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ABS TRACT 

This  s tudy  p r e s e n t s  exper imenta l  r e s u l t s  of combined f r e e  and fo rced  
convec t ion  heat t r a n s f e r  i n  a v e r t i c a l  t u b e  wi th  a c i r c u m f e r e n t i a l l y  
nonuniform c o n s t a n t  w a l l  hea t  f l u x .  The e f f e c t  of an asymmetric wa l l  
h e a t  f l u x  on f low s t a b i l i t y  and on t h e  r a t e  of  h e a t  t r a n s f e r  f o r  water  
f l o w i n g  downward i n  a v e r t i c a l  t u b e  was i n v e s t i g a t e d .  Exper imenta l  
r e s u l t s  w e r e  used t o  deve lop  two s t a b i l i t y  maps which i d e n t i f y  v a r i o u s  
f low r e g i m e s ,  co r r e spond ing  t o  d i f f e r e n t  t he rma l  and h y d r a u l i c  
c o n d i t i o n s .  Heat t r a n s f e r  c o e f f i c i e n t s  w e r e  a l s o  determined.  Experimental  
r e s u l t s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  w e r e  compared t o  t h o s e  w i t h  uniform 
h e a t i n g  i n  h o r i z o n t a l  and v e r t i c a l  t ube  flow s i t u a t i o n s  d i s c u s s e d  i n  t h e  
l i t e r a t u r e .  
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FOREWORD 

The research and development described in this document was conducted within 
the U . S .  Department of Energy’s (DOE) Solar Thermal Technology Program. The 
goal of the Solar Thermal Technology Program is to advance the engineering 
and scientific understanding of solar thermal technology, and to establish 
the technology base from which private industry can develop solar thermal 
power production options for introduction into the competitive energy 
market . 
Solar thermal technology concentrates solar radiation by means of tracking 
mirrors or lenses onto a receiver where the solar energy is absorbed as heat 
and converted into electricity or incorporated into products as process 
heat. The two primary solar thermal technologies, central receivers and 
distributed receivers, employ various point and line-focus optics to con- 
centrate sunlight. Current central receiver systems use fields of 
heliostats (two-axis tracking mirrors) to focus the sun’s radiant energy 
onto a single tower-mounted receiver. Parabolic dishes up to 17 meters in 
diameter track the sun in two axes and use mirrors to focus radiant energy 
onto a receiver. Troughs and bowls are line-focus tracking reflectors that 
concentrate sunlight onto receiver tubes along their focal lines. 
Concentrating collector modules can be used alone or in a multi-module 
system. The concentrated radiant energy absorbed by the solar thermal 
receiver is transported to the conversion process by a circulating working 
fluid. Receiver temperatures range from lOOC in low-temperature troughs to 
over 1500C in dish and central receiver systems. 

The Solar Thermal Technology Program is directing efforts to advance and 
improve promising system concepts through the research and development of 
solar thermal materials, components, and subsystems, and the testing and 
performance evaluation of subsystems and systems. These efforts are carried 
out through the technical direction of DOE and its network of national 
laboratories who work with private industry. Together they have established 
a comprehensive, goal directed program to improve performance and provide 
technically proven options for eventual incorporation into the nation’s 
energy supply. 

To be successful in contributing to an adequate national energy supply at 
reasonable cost, solar thermal energy must eventually be economically com- 
petitive with a variety of other energy sources. Components and system- 
level performance targets have been developed as quantitative program goals. 
The performance targets are used in planning research and development ac- 
tivities, measuring progress, assessing alternative technology options, and 
making optimal component developments. These targets will be pursued 
vigorously to insure a successful program. 

X 



CHAPTER 1 

INTRODUCTION 

The hea t  t r a n s f e r  s u r f a c e  of s o l a r  c e n t r a l  r e c e i v e r s  i s  g e n e r a l l y  

made up of a bank of v e r t i c a l  t ubes .  Various hea t  t r a n s f e r  f l u i d s  (such 

a s  molten s a l t ,  waterlstearn,  and a i r )  f low through t h e s e  v e r t i c a l  t u b e s ,  

removing hea t  from t h e  asymmetr ical ly  hea ted  tube  w a l l s .  When buoyant 

f o r c e s  a r e  i n  t h e  d i r e c t i o n  of f o r c e d  flow (upflow h e a t i n g ) ,  t h e  f l u i d  

v e l o c i t y  nea r  t h e  hea ted  tube  s u r f a c e  is  augmented r e s u l t i n g  i n  h ighe r  

h e a t  t r a n s f e r  r a t e s .  When buoyant f o r c e s  a r e  i n  t h e  o p p o s i t e  

d i r e c t i o n  of f o r c e d  f low (downflow h e a t i n g ) ,  f l u i d  v e l o c i t y  n e a r  t h e  

hea ted  t u b e  s u r f a c e  slows o r  s t a g n a t e s  reducing s i g n i f i c a n t l y  t h e  r a t e  

of h e a t  t r a n s f e r .  This  i n v e s t i g a t i o n  o r i g i n a t e s  from c o n s i d e r a t i o n s  of 

t h i s  hea t  t r a n s f e r  e f f e c t  and flow mechanisms i n  s o l a r  c e n t r a l  r e c e i v e r  

a p p l i c a t i o n s .  

