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t=0.04 seconds, R=12.5mm t=0.072 seconds, R=17.2mm.

t=0.108 seconds, R=22mm

t=0.168 seconds, R=27.9mm t=0.204 seconds, R=32mm

Figure 4.8: Sequences for experiment - Dj=3mm, Tsp=250°C, Tw=50°C, Vj= 7.75m/sec
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t=0.248 seconds, R=34.4mm t=0.288 seconds, R=37.3mm

Figure 4.8: Sequences for experiment - Dj=3mm, Tsp=250°C, Tw=50°C, Vj= 7.75m/sec
Figure 4.9 shows the comparison of the propagation of wetting front with jet

diameter of 4mm for jet velocity of Sm/sec. Table 4.1 shows effect of water temperature

on values of R for the case of Dj=4mm and a comparison with the case of Dj=3mm.
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Figure 4.9: Radius of wetting front; as a function of time for Tw =20, 50, and 80°C and
Dj=4mm, Tsp=250°C, and Vj = Sm/sec
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As shown in Table 4.1 the increase in jet diameter has enhanced the propagation
of wetting front. The radius of wetting front for R, has increased to 35mm from 32mm in
0.18 seconds which when compared with that of Dj=3mm in figure 4.5 is an increase of
9.4%. Similarly delayed time for attaining the Rsp = Ry=35mm has improved to 66.6%
which was 100% for Dj=3mm and also the delayed time for attaining Rgo= Ry=35mm
has improved to 144% as compared to 200% for Dj=3mm. Hence Jet diameter has
significant effect on propagation of wetting front. This might be attributed to the fact that
increasing jet diameter and maintaining same jet velocity means higher flow rate.
Experiments carried out with Dj=4mm, figure 4.9 had 77.8% higher flow rate than those
reported in figure 4.5. It is worth noting that this increase in flow rate had its maximum

impact on speed of wetting front at the highest water temperature, i.e. at Tw=80°C.

Table 4.1: Comparative analysis for Tsp=250°C, Dj=3mm and 4mm for Vj=5m/sec

Ry Rso Rgo
Time(sec) | mm(%age | %age mm(%age %age mm(%age %age
increase in | increase in | increase in [ increase in | increase in | increase in
comparison | comparison { comparison |{ comparison | comparison | comparison
with initial | with with initial | with with initial | with
value) Dj=3mm value) Dj=3mm value) Dj=3mm
0.06 26 13 23 35 17 41.6
0.12 31(19.2%) 11 27(17.3%) 23 22(29.4%) 29.4
0.18 35(13%) 9.4 31(15%) 19 25(13.6%) 25
0.30 - - 35(13%) 154 30(20%) 20
delayed by
66.6%)
0.44 35(16.7%)
delayed by
144%
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Figure 4.10 shows comparison of the propagation of wetting front with increase in
water temperature for jet velocity of 7.75m/sec with jet diameter=4mm. The comparative
analysis is presented in Table 4.2 which shows the effect of water temperature at
Vj=7.75m/sec and comparison with results reported in figure 4.9 for Vj=5m/sec. The
increase in jet velocity has increased the radius of wetting front in a given time. Ry in
0.18sec has increased to 37mm from 35mm when compared with that of Vj=5m/sec in
figure 4.9 an increase of 6%. Similarly the time required for Rso = R20=37mm has
improved to 16.6% which was 66.6% for Vj=5m/sec and also the time required for Rgy=
R30=37mm has improved to 30.7% which was 144% for Vj=5m/sec. Hence jet velocity

has again shown to be strongly effecting the propagation of wetting front.
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Figure 4.10: Radius of wetting front; as a function of time for Tw =20, 50, and 80°C and
Dj=4mm, Tsp=250°C, and Vj = 7.75m/sec.
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Table 4.2: Comparative analysis for Tsp=250°C, Dj=4mm for Vj=5 and 7.75m/sec

Rzo RSO
Time(sec) | mm(%age | %age mm(%age %age mm(%age Y%age

increase in | increase in | increase in | increase in | increase in | increase in

comparison | comparison | comparison | comparison | comparison | comparison

with initial | with with initial | with with initial | with

value) Vij=Sm/sec | value) Vj=Sm/sec | value) Vj=5Sm/sec
0.06 29 11.5 23 0 17 0
0.12 34(17.2%) 9.6 30(17.3%) 11.1 23(44%) 4.5
0.18 37(13%) 6 35(15%) 13 29(26%) 16
0.21 - - 37(6%) 17.5 32(10%) 15

delayed by
16.6%)
0.26 37(16.7%)
delayed by
30.7%

Table 4.3: Comparative analysis for Tsp=250°C, Dj=3mm and 4mm for Vj=7.75

Ry Rso Rgo
Time(sec) | mm(%age | %age mm(%age %age mm(%age %age

increase in | increase in { increase in | increase in | increase in | increase in

comparison | comparison | comparison | comparison | comparison | comparison

with initial | with with initial | with with initial | with

value) Dj=3mm value) Dj=3mm value) Dj=3mm
0.06 29 7.4 23 44 17 33
0.12 34(17.2%) 6.2 30(17.3%) 30 23(44%) 35
0.18 37(13%) 5.7 35(15%) 20 29(26%) 38
0.21 - - 37(6%) 17.7 32(10%) 15

