










































































































































































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

the surface at lower temperature of water which is inline with the findings of previous 

researchers for flat surfaces. Jet velocity seems to greatly influence the rate of 

propagation of wetting front at lower temperature of 20°C but it has little or no effect at 

water temperatures of 50 and 80°C which might be due to insufficient cooling capacity of 

jet at these water temperatures. 

Sequences for an experiment with Dj=3mm, Tsp=250°C, Tw= 50°C and jet 

velocity of7.75m/sec are shown in figure 4.8. 

t=O seconds, R =Omm t= 0.004seconds, R=3.56mm 

t= 0.008 seconds, R=4.7mm R= 0.02 seconds, R=8.9mm 

Figure 4.8: Sequences for experiment- Dj=3mm, Tsp=250°C, Tw=50°C, Vj= 7.75m/sec 
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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= 0.134 seconds, R=24.3 mm 

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 5m/sec. Table 4.1 shows effect of water temperature 

on values ofR for the case ofDj=4mm and a comparison with the case ofDj=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 = 5m/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 ofwetting front for R20 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 R50 = R20=35mm has improved to 66.6% 

which was 100% for Dj=3mm and also the delayed time for attaining Rso= R2o=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 

R2o Rso Rso 
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) D.i=3mm value) D.i=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%) 15.4 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 of7.75m/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. R20 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 R5o = Rzo=37mm has 

improved to 16.6% which was 66.6% for Vj=5m/sec and also the time required for Rso= 

R20=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 ~0 
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=Sm/sec value) Vj=Sm/sec value) Yi=Sm/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 

Rzo Rso Rso 
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 of7.75rn!sec from figure 4.7.The increase in jet diameter has 

enhanced the propagation of wetting front. The value of R20 has increased to 3 7mm from 

35mm in 0.18 seconds when compared with that ofDj=3mm in figure 4.7 is an increase 

of 5.7%. Similarly the time required for R50 = R2o=37mm has improved to 16.6%, which 

was 55.5 % for Dj=3mm and also the time required for attaining Rso= Rzo=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 of75°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 7.75rnlsec. 
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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 R20 reaches a value of26mm 

which R50 and R75 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 5m/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. R2o 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 7 5°C and 
Dj=3mm, Tsp=500°C, and Vj = 5m/sec. 

T bl 4 4 C a e f · fi T soooc n· 3 ompara 1ve anaLysts or sp= 
' ~= mman d v· srnJ 'J= sec 

Time (seconds) Rzo Rso R1s 
mm (%age increast1 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% 

'7'7 



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

t=O seconds, R= 0 mm t= 0.002 seconds, R= 2.74mm 

t= 0.004, R= 5.47mm 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= 0.18 seconds, R=14.36mm t = 0.308 seconds, R = 16.41mm 

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= 5mlsec 
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t= 1.008 seconds, R = 22.9mm t = 1.408 seconds, R = 25.3mm 

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= Sm/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 Rso = R2o=31.5mm has 

increased to 125%which was 100% for Vj=5m/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 R75= R2o=31.5mm has increased to 158% 

(represent 1.5 sec) which was 100 %( represent 1.9 sec.) for Vj=5m/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 Vj=5 and 7.75m/sec 
R2o Rso R1s 

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 Vj=Sm/sec previous Vj=Sm/sec previous Vj=Sm/sec 
value) value) value) 

0.4 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%) 33.3 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%) 
delayed by 

158% 

Figure 4.15 shows the effect ofwater temperature on propagation ofwetting 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=O seconds, R=O 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 = 0.12 seconds, R = 7mm t = 0.15 seconds, R = 7.74 mm 

t = 0.24 seconds, R= 9.12 mm t = 0.34 seconds, R = 1 0.52mm 

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= 7.75rn!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= 7.75rn/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 ofwetting front; as a function of time for Tw =20, 50, and 75°C and 
Dj=4mm, Tsp=500°C, and Vj = 5m/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 ofwater 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 

R2o Rso R1s 
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) 

