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This document is Volume I1 of the final report on NASA 
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under the technical direction of Mr. T. W. Winstead of the 

MSFC Astronautics Laboratory. His assistance in the per- 

formance of this study i s  gratefully acknowledged. 

The final report consists of three volumes: 

Volume I. Large-Scale Experimental Mixing 
Investigations and Liquid-Oxygen 
Mixer Design 

Volunle 11. Large-Scale Mixing Data 

Volume 111, Computer Procedure for the Prediction 
of Stratification in Supercritical 
Oxygen Tanks 

Volume I contains a presentation of the large-scale experimen- 

tal investigations and liquid-oxygen mixer design study 

together with a summary of the important findings of the study. 

Volume I1 contains a presentation of the experimental data 

utilized in this study. Volume 111 describes the computer 

procedure developed during the study for the prediction of 

stratification in supercritical oxygen tanks. 
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L I S T  O F  F I G U R E S  

Figure 

1 Trans ien t  Temperature Des t r a t i f i c a t i o n :  
Run 1 

2 Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  0 = 0.0 s e c ;  Average Surface 
Temperature Drop S ta r t s  a t  = 0.0 sec; 
Run 1 
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Frac t ion  of I n i  t i a  1 Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  0 = 0.0 sec; Center l ine 
Surface Temperature Drop S t a r t s  a t  = 0.0 
s e c ;  Run 1 

Trans ien t  Energy I n t e g r a l :  Run 1 

Trans ien t  Temperature Des t r a t i f i c a  t i o n  : 
Run 2 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump Star t s  a t  0 = 0.0 s e c ;  Average Surface 
Temperature Drop S ta r t s  a t  81 = 0.0 sec ;  
Run 2 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 sec ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  = 0.0 
sec; Run 2 

Trans ien t  Energy I n t e g r a l :  Run 2 

Trans ien t  Temperature D e s t r a t i f i c a t i o n :  
Run 3 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S tar t s  a t  0 = 0.0 s e c ;  
Run 3 1 
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L I S T 0 F F I G U R E S (Cont 'd) 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S t a r t s  a t  
s e c ;  Run 3 

= 0.0 

Trans ien t  Energy In tegra l : :  Run 3 

Trans ien t  Temperature Des t r a t i f i c a  t i o n  : 
Run 4 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  0 = 0.0 s e c ;  Average Surface 
Temperature Drop S t a r t s  a t  8 1  = 0,O s e c ;  
Run 4 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  0 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S ta r t s  a t  = 0.0 
s e c ;  Run 4 

Transient  Energy I n t e g r a l :  Run 4 

Transient  Temperature D e s t r a t i f i c a t i o n :  
Run 5 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 sec; Average Surface 
Temperature Drop S t a r t s  a t  el = 0.0 s e c ;  
Run 5 

Frac t ion  of I n i t i a l  Temperature Difference 

Pump S t a r t s  a t  8 = 0.0 s e c ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  el = 0,O 
s e c ;  Run 5 
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L I S T 0 F F I G U R E S (Cont'd) 

Trans ien t  Temperature D e s t r a t i f i c a t i o n :  
Run 6 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S tar t s  a t  81 = 0.0 s e c ;  
Run 6 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S ta r t s  a t  8 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S tar t s  a t  = 0.0 
s e e ;  Run 6 

Transient  Energy I n t e g r a l :  Run 6 

Transient  Temperature Des t r a t i f i c a t i o n :  
Run 7 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S ta r t s  a t  el = 0.0 s e c ;  
Run 7 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump Star t s  a t  8 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S t a r t s  a t  = 0.0 
s e c ;  Run 7 

Transient  Energy I n t e g r a l :  Run 7 

Transient  Temperature D e s t r a t i f i c a t i o n  : 
Run 8 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  €I = 0.0 s e c ;  Average Surface 
Temperature Drop S ta r t s  a t  €I1 = 0.0 sec; 
Run 8 
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L I S T 0 F F I G U R E S (Cont'd) 

Figure 

31 Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  Q = 0.0 sec; Center l ine  
Surface Temperature Drop S t a r t s  a t  
sec; Run 8 

= 0.0 

32 Trans ien t  Energy I n t e g r a l :  Run 8 

33 Trans ien t  Temperature Des t r a t i f i c a t i o n :  
Run 9 

34 Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S t a r t s  a t  el = 0.0 s e e ;  
Run 9 

35 Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature Star ts  t o  Drop: 
Pump Star t s  a t  8 = 0.0 see ;  Center l ine  
Surface Temperature Drop S t a r t s  a t  €I1 = 0.0 
sec; Run 9 

36 Transient  Energy I n t e g r a l :  Run 9 

37 Transient  Temperature D e s t r a t i f i c a t i o n :  
Run 10 

38 Frac t ion  of I n i t i a l  Temperature Difference 
A f t e r  Surface Temperature Star ts  t o  Drop : 
Pump S t a r t s  a t  Q = 0,O see; Average Surface 
Temperature Drop S t a r t s  a t  Q = 0,O sec; 
Run IO 1 

39 Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop : 
Pump Star ts  a t  = 0.0 s e c ;  Center l ine  
Surface Temperature Drop Starts a t  Q1 = 0,O 
sec; Run 10 

40 Trans ien t  Energy I n t e g r a l :  Run 10 

47 

48 

49 

5 0  

5 1  

52  

53 

5 4  

55 

56 

X 



Figure 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

GENERAL DYNAMICS 
Fort Worth Division 

L I S T 0 F F I G U R E S (Cont'd) 

Trans ien t  Temperature Des t ra  t i  f ica t i o n  : 
Run 11 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature Starts t o  Drop: 
Pump Star t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S ta r t s  a t  0 = 9.0 sec; 
Run 11 1 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S ta r t s  a t  8 = 0,O s e c ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  €I1 = 0,O 
s e c ;  Run 11 

Trans ien t  Energy I n t e g r a l :  Run 11 

Trans ien t  Temperature Des t r a t i f i c a t i o n  : 
Run 1 2  

Frac t ion  of I n i t i a l  Temperature Difference 
A f t e r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  0 = 0,O sec; Average Surface 
Temperature Drop S tar t s  a t  €Il = 0.0 s e c ;  
Run 1 2  

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump Star t s  a t  9 = 0.0 sec; Center l ine  
Surface Temperature Drop S t a r t s  a t  el = 0.0 
sec; Run 1 2  

Trans ien t  Energy I n t e g r a l :  Run 12 

Trans ien t  Temperature Des t r a  t i f i c a  t i o n  : 
Run 1 3  

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump Star t s  a t  Q = 0.0 sec; Average Surface 
Temperature Drop S tar t s  a t  = 0.0 sec ;  
Run 13 
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L I S T 0 F F 1 G U R E S (Cont'd) 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature Star ts  t o  Drop : 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S t a r t s  a t  €I 
sec; Run 13  