delayed by
16.6%)
0.26 35(16.7%)
delayed by
30.7%
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Similarly Table 4.3 demonstrates the comparative effect on propagation of
wetting front with variation in water temperature on the basis of figure 4.10 and also
verifies the impact of jet diameter by comparing the propagation of wetting front for
Dj=3mm with jet velocity of 7.75m/sec from figure 4.7.The increase in jet diameter has
enhanced the propagation of wetting front. The value of Ry has increased to 37mm from
35mm in 0.18 seconds when compared with that of Dj=3mm in figure 4.7 is an increase
of 5.7%. Similarly the time required for Rsyp = Ry=37mm has improved to 16.6%, which
was 55.5 % for Dj=3mm and also the time required for attaining Rge= R20=35mm has
improved to 30.7%. Hence Jet diameter has significant effect on propagation of wetting
front.

4.4. Results with Specimen Surface temperature of 500°C.

Although it has been shown that water temperature, jet velocity and jet diameter
have profound effects on the propagation of wetting front for specimen surface
temperature of 250°C but this needs to be verified for higher surface temperature of
500°C. During an experiment at specimen surface temperature of 500°C with water
temperature of 80°C, propagation of wetting front with time could not be observed in the
video because of vapors therefore for this surface temperature experiments were
performed with a maximum water temperature of 75°C.

4.4.1. Effect of Water temperature, Jet velocity and Jet diameter.

Figures 4.11 and 4.13 for Dj=3mm, and, figures 4.14 and 4.16 for Dj=4mm,

indicate the comparative growth of wetting front “R” with time for Tw=20, 50 and 75°C

for jet velocities of 5 and 7.75m/sec.
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Time delay in occurrence of wetting for experiment with Dj=3mm, Vj=5m/sec for
Tw=20°C was found to be negligible but it was found to be 0.02 seconds for experiments
with Tw=50 and 75°C. Results drawn in figure 4.11 show that the wetting fronts for
water temperatures of 50 and 75°C have the same propagation speed after an initial
transient period of 2 seconds. This might be due to the loss of momentum of water jet in
which case the jet is unable to provide enough cooling for wetting front to propagate at
different rates. Comparative analyses of the propagation of wetting front with time on the
basis of figure 4.11 are shown in Table 4.4. Wetting front propagates faster with time for
Tw=20°C as compared to Tw=50 and 75°C. In 1.6 seconds Ry reaches a value of 26mm
which Rsgp and Rys take about 3.1 seconds to propagate to. This signifies about 100%
delay for Tw=50 and 75°C.

Sequences for an experiment with jet diameter of 3mm, Tsp=500°C, Tw=20°C
for jet velocity of Sm/sec are shown in figure 4.12 to demonstrate the propagation of
wetting front.

Figure 4.13 shows the propagation of wetting front as a function of time for
Tw=20, 50 and 75°C for jet velocity of 7.75m/sec. Wetting delay for experiment with
Tw=20°C was found to be negligible but it was found to be 0.01 seconds for experiments
with Tw=50 and 75°C. Table 4.5 presents the comparative effect on propagation of
wetting front with variation in water temperature on the basis of figure 4.13 and also
verifies the impact of jet velocity by comparing the propagation of wetting front for

Vj=5m/sec for jet diameter of 3mm from figure 4.11.
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The increase in jet velocity from 5 to 7.75m/sec has increased the radius of
wetting front in a given time. Ry has increased to 31.5mm in 1.2 seconds which was

26mm in 1.6 seconds when compared with that of Vj=5m/sec in figure 4.6. This is an
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Figure 4.11: Radius of wetting front; as a function of time for Tw =20, 50, and 75°C and
Dj=3mm, Tsp=500°C, and V] = 5m/sec.

Table 4.4: Comparative analysis for Tsp=500°C, Dj=3mm and Vj=5m/sec

Time (seconds) Ry Ry Rys
mm (%age increase) mm (%age increase) mm (%age increase)
0.4 19 13 10
0.8 22(15.5%) 15.5(19.2%) 13.5(35%)
1.2 25(13.6%) 18(16.1%) 17(26%)
1.6 26(4%) 19(5%) 18(6%)
3.1 26(36.8%) 26(36.8%)
delayed by 100% delayed by 100%
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t=0.006, R=7.2mm

t=0.012 seconds, R = 8.9mm t=0.032 seconds, R = 10.25mm

Figure 4.12: Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=20°C, Vj= 5m/sec
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t=0.068 seconds, R =11.32 mm t=0.118 seconds, R= 13mm.

t=0.508 seconds, R=18.46mm t=0.668 seconds, R=20.5mm

Figure 4.12: Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=20°C, Vj= 5m/sec
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t=1.008 seconds, R = 22.9mm

t =1.608 seconds, R =26.7mm t =1.908 seconds, R =28.7mm

t=2.308 seconds, R = 30.1mm t =2.808 seconds, R = 32.5mm

Figure 4.12: Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=20°C, Vj= 5m/sec
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t=3.12 seconds, R = 34.2mm

