that by using the brass tube the 
combined effects of both increasing the thermal conductivity and decreasing the 
tube size worked to decrease the quench temperature compared to that of the steel 
tube. The maximum decrease in the quench temperature was around 70°C. The 
quench temperatures for the two tubes approach each other as water subcooling 
increases. 

The two tubes show almost the same re-wetting temperature as shown in Figure 
104. The re-wetting temperature is concluded to be less dependent on the solid 
material. This result is consistent with findings of other researchers. A. Mozumder 
et al. [44] experimentally found that the re-wetting temperature of droplets 
impinged on four hot surfaces (Aluminum, copper, brass and steel) was 
independent of the solid material for the four tested surfaces. Also, as was 
mentioned in Chapter Two: Literature Review, J. Hammad [13] studied the effect 
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of solid material during jet quenching of three high temperature cylindrical blocks 
using a circular water jet directed upwards towards the flat bottom of the 
cylinders. The three blocks were made of copper, brass and steel. It was found 
that there-wetting temperature was not affected by the block material especially 
near the stagnation region. 
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Figure I 03: Correlations for quench andre-wetting temperatures at Locations 1 during 
cooling of a l-in diameter brass tube. 
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Figure 104: Comparison of quench andre-wetting correlations obtained for Steel and 
Brass tubes. 
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5.5.7 Effect ofNumber of Tubes 

A Few tests were conducted in this study to investigate quenching of two 
horizontal tubes . The tubes were aligned with vertical spacing of 16 mm in 
between and the lower tube was instrumented with thermocouples. The 
thermocouples are located axially at: 0.0, 1.3 , 3.5, 5.08 and 6.7 em from the 
stagnation point and one sixth thermocouple is located 60° at the same axis with 
thermocouple 1. The lower tube was quenched twice: once alone and once with 
the existence of the upper tube and the resulting temperature-time profiles were 
compared. Figure 105 shows an image of the two tubes being cooled. The wet 
patch on the lower tube was found to spread from the tube sides towards the tube 
upper and lower parts. Figure 106 shows the cooling profiles obtained for 
quenching the single tube and Figure 107 shows those obtained for the lower tube 
upon cooling the two tubes . The figures also show the thermocouple locations. 
The top point at the lower tube shows a lower quench temperature than that when 
the upper tube was not existent. Figure 107 shows a considerable delay in 
quenching Location 1 and Location 2 as they quench only after quenching 
Location 6 which is located at the side of the tube. Also, liquid sheet lifting at the 
upper tube causes the temperature at Location 6 to increase before it re-quenches 
a gam. 

Figure 105: Cooling oftwo l-in brass tubes for Yjet = 0.93 /sec, Twater = 54°C and T;11 = 
600°C. The wet patch on the lower tube spreads from the sides towards the tube upper 

and lower parts. 
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Figure 106: Cooling profiles during cooling of single l-in brass tube for Yjet = 0.93 /sec, 
Twater = 54oC and Tin= 600°C. 
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Figure 107: Cooling profiles during cooling of two l-in brass tubes for Yjet = 0.93 /sec, 
Twater = 54°C, Tin= 600°C and spacing of 16 mm. 

5.5.8 Summary and Comments 

The effects of various parameters on the re-wetting temperature were studied. The 
re-wetting temperature is generally lower than the quench temperature. It was 
found that there-wetting temperature is mainly affected by water subcooling and 
a correlation of the re-wetting temperature as a function of water subcooling has 
been developed. The correlations developed for the quench and re-wetting 
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temperatures agree with empirical correlations available from literature. The re­
wetting temperature was found to depend on the axial direction on the tube 
surface for locations close to the stagnation point. However, weak dependence 
was observed as the distance from the stagnation point increases. In cooling two 
horizontal tubes aligned with vertical spacing in between, the lower tube showed 
generally lower quench temperatures than those when it was cooled alone. 
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5.6 Vapor Film and Nucleate Boiling Cooling Rates 

Cooling of a hot surface experiencing vapor film boiling causes the vapor film to 
collapse, resulting in nucleate boiling where very rapid heat transfer starts to take 
place. As the surface cools further the nucleate boiling is followed by single phase 
convection. Therefore, in determining the cooling rate (°C/sec) upon quench 
cooling, one should look at the cooling rates in three distinct stages: vapor film 
boiling, nucleate boiling and single phase convection. 