= 0.0 1 

Trans ien t  Energy I n t e g r a l :  Run 13  

Trans ien t  Temperature Des t ra  t i f  i c a  t i o n  : 
Run 14 

Frac t ion  of I n i t i a l  Temperature Difference 
After Surface Temperature S t a r t s  t o  Drop: 
Pump Star ts  a t  8 = 0.0 sec; Average Surface 
Temperature Drop S t a r t s  a t  8 = 0.0 sec ;  
Run 14 1 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump Star t s  a t  8 = 0.0 sec ;  Center l ine 
Surface Temperature Drop Starts a t  el = 0.0 
sec; Run 14 

Transient  Energy I n t e g r a l :  Run 14 

Transient  Temperature D e s t r a t i f i c a t i o n :  
Run 15 

Frac t ion  of I n i t i a l  Temperature Difference 
After  Surface Temperature S ta r t s  t o  Drop: 
Pump Star t s  a t  = 0.0 s e c ;  Average Surface 
Temperature Drop S t a r t s  a t  63, = 0.0 sec; 
Run 15 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  = 0.0 s e c ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  
s e c ;  Run 15 

= 0,O 

Transient  Energy I n t e g r a l :  Run 15 
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L I S T 0 F F I G U R E S (Cont'd) 

Figure 

61 Trans ien t  Temperature Des t r a  t i  f i c a  t i o n  : 
Run 1 6  

62 Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S tar t s  a t  8 = 0.0 s e c ;  1 Run 1 6  
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Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  0 = 0.0 sec; Center l ine 
Surface Temperature Drop S t a r t s  a t  0 
s e c ;  Run 1 6  

= 0.0 1 

Trans ien t  Energy I n t e g r a l :  Run 16 

Trans ien t  Temperature Des t r a t i f i c a t i o n :  
Run 1 7  

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop:  
Pump Starts a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S t a r t s  a t  el = 0.0 sec ;  
Run 1 7  

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump Star t s  a t  0 = 0.0 s e c ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  
sec; Run 1 7  

= 0.0 

Trans ien t  Energy I n t e g r a l :  Run 1 7  

Trans ien t  Temperature D e s t r a t i f i c a t i o n :  
Run 18 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop : 
Pump S t a r t s  a t  0 = 0.0 s e c ;  Average Surface 
Temperature Drop Star ts  a t  Q1 = 0.0 s e c ;  
Run 18 
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L I S T  0 F F I G U R E S (Cont 'd) 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S ta r t s  a t  8 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S tar t s  a t  Q 
sec; Run 18 

= 0,O 1 

Trans ien t  Energy I n t e g r a l :  Run 18 

Trans ien t  Temperature Des t ra  t i  f i c a t i o n  : 
Run 19 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S ta r t s  a t  8 = 0.0 sec ;  Average Surface 
Temperature Drop S t a r t s  a t  8 = 0,O sec; 
Run 19 1 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S t a r t s  a t  8 
sec; Run 19 

0.0 1 

Transient  Energy I n t e g r a l :  Run 19  

Transient  Temperature Des t r a t i f i c a  t i o n  : 
Run 20 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S t a r t s  a t  8 
Run 20 

= 0.0 sec; 1 

Frac t ion  o f  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0,O s e c ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  8 = 0,O 
sec ;  Run 20 1 

Transient  Energy I n t e g r a l :  Run 20 
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L I S T 0 F F I G U R E S (Cont 'd) 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S ta r t s  a t  8 = 0,O sec; Average Surface 
Temperature Drop Starts a t  el = 0.0 s e c ;  
Run 2 1  

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump Star ts  a t  8 = 0,O s e c ;  Center l ine  
Surface Temperature Drop S t a r t s  a t  
s e c ;  Run 2 1  

= 0.0 

Trans ien t  Temperature Des t r a t i f i c a t i o n :  
Run 22 

Frac t ion  of I n i t i a l  Temperature Difference 
A f t e r  Surface Temperature S t a r t s  t o  Drop: 
Pump S ta r t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S t a r t s  a t  
Run 22 

= 0.0 sec; 

Frac t ion  of I n i t i a l  Temperature Difference 
A f t e r  Surface Temperature Starts t o  Drop: 
Pump Starts a t  8 = 0.0 sec; Center l ine 
Surface Temperature Drop S t a r t s  a t  el = 0.0 
s e c ;  Run 22 
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L I S T 0 F F I G U R E S (Cont'd) 

Trans ien t  Energy I n t e g r a l :  Run 23 

Trans ien t  Temperature Des t ra  t i f i c a  t i o n  : 
Run 24 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  6 = 0.0 sec; Average Surface 
Temperature Drop S t a r t s  a t  = 0.0 sec ;  
Run 24 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Center l ine 
Surface Temperature Drop S tar t s  a t  8 = 0.0 1 s e c ;  Run 24 

Trans ien t  Energy I n t e g r a l :  Run 24 

Trans ien t  Temperature D e s t r a t i f i c a t i o n :  
Run 25 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump Starts at: 6 = 0.0 sec; Average Surface 
Temperature Drop S t a r t s  a t  0 = 0 - 0  s e c ;  
Run 25 1 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  el = 0.0 
sec; Run 25 

Transient  Energy I n t e g r a l :  Run 25 

Transient  Temperature Des t r a t i f i c a t i o n  : 
Run 26 
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L I S T 0 F F I G U R E .S (Cont'd) 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  to  Drop: 
Pump S ta r t s  a t  8 = 0 - 0  sec; Average Surface 
Temperature Drop S ta r t s  a t  8 0.0 sec; 
Run 26 1 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 sec; Center l ine  
Surface Temperature Drop S tar t s  a t  8 = 0.0 
s e c ;  Run 26 1 

Trans ien t  Energy I n t e g r a l :  Run 26 
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Run 27 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump Star t s  a t  8 = 0.0 s e c ;  Average Surface 
Temperature Drop S ta r t s  a t  el = 0.0 s e c ;  
Run 27 

Frac t ion  of InL t i a  1 Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump Star t s  a t  8 = 0.0 s e c ;  Center l ine  
Surface Temperature Drop S tar t s  a t  = 0.0 
s e c ;  Run 27 

Trans ien t  Energy I n t e g r a l :  Run 27  

Transient  Temperature Des t ra  t i  f i c a  t i o n  : 
Run 28 

Frac t ion  of I n i t i a l  Temperature Difference 
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Transient  Temperature Des t r a t i f i c a t i o n :  
Run 51 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temrerature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  0 = 0.0 s e c ;  Average Surface 
Temperature Drop S tar t s  a t  0 = 0.0 s e c ;  
Run 51 1 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 s e c ;  Center l ine 
Surface Temperature Drop S t a r t s  a t  0 = 0,O 1 s e c ;  Run 51 

Page 

205 

206 

207 

2 08 

209 

210 

211 

212 

213 

xxvi 



GENERAL DYNAMIC5 
Fort Worth Division 
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Surface Temperature Drop S t a r t s  a t  9 = 0.0 
sec; Run 52 1 