Figure 4.12: Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=20°C, Vj= 5m/sec
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Figure 4.13: Radius of wetting front; as a function of time for Tw =20, 50, and 75°C and
Dj=3mm, Tsp=500°C, and Vj = 7.75m/sec.
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increase of 26%. Similarly the delayed time for attaining the Rsp = Ry=31.5mm has

increased to 125%which was 100% for Vj=Sm/sec. It is important to note that this

delayed time for jet velocity of 7.75m/sec is of 1.5 seconds while it is also 1.5 seconds

for Vj=5m/sec. The delayed time for attaining Rys= R0=31.5mm has increased to 158%

(represent 1.5 sec) which was 100 %( represent 1.9 sec.) for Vj=5Sm/sec. Hence jet

velocity has again shown to be strongly effecting the propagation of wetting front. The

sequences for an experiment with Dj=3mm, Tsp=500°C, Vj=7.75m/sec and Tw=75°C,

are shown in figure 4.14

Table 4.5: Comparative analysis for Tsp=500°C, Dj=3mm for V

=5 and 7.75m/s_ec

delayed by
158%

Ry Rsg Rys
Time(sec) | mm(%age | %age mm(%age Y%age mm(%age %age

increase in | increase in | increase in | increase in | increase in | increase in
comparison | comparison | comparison | comparison | comparison | comparison
with with with with with with
previous Vj=5m/sec | previous Vj=Sm/sec | previous Vj=5m/sec
value) value) value)

04 23.5 23.71 17.5 35 12 20

0.8 28(19%) 27.5 21(20%) 35 17(42%) 26

1.2 31.5(12%) 26 24(14.3%) 333 20(17.6%) 17.6

2.7 - - 31.5(31.25%) 17.5 28(40%) 15

delayed by
125%)
3.1 31.5(12.5%)

Figure 4.15 shows the effect of water temperature on propagation of wetting front

with time for Dj=4mm and Vj=5m/sec. Wetting delay for experiment with Tw=20°C was

found to be negligible but it was found to be 0.022 seconds for experiments with Tw=50

and 0.05 seconds for Tw=75°C. Consistent to what was observed in figure 4.11, the
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t=0 seconds, R=0 mm t = 0.004seconds, R= 0 mm

t=0.01 seconds, R =2.45mm t =0.02 seconds, R =2.8 mm

t =0.04 seconds, R=4.2mm t=0.08 seconds, R = 6.3mm

Figure 4.14: Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=75°C, Vj= 7.75m/sec
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t =0.44 seconds, R =11.9mm t = 0.64 seconds, R = 14.7mm

Figure 4.14: Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=75°C, Vj= 7.75m/sec
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t=0.94 seconds, R = 18.25 mm t=1.24 seconds, R =20.35 mm

t=1.44 seconds, R =24.2 mm t =1.64 seconds, R =25.6 mm

t=2.04 seconds, R = 26.7mm t =2.34 seconds, R =29.13

Figure 4.14: Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=75°C, Vj= 7.75m/sec
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t =2.64 seconds, R =30.18 mm t=2.94 seconds, R =32.3

Figure 4.14:Sequences for experiment - Dj=3mm, Tsp=500°C, Tw=75°C, Vj= 7.75m/sec.
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Figure 4.15: Radius of wetting front; as a function of time for Tw =20, 50, and 75°C and
Dj=4mm, Tsp=500°C, and Vj = Sm/sec.
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wetting fronts for Tw= 50 and 75°C appear to have the same propagation speed after 2.8

seconds and they seem very close to each other afterwards. This might be due to the loss

of momentum of water jet due to which jet is unable to provide enough cooling for

wetting front to propagate.

Table 4.6: Comparative analysis for Tsp=500°C, Vj=5 m/sec for Dj=3mm and 4mm

Ry Rso Rs
Time(sec) | mm(%age %age mm(%age %age mm(%age %age
increase in | increase in | increase in | increase in | increase in | increase in
comparison | comparison | comparison | comparison | comparison | comparison
with with with with with with
previous Dj=3mm previous Dj=3mm previous Dj=3mm
value) value) value)
04 18 0 14 7 10 0
0.8 22(15.7%) 0 16(14.3%) 3.2 13.5(35%) 0
1.4 25.5(13.6%) 2 19(19%) 3 18(38%) 3
3 - - 25.5(34.2%) 17.5 25.5(46%) 0
delayed by delayed by
100%) 100%)

Table 4.6 demonstrates the comparative effect on propagation of wetting front
with variation in water temperature on the bases of figure 4.8 and also shows the impact
of jet diameter by comparing the propagation of wetting front for Dj=3mm for jet
velocity of Sm/sec from figure 4.6. Increase in jet diameter here seems to have no effect
on the propagation of wetting front. The R, has increased to 25.5mm from 25mm when
compared with that of Dj=3mm in figure 4.6 which is a negligible increase Similarly the
delayed time for attaining the Rsy = Ry0=25.5mm is the same which is 100 % for

Dj=3mm and also the delayed time for attaining R;s= R;=25.5mm remains the same.
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This implies that increase in jet diameter shows no effect on propagation of wetting front
when surface temperature is increased to 500°C which might be due to insufficient
cooling capacity of water jet. Hence propagation of wetting front seems to be weakly

affected by increase in jet diameter.

Figure 4.16 shows the effect of water temperature on propagation of wetting front
with time for Dj=4mm and Vj=7.75m/sec. Wetting delay for experiment with Tw=20°C
was found to be negligible but it was 0.014 seconds for experiments with Tw=50 and
0.018 seconds for Tw=75°C. Table 4.7 shows the comparative effect on propagation of
wetting front with variation in water temperature on the basis of figure 4.16 and also
shows the impact of jet velocity by comparing the propagation of wetting front for

Dj=4mm for jet velocity of Sm/sec from figure 4.15.