In vapor film boiling, heat is transferred to the liquid by conduction through the 
vapor film and by radiation and convection. The transferred heat works on heating 
the liquid and evaporating part of it. 

In nucleate boiling, as the surface temperature is higher than the saturation 
temperature of the liquid, steam bubbles are formed within the liquid in small 
cavities at the hot surface. The bubbles grow in size and at a critical size they 
detach from the wall and are transferred to the bulk of the liquid. As the 
temperature of the bulk liquid is lower than that at the hot surface, the bubbles 
collapse. Therefore, heat is carried away quickly and efficiently from the hot 
surface. If the surface temperature continues to decrease to a value less than the 
saturation temperature, nucleate boiling stops and single phase convective cooling 
starts to take place. 

In this section the effect of several parameters on the cooling rates of vapor film 
and nucleate boiling are discussed. The cooling rates in the vapor film and 
nucleate boiling regimes were determined from the slope of the cooling profile 
before and after the rapid decrease in temperature; respectively. This was done for 
several locations at the tube where thermocouples are instrumented. 

Investigating the cooling rates is important as they give an indication of the heat 
flux which is usually related to the cooling rate. 

5.6.1 Effect of Initial Surface Temperature and Degree of Subcooling 

Figure 108 shows the cooling rates of vapor film boiling and nucleate boiling at 
the stagnation point versus water temperature during cooling of a 2-in stainless 
steel tube for Vjet = 1.43 /sec and for varying initial surface temperatures. Rvapor 

represents the cooling rate of vapor film boiling and Rnucleate represents the cooling 
rate of nucleate boiling, both measured in °C/sec. 

The figure shows that, for the current jet velocity, the cooling rates show some 
increase with decreasing water temperature and slightly depend on the initial 
surface temperature. As water temperature decreases the heat, conducted from the 
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surface through the vapor film increases. This increases the efficiency of the 
cooling by vapor film boiling. 
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Figure 108: Cooling rates of vapor film boiling and nucleate boiling at stagnation point 
versus water temperature during cooling of a 2-in stainless steel tube for Vjet = 1.43 /sec 

and for varying initial surface temperatures. Rvapor: cooling rate of vapor film boiling, 
Rnucleate: cooling rate of nucleate boiling. 

5.6.2 Effect of Jet Velocity 

Figure 1 09 shows the cooling rates at the stagnation point versus water 
temperature during cooling of a 2-in stainless steel tube for Tin = 720°C and for 
varying jet velocities. As the jet velocity increases, both cooling rates increase. 
The vapor film boiling coolirig rate is more dependent on the water temperature 
for the high jet velocity Vjet = 1.43 /sec. Highly increasing the jet velocity 
increases the pressure on the vapor film and makes it thinner which increases the 
cooling rate. 
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Figure 109: Cooling rates of vapor film boiling and nucleate boiling at stagnation point 
versus water temperature during cooling of a 2-in stainless steel tube for Tin= 720°C and 
for varyingjet velocities. Rvapor: cooling rate of vapor film boiling, Rnucleate: cooling rate of 

nucleate boiling. 

In nucleate boiling, for jet velocities of 0.22 and 0.93 m/sec, the figure shows a 
decrease in the cooling rate followed by an increase. The unexpected increase can 
be explained as follows: for these low and moderate jet velocities, as the water 
temperature increases the quench delay time increases. During this delay time, the 
whole surface cools down by vapor film boiling. When the conditions for vapor 
film destabilization are achieved, the vapor film destabilizes on a wide area on the 
surface and transition and nucleate boiling start to take place on this area. As this 
area increases in size, the nucleate boiling cooling rate increases. 