202 Trans ien t  Energy I n t e g r a l :  Run 52 

203 Trans ien t  Temperature D e s t r a t i f i c a t i o n :  
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204 Frac t ion  of I n i t i a l  Temperature Difference 
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Temperature Drop S tar t s  a t  9 = 0.0 sec ;  1 Run 53 
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N O M E N C L A T U R E  

Description 

Nozzle diameter 

Tank diameter 

Units Symbol 

ft DO 

ft Dt 

GO Volume flow rate 
Ts - Tm Energy integral, Im = 1 - 
Ts - Tb Lm 

Initial Grashof number divided by the 
square of the Reynolds number 

Reynolds number NRe 

OF Average temperature at nozzle exit Tb 

OF Mean water temperature 

OF Temperature of a section of the tank 
as measured by a thermocouple in the 
section 

Ti 

OF 

OF 

ft3 

ft/sec 

ft3 

ft 

ft 

ft 

ft 

OF 

Average surface temperature 

T S 1  

Vi 

Centerline surface temperature 

Volume of a 
is given by 

tank section whose temperature 
a thermocouple in the section 

vO 

Vt 

'b 

Nozzle exit velocity 

Tank volume 

Axial distance from nozzle exit to liquid/ 
vapor interface 

zd 

'di 

'S 

Dye layer thickness 

Initial dye layer thickness 

Stratified depth 

AT 

xxix 
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N 0 M E N C L A T U R E (Cont’d) 

De scription Units 

e Test time measured from point in time sec 
when the pump is turned on 

Test time measured from point in time 
when Ts or Tsl begins to decrease or when 
stratified dye layer begins to move 

sec 1 
e 

Time Required for mixing process to 
reduce the initial stratification to 
some percentage of its initial value 

‘mix sec 

xxx 
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S U M M A R Y  

The design of present and future spacecraft utilizing 

cryogenic fluids requires that adequate prediction and control 

of thermal stratification be accomplished. In a previous 

study, (Reference 1) methods were selected for mixing the 

thermally stratified layer with the remaining colder fluid 

in the tank and a mixer design procedure was developed. The 

mixer design procedure was based on small-scale mixing tests 

in which water was used as the test fluid. In the present 

study, the validity of scaling small-scale test data for use 

in designing mixer systems in full-scale tanks has been veri- 

fied through use of a test tank intermediate in size between 

the previous small-scale tank and the full-scale tanks of 

spacecraft e 

The experimental mixing investigation involved mixing in 

a large-scale (10-foot-diameter, 20-foot-long) stratified tank 

with non-pressurized water used as the test fluid. Tests were 

conducted to duplicate the range of the previous small-scale 

test parameters, 

histories in the tank during mixing. 

The data obtained consist of temperature 

This volume of the final report presents both the basic 

mixing data and the preliminary dimensionless correlations 

made for each of the 52tests run. These data are presented 

xxxi 
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in this volume for examination and preservation. 

tions and conclusions from the data are presented in Volume I. 

Correla- 
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S E C T I O N  1 

I N T R O D U C T I O N  

This volume of the final report contains the data utilized 

from the large-scale tests conducted during this study. The 

purpose of documenting these data is (1) to provide the de- 

tailed test data from which the correlations in Volume I are 

obtained, and (2) to furnish data for further analyses as 

require d . 
The data were obtained from large-scale stratification 

mixing tests conducted in a vertical, non-pressurized, cylin- 

drical water tank. The tank was 20 feet high and 10 feet in 

diameter. Stratification was induced in the tank prior to 

mixing by heating the top layer of fluid. No heat was added 

during mixing. Complete test details are given in Section 2 

of Volume I. 

The data are presented in the form of a tabular summary 

of test conditions and of graphical representations of the 

test results in both basic and dimensionless form. Data from 

a total of 52 tests are presented. 

The basic data - temperature histories in the tank during 
axial 

fluid 

jet mixing - 
temperatures 

consists of surface, nozzle exit, and mean 

shown as a function of time. Dimensionless 
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temperature ratios, (T,-Tb)/(Ts-Tb)i, (TslwTb)/(TslaTb)i, 

and (Ts-Tm)/(Ts-Tm)i, obtained from the basic data are shown 

as a function of VoDoB1/Dt. 2 The energy integral, &, is shown 
2 as a function of VoDoB/Dt. 

The methods of correlation are discussed in Section 2 

of Volume I of this final report. The notations used in the 

figures and the table are self-explanatory or easily identified 

in the nomenclature. 

2 
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S E C T I O N  2 

L A R G E - S C A L E  D A T A  D E S C R I P T I O N  

Three types of graphical data are presented for each of 

52 tests. These data consist of the basic temperature data 

during mixing, the dimensionless representations of the 

temperature decay, and the energy integral obtained from the 

basic temperature data. 

2.1 TEMPERATURE DATA 

The temperature data from each test consist of the mean 

fluid temperature, the fluid temperature at the nozzle exit, 

the average surface temperature, and the surface temperature 

at the tank centerline, all shown as a function of time, 8, 

after the pump is turned on. An example of this type of data 

is shown in Figure 1 of Section 3 .  

The nozzle exit temperature, Tb, is considered to be the 

temperature of the bulk liquid at the level of the nozzle exit. 

This temperature sometimes decreased slightly during a portion 

of the mixing time because of the motion of colder fluid from 

the tank bottom. 

Two values of the surface temperature are presented: an 

average value, Ts, and a tank centerline value, TSle The 

3 
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average value consists of a numerical average o f  the surface 

temperatures measured by four thermocouples located radially 

outward from the tank center and approximately 4 inch beneath 
the liquid surface. 

that equal-volume annular sections are obtained when boun- 

The thermocouples were positioned such 

daries between sections are located halfway between adjacent 

thermocouples. The numerical averaging assumes that the 

temperature measured by each thermocouple represents the tem- 

perature of an equal volume of fluid at a uniform temperature, 

This value of the surface temperature provides a good indica- 

tion of the overall condition of the surface, especially when 

the surface fluid initially begins to mix under the action of 

an axial jet impinging on the interface, since a large tempera- 

ture gradient can exist across the liquid surface as cool 

fluid flows radially outward toward the wall. It should be 

pointed out, however, that the use of an average value of the 

surface temperature, in a correlation presenting the extent 

to which mixing has occurred, has a tendency to moderate the 

rate at which mixing appears to take place. the tempera- TS1 
ture of the surface at the tank centerline where the jet 

impinges, provides a good indication o f  when the axial j e t  

penetrates the stratified layer and tank mixing star ts ,  This 

temperature also provides an indication of either a sharp and 

complete penetration or a gradual penetration c racterized 

4 
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by the jet slowly erroding away the stratified layer. 