Although wetting front initially propagates faster for all temperatures when
compared with that of figure 4.13 but then slows down for Tw=50 and 75°C. Radius of
wetting front for water temperature of 20 °C continue to propagate faster and attain a
value of 34mm in 0.8 seconds which is attained by water temperatures of 50 and 75°C in
3 seconds. It is still better when compared with the radius of wetting front of 25.5 mm in
3 seconds for Tw=50 and 75°C for Dj=4mm and Vj=5m/sec from figure 4.15. This fact

1s tabulated in Table 4.7.
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Figure 4.16: Radius of wetting front; as a function of time for Tw =20, 50, and 75°C and
Dj=4mm, Tsp=500°C, and Vj =7.75m/sec.

Table 4.7: Comparative analysis for Tsp=500°C, Dj=4mm for Vj=5 and 7.75m/sec

Ryq Rsp Rys
Time(sec) | mm(%age | %age mm(%age %age mm(%age %age
increase in | increase in | increase in | increase in | increase in | increase in
comparison | comparison | comparison | comparison | comparison | comparison
with initial | with with initial | with with initial | with
value) Vj=5Sm/sec | value) Vi=Sm/sec | value) Vi=Sm/sec
0.4 29 61 18 22 22.22 35
0.8 34(17.2%) 9.6 23(28%) 44 18(33%) 33
3 34(48%) 34(89%)
delayed by delayed by
275% 275%
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Table 4.8: Comparative analysis for Tsp=500°C, Dj=3mm and 4mm for Vj=7.75

Ry Rso Rys
Time(sec) | mm(%age | %age mm(%age Y%age mm(%age %age
increase in | increase in | increase in | increase in | increase in | increase in
comparison | comparison | comparison | comparison | comparison | comparison
with initial | with with initial | with with initial | with
value) Dj=3mm value) Dj=3mm value) Dj=3mm
04 29 24 18 3 135 12.5
0.8 34(17.2%) 21 23(28%) 9.5 18(33%) 6
3 34(48%) 8 34(48%) 8
delayed by delayed by
275% 275%

Table 4.8 shows the comparative effect of water temperature on the prqpagation
of wetting front from figure 4.16 and also indicate the effect of increase in jet diameter by
comparing the propagation of wetting front for Dj=3mm and Vj=7.75m/sec from figure
4.13. It shows increase in propagation of wetting front with increase in jet diameter to be
higher for water temperature of 20°C when compared with increase in propagation of
wetting front for 50 and 75°C. This might be due to the sufficient cooling capacity of
water at 20°C as compared to that of water at temperatures of 50 and 75°C. This indicates
that increasing jet diameter strongly affect the propagation of wetting front at lower water
temperature of 20°C at jet velocity of 7.75m/sec.

Although it has been shown earlier that jet diameter has weak effect on
propagation of wetting front at jet velocity of 5m/sec, but , this analysis also concludes
that at higher jet velocity of 7.75m/sec and lower water temperature of 20°C jet diameter

has strong effect on propagation of wetting front.
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4.5 Effect of specimen surface temperature.

In order to investigate the effect of specimen surface temperature experiments
were performed for water temperature of 20°C and 70 °C for specimen surface
temperature of 800°C. Wetting delay for experiments with Tw=20°C and 70°C was found
to be 0.02 and 0.084 seconds respectively. An experiment at water temperature of 80°C
was performed but due to a lot of vapor it was impossible to study the wetting front at
this temperature. The results were utilized for comparison with the results from surface
temperatures of 250 and 500°C to assess the effect of surface temperature.

Figure 4.17 and 4.18 shows the comparison of propagation of wetting front at
specimen surface temperatures of 250,500 and 800°C with jet diameter of 3mm at low
water temperature of 20°C and higher possible water temperatures. These figures show
that specimen surface temperature strongly influence the propagation of wetting front.

Results reported in figure 4.17 indicate that the propagation of wetting front is
highest for surface temperature of 250°C. Wetting front propagates to 37mm in less than
0.2 seconds. The radius of wetting front at 500 and 800°C at 0.2 seconds seems to be
16mm and 10mm respectively, indicating significantly lower propagation speeds. It takes
about 2.8 seconds for wetting front at specimen surface temperature of 500°C to
propagate to 37 mm and specimen with surface temperature of 800°C reached a
maximum value of 32 mm in 2.9 seconds.

Figure 4.18 shows the propagation of wetting front at high water temperatures of

70,75 and 80°C for surface temperatures = 800,500 and 250°C.Speed of wetting front is
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Figure 4.17: Radius of wetting front; as a function of time for Tw =20°C,Dj=3mm,
Tsp=250,500 and 800°C, and Vj = 7.75m/sec.
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Figure 4.18: Radius of wetting front; as a function of time for Tw =70,75 and 80°C for
Tsp= 800,500 and 250°C for Dj=3mm, and Vj = 7.75m/sec.
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highest for surface temperature of 250°C. Wetting front propagates to 27mm in less than
0.3seconds which when compared with that of figure 4.18 is lower. The radius of wetting
front at 500 and 800°C at 0.3 seconds seems to be 9.5mm and 2.5mm which comparably
are very low. It takes about 2.2 seconds for wetting front at specimen surface temperature
of 500°C to propagate to 27mm and specimen with surface temperature of 800°C reached
a maximum value of 21mm in 4 seconds.