However, for lower water temperatures, the delay time is relatively short which 
means that film boiling exists for a shorter time on the whole surface. Therefore, 
when the vapor film destabilizes, it destabilizes on a localized area surrounding 
the stagnation point. Under such conditions, the resulting nucleate boiling rate 
will be lower than that for higher water temperatures. This behavior again, was 
observed for the low and moderate jet velocities of 0.22 and 0.93 m/sec as shown 
in Figure 109. One another factor is that decreasing water temperature increases 
the quench temperature. Increasing the quench temperature increases the nucleate 
cooling rate due to the change in water viscosity. As the viscosity decreases with 
the increased temperature, better wetting of the surface occurs and consequently 
better heat transfer. This explains why the cooling rate decreases by the initial 
increase in water temperature (in the range 70-76°C). 
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5.6.3 Effect of Spatial Location 

Figure 110 shows the vapor film boiling cooling rate at Locations 1-4 versus 
water temperature during cooling of a 2-in stainless steel tube for Tin = 660°C and 
for Vjet = 1.43 m/sec. The cooling rate depends on the azimuthal location on the 
tube surface and it is maximum at the stagnation point and decreases by moving 
down towards the tube bottom point. This is because the stagnation region is 
located directly beneath the jet where the water is at a lower temperature than 
what it becomes at the other locations. Figure Ill shows the nucleate boiling 
cooling rate at the same locations. The nucleate boiling cooling rate also depends 
on the spatial location but at stagnation its value is closer to that at Location 2. 
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Figure 110: Cooling rate of vapor film boiling at Locations 1-4 versus water temperature 
during cooling of a 2-in stainless steel tube for Tin= 660°C and Vjet = 1.43 m/sec. 
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Figure Ill: Cooling rate of nucleate boiling at Locations 1-4 versus water temperature 
during cooling of a 2-in stainless steel tube for Tin= 660°C and Vjet = 1.43 m/sec. 

5.6.4 Summary and Comments 

In this section the effects of several parameters on the cooling rates of vapor film 
boiling and nucleate boiling were studied. Determination of the cooling rates is 
important as the heat flux is usually related to the cooling rate. It was found that, 
generally, increasing water temperature slightly decreases the cooling rates and 
increasing jet velocity increases the cooling rates. The cooling rates also depend 
on the spatial location: the cooling rates decrease by moving towards the tube 
bottom point. The stagnations point shows the maximum cooling rates. 

There exists a combination of jet velocities and water temperatures for which the 
nucleate boiling cooling rate unexpectedly increases by increasing water 
temperature and the cooling rate does not always show a decrease by increasing 
water temperature. 
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Chapter Six 

Conclusions 

Quench cooling of a hot dry surface involves the rapid decrease in surface 
temperature resulting from bringing the hot surface into sudden contact with a 
coolant at a lower temperature prior tore-wetting the surface. Situations involving 
quench heat transfer are encountered in a number of postulated accidents in the 
CANDU reactors, such as quenching of hot fuel elements experiencing post -
dryout conditions during a loss of flow accident or quenching of a hot calandria 
tube in certain loss of coolant accidents in which a pressure tube deforms into 
contact with its calandria tube. 

The quench cooling is a very complex heat transfer process and involves several 
sub-processes which are complicated themselves. Any theoretical modeling of the 
process should take into consideration a large number of affecting variables, such 
as initial surface temperature, coolant temperature, flow velocity, surface 
geometry and solid material. In literature, there is a considerable confusion in 
defining the different terms usually used in quench studies. 

In this study the quench temperature was defined as the onset of the rapid 
decrease in the surface temperature and the re-wetting temperature as the 
temperature at which actual liquid-solid contact occurs. To better understand the 
dynamics of the quench process an experimental facility has been designed and 
built as part of this study to measure the surface temperature and visualize the 
two-phase flow behavior during quench of hot horizontal tubes using an array of 
water jets. The effect of many variables which play a role in the quench cooling 
has been investigated and discussed. Empirical correlations for re-wetting delay 
time, re-wetting front velocity, quench temperature, re-wetting temperature have 
been developed and provided good fit of the experimental data. 