The mean temperature of the fluid is a constant value 

during a given mixing test since no heat (except from environ- 

mental heating or cooling) was added to or removed from the 

fluid during mixing. The value of the mean temperature was 

taken as the temperature of the fluid at the end of mixing 

when the temperature is uniform in the tank. A s  a check, 

mixed temperatures were found ta agree with the volume weighted 

mean temperature defined by 

"t i = o  

Figure 1 in Section 3 is an example of the temperature 

data presented. 

surface temperature are shown only for the time in which there 

is a differential between the average and centerline values. 

The data points representing the centerline 

2 . 2  DIMENSIONLESS MIXING TEMPERATURE DATA 

The dimensionless mixing temperature data consist.of 
2 values of AT/ATi as a function of VoDoQl/Dt. These data pro- 

vide a measure of the extent to which mixing has reduced the 

thermal stratification existing in the tank. The time variable 

el is defined as zero at the point in time at which the sur- 

5 
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face temperature begins t o  drop. This i n i t i a l  reference point 

i s  used rather than the point i n  time a t  which the pump i s  

turned on because th i s  i n i t i a l  reference point is an indica- 

t ion of when the surface f lu id  actually s tar ted t o  m i x .  The 

variable 81 described i n  the f i r s t  paragraph of Subsection 

2 . 1 ,  i s  s imply €I1 plus the t i m e  in terval  from the point i n  

time when the pump i s  turned on to  the point i n  t i m e  when the 

surface temperature begin to  drop. The following sketch 

i l lus t ra tes  th i s  relationship 

Point a t  Which Surface Temperature 

Path of Surface Temperature 
egins t o  Drop 

a, His tory  After Pump Turned On 
M 
3 u 
cd 
M 
a, 
PI 
F; a, 
E-l 

Time 

Two se ts  of th i s  type of data are given. The f i r s t  se t  

consists of AT'S given by Ts--Tb and T -Tm. 

re f lec t  the extent t o  which the surface temperature has been 

reduced compared with the bottom temperature. This i s  a 

measure of the to t a l  s t ra t i f ica t ion  existing i n  the f luid.  

The Ts-Tb data 
S 

The Ts-Tm data represent the different ia l  between the surface 

6 
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temperature and the mean tank temperature. This provides an 

indication of the extent of the surface temperature variation 

from the mean tank temperature. Figure 2 in Section 3 is an 

example of this type of data. Also shown on this plot are 
* 2 

value of VoDo(@-@l)/Dt is a measure of the dimensionless time 

values of Ni, NRe J zb/Dt 2 Zb/Do 9 and VoDo (@-@I) /Dt a The 
2 

interval between mixer activation and the initial drop in the 

surface temperature; it reflects jet transit time and the 

effect of buoyancy on mixing. 

Also shown on the graph of Figure 2 is an analytical 

prediction from the previous study (Reference 1) of the 

movement of the dye layer interface down the tank during 

mixing. 

entirely different quantities of temperature and distance, 

Although the two terms AT/AT, and zd/zdi reflect 

they both reflect the degree of mixing that has occurred in 

the tank. The prediction is shown here for comparison, since 

it was found (Reference 1) that small-tank transient tempera- 

ture data indicate faster mixing than the predicted analytic- 

ally when N: is less than approximately 50, 

N; is greater than approximately 50, the transient temperature 

decay in the small-scale tests will occur slower than that 

predicted analytically. 

Similarly, when 
-L 

7 
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The second set of dimensionless mixing temperature data 

consists of AT'S given by T 

surface temperature decay due to the mixing action of the jet 

-Tb. These data reflect the S1 

at the center of the liquid surface, In general, these data 

show a faster response to mixing than do the correlations 

based on the average surface temperature. The dimensionless 

variables and the analytical prediction of dye motion, which 

were discussed previously, are also shown on this set of data, 

Figure 3 in Section 3 is an example of this type of data. 

A summary of the parameters shown on all the graphs is 

given in Table 1. Also given are the basic test conditions. 

2 . 3  ENERGY INTEGRAL DATA 

The final type of data presented in this volume consists 

of the transient energy integral of each test. This term is 

given by 
m T - T  

Ts Tb 

& = 1 -  S 

and is shown as a function of 8. 

The energy integral is a measure of the energy distribu- 

tion in the tank; it provides a measure of the extent of 

stratification. When this value is initially zero, the mean 

tank temperature is equal to the nozzle exit temperature, and 

the stratified layer is probably relatively thin. As Im 
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approaches 1, the tank fluid is relatively well mixed, although 

there may be some stratification remaining as indicated by 

Ts-Tb. 

gone a temporary inverse stratification. 

1 exist only for a short time, and the data are sometimes 

doubtful since the temperature differences are often very small. 

Consequently, when this type of condition is encountered, 

the plots will often show a break in the data. 

Section 3 i s  an example of this type o f  data. 

When & is greater than 1 the tank fluid has under- 

Values greater than 

Figure 4 in 

13 





GENERAL DYNAMICS 
Fort Worth Division 

S E C T I O N  3 

D A T A  P R E S E N T A T I O N  

15 





R I  
0 8  

O D  
a 0  

W 

W 

u) 

cu 

0 
c? co 

" 
e 

0 
0 m 

0 
0 co 

0 
0 
h 

o a  o a  

1 
E-, 

" E ;  

u 
W 

0 
0 
c? 

0 
0 cv 

0 
0 
4 

0 

7 



h 

10'2 

Figure 2 

Analytical Prediction 

253,7 

le85 

260,000 

1 3 , l  

Fraction o f  I n i t i a l  Temperature Difference 
After Surface Temperature Starts to  DroD : 

sec;  Average Surface 
Temperature Drop af: el = 0,Q set; Run 

18 



‘ 0  
0 0  - 0,418 

\ AT 

= 253.7 

= 1.85 

= 260,000 

= 12.9 

= T -T 
9 

Center l ine  Surface 
= 0,O see; Run 1 a 



.. 
d 
(d 
k 
M aJ 
U 
E 
H 

h 
M 
k 
Q) 
E 
W 

2 



Fort Worth Division 

W 

0 
\D 

L n  
m 

21 



Figure 6 

Z /D b o  

Zb/Dt 

NRe 

0,097 

253 , 7 

1,85 

250,000 

7.46 

1 2 

Frac t ion  of  n i t i a l  Temperature Difference 
After Surface T 
P u p  Starts a t  Average Surface . 