Hence specimen surface temperature strongly influences the propagation of
wetting front. This influence increases with decrease in water temperature and decrease
of specimen surface temperature. This might be due to higher cooling capacity of water at
low water temperature.

4.6. Effect of jet velocity and degree of sub-cooling (ATsub) on constants:

In analysis of propagation of wetting front for each experiment, curves were
approximated for position as the power function with respect to time as given by equation
(1).

The values of constants “a” are plotted against degree of sub-cooling for different
specimen temperature and jet velocities as shown in figures 4.19 and 4.20. Value of
constant “a” has an increasing trend with increase in jet velocities but decreasing trend
with increase in specimen surface temperature. Values of constant “a” are the lowest for
specimen surface temperature of 800°C as shown in figure 4.21. Slopes of linear

relationship between constant “a” and degree of sub-cooling are given in Table 4.9. The
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Figure 4.19: Relationship between constant “a” and degree of sub-cooling( ATsub) for
jet diameter of 3mm.
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Figure 4.20: Relationship between constant “a” and degree of sub-cooling (ATsub) for jet
diameter of 4mm.
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Figure 4.21: Relationship between constant “n” and degree of sub-cooling (ATsub) for jet
diameter of 3mm.
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Figure 4.22: Relationship between constant “n” and degree of sub-cooling (ATsub) for jet
diameter of 4mm.
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Table 4.9: Slopes of linear relationship between constant “a” and degree of sub-cooling.

Parameters Slope of constant “a”
Jet diameter=3mm.,
Tsp=250°C, Vj=5m/sec 0.16
Tsp=250°C, Vj=7.75m/sec 0.15
Tsp=500°C, Vj=5m/sec 0.15
Tsp=500°C, Vj=7.75m/sec 0.21
Tsp=800°C, Vj=7.75m/sec 0.26
Jet diameter=4mm.
Tsp=250°C, Vj=5my/sec 0.18
Tsp=250°C, Vj=7.75m/sec 0.36
Tsp=500°C, Vj=5my/sec 0.16
Tsp=500°C, Vj=7.75m/sec 0.30

Table 4.10: Range of values of constant “a” for ATsub = 20 to 80°C

Parameters Range of value of “a”
Jet diameter=3mm.
Tsp=250°C 41.9t0 57.3
Tsp=500°C 15.3 t0 30.3
Tsp=800°C 9.2 to 22
Jet diameter=4mm,
Tsp=250°C 48t0 75.7
Tsp=500°C 143 t0 36.6
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Table 4.11: Range of values of exponent “n” for ATsub = 20 to 80°C

Parameter Range of value of “n”
Jet diameter =3mm.,
Tsp=250°C 0.27 to 0.48.
Tsp=500°C 0.27 t0 0.49
Tsp=800°C. 0.38 to 0.68.
Jet diameter =4mm.
Tsp=250°C 0.23 to 0.54.
Tsp=500°C 0.29 to 0.50.

range of values of constant “a” for range of degree of sub-cooling (ATsub) =20-80°C is
presented in Table 4.10.Relationship between exponent “n” and degree of sub-cooling is
shown in figures 4.21 and 4.22. The exponent “n” appears to be independent of jet
velocity but weakly dependent on degree of sub-cooling. The range of values of exponent
“n” for range of degree of sub-cooling (ATsub) =20-80°C is shown in table 4.11.

4.7. Transient Temperature in hot specimen.

Transient temperatures were recorded by thermocouples embedded in the
specimen at a depth of Imm from the specimen surface by the help of data acquisition
system. Although there was one thermocouple at the specimen surface at 41.75mm from
impingement centre, which gives surface temperature to start the experiment but there
was no thermocouple installed at the surface in the vicinity of impingement area to avoid
disturbance to the propagation of wetting front.

Hence, there was delay time in transmission of cooling by impinging jet to the
embedded thermocouples. This delay time was calculated by using the following semi-

infinite 1-D heat conduction equation :-
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T(x,0)-T, _ x
T,-T, _erf[zJEe? ) ¥

Where: T'(x,t) is Temperature at time

“t”

at Imm from surface, 7, is Specimen surface

temperature and 7, is initial temperature of 1mm thick stainless steel between position of

thermocouple and specimen surface.

Delay time was found to be 0.047 to 0.076 seconds.

4.7.1. Propagation of Wetting Front as indicated by Transient Temperature
Measurements.

The curves for the propagation of wetting front for all experiments were evaluated
from the videos. An analysis of temperature readings of selected experiment is done in an
attempt to examine the possibility of predicting the propagation of wetting front by using
temperature readings of embedded thermocouples.