The s t a b i l i t y  of f l o w  i n  a c i r c u l a r  t u b e  i s  i n f l u e n c e d  by  

hydrodynamic and /o r  thermal  e f f e c t s  (1). Thermal e f f e c t s ,  due t o  t h e  

h e a t  t r a n s f e r  between t h e  f l u i d  and a bounding s u r f a c e ,  o f t e n  depend 

on bo th  f r e e  and f o r c e d  convec t ion .  Free convect ion  h e a t  t r a n s f e r  

o c c u r s  when f l u i d  mot ion  i s  c a u s e d  by  buoyant  f o r c e s .  Forced  

convec t ion  occurs  when f l u i d  motion i s  produced by a pump, s t a t i c  

p r e s s u r e  head o r  s i m i l a r  means. 

When buoyancy e f f e c t s  a r e  s i g n i f i c a n t ,  secondary f lows  c r e a t e d  

by bo th  free and f o r c e d  convec t ion  d i s t o r t  t h e  i s o t h e r m a l  v e l o c i t y  

p r o f i l e  caus ing  i n s t a b i l i t i e s  i n  t h e  f low.  These i n s t a b i l i t i e s  can cause 

a laminar  flow t o  undergo a t r a n s i t i o n  process  of thermal  c h a r a c t e r  ( 2 ) .  

For uniform h e a t i n g  of a f l u i d  f lowing  upward i n  a v e r t i c a l  tube ,  

p a r t i c l e s  n e a r  t h e  w a l l  a r e  h e a t e d  and t h e  l o c a l  f l u i d  d e n s i t y  

dec reases  (see F igure  1 ) .  This  r e s u l t s  i n  a buoyant f o r c e ,  which 

i n c r e a s e s  t h e  v e l o c i t y  of  t h e  f low n e a r  t h e  h e a t e d  t u b e  w a l l .  To 

s a t i s f y  c o n t i n u i t y ,  f low i n  t h e  c e n t e r  of t h e  tube  slows and i n  extreme 

cases  may even r eve r se  i n  d i r e c t i o n .  

For downflow wi th  uniform wal l  hea t ing ,  buoyant f o r c e s  a r e  i n  d i r e c t  

oppos i t i on  t o  t h e  d i r e c t i o n  of f o r c e d  flow (see F igure  2 ) .  F l u i d  
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p a r t i c l e s  n e a r  t h e  w a l l  d e c r e a s e  i n  v e l o c i t y  and may r e v e r s e  i n  

d i r e c t i o n ,  w h i l e  f low i n  t h e  c e n t e r  of  t h e  t u b e  speeds up. Genera l ly  

speaking,  heat t r a n s f e r  rates a r e  h ighe r  i n  upflow t h a n  i n  downflow 

h e a t i n g  ( 3 ) .  

For  t h e  f low c o n d i t i o n  i n  which b o t h  free and f o r c e d  convec t ion  

e f f e c t s  are s i g n i f i c a n t ,  t h e  Rayleigh and Reynolds numbers a r e  used t o  

c h a r a c t e r i z e  t h e  f low r e g i m e .  T h e  Rayleigh number i s  d e f i n e d  a s  t h e  

r a t i o  of t h e  buoyant t o  v iscous  f o r c e s .  

T h i s  p r e s e n t  i n v e s t i g a t i o n  i s  concerned with t h e  e f f e c t s  of both 

free and f o r c e d  convect ion on i n t e r n a l  f low s t a b i l i t y  and t h e  r a t e  of 

hea t  t r a n s f e r .  T h e  geometry and flow c o n d i t i o n s  s t u d i e d  expe r imen ta l ly  

a r e  downflow h e a t i n g  i n  a v e r t i c a l  t ube  wi th  a uniform w a l l  h e a t  f l u x  

a p p l i e d  t o  one-ha l f  of t h e  t u b e  p e r i m e t e r .  Laminar, t r a n s i t i o n  and 

t u r b u l e n t  f low regimes w e r e  s t u d i e d .  Water i s  used a s  t h e  hea t  t r a n s f e r  

f l u i d .  

Representa t ion  of exper imenta l  d a t a  i s  expressed  i n  t e r m s  of t h e s e  

d imens ionless  groups (1) : 

Nu = Nu(Re,Pr) 

Nu = Nu(Ra,Pr) 

Nu - N u ( R e , R a , P r )  

f o rced  flow 

n a t u r a l  f low 

mixed convect ion,  

i n  which 

Nu = Nusse l t  number = hD/k 

R e  = Reynolds number = (pVD)/p 

P r  = P r a n d t l  number = V / U  

Ra = Raleigh number = [gp (AT/Ax)D~] / (VU) . 

I n  t h e  above:  k ,  p ,  p, V, a, and p a r e  t h e  f l u i d  t h e r m a l  

conduc t iv i ty ,  d e n s i t y ,  a b s o l u t e  v i s c o s i t y ,  kinematic  v i s c o s i t y ,  thermal  

d i f f u s i v i t y ,  and volume expansion.  

Re la t ed  work r e p o r t e d  i n  t h e  l i t e r a t u r e  i s  reviewed, fo l lowed by a 

d e s c r i p t i o n  of t h e  expe r imen ta l  a p p a r a t u s .  The expe r imen ta l  p rocedure  

used i n  t h i s  i n v e s t i g a t i o n ,  a s  w e l l  a s  t h e  s t a b i l i t y  and h e a t  t r a n s f e r  

3 



results, are presented. Finally, conclusions and recommendations are 

discussed. 
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CHAPTER 2 

LITERATURE REVIEW 

Mixed convec t ion  h e a t  t r a n s f e r  i n  a v e r t i c a l  t u b e  o r  channel  has  

rece ived  much a t t e n t i o n  i n  t h e  l i t e r a t u r e  ( 4 ,  5, 6 ,  3 ) .  