0.4 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 5m/sec from figure 4.6. Increase in jet diameter here seems to have no effect 

on the propagation ofwetting front. The R20 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 Rso = Rz0=25.5mm is the same which is 100 % for 

Dj=3mm and also the delayed time for attaining R75= R20=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 5m/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 oc continue to propagate faster and attain a 

value of 34mm in 0.8 seconds which is attained by water temperatures oi50 and 75°C in 

3 seconds. It is still better when compared with the radius of wetting front of25.5 mm in 

3 seconds for Tw=50 and 75°C for Dj=4mm and Vj=5m/sec from figure 4.15. This fact 

is tabulated in Table 4.7. 
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Figure 4.16: Radius of wetting front; as a function oftime 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 

R2o Rso R1s 
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) V.i=5m/sec value) V.i=5m/sec value) V.i=5m/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 

Rzo Rso R1s 
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 

0.4 29 24 18 3 13.5 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 propagation 

ofwetting 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 ofwetting front at lower water 

temperature of20°C at jet velocity of7.75rn!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 oc for specimen surface 

temperature of800°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 ofwetting 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 = 7.75rnlsec. 
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Figure 4.18: Radius of wetting front; as a function oftime for Tw =70,75 and 80°C for 
Tsp= 800,500 and 250°C for Dj=3mm, and Vj = 7.75rnlsec. 
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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 ofwetting 

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 (4Tsub} 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( .dTsub) for 
jet diameter of 3mm. 
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Figure 4.20: Relationship between constant "a" and degree of sub-cooling (.dTsub) for jet 
diameter of 4rnrn. 
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Figure 4.21: Relationship between constant "n" and degree of sub-cooling (..:lTsub) for jet 
diameter of 3mm. 
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Figure 4.22: Relationship between constant "n" and degree of sub-cooling (..:lTsub) for jet 
diameter of 4mm. 
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Tabl 4 9 Sl e . opes o mear re a wns lp e een cons an a an egree o su -co . rr I f h. b tw t t"" dd f b oling. 
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=5rn/sec 0.15 

Tsp=500°C, Vj=7.75rnlsec 0.21 

Tsp=800°C, Vj=7.75rn/sec 0.26 

Jet diameter=4mm. 

Tsp=250°C, Vj=5m/sec 0.18 

Tsp=250°C, Vj=7.75rn/sec 0.36 

Tsp=500°C, Vj=5m/sec 0.16 

Tsp=500°C, Vj=7.75rnlsec 0.30 

Table 4.10: Range ofvalues of constant "a" for LlTsub = 20 to 80°C 

Parameters Range of value of "a" 

Jet diameter=3mm. 

Tsp=250°C 41.9 to 57.3 

Tsp=500°C 15.3 to 30.3 

Tsp=800°C 9.2 to 22 

Jet diameter=4mm. 

Tsp=250°C 48 to 75.7 

Tsp=500°C 14.3 to 36.6 
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Table 4.11 : Range of values of exponent "n" for dTsub = 20 to 80°C 
Parameter Range of value of "n" 

Jet diameter =3mm. 
Tsp=250°C 0.27 to 0.48. 

Tsp=soooc 0.27 to 0.49 

Tsp=800°C. 0.38 to 0.68. 

Jet diameter =4mm. 
Tsp=250°C 0.23 to 0.54. 

Tsp=soooc 0.29 to 0.50. 

range of values of constant "a" for range of degree of sub-cooling (dTsub) =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 (dTsub) =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 1mm 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:-

0'7 
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T(x, t) - T0 = erf(-x-J 
T; - T0 2-J{;i 

(2) 

Where: T(x,t) is Temperature at time "t" at lmm from surface, To is Specimen surface 

temperature and I; is initial temperature of lmm 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 toR-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 4.24. Transient cooling curves - 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, 
Tw=50, Vj=5m/sec 
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Figure 4.26: Comparison of propagation of wetting front- Dj=3mm, Tsp=500°C, 
Tw=50°C, Vj=5m/sec 
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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 1 Omm 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 

1 Omm 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 1 Omm 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 (RaxiaJ) and that along the theta direction 

(circumferential) (Rtherta) 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. 