As wetting front reach thermocouple locations the temperature at that location
will start dropping quickly and thus a sudden temperature drop in the cooling curve will
be evident. The propagation of wetting front on the basis of estimated power relation for
one of the experiments reported in figure 4.11 is shown in figure 4.23. Transient
temperature curves recorded for this experiment are shown in figure 4.24. Temperature
drop experienced by the thermocouple located at the impingement point (IP) signify the
start of experiment as this is the point which will first experience the impingement, was
used therefore to determine the starting time for these temperature measurements
indicating beginning of wetting. Only the first 5.6 seconds are shown in figure 4.25

corresponding to R-t relation shown in figure 4.23.
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Figure 4.23. Estimated propagation of wetting front on the basis of power relation shown
in figure 4.11 for Dj=3mm, Tsp=500, Tw=50, Vj=5m/sec.
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Figure 4.25: Transient temperature profiles for first 5.6 seconds - Dj=3mm, Tsp=500,
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Figure 4.26: Comparison of propagation of wetting front — Dj=3mm, Tsp=500°C,
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Wetting front propagates to 4mm in 0.01 seconds, 10mm in 0.2 seconds according
to figure 4.23 . It seems the boundary of wetting front reach at a distance of 4mm from IP
in 0.073 seconds and at 10mm in 0.24 seconds according to figure 4.25 and from related
data of thermocouple readings. According to figure 4.25, the wetting front propagates to
10mm in 0.24 seconds and thermocouple located at this point experiences a sharp decline
in temperature. Temperature shown by thermocouple located at 4mm from IP at 0.24
seconds is 493 .4°C.

Table 4.12 shows the comparison of the times the wetting front seems to reach a
thermocouple location according to figures 4.23 and 4.25 .Time difference is low for
thermocouples located within 10mm from the impingement point but is quite high for
thermocouples located beyond that. Figure 4.26 shows a comparison of the propagation
of wetting front in axial direction (Raxia) and that along the theta direction
(circumferential) (Ryera) Which indicates that propagation of wetting front along the theta
direction is faster than that along the axial direction. Hence more water is directed in the
theta direction and therefore higher heat transfer is attained in that direction which might
explain the time difference observed by thermocouples shown in Table 4.12.

Table 4.13 shows the change in surface temperature at various thermocouple
locations as wetting front propagates from IP towards thermocouple locations. Results
reported in Table 4.13 show that as the wetting front reaches a location the temperature at
that location drops sharply starting from 500°C (initial surface temperature) as the

wetting front passes through.
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Table 4.12: Comparison of times wetting front reaches location of thermocouples-
Dj=4mm, Tsp=800°C, Tw=20°C, Vj=7.75m/sec.

Thermocouple distance Time wetting front Time wetting front Time difference
from Impingement reaches according to reaches according to
point (mm) figure 4.23(sec) figure 4.25(sec)

4 0.01 0.073 0.063

10 0.2 0.24 0.04

14 0.55 0.75 0.2

17 1 1.2 0.2

26 3.6 3.25 0.35

29 53 3.9 1.4

Table 4.13 : Variation in Thermocouple readings from IP as wetting front propagates.

Stream wise location of

Temperature at times

thermocouple from IP (mm) | 0.073sec 0.24sec 0.7Ssec 1.2sec  3.25sec 3.9sec
4 500 493.4 433.5 3903 279.5 201

10 - 500 480 418.9 280 257

14 - - 500 483.6 300.2 250

17 - - - 500 3634 274

26 - - - - 500 444

29 - - - - - 500
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Keeping in view the time difference as shown in Table 4.12, it can be concluded
that the prediction of propagation of wetting front by using temperature readings is

possible for a distance of up to 10 mm from the impingement point.

4.8. Effect of Surface Curvature.

In order to asses the effect of surface curvature on velocity of wetting fronts, present
results were compared with those reported by Mitsutake and Monde [6] who investigated
propagation of wetting fronts on flat surfaces as shown in figure 4.27 which shows:

e According to present study average velocity of wetting front reaching 38.4mm
distance from Impingement point in 0.512 seconds with Dj=3mm, Tsp=250°C,
Tw=50°C as per figure 4.5 is.

V= 38.4/0.512 = 75 mm/sec.

e Average velocity of wetting front reaching 40 mm distance from impingement
point in 4.6 seconds with Dj=2mm and under the same parameters reported in [6]
on a flat surface is.

V,=40/4.6 = 8.7 mm/sec.
Hence ratio of the velocity of wetting fronts is given below:
Velocity Ratio = V/ V;

=8.62 )
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Figure 4.27. Comparison of Propagation of wetting fronts. (Present study and study by
Y .Mitsutake).

Equation (2) indicates that the speed of wetting front in present study is very high
as compared to that of experiments reported in [6]. Since the experiments are unsteady,
the difference in velocity of wetting front might be attributed to two factors : size (mass)
of specimen; and surface curvature. The effect of size of specimen can be examined by
looking at the mass ratio. The mass ratio of the samples used in the present study and that
used in [6] are given below:

Mass ratio = M,/ M>
=1.4/4.2

=(0.33.
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Mass ratio indicates that the specimen used during present study is one third of that used

in[6].Applying the equation of lumped capacitance analysis for present study and [6]:-

L -1 = exp| - —
T, -T, P T )

Where: 7, (time constant)=£—}§—, and p is specimen density, C i1s specific heat., V' is

specimen volume , # is heat transfer coefficient, 7 is surface temperature, 7;is Initial
surface temperature, 7, is water temperature and A is specimen surface area (taken here
as jet nozzle area).