Considerable  a n a l y t i c a l  and exper imenta l  work has  been done f o r  

f low i n  a t u b e  w i t h  a un i form w a l l  h e a t  f l u x .  However, l i t t l e  

a t t e n t i o n  has  a p p a r e n t l y  been g iven  t o  nonuniform w a l l  h e a t  f l u x  c a s e s  

( 7 ,  8 ) .  Th i s  boundary c o n d i t i o n  i s  of p a r t i c u l a r  i n t e r e s t  i n  a 

v a r i e t y  of s o l a r  thermal  a p p l i c a t i o n s  where f r e e  convec t ion  (due t o  

c i r c u m f e r e n t i a l l y  nonuniform t u b e  w a l l  h e a t i n g )  h a s  a c o n s i d e r a b l e  

e f f e c t  on flow s t a b i l i t y  and t h e  r a t e  of hea t  t r a n s f e r .  

El-Hawary ( 2 )  and Nagendra ( 9 )  s t u d i e d  t h e  i n t e r a c t i o n  of f r e e  

and f o r c e d  c o n v e c t i o n  i n  h o r i z o n t a l  t u b e s  and  i t s  e f f e c t  on f low 

s t a b i l i t y  and hea t  t r a n s f e r .  Both i n v e s t i g a t i o n s  u t i l i z e d  f l u c t u a t i o n s  

i n  f l u i d  tempera tures  and p r e s s u r e  drop t o  s tudy  t h e  t r a n s i t i o n  regime. 

S t a b i l i t y  maps w e r e  deve loped  u s i n g  t r a n s i t i o n  d a t a .  Nagendra 

i d e n t i f i e d  two t y p e s  of t r a n s i t i o n  f lows and d e f i n e d  them i n  terms of 

i n t e r m i t t e n c y  f a c t o r s  ( t h e  pe r iod  of t i m e  f l u c t u a t i o n s  a r e  p r e s e n t  t o  t h e  

measurement t i m e  p e r i o d  and t h e  r a t i o  of t h e  f l u c t u a t i o n  ampli tude t o  t h e  

maximum f l u c t u a t i o n  ampli tude a t  t r a n s i t i o n ) .  

El-Hawary d e f i n e d  "disturbed flows" a s  f l u c t u a t i n g  f lows e x h i b i t i n g  

l amina r - l i ke  f r i c t i o n  f a c t o r s .  El-Hawary's d e s c r i p t i o n  of "d is turbed"  

flow and h i s  p r e s e n t a t i o n  of t r a n s i t i o n  d a t a  i n  terms of a s t a b i l i t y  

map a r e  u s e d  i n  t h e  p re sen t  s tudy .  

K a l i n i n  and  Yarko (lo) i n v e s t i g a t e d  f low p u l s a t i o n s  i n  h e a t  

t r a n s f e r  experiments  and t h e i r  e f f e c t s  on w a l l  t empera ture .  F l u c t u a t i o n s  

i n  wa l l  t empera ture  w e r e  p e r i o d i c  i n  n a t u r e  wi th  f r equenc ie s  i n  t h e  

range 0 . 1  - 5 . 0  H z .  

Schee le  ( 5 )  a l s o  u s e d  f l u i d  tempera ture  f l u c t u a t i o n s  t o  s t u d y  

t h e  t r a n s i t i o n  r e g i m e .  The frequency of t h e s e  f l u c t u a t i o n s  was a l s o  

i n  t h e  range 0 . 1  - 5 . 0  H z .  

The p r e s e n t  i n v e s t i g a t i o n  uses  a thermocouple f l u i d  probe and a 

d i f f e r e n t i a l  p r e s s u r e  t r ansduce r  t o  measure f l u c t u a t i o n s  i n  f l u i d  

5 



temperature and pressure drop across the test section. The thermocouple 

probe, pressure transducer, and the data acquisition system were 

capable of measuring fluctuations in the frequency range 0.1 - 10.0 
Hz (see Sections 3.5 - 3.8). 

McCoy ( 3 )  studied the downflow heating of water through a 

vertical tube at low Reynolds numbers and constant wall temperature. 

McCoy found Nusselt numbers for downflow were below those for pure free 

convection and much below those for upflow investigations reported in 

the literature. The Reynolds number varied from 200 to 6,000. The heat 

transfer section in McCoy's experiments had a length-to-diameter ratio 

of 120. Heat transfer coefficients were determined and the Nusselt 

number was graphically correlated as a function of Grashof, Prandtl and 

Reynolds numbers. Hallman ( 4 )  presented analytical and experimental 

results of laminar flow for both upflow and downflow. The heat 

transfer section had a length-to-diameter ratio of 115. The Reynolds 

number varied from 27 to 3,300, and the Rayleigh number ranged from 27 

to 2,700. Heat transfer data were graphically presented in terms of 

Nusselt number versus Rayleigh number. In upflow, Hallman observed a 

transition from steady laminar flow to a slow, random, eddying flow with 

increasing power. For downf low runs, asymmetries in wall temperatures 

became more severe as the heating power was increased. For the highest 

heating levels the flow became unsteady and wall temperatures oscillated 

periodically at a frequency of about 1.3 - 1.7 Hz. Variations of as 

much as 20 OC were noted in wall thermocouples located at the same 

axial location, but at opposite circumferential locations. A stability 

correlation, above which transition to an unstable flow occurs, was 

given in ( 4 )  

Ra = { [p2pg(Tw-Tm)D31 /p2}Pr - 9 4 7 0  [ (RePr) / (2x/D) 1. 