1 01 



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

Table 4.12: Comparison oftimes wetting front reaches location ofthermocouples-
n· 4 T 800°C T 20°C v· 7 75rnl ~= mm, sp= 

' 
w= 

' J= . sec. 
Thermocouple distance Time wetting front Time wetting front Time difference 

from Impingement reaches according to reaches according to 
point (mm) fi~ure 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 5.3 3.9 1.4 

T bl 413 V . . . Th a e anatlon m 1 d' fi ermocoup. e rea mgs rom IP tf fr t t aswe mg on propaga es. 
Stream wise location of Temperature at times 

thermocouple from IP (mm) 0.073sec 0.24sec 0.75sec 1.2sec 3.25sec 3.9sec 
4 500 493.4 433.5 390.3 279.5 201 

10 - 500 480 418.9 280 257 

14 - - 500 483.6 300.2 250 

17 - - - 500 363.4 274 

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 ofwetting fronts on flat surfaces as shown in figure 4.27 which shows: 

• 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. 

V1= 38.4/0.512 = 75 mm/sec. 

• 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. 

V2= 40/4.6 = 8.7 mrn/sec. 

Hence ratio of the velocity of wetting fronts is given below: 

Velocity Ratio = V 1/ V 2 

= 8.62 (2) 
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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 ofwetting 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: 

= 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 oflumped capacitance analysis for present study and [6]:-

T- Too ( r J ----=exp --
Ti-Too rc 

(3) 

Where: rc (time constant)= p~, andp is specimen density, Cis specific heat., Vis 

specimen volume , h is heat transfer coefficient, T is surface temperature, Ti is Initial 

surface temperature, Too is water temperature and A is specimen surface area (taken here 

as jet nozzle area). 

Assuming that Ji. T, p , C and T CXJ 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: 

Ratio of Cooling Times = 2 = r cl = M I . ~ 
Tz rc2 M2 AI 

(4) 

= 0.147. 

then 2=6.8 (5) 
ri 

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 analytical 

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 1 Omm from impingement point. Beyond 1 Omm 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. 
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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: 

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

• Effect of more than one jet. 

• Effect of jet-surface distance. 

• Effect of jet or specimen rotation. 

• Increase in range of Jet velocities. 

• Increase in range of Jet diameters. 

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

• Effect of thermal conductivity by using specimens of different materials. 

109 



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

Bibliography 

1. Line, S., and Sefiane,K., "Prospects of confined flow boiling in thermal 

management ofmicrosystems", Journal of Applied Thermal Engineering, Vol.22, 

pp.825-837, 2002. 

2. Liu, X., and Lienhard, J.H.V., "Extremely high heat flux removal by subcooled 

Liquid Jet Impingement", Journal of American Society ofMechanical Engineers, 

Heat Transfer Division, Vol.217, pp.ll-20, 1992. 

3. Wolf, D.H., lncropera, F.P., and Viskanta, R., "Local jet impingement boiling 

heat transfer", International journal ofHeat Mass Transfer, Vol. 39, pp.1395-1406, 

1996. 

4. Liu, Z.D., Fraser, D., Samarasekera, I.V., and Lockhart, G.T., "Experimental 

observations and modeling of thermal history within a steel plate during water jet 

impingement", Journal of Canadian Metallurgical Quarterly, Vol.41, No.1, pp. 

75-86, 2002. 

5. Carbajo, J.J., "A study on the rewetting temperature", Journal of Nuclear 

Engineering & Design, Vol. 84, pp.21-52, 1985. 

6. Mitsutake Y., and Monde, M., "Heat transfer during transient cooling of high 

temperature surface with an impinging jet", Journal of Heat and Mass Transfer, 

Vol.37, pp. 321-328,2001. 