= 0,O see; Run 2 ~ e m p ~ ~ ~ t u ~ ~  Dro 

pera tu re  S t a r t s  t o  Drop: 

1 

22 



A 

I 

z /D b o  

zb'Dt 

*Re 

": 
AT 

0,097 

253 7 

1,85 

250,000 

6.32 

= T -Tb 

23 



24 



ENER VNAMJCS 
Fort Worth Division 

f-i 

M 

8 %  
0 8  

R I  
a 0  

e% 
N Q  

W 

W 

A 

W 

0 
N 

e 

0 

0 
N 
t-4 

e 

m 
00 
rJ 

* 

" 
I-- 
00 

0 
* 

0 
0 
N 

0 
2 

0 

0 
0 m 

0 
8 
00 

0 
0 
I-- 

0 o u  
\ o Q )  

VJ 
r 

c 
0 

o w  
O Q )  

" E  

pc 

c9 

c 

crl u 
dl 
W 
*pl u 
a 
& u 
e 
Q) 

Q) 
& 

u 
a 
k 
Q) a 

P 
u 

8 

0 " 
rl 

Q m 

25 



Analy t i ca l  Predic t ion  , 

Z /D = b o  

I 

NRe 

0 e 608 

253,7 

1.85 

280,000 

62,76 

1 2 

26 



r) 0 608 
L 

t 

27 



I n 

e .  

rl 
cd 

aJ 
U 
d w 

b 

h 
bo 
).( 

w 8 

Q1 
k 

28 



E N E W  VNAMICS 
Fort Worth Division 

PI;;; 
N W  

W 

4 

0 

29 



GENERAL DYNAMICS 
Fort Worth Division 

24 a 25 

253 e 7 

1.85 

69,000 

1509.89 

Analytical Prediction 
of Dye Motion 

1s 2Q 

Figure 14 Fraction of In i t ia l  Temperature Difference 
After Surface Temperature Starts to  Drop: 
Pump Starts a t  8 = 0.0  sec; Average Surface 

erature Drop Starts a t  = 0 .0  sec;  Run 4 

30 



NAMICS 
Fort Worth Division 

v I) (e-el> 
- P 0 0  

24.45 a 

I 

253.7 

1.85 

69 I 000 

1993 64 + 
= T -Tb 

e @ ;  Centerline Surface 
a t  8 = 0,Q see; Run 4 1 



GENERAL DYNAMICS 
Fort Worth Division 

32 



0 
0 a 

0 
0 
00 

0 
0 
h 

0 
0 
\o 

0 
0 
In 

0 
0 
4 

Q 
0 
c\I 

Q 

In 

.. 

33 



GENERAL DYNAMICS 
Fort Worth Division 

LO 15 

Figure 18 Fraction of In i t ia l  Temperature Difference 
After Surface Temperature Starts to  Drop'. 
Pump Starts a t  8 = 0.0  sec;  Average Surface 
Temperature Drop Starts a t  0 = 0.0 sec; Run 5 1 

34 



h 

gure 19 

-Q 

Analytical Prediction 

0,506 

253 7 

l a 8 5  

190 000 

188 e 5 

35 



L DYNAMICS 
Fort Worth Division 

I U  n 

.. 
rl a 
k M 
Q) 
JJ c 
H 

h 
M 
k 

W 
8 



s 
Fort Worth Division 

W 

n 
e 

W 

6 

7 

e 

l-l 
N 



GENERAL DYNAMICS 
Fort Worth Division 

0.381 

253,7 

1.85 

270,000 

186.12 

10 15 20 

Fraction o f  jitial Temperature Difference 
After Surface ~ e ~ p @ ~ a t u r e  Starts to Drop: 
Pump Starts at Q = 0,O sec;  Average Surface 
Temperature Drop Starts a t  8 = 0.0 sec;  Run 6 1 

38 



igure  23 

39 



J 

.. 
4 
cb 
k 
M 
Q) 
U c 
M 

h 
M 
k 

w 
U 

d 



GENERAL 
Fort Worth Division 

uq 
c\l 

k a 



. 
N 4 

Figure 26 

42 



0,o 

253 7 

1.85 

410,008 

7.29 

erlline Surface 
0.0 aec; Run 7 

4 3  



.. 
d 
0 
k 
M 
9) u 
E: H 
h w 
k 

W 
8 

44 



m a  w 
I 8  
a o  

0 
0 m 

8 1  
0 8  

0 
0 
(\I 

Q 
0 
d 

0 
00 

0 
r. 

0 
Q 

45 



18" 

A .I1 4 
N N  

10- 

Figure 30 

NERAL DYNAMICS 
Fort Worth Division 

1 

A- 

0,O 

253,7 

1,85 

440 000 

17 a 58 

46 



igure  31 

NR€! 

N*i 

AT 

0.0 

253.7 

1.85 

440 000 

17,6 

= T -Tb 

ature Starts to 
Centerline Surface 

0,O sec; Run 8 1 



ERAL DYNAMICS 
Fort Worth Division 

a 

h 



Fort Worth Division 

I I  
0 0  

rnc 
NCW 

W 

3 o a  
C 3 M  

W 

f% 
m .a 

U 

0 
CQ 

0 
0 
m 

a 
0 
N 

CJ 
0 
l-l 

Q 

u 
9) 
v3 

c 
0 
a 
a, 

3 w 

e 

E 

4 ac 
k 
9) u w 
‘4 
a, 

m 

rB 
9) 

Q) 
k 
a u 
a 
k 

a a 
a, w 

a 
k 
Ea 

49 



ENIRAL DYNAMICS 
Fort Worth Division 

Figure 34 

v D (e-e,)  
- - 0 0  

t 

1 15 

*Re 

4 

0.3117 

253 7 

1.85 

290 000 

21,22 

Fraction of In i t ia l  Temperature D i f  Eerence 
After Surface Temperature Starts to  Drop: 

op Starts at 
Average Surface 

1 = 0.0 sec;  Run 9 

50 



N 
Fort Worth Division 

30 

1 20 

ature Difference 
e Starts to Drop: 

Centerline Surface 
8 = 0,O sec; Run 9 
1 

51 



e r  

5 



S I  
0 0  

v)G 
N W  

W 

a 
0 

Cao *5 
W 

53 



f 

10 - 2  

NERAL DYNAMICS 
FQH Worth Division 

0,264 

Analy t ica l  P red ic t ion  

NR€! = 240,080 

Figure 38 Frac t ion  of  I n i t i a l  Temperature Difference 
After Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  Average Surface 
Temperature Drop = 0,O set; Run 10 1 



Fort Worth Division 

gure 39 

2 /D b o  

'b'"t 

NRe 

"*i 
AT 

0 , 2 6 4  

253 e 7 

1.85 

240,000 

32.98 

= T -T 
s1 

2 

ture Difference 
arts  to Drop: 
Centerline Surface 

1 = 0,O see; Run 10 

55 



ENERAL DYNAMICS 
Fort Worth Division 

d 

0 
rl 

b 
Q) 
4 
tn 

56 



P-i 
P-i 

8)  
k 

57 



Fort Worth Division 

h 

I .a4 "I .tj 
N N  

Figure 42 

Analy t ica l  P r e d i c t i  

253,7 

le85 

110,000 

239 e 16 

Frac t ion  of I n i t i a l  Temperature Difference 
After Surface Temperature Star ts  t o  Drop: 
Pump S t a r t s  a t  8 = 0,O sec; Average Surface 

S t a r t s  a t  Q = 0,O sec; Run 1 1 

58 



Figure 43 

0.187 

253.7 

1.85 

110,000 

236.44 

b 
-T 
1 

15 2 

Frac t ion  of I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop: 

Center l ine  Surface 

1 = 0,O sec; Run 11 

59 



60 



d 
u) 

Ea 
8 U  
0 0  

I I  
a 0  A 

0 

W 

0 
0 
Crl 

0 
0 
N 

0 
0 
rl 

8 

hl 
rl 

G 
2 
.* 

s: 
0 
rl u 

.rl 
W 
.A 
U 
a 
k 
L) 

3 

d 

0 

Q) 
k 
3 
U 
a 
k 
0) 

Ea 
u 

-A 
VI 
d a 
k 
Ea 

m 
4- 

Q) 
k a 
M 

a d  

k! 