Hanratty, Rosen and Kabel (6) used visual dye experiments to 

illustrate the distorted velocity profiles resulting from the heating or 

cooling of water flowing in a vertical tube. The test section had a 

length-to-diameter ratio of approximately 100. Experiments were 

performed at low Reynolds numbers (Re = 125). Their experiments 

indicated that instabilites in the flow were caused by changes in the 

6 



d e n s i t y  g r a d i e n t  nea r  t h e  wal l ,  and not  by v a r i a t i o n s  i n  v i s c o s i t y  ( s i n c e  

t h e i r  r e s u l t s  depended on whether n a t u r a l  convec t ion  aided o r  opposed 

f o r c e d  f l o w ) .  For  s u f f i c i e n t l y  l a r g e  h e a t i n g  r a t e s  i n  upflow t h e  

i s o t h e r m a l ,  p a r a b o l i c  v e l o c i t y  p r o f i l e  was d i s t o r t e d  s o  t h a t  t h e  

v e l o c i t y  nea r  t h e  wal l  i nc reased .  

This  r e s u l t e d  i n  t h e  s lowing and e v e n t u a l  r e v e r s a l  of f low i n  t h e  

c e n t e r  of  t h e  t u b e .  Th i s  i n v e r t e d  f low r e g i o n  became t u r b u l e n t  

downstream. For s u f f i c i e n t l y  l a r g e  coo l ing  r a t e s  i n  upflow ( o r  h e a t i n g  i n  

downflow) f l u i d  n e a r  t h e  w a l l  slowed down, r e s u l t i n g  i n  an i n c r e a s e  i n  

v e l o c i t y  n e a r  t h e  c e n t e r  of t h e  t u b e .  Flows became u n s t a b l e  when a 

r e v e r s a l  of f low occur red  a t  t h e  wa l l .  Hanra t ty ,  Rosen and Kabel ( 6 )  

a l s o  p r e s e n t e d  an  a n a l y t i c a l  s o l u t i o n  f o r  c o n s t a n t  w a l l  h e a t  f l u x .  

T h e s e  s o l u t i o n s  w e r e  l i m i t e d  t o  f u l l y  deve loped  v e l o c i t y  and 

t empera tu re  p r o f i l e s  f a r  downstream from t h e  beg inn ing  of t h e  h e a t  

t r a n s f e r  s e c t i o n .  For  h e a t i n g  i n  upflow, f low r e v e r s a l  occu r red  a t  

t h e  c e n t e r  of t h e  p i p e  f o r  G r / R e  > 1 2 2 .  For coo l ing  i n  upflow, 

f o r  G r / R e  = 42  t h e  v e l o c i t y  g r a d i e n t  a t  t h e  w a l l  van i shed  and an 

u n s t a b l e  f low c o n d i t i o n  e x i s t e d  a s  c i ted i n  S c h l i c t i n g  (11). The 

a n a l y s i s  of Hanrat ty ,  Rosen and Kabel ( 6 )  demonstrated t h a t  t h e  observed 

d i s t o r t i o n s  i n  t h e  f low f i e l d  cou ld  be e x p l a i n e d  by n a t u r a l  convec t ion  

e f f e c t s .  

Schee le ,  Rosen and Hanra t ty  ( 1 2 )  s t u d i e d  t h e  t r a n s i t i o n  regime a t  

low Reynolds number f o r  water f lowing i n  a v e r t i c a l  c i r c u l a r  pipe. Both 

upflow h e a t i n g  ( n a t u r a l  convect ion i n  t h e  d i r e c t i o n  of f o r c e d  f low) and 

upflow c o o l i n g  ( n a t u r a l  c o n v e c t i o n  opposed t o  f o r c e d  f low)  w e r e  

s t u d i e d .  Cons tan t  w a l l  t empera tu re  and c o n s t a n t  h e a t  f l u x  boundary 

c o n d i t i o n s  w e r e  a l s o  i n v e s t i g a t e d .  The h e a t  t r a n s f e r  s e c t i o n  had a 

length- to-diameter  r a t i o  of 1 1 4 .  The experiments  were performed under 

c o n d i t i o n s  t h a t  s a t i s f i e d  t h e  Boussinesq approximat ion  ( c o n s t a n t -  

p r o p e r t y  assumption except  f o r  t h e  d e n s i t y  d i f f e r e n c e ,  which g e n e r a t e s  

t h e  buoyancy f o r c e ) .  Resu l t s  f o r  cons t an t  wa l l  h e a t  f l u x  i n  upflow 

showed t h a t  t h e  f i r s t  i n d i c a t i o n  of i n s t a b i l i t y  was a s inuous  motion of 

t h e  dye f i l a m e n t .  T h i s  s inuous  motion g r a d u a l l y  g r e w  wi th  d e c r e a s i n g  

Reynolds number u n t i l  t h e  dye f i l amen t  broke up comple te ly  ( a s  f o r c e d  

convect ion effects decreased  and t h e  i n f l u e n c e  of f r e e  convect ion e f f e c t s  

i n c r e a s e d ) .  For  cons t an t  f l u x  h e a t i n g  i n  downflow, i n s t a b i l i t y  was 
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f i r s t  observed a s  a s l i g h t  asymmetry of t h e  dye f i l amen t  fol lowed by 

i n t e r m i t t e n t  b u r s t s  of  h i g h l y  d i s t u r b e d  f low.  AS t h e  Reynolds number 

decreased ,  t h e  f requency  of t h e s e  b u r s t s  of d i s t u r b e d  f low i n c r e a s e d .  