7. Mudawar, 1., and Wadsworth, D.C., "Critical heat flux from a simulated chip to a 

confined rectangular impinging jet of dielectric liquid", International Journal of 

Heat and Mass Transfer, Vol.33,No.6, pp.1465-1479,1991. 

11 0 



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

8. Faggini, S., and Grassi, W., "Round liquid jet impingement heat transfer: local 

nusselt numbers in the region with non zero pressure gradient", Proceedings of 

International Heat Transfer conference, pp. 197-202,1990. 

9. Atmo, J.N., "The Mechanics of liquid jets", D.C. Health and 

Company ,Massachusetts, USA, 1977. 

10. Nevins, R.G., "Cooling Power of an Impinging Jet", Ph.D.dessertation, 1953. 

11. Copeland, R.J., "Boiling heat transfer to a water jet impinging on a flat surface", 

PhD. dissertation, Southern Methodist University, 1970. 

12. Ruch, M.A., and Holman, J.P., "Boiling heat transfer to Freon -113 jet impinging 

upward onto a flat heated surface", International journal of heat and mass transfer, 

Vol.18, pp: 51-60, 1974. 

13. Piggott, B.D., White, E.P., and Duffey, R.B., "Wetting delay due to film and 

transition boiling on hot surfaces", Journal of Nuclear Engineering and Design, 

Vol.36, pp.169-181,1976. 

14. Pais, M.R., and Chow, L.C., "Multiple jet impingement cooling", Journal of 

thermo-physics and heat transfer, Vol.7, No.3, pp.435-440, July-Sept.1993. 

15. Liu, Z., and Zhu, Q., "Prediction of critical heat flux for convected boiling of 

saturated water jet impinging on the stagnation zone", Journal of heat transfer, 

Vol.124, No.6, pp.1125-1130, December 2002. 

16. Liu, Z., Tong, T., and Qiu, Y., "Critical heat flux of steady boiling for sub-cooled 

water jet impingement on the flat stagnation zone", Journal of heat transfer, 

Vol.126, No.2, pp.179-183, April2004. 

11 



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

17. Akimenko, A.D., "Features of film boiling in surface water cooling", NASA 

report T-T-F-10184, N66-33689, 1966. 

18. Ishigai, S., Nakanishi S., and Ochi, T., "Heat transfer to impinging plane water 

jet", Proceedings of International Heat Transfer Conference, Vol. 1, pp. 444-450, 

1978. 

19. Miyaska, Y., Inada, S., and Owase, Y., "Critical Heat flux and sub-cooled 

nucleate boiling in transient region between a two-dimensional water jet and a 

heated source", Journal of chemical engineering of Japan, Vol.l3, No.1, pp.29-35, 

1980. 

20. Ochi, T., Nakanishi,S., and Ishigai, S., "Cooling of a hot plate with an impinging 

circular water jet", Proceedings of multi-phase flow and heat transferJIL pp. 671-

681, 1983. 

21. Tseng, A.A., Chen, S., and Westgate, C.R., "Determination of local heat transfer 

coefficients for modeling rolling process", Journal of ASME Material division 

Vol.3, pp.Sl-64, 1987. 

22. Han, F., Chen, S., and Chang, C., "Effect of surface motion on liquid jet 

impingement heat transfer", Journal of ASME Heat Transfer division, Vol.l80, 

pp.73-81, 1991. 

23. Chen, S., Kothari, J., and Tseng, A.A., "Cooling of a moving plate with an 

impinging circular water jet", Journal of Experimental Thermal and Fluid Science, 

Vol. 4, No.3, pp.343-353, May 1991. 

112 



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

24. Kumagai, S., Suzuki, S., and Sano, Y., "Transient cooling of a hot metal slab by 

an impinging jet with boiling heat transfer", Proceedings of the ASME-JSME 

Thermal engineeringjoint conference, Vol.2, pp. 347-352,1995. 

25. Liu, Z., and Wang, J., "Study on film boiling heat transfer for water jet impinging 

on high temperature flat plate", International Journal of heat and mass transfer, 

Vol.44, pp:2475-2481,2001. 