The results of this study provide novel information and an experimental database 
for mechanistic modeling of quench cooling of calandria tubes experiencing film 
boiling due to pressure tube contact after a critical break LOCA in CANDU 
reactors. The mechanistic modeling can be used to support safety analysis 
methodology that has been developed to demonstrate fuel channel integrity during 
LOCA in CANDU reactors. 

Following are more detailed conclusions: 
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6.1 Water Quench Facility 

A novel method of thermocouple instrumentation in the test section has been 
developed to accurately measure the temperature at a location on the tubes. In 
literature, many studies reported the existence of noise in the temperature-time 
profile in quench studies. The thermocouple instrumentation method in this study 
resulted in accurate measurement of surface temperature which allowed the 
differentiation between the noise created by the measurement tools and the noise 
created because of the two-phase flow behaviour under certain operating 
conditions. 

The use of a high speed camera with a high framing rate provided an excellent 
tool to accurately determine and to introduce some variables which are highly 
transient in nature such as vapor film collapse, reformation of the vapor film and 
rebound of the re-wetting front. This tool also helped in accurately locating the 
edge of the re-wetting front as it moves on the surface. 

6.2 Re-wetting delay time 

The re-wetting delay time at the stagnation region greatly depends on water 
subcooling. The delay time increases with increasing water temperature. Also, it 
increases with increasing initial surface temperature and decreasing jet velocity. It 
also greatly depends on the solid material. As the solid thermal conductivity 

· · increase the delay time increases. The delay time increases by increasing the 
surface curvature (decreasing the diameter). Also, as the thickness of the material 
decreases the delay time decreases. Jet orientation was found to have a negligible 
effect on the delay time at the stagnation region. Number of jets applied to the 
surface slightly decreased the delay time at stagnation. 

A correlation was developed for estimating the delay time. The correlation 
parameters are jet velocity, water subcooling, initial surface temperature, solid 
material and tube diameter. The correlation provided good fit of the experimental 
data collected in this study and was in good agreement with data ~vailable from 
literature. 

6.3 Re-wetting front velocity 

The re-wetting front position during quenching always follows the quench 
position. The re-wetting front velocity was found to increase with decreasing 
water temperature, increasing initial surface temperature and increasing jet 
velocity. Therefore, the front velocity slows down as the temperature difference 
between the heated tube and the liquid applied decreases. Increasing surface 
curvature was found to decrease the re-wetting front velocity. Also, as the solid 
thermal conductivity increases, the re-wetting front velocity decreases especially 
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in the early stages of the formation of the wet patch. The number of jets applied to 
the surface slightly increased the re-wetting front velocity. Jet orientation had a 
negligible effect on the re-wetting front velocity in the axial direction of the tube. 
Finally, increasing the thickness of the tube decreases the re-wetting front 
velocity. 

Under some conditions, the re-wetting front was found to rebound just after the 
formation of the wet patch. The rebound increased by decreasing water 
temperature and decreasing jet velocity. 

6.4 Boiling region size 

Few studies investigated the size of the transition and nucleate boiling region. 
This size was found to increase with water temperature and with decreasing initial 
surface temperature. The size also increased as the solid thermal conductivity 
increased. 

6.5 Quench temperature 

Determining the quench temperature is important for reactor safety and most 
quench theoretical models require knowledge of the quench temperature. It was 
found that the quench temperature is mainly affected by water subcooling and the 
location on the test tube. A water subcooling range exists beyond which the 
dependence is weak and the concept of critical water subcooling has been 
introduced in this study. A correlation of the quench temperature as a function of 
water subcooling was developed based on the experimental data collected in this 
study. 

6.6 Re-wetting temperature 

The re-wetting temperature is always lower than the quench temperature. 
However, the two temperatures approach each other for high water subcoolings. 
The re-wetting temperature is mainly affected by water temperature and the 
location on the test tube. A correlation of the re-wetting temperature as a function 
of water subcooling was developed. The correlation provided good fit of the 
experimental data and was in good agreement with empirical correlations 
available from literature. 