T r a n s i t i o n  f o r  upf low h e a t i n g  occurred  g radua l ly ,  whereas t r a n s i t i o n  f o r  

downflow h e a t i n g  appeared  t o  occur  much more suddenly .  For  upflow 

hea t ing ,  i n s t a b i l i t i e s  occur red  when t h e  maximum l o c a l  f l u i d  v e l o c i t y  no 

longer  occurred  a t  t h e  c e n t e r  of t h e  pipe. For downflow hea t ing ,  

t r a n s i t i o n  did no t  occur  u n t i l  t h e r e  was f low r e v e r s a l  a t  t h e  p ipe  

wa l l .  

Scheele  and Hanra t ty  (13) cons idered  t h e  range of Reynolds numbers 

(up t o  1 , 8 0 0  f o r  upflow and up t o  4 , 7 0 0  f o r  downflow) i n  longer  

h e a t  t r a n s f e r  s e c t i o n s  ( length- to-d iameter  r a t i o s  of 305,  610,and 762) . 
Experiments w e r e  c a r r i e d  ou t  u s i n g  a c o n s t a n t  w a l l  h e a t  f l u x  boundary 

cond i t ion .  F l u c t u a t i o n s  i n  f l u i d  temperatures ,  measured by a thermocouple 

i n s e r t e d  n e a r  t h e  downstream end of t h e  t u b e ,  a i d e d  i n  d e t e c t i n g  

t r a n s i t i o n .  Both upflow and downflow h e a t i n g  w e r e  c o n s i d e r e d .  For 

upflow hea t ing ,  f low f i r s t  became u n s t a b l e  when t h e  v e l o c i t y  p r o f i l e  

developed a p o i n t  of i n f l e c t  i on .  Gradual ly ,  s m a l l  d i s t u r b a n c e s  grew 

cu lmina t ing  i n  d i s t u r b e d  f low.  For downflow h e a t i n g ,  i n s t a b i l i t i e s  

w e r e  a s s o c i a t e d  wi th  flow s e p a r a t i o n  a t  t h e  t u b e  w a l l .  Unsteady flow 

developed suddenly a f t e r  t h i s  uns t ab le  cond i t ion  occurred .  Scheele  and 

Hanra t ty  sugges t ed  t h a t  t h e  i n t e r m i t t e n t  c h a r a c t e r  of t h e  tempera ture  

f l u c t u a t i o n s  could  be caused by a mechanism s i m i l a r  t o  t h e  a l t e r n a t i n g  

s e p a r a t i o n  and r ea t t achmen t  p r o c e s s  d i s c u s s e d  by G u e r r i e r i  and Hanna 

(14). 

G u e r r i e r i  and Hanna (14) i n v e s t i g a t e d  a i r  f l owing  downward i n  a 

v e r t i c a l  channe l  w i th  a symmetric c o n s t a n t  w a l l  h e a t  f l u x .  I n  some 

tes ts ,  a t r a n s i t i o n  t o  t u r b u l e n t  f low occur red  t h a t  was marked by an 

i n c r e a s e  i n  t h e  h e a t  t r a n s f e r  r a t e  i n  t h e  channe l .  Data i n d i c a t e d  a 

c r i t i c a l  G r / R e  of approximate ly  25. This  r a t i o  i s  i n  agreement wi th  

Hanra t ty ,  Rosen and Kabel whose a n a l y t i c a l  r e s u l t s  found a c r i t i c a l  

G r / R e  of  21 .  A t  low f low v e l o c i t i e s  n a t u r a l  c o n v e c t i o n  e f f e c t s  

dominated f o r c e d  convec t ion  e f f e c t s .  Buoyant f o r c e s  caused a i r  nea r  t h e  

h e a t e d  channel  w a l l s  to f low upward, wh i l e  t h e  a i r s t r e a m  a s  a whole 

flowed downward. A t  h igh  flow v e l o c i t i e s  a l l  f low was downward. A t  t h e  

h ighes t  mean v e l o c i t y  t h e  l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t  agreed with 
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l aminar  f low t h e o r y  ( n e g l e c t i n g  n a t u r a l  convec t ion  e f f e c t s ) .  Guer re r i  

a n d  Hanna s u g g e s t e d  t h a t  when f l o w  r e v e r s a l  o c c u r s ,  a 