Assuming that T; 7, p, C and T are the same and applying equation (3) for Both cases
of present study and that of [6], the ratio of cooling time can be expressed as:

T, T, M, 4,

Ratio of Cooling Times =—1 = —<~ = 4)
T, To, M, 4
2
=0.33x (%)
3
=(0.147.
then =68 ®)

3
In determining the above ratio of cooling times in equation (5) the difference in
jet diameter used in the present study and jet diameter used in [6] has been taken
into consideration by using the respective jet nozzle diameters for determining the

respective specimen areas to be cooled. Thus, value given by equation (5) is an
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indication of the ratio of velocities of wetting front of present study and that of [6]
taking into account the difference in specimen areas and specimen masses.

Ratio given by equation (2) indicates the ratio of velocities of wetting front
taking into consideration the difference in specimen area, specimen mass and
specimen surface profile used in the present study and that used in [6]. Hence, the
difference between values in equations (2) and (5) i.e. 8.6 and 6.8, can therefore be used
to evaluate the effect of surface curvature. The difference between these shows that
surface curvature has resulted in an increase in propagation of wetting front by about

26%.
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Chapter 5

Conclusions

An experimental work to study the effect of jet velocity, jet water temperature, jet
nozzle diameter, specimen surface temperature and specimen curvature on propagation of
wetting front of hot cylindrical specimen surfaces of stainless steel pipe was conducted.
Transient temperature drop of thermocouples located at stream wise locations were used
in an effort to predict the propagation of wetting front. Power law correlating radius of
wetting front and time was found to be valid for curved surfaces. Results and ahalytical

discussions are presented in chapter 4. A summary of these investigations is given.

Effect of Water temperature, Jet Velocity and Jet Diameter:

Propagation of wetting front is strongly affected by changes in water temperature,
jet velocity and jet diameter. Average velocity of wetting front increases by 10 to 300%
with decrease in water temperature from 80 or 75 to 20°C depending upon jet velocity, jet
diameter and specimen surface temperature.
Effect of Specimen Surface Temperature:

Initial specimen surface temperature has strong effect on propagation of wetting
front. Average velocity of wetting front increases from 6 to 190mm/sec (3000% increase)

as initial specimen surface temperature is decreased from 800 to 250°C.
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Effect of surface curvature:

Effect of surface curvature on propagation of wetting front was determined by
comparing the results of presented study with those reported in [6] for flat surface.
Surface curvature was found to have a significant effect on propagation of wetting front.
The velocity of wetting front increased by 26% (8.7 to 75mm/sec) depending on
difference of specimen mass, specimen area and surface curvature.

Prediction of Propagation of Wetting Front with Transient Temperature
Measurements:

The temperature readings from thermocouples embedded in the specimen were
used to predict the propagation of wetting front which was found to be valid for a
distance of 10mm from impingement point. Beyond 10mm from impingement point the
prediction of propagation of wetting front does not hold good due to decrease in the rate
of heat transfer associated with loss of momentum, increase in water temperature and

high heat transfer rate in circumferential direction.

108



M.A.Sc Thesis — M.Akmal McMaster — Mechanical Engineering

Chapter 6

Recommendations

In order to further study the propagation of wetting front, effect of various other
parameters should be studied and the range of existing parameters should be increased in
a systematic way, like:

e Angle of jet inclination to vertical line of specimen surface.

e Effect of more than one jet.

e Effect of jet-surface distance.

e Effect of jet or specimen rotation.

e Increase in range of Jet velocities.

¢ Increase in range of Jet diameters.

e Change of surface curvature by using specimens of different sizes.

e Effect of thermal conductivity by using specimens of different materials.
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Appendix- 1
Immersion Heater Sizing

G, (steel) = 0.12 BTU/Ib-°F, C, (water) = 1 BTU/1b-°F
tp,= Water heat up time = 5 hrs
Exposed surface area of the tank =A,~= (7:DH +27r? )

D= Diameter of water tank. = 22in=1.833 ft
H= Height of water tank= 3 ft
r = Radius of water tank= 11 in. = 0.9166 ft.
Hence: A, = 22.52 fi’.
Approximate initial ambient temperature of water inside the tank =T;,=21°C= 70°F.
Max. required temperature of water inside water tank= T,.;= 80°C= 176°F.
AT = Temperature difference for heating = Tyeq - Tin
= 106°F.
= approx. 110°F.

Mass of water in Tank = M= Density of Water/Volume of water. = dy/Vy,
V= %D2H=7.916 fi® =59.22 Gallons.

dy, = 8.33 1bs/Gallons
M, =493.33 1bs.

M, C, (water)AT

=1586kWh. (1)
3421

Qw= Energy required to heat up the water =

Mass of steel tank = My = Density of steel /Volume of steel tank. = dg/V

dy = 0.286 Ibs/in® .
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Appendix- 1(Continued)
Immersion Heater Sizing

T

V= Z(D *_D,HH=164.16 f.

out

M, =46.22 lbs.

M, C,(steel)AT
3421

Qs = Energy required to heat up the steel tank = =0.178 kWh. (2)

Tank surface heat loss at 80°C (176°F) = Ty = 71 watts/ft>. (From Caloritech. Inc Hand
book Page 89. Figure- 2).

A:tThlth

=3.997 kWh 3.
2x1000

Average Tank surface loss =

Safety factor = 0.20x (15.86+0.178+3.997) = 4 kWh 4).
Total Heat Energy Requirement = (1) + (2) + (3) + (4)
=24 kWh.