6 1  



6 2  



YNAMICS 

Bgure 47 

Z /D  b o  

‘blDt 

NR€? 

N: 

AT 

0,567 

253 ., 7 

1,85 

280,000 

10.41 

= T -Tb 
sl 

ra ture  Difference 
Starts t o  Drop: 

c ;  Center l ine  Surface 
arts at ha = 0,O see; Run 1 2  1 

6 3  



N 
r-l 

co 
i t  

64 



/4 
L) 
W 
U 

J B 

0 

65 



0 . 673 

253,7 

1.85 

300 000 

38,52 

Figure 50 Fraction of 
After Surfac 

= 0,O sec; Run P 

66 



I 

z /D b o  

zb’Dt 

AT 

0.673 

253 e 7 

1.85 

300,000 

38.66 

= T -T 
9 

67 



68 



8 8  
Q O  

W 

0 
bo 
W 

A 
0 

8 
M 

69 



Analy t ica l  P red ic t ion  

b 

2 , 664 

253,71 

m 85 

96,200 

114,06 

Figure 54 Frac t ion  o f  I n i t i a l  Temperature Difference 
After Surface Temperature Star ts  t o  Drop: 
Pump Star ts  a t  Average Surface 

= 0,0 sec; Run 14 1 emperature Drop S t a r t s  a t  

70 



. 664 
t u 

Z /D  = 253.71 b o  

NR@ = 96,200 

N* = 113.55 i 

Figure 55 Frac t ion  of  I n i t i a l  Temperature Difference 
After  Surface Temperature S t a r t s  to Drop: 

= O,O sec; Cemterline Surface 
S t a r t s  at = 0,O sec; Run 14 

71 



72 



Q cn 

73 



Figure 58 

74 



NRe 

N*i 

AT 

253.711 

1.85 

191,500 

77.30 

T -Tb 

l ine  Surface 
sec; Run 15 

75 



0 
u3 

7 6  



B I  
o c a  

8 8  
Q O  

*D 
N W  

W 

A 
a 

ea .5 
W 

e 

0)  
k 
3 
M 
rd 
k 
al 
e, 

E-r 
U 

77 



NR€? 

5,558 

349 *44 

1,82 

250.57 

Figure 62 action of  I n i t i a l  Temperature 
After Surface perature Starts to Drop: 

= 0,O see; Average Surface 
~p Starts at e = 0,O sec; Run 16 1 

78 



v D (0-0,) 
0 0  

= 5.698 
-I--- 

= 349.44 

= 1 . 8 2  

= 108,90 

= 251.97 

2 

79 



80 



0 

0 cn 
. .  

6 

Q 
0 
4 

0 
00 

0 
aJ rn 

6 
0 
a 

a 

pc 

8) 

.. 

81 



I. 

t 
,gure 66 

= 0,O see; Run 

82 



277 

82 

3 ,600  

6.38 

urp@ 67 

Pump Starts a 

83  



J 

e .  

rs 
ar3 
k 
M 
0) u 
H 

84 



A 
0 

W 

d 

0 
9) m 

d 
0 
a 
Q) 

3 
E-l 

a 

E 

pc 4 
k 
9) 
U u-c 
4 
9) 

E-l 
-1 

85 



-1 

Z /D b o  

'bjDt 

NR€! 

Figure 70 

e 39 

349,44 

1,82 

146, 

153 82 

86 



L 

Zb’Do 

zb’Dt 

NRe 

YT 

0 , 3 9 1  

349.44 

1.82 

146,100 

157,95 

= T -Tb 
sl 

2 

= 0,0 sec; Run 18 

87 



88 



AL AMlC 
Fort Worth Division 

0 

0 
c\I m 

II 

m 
00 

0 
00 

k 
aJ u 

U-J c 

a 
4 

89 



IRAL DYNAMICS 

c. 

Figure 74 

0.028 

349.44 

. 82 

240 000 

45 .86  

Fraction of  
erature Starts to Drop: 
0,O sec;  Average Surface 

arts at = 0,O sec; Run Temperature Dro 9 

90 



028 

t9.44 

82 

.o 9 000 

65 

75 re Difference 

enterline Surface 
= 0.0 sec; Run I9 

9 1  



YNAMICS 

J 

92 



0 
N 

0 
Q) m 
n 

a 

PI 

k 
Q) u 
W c 

93 



GENERAL DYNAMICS 
Fop11 Worth Division 

Figure 78 Frac t ion  of I n i t i a l  Temperature Difference 

Temperature Drop 

r Surface T pera ture  Starts to Drop: 
Average Surface 

1 = 0,O see; Run 20 

94 



0,261 

349 a44 

1,82 

308,300 

39,09 

f 2 

u r e  79 

rPfne Surface 
,O sec; Run 20 

95 



at 

w 

0 
cg 

96 



Figure 81 Frac t ion  of  I n i t i a l  Temperature Difference 
After Surface Temperature Star ts  t o  Drop: 
Pump S t a r t s  a t  8 = 0,O sec; Average Surface 
Temperature Drop S tar t s  at €4 = 0,O sec; Run21 1 

97 



Fort Worth Division 

Figure 82 

Center l i n e  Surf ace 
1 = 0,O sec; Run 21 

98 



I 
O 

99 

0 
h 



NAMES 
Font Worth Division 

10-2 

-3 

Figure 84 

a 

Z /D b o  

Zb'Dt 

NRe 

N* i 

0 . 543 

349.44 

11.82 

469 708 

14 0 33 

Ana 11 y t ica 1 P r ed  ic t ion  

Frac t ion  of I n i t i a l  Temperature Difference 
After Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  = 0,O set; Average Surface 

Starts  a t  = 0,O sec; Run 22 

100 



Figure 85 

t 

Analy t ica l  Predic t ion  

Z /D b o  

zb/Dt 

N* 

NRe 

i 

AT 

0 543 

349 -44 

1.82 

469 700 

12.52 

b 
T -T 
sl 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S ta r t s  t o  Drop 
Pump Starts a t  x 0,O set; Center l ine  Surface 

u r e  Drop Starts at 8 = 0,O sec; Run 22 1 

101 



. e  

k M 
Qu 

102 



103 



7 

z /D = 
b o  

- N* - 
i 

0,7 

349,44  

%e82 

523,000 

9,25 

23 

c 

104 



Z / D  b o  

zb’Dt 

NRe 

N; 