' t u r b u l e n t - l i k e '  c o n d i t i o n  e x i s t s  s o  t h a t  t h e  hea ted  l a y e r s  push i n t o  

t h e  c o r e  of  t h e  g a s  s t r eam.  This  brought  t h e  c o r e  t empera tu re  much 

c l o s e r  t o  t h e  w a l l  f l u i d  t empera tu res .  S ince  t h e  buoyant e f f e c t  

depended on t h e  d e n s i t y  d i f f e r e n c e ,  a dec rease  i n  t h e  v e l o c i t y  of t h e  

gas  n e a r  t h e  w a l l  r e s u l t e d .  This  s lowing of  t h e  f low a g a i n  reduced 

h e a t  t r a n s f e r .  I t  was a l s o  found t h a t  l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t s  

f l u c t u a t e d  wi th  t i m e .  Very l i t t l e  a n a l y t i c a l  o r  exper imenta l  work i s  

a v a i l a b l e  on f low through a p i p e  o r  channel  w i th  asymmetric w a l l  

h e a t i n g  . 
Siegel,  Sparrow and Hallman (15)  p re sen ted  an a n a l y t i c a l  s o l u t i o n  

f o r  f low i n  a h o r i z o n t a l  t u b e  wi th  p r e s c r i b e d  w a l l  h e a t  f l u x .  They 

g e n e r a l i z e d  t h e  s o l u t i o n  f o r  uniform wal l  hea t  f l u x  t o  s o l v e  f o r  t h e  case  

of nonuniform wa l l  hea t  f l u x .  

Reynolds ( 1 6 )  performed an a n a l y s i s ,  assuming c o n s t a n t  f l u i d  

p r o p e r t i e s ,  f o r  f u l l y  developed laminar  f low i n  a v e r t i c a l  c i r c u l a r  

t ube  with a c i r c u m f e r e n t i a l l y  nonuniform wal l  hea t  f l u x .  H i s  r e s u l t s  

i n d i c a t e d  c i r c u m f e r e n t i a l  v a r i a t i o n s  i n  w a l l  h e a t  f l u x  can s i g n i f i c a n t l y  

a f f e c t  t h e  r a t e  of h e a t  t r a n s f e r .  Reynolds ( 1 7 )  a l s o  cons ide red  

t u r b u l e n t  f low f o r  t h e  same c o n d i t i o n s .  The l a t t e r  a n a l y s i s  p r e d i c t e d  

tempera ture  v a r i a t i o n s  around t h e  tube  f o r  nonuniform w a l l  h e a t  f l u x e s .  

Reynolds '  a n a l y s i s  showed t h a t  t h e  e f f e c t  on hea t  t r a n s f e r  i n  t u r b u l e n t  

f lows,  f o r  nonuniform w a l l  hea t ing ,  was more pronounced t h a n  i n  laminar  

f lows .  

Sparrow and B l a c k  (8) expe r imen ta l ly  and a n a l y t i c a l l y  s t u d i e d  t h e  

h e a t  t r a n s f e r  e f f e c t  of  a symmet r i c  h e a t i n g  on t u r b u l e n t  f l o w  

( c i r c u m f e r e n t i a l l y  vary ing  wa l l  temperature  and wal l  hea t  f l u x ) .  A i r  was 

used a s  t h e  h e a t  t r a n s f e r  f l u i d .  Genera l ly ,  h ighe r  l o c a l  Nusse l t  numbers 

w e r e  found n e a r  c i r c u m f e r e n t i a l  l o c a t i o n s  of  lesser h e a t i n g ,  whereas 

lower N u s s e l t  numbers w e r e  found near  l o c a t i o n s  of h igher  h e a t i n g .  

Schmidt ( 7 )  i n v e s t i g a t e d  e f f e c t s  o f  asymmetr ic  h e a t i n g  i n  a 

h o r i z o n t a l  t ube  f low.  The exper imenta l  s tudy  was concerned with h e a t i n g  

t h e  t o p  of t h e  t u b e  w a l l  and i n c l u d e d  r e s u l t s  ove r  a l a r g e  range  of 

t u r b u l e n t  f low Reynolds numbers. Schmidt found l a r g e  c i r c u m f e r e n t i a l  

v a r i a t i o n  of l o c a l  h e a t  t r a n s f e r ,  wi th  an apparent  n e g l i g i b l e  e f f e c t  of 
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buoyant forces. 

This investigator was not able to find any experimental work 

concerning flow through a vertical tube with a similarly applied 

asymmetric wall heating condition. 
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CHAPTER 3 

EXPERIMENTAL PROGRAM 

3.1 TEST CONFIGURATION 

A diagram of the experimental apparatus is shown in Figure 3 .  The 

heat transfer medium used was tap water, which was first passed 

through a 0.10-micron filter. A Temptrol water chiller, having an 

insulated 55-gallon tank, was used to hold and pump incoming water up 

to an overhead tank. Originally, the water chiller was to be used to 

chill the water down to the designated inlet temperature. Because of 

recurring maintenance problems this unit was used only as a pump and 

holding tank. The inlet water temperat.ure varied f0.2 OC over a test 

period of approximately 2 hours. 

Water was pumped from the Temptrol unit to a stainless steel tank 

located approximately 1.5 m above the apparatus. Constant flow conditions 

were maintained by the use of the head tank and an overflow drain. The 

drain was located near the top of the tank and kept the water level 

constant. 

Inlet water temperatures were measured by a thermocouple submerged 

near the exit of the head tank. Isothermal flow tests revealed 

differences between head tank temperatures and wall temperatures 

(located near the inlet to the test section) of less than fO.l OC. 

Therefore, the reported inlet temperature was actually the measured head 

tank temperature. The entrance of the exit tube for the head tank was 

located a distance of about 0.1 m from the bottom of the head tank. 

This was to prevent any sediment, which may have settled to the bottom 

of the head tank, from entering the test section and affecting flow. 