Power Required = 24/5 = 4.8 kW.
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Appendix -2
Pump sizing for the System

I —
_________________________ - - Pump- - -¢—— X .

Simplified system diagram.

The simplified form of Energy equation for steady flow from points 2 and 3 is given
below taking the Inlet of Water Pump as the reference:

b -h
ye,

=hmajor +hminor +g23 (1)

P3; = Atmospheric Pressure.

h major= Major losses = h mgjort + I majorz + A major3 ()
h major1 = Losses due to 1in. Nominal diameter Schedule 40 SS pipe. (dp= 0.0266m)
h majorz = Losses due to Y2 in. Nominal diameter Schedule 40 SS pipe. (dy>= 0.0158m)
h majors = Losses due to the Nozzle (Nozzle diameter=d ,, =3mm)

Minimum Flow = 0.557 GPM = 3.5 x 10° m?/sec.

V.= Velocity in pipe 1= % — 0.06298 m/sec.

pl
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Vy2= Velocity in pipe 1 =% =0.178 m/sec.

p2

X
Re= Reynolds No. = —2—2 where v = Kinematic Viscosity = 1 x 10°° m%sec.
v

Re, = Reynolds No. in Pipe 1 = 1675.268 < 2000 --- Flow is laminar in dp1= 0.0266m.
Rey;= Reynolds No. in Pipe 2 = 2812.4 > 2000- Flow is in Critical zone in dp=.0158m
L,; = Length of Pipe 1 = 77in = 1.9558 m.

Ly =Length of Pipe 2 =77in=1.88 m.

J»1 = Friction Factor for pipe 1= 64/ Re,; =0.038.

Jp2 = Friction Factor for pipe 2=0.045 (from Page A-25, Flow of Fluids by M/sCRANE).

K; = Resistance Coefficients for Nozzle.

I
Loss Coefficient for pipes =K , = /, le p
P
K, =28 & K,p=535.
1- B2 _
K3= —“—, (from Page A-20, Flow of Fluids by M/s CRANE).
c'p

Diameter of pipe before entering the converging are of nozzle = d,3= 0.4635 in.

Where § = ‘% ~0.1898,
p3

C for 5 in nominal diameter pipe with Reynolds no. of 2812.4 = 0.94.

K3 =840.67
Vp -3
1 major = K, d— , therefore : % pgjorr =5.55x 107, A majorz = 0.0848.
P
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Bomajors = 13.3.

h major = h majorl +h major2 +h major3 = 13.39.

Minor Losses:

. VV
hminor _"Kmilzor X( P 2 j

h minor1 = Loss at entrance from Pump to d,,

K minor1 = 0.5 (from Page 324, Principles of Fluid Mechanics by Alexandrou).
Pominor1 = 9.9% 107

h minorz = Loss at T-junction on dp; .

K minor2 =20 f; =20x 0.023 =0.46 (from Page A-26, Flow of Fluids by M/s CRANE)

B minorz =9.122x 10

h minors = Loss due to Ball Valve on d,;

K minor3 =3 fi=3x 0.023 = 0.069 ( from Page A-26 & A-28, Flow of Fluids by M/s
CRANE)

R minors = 1.36 x10™,

h minor« = Loss due to 90° bend on d,

K minor4 =30 f;=30x 0.023 ( from Page A-26 & A-29, Flow of Fluids by M/s CRANE ).
B minor 4 = 1.36 x107,

h minor s = Loss at the entrance in the 4 way distributor.

d pq = diameter of 4-way distributor pipe = 0.0525 m.
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2

2
d
K minors = Ll - d’" J =0.5525. (From Page 2-11, Flow of Fluids by M/s CRANE)

2
pd

B ominor s = 1.09 x107.

h minor s = Loss at the exit from the 4 way distributor pipe.

2

d
K minor6 = [1 - dpz ] = 0.455. (From Page 2-11, Flow of Fluids by M/s CRANE)

2
pd

B minors = 7.2 X107,

h minor 7 = Loss due to Globe Valveond ;.

K minor 7= 340 f; = 340 x 0.027 =9.18 (from Page A-26 & A-27, Flow of Fluids by M/s
CRANE).

B minor7 = 0.145

h minor 8 = Loss due to T-junction ond ;.

K minors =20 f; =20 x 0.027 = 0.54 (from Page A-26, Flow of Fluids by M/s CRANE)
R minor s = 8.5% 107,

Total Minor Losses = A pinor = 0.165.

From equation (1);

P, —-P
22 =h, o P + 825, Where 23278 in=1.98 m.
P
B-h _ 13.39 +0.165 + 19.404 = 32.959 m2/sec>.

P
Let W, = Theoretical Power of Pump.

W,= Actual Power of Pump.
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Efficiency=n= W,/ W,

W, = Q’Q(u) where P,= P, then,
n\ p

5P

W, = pQ( J , W,=1.15 Watts.

W, =% HP= 0.373 kW.
The Actual Power of the Pump is very high as compared to theoretical required Power,

which is understandable for the possible expansion of the project to multiple nozzles etc.
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Performance curves for Centrifugal Pump.

CDU4 200/5-",HP Synchronous Speed: 1725 RPM Size: 1 x 1% x 5"
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