26. Hall, D.E., lncropera, F.P., and Viskanta, R., "Jet impingement boiling from a 

circular free surface jet during quenching: Part 1-single phase jet", Journal of heat 

transfer, Vol.123, pp.901-910, 2001. 

27. Mondey, M., "Critical heat flux in saturated forced convective boiling on a heated 

disk with an impinging jet", Journal ofHeat Transfer, Vol.109, No.4, pp 398-401, 

1987. 

28. Hauksson, AT., Fraser, D., Prodanovic, V., and Samarasekera, 1., "Experimental 

study of boiling heat transfer during sub-cooled water jet impingement on flat 

steel surface", Journal of Ironmaking and Steelmaking, Vo1.31,No.1, pp.51-

56,2004. 

29. Taylor, J.R., "Introduction to Error analysis- A study of uncertainties in physical 

measurements", Mill Valley, California, University Science Books,1982. 

11 



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

Cp (steel) = 0.12 BTU/lb-°F, 

th= Water heat up time = 5 hrs 

Appendix-1 
Immersion Heater Sizing 

Cp (water)= 1 BTU/lb-°F 

Exposed surface area of the tank =As1= (7rDH +2m- 2
) 

D= Diameter of water tank.= 22in= 1.833 ft 

H= Height of water tank= 3ft 

r =Radius ofwater tank= 11 in.= 0.9166 ft. 

Hence: As1 = 22.52 ft2
• 

Approximate initial ambient temperature ofwater inside the tank =Tin=21°C= 70°F. 

Max. required temperature of water inside water tank= Treq= 80°C= 176°F . 

.1T =Temperature difference for heating= Treq- Tin 

= approx. 110°F. 

Mass ofwater in Tank= Mw= Density ofWaterNolume ofwater. = dwNw 

dw = 8.33 lbs/Gallons 

Mw =493.33 lbs. 

M wC (water)tlT 
Qw= Energy required to heat up the water= P = 15.86 kWh. (1) 

3421 

Mass of steel tank = Mst = Density of steel N olume of steel tank. = dstN st 

dst = 0.286 lbs/in3 
. 
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Appendix- !(Continued) 
Immersion Heater Sizing 

7r 2 2 3 
Vw= -(Dout -Din )H= 164.16 ft. 

4 

Mst =46.22 lbs. 

Ms1C (steel)dT 
Q51 = Energy required to heat up the steel tank= P =0.178 kWh. (2) 

3421 

Tank surface heat loss at 80°C (176°F) = Th1 = 71 wattslft2• (From Caloritech. Inc Hand 

book Page 89. Figure- 2). 

A T, t 
Average Tank surface loss= st hi h = 3.997 kWh 

2x1000 
(3). 

Safety factor= 0.20x (15.86+0.178+3.997) = 4 kWh (4). 

Total Heat Energy Requirement = ( 1) + (2) + (3) + ( 4) 

=24kWh. 

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

1 
3 

Z3 

--- t----------------------:~- ~----------
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: 

p2 -~ 
---=----=-- =h major+ hmin or + gz 3 

p 
(1) 

P3 =Atmospheric Pressure. 

h major= Major losses= h major I + h major2 + h major3 (2) 

h majorl =Losses due to lin. Nominal diameter Schedule 40 SS pipe. (dp1= 0.0266m) 

h major2 =Losses due to Y2 in. Nominal diameter Schedule 40 SS pipe. (dp2= 0.0158m) 

h major3 = Losses due to the Nozzle (Nozzle diameter= d n =3mm) 

Minimum Flow= 0.557 GPM = 3.5 x 10-5 m3/sec. 

Vp1= Velocity in pipe 1 = Q~ = 0.06298 rnlsec. 
/Apt 
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Vp2= Velocity in pipe 1 = Q~ = 0.178 m/sec. I Ap2 

V xd 
Re= Reynolds No. = P P , where v =Kinematic Viscosity= 1 x 10-6 m2/sec. 

v 

Rep1= Reynolds No. in Pipe 1 = 1675.268 < 2000--- Flow is laminar in dp1= 0.0266m. 