Water from the head tank flowed down a 1.22-m section of 9.5-mm 

(inside diameter) flexible tubing before passing into the smooth inlet of 

the hydrodynamic approach. Water flowed from the hydrodynamic approach 

into the test section, then into the exit section and through a needle 

valve. The needle valve was used to vary the flowrate. Flowrates were 

determined by collecting a known quantity of water over a measured 

time period. After water passed through the needle valve, it was 
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discarded (see Appendix B f o r  e r r o r  a n a l y s i s ) .  

The hydrodynamic approach,  t es t  s e c t i o n ,  and e x i t  s e c t i o n  w e r e  

h e a v i l y  i n s u l a t e d  t o  i s o l a t e  t h e  experiment  from f l u c t u a t i n g  ambient 

tempera tures .  The hydrodynamic approach had a length- to-diameter  r a t i o  

o f  150 .  T h i s  l e n g t h  a l lowed  t h e  v e l o c i t y  p r o f i l e  t o  become f u l l y  

developed. 

The t es t  s e c t i o n  was s e p a r a t e d  from t h e  hydrodynamic approach,  

p r e s s u r e  t a p ,  and e x i t  s e c t i o n  by nylon t u b e  f i t t i n g s .  These f i t t i n g s  

provided  approximately 24 nun of  nylon between m e t a l  t ube  ends .  This  

e f f e c t i v e l y  i s o l a t e d  t h e  hea ted  test s e c t i o n  and reduced t h e  conduct ion 

l o s s e s  t o  unheated s e c t i o n s  of t h e  appa ra tus .  The tube  f i t t i n g s  w e r e  a l s o  

counterbored t o  a s s u r e  a smooth flow passage between t u b e  s e c t i o n s .  

3.2 TEST SECTION 

The hydrodynamic approach, test s e c t i o n  and e x i t  s e c t i o n  w e r e  made 

from a cont inuous  l e n g t h  of s t a i n l e s s  s teel  304 t u b i n g .  The o u t s i d e  

d i a m e t e r  w a s  app rox ima te ly  9 .5  mm (0.375 i n c h e s )  w i t h  a w a l l  

t h i c k n e s s  of about  0 . 9  nun (0.035 i n c h e s ) .  The l e n g t h  of  t h e  test s e c t i o n  

was approximately 2.18 m, which r e s u l t e d  i n  a length- to-diameter  r a t i o  of 

about  280. The o u t s i d e  d iameter  w a s  examined f o r  un i fo rmi ty  and accuracy 

o v e r  t h e  whole l e n g t h  of  t h e  t u b e .  The i n s i d e  d i a m e t e r  and  w a l l  

t h i c k n e s s  were a l s o  examined a t  each end. 

To s i m u l a t e  t h e  asymmetric h e a t  f l u x  boundary c o n d i t i o n ,  s e v e r a l  

f l e x i b l e  f o i l  h e a t e r s  w e r e  f i t t e d  i n  series t o  one-half  of  t h e  t es t  

s e c t i o n  tube  w a l l  (see Figure  4). The h e a t e r s  w e r e  o rdered  wi th  aluminum 

backings  t o  more even ly  d i s t r i b u t e  hea t '  t o  t h e  test s e c t i o n  wa l l .  This  

a l s o  resul ted i n  a s t i f f e r  f o i l .  These f l e x i b l e  h e a t e r s  w e r e  a t t a c h e d  

u s i n g  a s e l f - a d h e r i n g  s i l i c o n e  rubber  s t r e t c h  t a p e .  The s t r e t c h  t a p e  

h e l d  t h e  h e a t e r s  i n  p l a c e  and provided  s t r o n g ,  even p r e s s u r e  neccessary  

f o r  good thermal  c o n t a c t  between t h e  aluminum backing of t h e  h e a t e r s  and 

t h e  o u t e r  t ube  w a l l .  

P r e s su re  t a p s ,  l o c a t e d  a t  t h e  end of t h e  hydrodynamic approach and 

a t  t h e  end of t h e  tes t  s e c t i o n ,  w e r e  s i l v e r - s o l d e r e d  t o  t h e  tube  wa l l .  

A 36-gage thermocouple probe was placed one-quarter  r a d i u s  i n t o  t h e  

flow, on t h e  h e a t e d  side of t h e  tube ,  a f t e r  t h e  l a s t  h e a t e r .  Th i s  

probe w a s  used t o  measure f l u c t u a t i o n s  i n  f l u i d  tempera tures .  
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F i g u r e  4 .  D e t a i l s  of Test S e c t i o n  



Local  w a l l  t e m p e r a t u r e  measurements w e r e  made by thermocouples  

embedded i n  t h e  tube  wa l l .  Using a d r i l l  p r e s s ,  a sma l l  h o l e  was dr i l l ed  

approximately half-way i n t o  t h e  tube  wa l l .  This  was done a t  every  wal l  

thermocouple l o c a t i o n .  Each thermocouple bead was then  c e n t e r e d  i n  t h e  

h o l e  and epoxied  i n  p l a c e .  S l i g h t  downward p r e s s u r e  was a p p l i e d  t o  t h e  

thermocouple w i r e  throughout  t h e  c u r i n g  p rocess .  This  i n s u r e d  t h a t  t h e  

bead remained c e n t e r e d  i n  t h e  ho le  and w a s  i n  good c o n t a c t  wi th  t h e  wal l  

of t h e  tube .  