AT 

0 634 

349.44 

1.82 

523,000 

9.38 

T -Tb 
s1 

e n t e r l i n e  Surface 
= 0.0 sec; Run 23 

105 



0 m 

106 



F Q ~  Worth Division 

0 
0 m 4= 

N rrl . 
0 
0 co 

.. 
8 
rl m 

m 
hl 

. 
0 
0 
b 

0 
0 
9 

0 
0 
rl 

u 
aJ 
v3 

c) 

c 
0 

h 

0 
0 
4= 

k 
aJ 
U u 
-4 0 

0 
c7 

0 
0 
hl 

0 
0 
r( 

Q 

107 



Analytical Prediction 

Figure 92 

0 e 804 

349*44 

1,82 

72,400 

67,87 

108 



Fort  or^^ Division 

' 1 7  

,9.44 

82 

2,400 

3 .61  

1 

Centerline Surface 
= 0,O sec; Run 24 

1 0 9  



.. 
Pl a 
k 
bD 
Q) 
M c 
H 

u% 

110 



AL 
Fort ~ o r t b  Division 

8 8  
Q O  

111 



10": 

Figure 96 

0 , 340 

349 e 44 

1,82 

148,700 

88 , 58 

5 2 

- 
2 

Dt 
Frac t ion  of  I n i t i a l  Temperature Difference 
After Surface Temperature Star ts  t o  Drop: 
Pump S t a r t s  a t  8 = 0,O see; Average Surface 
Temperature Drop S t a r t s  a t  E 0,O sec; Run 25 

1 1 2  



340 

.9 e 44 

82 

.8,700 

.58 

ature Difference 
Starts to Drop: 

0,Q sec; Centerline Surface 
arts  a t  €If= 0,O see; Run 25 

113 



YNAMICS 
Fort W o ~ ~ ~  Division 

114 



0 
00 

GENERAL DYNAMICS 
Fort Worth Division 

0 
Q) 
v) 

0 
0 
f-i 

0 
rn 

a 
c 
0 
a 
Q) 

1 
E-c 

E 

k 
Q) u 
4-1 
Q 

d 
E-l 

c 
7 

m 
m 

3 

115 



ERAL DYNAMICS 
Fort Worth Division 

Figure 100 Fraction of In i t ia l  Temperature Difference 
After Surface Temperature Starts to  Drop: 
Pump Starts a t  
Temperature Drop Starts at  Q 

= 0.0 set; Average Surface 
= 0,o sec;  Run 26 1 

116 



YNAMlCS 
Fort Worth Division 

'bIDt 

NRe 

N: 

AT 

0.376 

349 0 44 

1,82 

163,400 

36.98 

1 1s 2 

101 Difference 
§ta~ts to Drop: 

c ;  Centerline Surface 
re Drop Starts a t  Q 0,O sec; Run 26 1 

1 1 7  



E 

hd 
0 
l-i 

118 



Fort Worth Division 

b 
,-. : 

u 
Q) 
v) 

a 
c 
0 

4 
!& 

k 
Q) 
U u-4 
-4 

Q) 
k 
3 u 
a 
k 
Q) a 

I 3  
8 

119 



B 392 

349 * 44 

1,82 

B66B7'00 

15 0 38 

i a l  Tempera 
Surface ~ e m ~ e r a ~ u r e  Star 

27 

120 



R 

VNAMICS 
Fort Worth Division 

0 . 3 9 2  

2 /D b o  

‘blDt 

NRe 

.: 
AT 

E349.44 

= 1 , 8 2  

166,700 

= 15.38 

b 
= T -T 

s1 

a 

105 rature Difference 
 art^ to Drop: 

Center line Sur face 
= 0.0 sec; Run 27 

1 2 1  



c 



u 
a8 
v) 

n 
d 
0 
a 
aJ 

1 
H 

E 

k 
0)  u w 
-4 

c 
3 
d 

aJ 
k 
3 u 
a 
k aJ a 

H 
u 

.P( 

I 

Ei 

123 



Figure 108 

+ 

Analytical Prediction 
of  Dye Motion 

Z / D  b o  

zb/Dt 

*Re 
* 

*i 

0,404 

349.44 

1,82 

147,300 

6Qm43 

B 

Fraction of  In i t ia l  Temperature Difference 
After Surface Temperature Starts to Drop: 
Pump Starts a t  Q = 0.0 see; Average Surface 
Temperature Drop Starts a t  a Q,Q set; Run 28 

124 



0.404 

349 e44 

1.82 

147,300 

59.11 

T -Tb 

u r e  109 

Centerline Surface 
1 = 0,O sec; Run 28 

125 



J 

0 
rl 
rl 

126 



P 
P 

a 0  
% f  

NERAL NAMICS 
Fort Worth Diwision 

0 
u? 
d 

0 
0 
5-4 

0 m 

a 

k 
7 
& 

2 

.. 

w 
o f 4  

a 
k 

w 
M 

rl 
l-l 
l-l 

127 



10'1 

10'1 

Figure 112  

Analy t ica l  P red ic t ion  
of  Dye Motion 

Zb/DO 

zb/Dt 

0.567 

349 D 44 

1,82 

139 300 

33.36 

Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 sec ;  Average Surface 
Temperature Drop S t a r t s  a t  Ql= 0,O sec; Run 29 

128 



t u 

113 

0,567 

= 139,300 NR€? 

= 38.29 .: 
AT = T -T s b  1 

Bine Surface 
0,O see; Run 29 

1 2 9  





YNAMICS 

0 
c9 

u-l 
P. 

n k 

u 6: 
0 

0 
P. 

131 



Figure 116 

RAL DYNAMICS 
Fort Worth Division 

Analytical Prediction 

0 a 258 

349 e 4 4  

1,87 

142 ,000 

34 e 13 

Fraction of  In i t ia l  Temperature Difference 
After Surface Temperature Starts to  Drop: 
Pump Starts a t  8 = 0.0 see;  Average Surface 
Temperature Drop Starts a t  8 = 0 . 0  sec; Run 30 

1 

132 



0,258 

349.44 

1-87 

142,000 

3 5 - 6 8  

F 117 

terline Surface 
Temperature Drop St 0.0 set; Run 30 

133 



0 
m 

.. 
rl 
ad 
& 
bo 
0) 
U 
E: n 
h 
M 
& 

M 
d 
u 

m 

134 



0 
0 m 

0 
0 
00 

0 
0 

m 
d 
0 

k 
0)  
U 

$2 
* a J  

E-l 

0 
0 
N 

0 
0 
d 

d 
m 

.. 