6. 7 Cooling rates 

It was found that, in general, increasing water temperature slightly decreases the 
cooling rates in vapor film and nucleate boiling. Also, the cooling rates increase 
by increasing jet velocity. The cooling rates were found to decrease by moving 
towards the tube bottom point. The stagnation point shows the maximum cooling 
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rates. There exists a combination of jet velocities and water temperatures for 
which the nucleate boiling cooling rate unexpectedly increases by increasing 
water temperature. 
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Chapter Seven 

Recommendations 

The results of this study showed that the quench process is a very complicated 
process and involves several sub-processes. Many variables affect the different 
sub-processes during quenching and therefore it is hard to investigate all these 
variables in one study. This work provided many details of some aspects of the 
phenomena. A primary foundation was also provided for other aspects which may 
lead to better understanding of the phenomena by future studies. Some directions 
for future work are depicted here and it is recommended to: 

1. Investigate the quench phenomena using an array of tubes. 

2. Use large scaled tubes. 

3. Study the effect of the pressure on the quench process as high pressures are 
usually encountered in the reactor core. 

4. Determine the heat flux at the surface during quenching. This could be done 
by theoretical modeling. 

5. Further·study the new parameter "boiling width" which may contribute to the 
better understanding of the quench cooling. 

6. This study showed that there is not much dependence of the quench 
temperature on water temperatures exceeding a value around 81 °C. However, 
it is still recommended to increase the water temperature to values close to the 
saturation temperature. 

7. Further study the effect of wall thickness on the quench process. 

8. Study the effect of surface roughness on the quench process. 

9. Study the effect of surface oxidation on the quench process. 

10. Study the effects of jet impingement locations on the horizontal tube. 

11. Study the effect of jet size and type. 

12. Study the effect of jet-to-surface distance. 

13. Study the effect of using a two-phase water jet in the quench process. 
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Appendix 
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Main Components of the Experimental Setup 

Component Type Company Model I Notes Specifications 

Water Handling & Circulating Section 

Water Heater Electric 
Bradford 

45kW www. bradfordwhite. com 
White 

Pump Centrifugal mcKeough 
750 rpm,% hp 

www.mckeoughsupply.com 

GOULDS 
Flowmeter Turbine Simark Controls 6.2000 www.simarkcontriols.com 

Valves Ball Boshart - www. boshart.com 
Valves Gate Boshart - www.boshart.com 
Material for: 

Metal Three sheets: 
Co llct. tank S. Steel 

Supermarkets 4x8 ft2 each 
Wall: - 0.32 em 

Head tank 
Pipes 

Metal SCH40 
2.0 in. S. Steel 

Supermarkets 
- SCH 40 

2.5 in. 

Hoses 
High temperature 

TT Liquid 
To minimize 

2 in. 
PVC vibrations 

Hose-end clamps S. Steel TT Liquid - 2 in. 
Strainer Y-strainer Sure Flow Mesh# 165 www.sureflowequipment.com 

Elbows S. Steel TT Liguid - 2 in. 
Tee connectors S. Steel TT Liquid - 2 in. 

Nozzles Rectangular 
Metal 

1 x 1'2 in. 
Supermarkets 

Specimen Section 

Specimens 1 in. Canadian 
(Brass Tubes) 2 in. - www.canadianbrass.ca 

Brass Co. 

Thermocouples K-Type Omega KMQSL-040U-24 www .omega. com 

T.C Extension Wires K-Type Extension Omega PR-K-24-SLE www .omega.com 

Specimen holder 1 in. steel pipe 
McMaster 

Carr - www.mcmaster.com 

Motorized motion 
3 m/s max. speed Velmex 

www. velmex.com -
system 
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Data Acquisition System 

DAS 64 Channels NI SCXI www .ni.corn 

High Speed Imaging System 

Camera 
FASTCAM-X Fastec 

www.hsi.corn 
PCI 1024 Imaging -

Lenses External HIS - www.hsi.com 

IR cut off filter 
Absorptive 

Sunex Inc. 
IRC21-50R 

www.optics-online.com 
Reflective IRC30-50x50 

Lights Halogen Lowel - www .lowel.corn 

General Items 

Stands & Supports Steel square tubes 
Metal 

Steel 
l Y2 in.x 1 Y2 in.x 

Supermarkets 0.1 in. 
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