Rep2= Reynolds No. in Pipe 2 = 2812.4 > 2000- Flow is in Critical zone in dp2= .0158m 

Lp1 =Length of Pipe 1 = 77in = 1.9558 m. 

Lp2 =Length of Pipe 2 = 77in = 1.88 m. 

fp1 =Friction Factor for pipe 1 = 64/ Repi =0.038. 

fp2 =Friction Factor for pipe 2= 0.045 (from Page A-25, Flow of Fluids by M/sCRANE). 

K3 =Resistance Coefficients for Nozzle. 

fxL 
Loss Coefficient for pipes = K P = P P 

dp 

Kpi = 2.8 & Kp2 = 5.35 . 

1- p2 
K3 = 

2 4 
, (from Page A-20, Flow of Fluids by M/s CRANE). 

CfJ 

Diameter of pipe before entering the converging are of nozzle= dp3= 0.4635 in. 

Where f3 = dn~ = 0.1898, 
jdp3 

C for Yz in nominal diameter pipe with Reynolds no. of2812.4 = 0.94. 

K3 = 840.67 

vp 3 
h major = K P- , therefore: h majorl = 5.55 X 10- , h major2 = 0.0848. 

dp 
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h major 3 = 13.3. 

h major = h major/ + h major2 + h major 3 = 13.39. 

Minor Losses: 

h minor! = Loss at entrance from Pump to dp1 

K minor I = 0.5 (from Page 324, Principles of Fluid Mechanics by Alexandrou). 

h minor} = 9.9 X 10-4
. 

h minor2 = Loss at T -junction on dpl . 

K minor 2 = 20 j; = 20 x 0.023 = 0.46 (from Page A-26, Flow of Fluids by M/s CRANE) 

h minor2 =9 .122 X 10-4
. 

h minor3 = Loss due to Ball Valve on dpl 

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

CRANE) 

h minor3 = 1.36 x10-4. 

h minor 4 = Loss due to 90° bend on dp 1 

K minor4 =30ft= 30 x 0.023 (from Page A-26 & A-29, Flow ofFluids by M/s CRANE). 

h minor4 = 1.36 x10-3
. 

h minor 5 = Loss at the entrance in the 4 way distributor. 

d pd = diameter of 4-way distributor pipe= 0.0525 m. 
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K minor 5 = (1- d pi: J
2 

= 0.5525. (From Page 2-11, Flow of Fluids by M/s CRANE) 
dpd 

hminor5 = 1.09 x10-3
. 

h minor 6 = Loss at the exit from the 4 way distributor pipe. 

- ( d p2 

2 

J -K minor6- 1---
2 

-0.455. (From Page 2-11, Flow ofFluids by M/s CRANE) 
dpd 

h minor6 = 7.2 x10-3
. 

h minor 7 =Loss due to Globe Valve on d p2. 

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

CRANE). 

hminor7 = 0.145 

h minors = Loss due to T -junction on d pZ. 

K minors= 20 j; = 20 x 0.027 = 0.54 (from Page A-26, Flow of Fluids by M/s CRANE) 

hminor8 =8.5x 10-3
. 

Total Minor Losses = h minor = 0.165. 

From equation (1); 

~-~ . 
--=--..:::... =hmajor+hminor + gz3' where z3 = 78 m = 1.98 m. 

p 

P -P z 2 3 = 13.39 + 0.165 + 19.404 = 32.959 m2/sec . 
p 

Let w; = Theoretical Power of Pump. 

Wa= Actual Power ofPump. 
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Efficiency = i) = w; I Wa 

w.a -- rx:(p2p-~J ., where P 1= P3, then, 

(
p2 -~J w; = pQ p , w; = 1.15 Watts. 

Wa = !0 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. 

Synchronous Speed: 1725 RPM 
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