@ 
k 

135 



ENERAL K3YNAMICS 
Fort Worth Division 

Analy t i ca l  Predict ion 

fO -3 

Figure 120 

1,822 

349 e 44 

1,82 

141,800 

265.96 

P 15 2 

Dt 
Fraction of In i t ia l  Temperature Difference 
After Surface Temperature Starts to Drop: 
Pump Starts a t  Q = O e O  sec;  Average Surface 
Temperature Drop Starts a t  Q1 = 0.0 sec;  Run 31 

136 



Figure 

4 

00 

IO 

1 2 1  Frac t ion  of  I n i t i a l  Temperature Difference 
After Surface Temperature S ta r t s  t o  Drop 

e n t e r l i n e  Su 
= 0.0 sec; Run 33. 

137 



138 



r. 

e 

0 
0 
0 
m 

C 
0 0 

0T.3 q 
3 
f9 

0 
0 .  

2:E-B 

Q 
Q 
Lo 

139 



1 

h 

10-2 

Analy t ica l  Predic t ion  

Zb/Dt - 
=z 

NRe 

167.04 

0,87 

49,000 

67 e 66 

Figure 124 Fract ion of I n i t i a l  Temperature Difference 
Af te r  Surface 
Pump S t a r t s  a t  
Temperature Drop Starts at 

erature S t a r t s  to Drop: 
0,O see;  Average Surface 

-. 0,o set; Run 32 1 

140 



04 

u r e  125 

= 0,O sec; Run 32 

14 1 



I n 
J 

.. 
v-4 a 
k 
M 
Q) 
U c 
H 

h 
M 

a* 

142 

d d 



0 co 0 
r. 

c) 
QJ 
u3 
m 

d 

“c1 
QJ 
d 
k 
3 
E-l 

143 



Figure 128 

= 186.24 'bIDo 

%e = 285,000 

3% 
= 5,18 Ni 

144 



N: 

AT 

0.0 

186 24 

0.97 

285,000 

5.50 

b = T -T 

gure 129 

Centerline Surface 

1 = 0.0 sec; Run 33 

145 



C d 
h 

w 



n 
Q 

Q 
hl 
i-i 

.$ 
W 

0 
i-l 
i-i 

14 7 



a 
1 

C l C  4 4  

h 

10'2 

.045 

Analy t i ca l  P r e d i c t  

167,84 

0e87 

57 .% 35 

Figure 132 Frac t ion  o f  In i t i a l .  Temperature 
After Surface Temperature S t a r t s  t o  Drop: 

Temperature Drop St 
Average Surface 

1 c- 0,0 see; Run 34 

148 



0,045 

167.04 

0.87 

210 700 

16.83 

gure 133 

r l i n e  Surface 
.O sec; Run 34 

14 9 



150 



I 
O 

m a  
H H  

S I  
a o  

0 
ad 

3 o a  
c 3 b B  

W 

CI 
e 

L?ro 05 
M * 

0 

0 
0 
m 

0 
0 cv 

0 
0 
d 

n - 
0 
yl 

151 



10 - 

e- 

@ 

Figure 136 Frac t ion  of  I n i t i a l  Temperature Difference 
Af te r  Surface T 
Pump S t a r t s  at Average Surface 
Temperature Drop 

pera tu re  S t a r t s  t o  Drop: 

= Q,Q see; Run 35 

152 



V D (0-0,) 
0 0  

= 0.179 

zb’Dt 

NRe 

N P  

AT 

= 122.06 

= 0.89 

= 130 ,20  

= 11 .67  

b 
= T -T 

P 2 

Fraction of 
A f t e r  Surface 
Pump Star t s  e n t e r l i n e  Surface 
Temperature = 0.0 sec;  Run 35 

153 



3 

.. 
(-1 
(d 
k M 
a, u c 
H 

h 
M 
k 

w d 

154 



155 



L 

10'; 

Analy t i ca l  P r e d i c t  

- N* - 
i 

122.06 

237,000 

6.77 

Figure 140 Frac t ion  of I n i t i a l  Temperature Difference 
After Surface 
Pump S t a r t s  a t  Average Surface 
Temperature Drop = 0.0 see; Run 36 1 

156 



gure 141 

0,054 

122.0s 

0.89 

237,000 

6 . 3 3  

T -Tb 
sl 

Centerline Surface 
1 = 0,O sec; Run 36 

15 7 



158 



C 

0 
Q) 
v) 

a 
a, 
d 
k 
3 
E-l 
a 

p4 

.e 

e 
0 
.rl 
LI 
a 
6) 

W 
*d 
u 
a 
k u 

0)  
k a u 

159 



A 
I 

m. 

-3 

Figure 144 

Analy t ica l  P red ic t ion  
of Dye Motion 

NRe 

N* i 

22.06 

0.89 

I65 000 

31.06 

Frac t ion  of I n i t i a l  Temperature Difference 
After Surface Temperature Star ts  t o  Drop: 
Pump S t a r t s  a t  Average Surface 
Temperature Drop 0,o set; Run 

1 37 

160 



0.0 

Z /D b o  

VDt 
NR€? 

AT 

122-06  

0.89 

165,000 

30.77 

= T -T 

gure 145 F 

Center l ine  Surface 

P = Q,Q sec; Run 37 

161 



U 3 

e. 

d 

k 
M 
Q1 u c 
H 

A 
M 

162 



GENERAL DYNAMICS 
Fort Worth Division 

0 
Q) m 

0 
0 
rl 

0 
rn 

a 
C 
0 
a 

i! 
1 
H 

4 
PI 

k 
Q) u 
W 
4 

d 
Q) 
k 
1 
U 
a 
k 
Q) 

0 
H 

01) 
C 
(d 
k 
E-c 

163 



10' 

L 

Figure 148 Frac t ion  of I n i t i a l  Temperature Difference 
After Surface Temperature Star ts  t o  Drop: 
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Figure 160 F rac t ion  of  I n i t i a l  Temperature Difference 
After Surface Temperature S t a r t s  t o  Drop: 
Pump S t a r t s  a t  8 = 0.0 sec; Average Surface 
Temperature Drop S t a r t s  a t  8 = 0.0 sec; Run 41 1 
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Frac t ion  of  I n i t i a l  Temperature Difference 
After Surface Temperature S ta r t s  t o  Drop: 
Pump S t a r t s  a t  9 = 0,O sec; Center l ine  Surface 
Temperature Drop S t a r t s  a t  el= 0,O sec; Run 51 
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Temperature Drop Star ts  a t  Q = 0,O sec; Run 
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Frac t ion  of I n i t i a l  Temperature Difference 
A f t e r  Surface Temperature S t a r t s  t o  Drop I: 
Pump S t a r t s  at 8 = 0.0 sec; Center l ine  Surface 
Temperature Drop S t a r t s  a t  8 = 0,O sec; Run 52 1 
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F rac t ion  of  I n i t i a l  Temperature Difference 
After Surface Temperature S t a r t s  t o  Drop : 
Pump S t a r t s  a t  8 = 0,0 sec; Centerline Surface 
Temperature Drop S t a r t s  a t  GI= ,o see; Run 53 
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