Thermocouples w e r e  a x i a l l y  spaced 273 mm a p a r t  a t  t h e  m i d d l e  of t h e  

test  s e c t i o n  and a s  c l o s e  a s  13 mm a p a r t  a t  t h e  ends of t h e  tes t  s e c t i o n  

(see Appendix A f o r  a c t u a l  l o c a t i o n s ) .  Thermocouples w e r e  g e n e r a l l y  

p l a c e d  on t h e  side of t h e  t u b e  wa l l ,  a t  t h e  edge of  t h e  h e a t e r s ,  and 

a l t e r n a t e d  sides a long  t h e  l eng th  of t h e  tes t  s e c t i o n .  

A t  t h r e e  l o c a t i o n s  (one nea r  each end and one i n  t h e  c e n t e r  of t h e  

t es t  s e c t i o n ) ,  f o u r  thermocouples  w e r e  p l a c e d  around t h e  e n t i r e  t u b e  

pe r ime te r  t o  e v a l u a t e  t h e  effect  of h e a t e r  p o s i t i o n i n g  (see Figure  5 f o r  

d e t a i l s  of thermocouple  t u b e  p o s i t i o n s ) .  A l l  t he rmocoup les  w e r e  

r e f e renced  t o  a common t e rmina l  b lock .  The t e rmina l  block was r e fe renced  

t o  65 OC e l e c t r o n i c a l l y .  

3 .3  TEST SECTION INSULATION BED 

The hydrodynamic approach and t h e  t es t  s e c t i o n  w e r e  i n s u l a t e d  from 

ambient  c o n d i t i o n s  by 0 .15  m of  ceramic  i n s u l a t i o n  boa rd  having  a 

thermal  c o n d u c t i v i t y  of 0 .5  W/m OC. A 0.15-m by 0.30-m by 3.0-m 

plywood channel  was f i l l e d  with ceramic board t o  form t h e  i n s u l a t i o n  bed. 

The hydrodynamic approach, test  s e c t i o n  and ex i t  s e c t i o n  w e r e  a l l  f i t t e d  

i n  p l a c e  down t h e  c e n t e r  of t h e  bed (see F igure  6 ) .  A s i m i l a r  p i e c e  

( 0 . 1 6  m by 0.30 m by 3.0 m ) ,  d iv ided  i n t o  t h r e e  s e c t i o n s ,  was then  f i t t e d  

on t o p  of t h e  bed. T h i s  sandwiched and i s o l a t e d  t h e  e n t i r e  f low 

appa ra tus  from ambient cond i t ions .  Turnbuckles w e r e  u s e d  t o  compress t h e  

two h a l v e s  t o g e t h e r .  Tape was used t o  s e a l  any a i r  gaps  between bed 

s u r f a c e s  and t o  r e s t r i c t  a i r  movement between bed p i e c e s  (see F i g u r e  7 ) .  

The t e s t - b e d  suppor t  s t r u c t u r e  was made up of welded ang le  i r o n  and 

was des igned  t o  a l low t h e  tes t  bed t o  r o t a t e  between t h e  h o r i z o n t a l  and 

v e r t i c a l  p o s i t i o n s .  I n  t h e  h o r i z o n t a l  p o s i t i o n  t h e  t e s t  bed c o u l d  be  

opened up and worked on e a s i l y .  Then it could  be c l o s e d  up and r o t a t e d  
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Figure  6 .  T e s t  Apparatus 

Figure  7 .  T e s t  Sec t ion  I n s u l a t i o n  Bed  



to the vertical position for testing purposes. 

3.4 EXPERIMENTAL PROCEDURE 

Tests were performed using the following experimental procedure. 

After allowing the water temperature to stabilize (approximately 1 hour) 

the holding tank was slowly filled. The holding tank was then left to 

stand for 15 minutes in order to remove any entrapped air. The head tank 

was then filled from the bottom and left to sit with a slight overflow 

for about 1 hour. Next the needle valve, controlling flow to the test 

section, was fully opened for approximately 15 minutes. A l l  the above 

steps were followed in order to reduce the level of air in the holding 

tank and apparatus. After these steps, the head tank was visually 

inspected for air. This process removed most of the air from the system. 

The apparatus was now ready for testing. 

Initial flowrates and power levels were set and the apparatus was 

allowed to reach approximate steady-state conditions. This approximate 

steady-state condition was determined when the outlet bulk fluid 

temperature varied by no more than 1 OC over a period of 1 hour. Next 

the flowrate was determined by measuring the time it took to fill a 1 

liter graduated cylinder (approximately 1.5 minutes) . Flowrate 

measurements were repeated at least three times to obtain averages for 

the mass flow. 

After the velocity was determined, the data acquisition sequence was 

begun. First the wall and inlet thermocouple voltages were measured, 

followed by the fluid probe and pressure transducer signals. The fluid 

temperature and pressure data were taken sequentially. A statistical 

analysis was performed after each measurement period. This analysis 

consisted of calculating root mean square percent fluctuations (rms 

fluctuation, d F /  and 4- / r ) .  Rms fluctuations were 

calculated for both the fluid probe temperature and the pressure drop. 

Sample sizes were 340 readings for each calculation. 

The thermocouple fluid probe and the pressure transducer signals 

were next recorded, side-by-side, on a Honeywell Visicorder. This 

device had a frequency response of 0.1 - 50 Hz. These measurements were 
recorded for approximately 3 minutes. This provided a side-by-side, 

visual description of the fluid temperature and pressure drop 
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fluctuations. 

For each data point three complete sets of data were taken to check 

for reproducibility. These three sets of data were later averaged and 

reduced to one set of data. 

After all data were recorded for a given test point, the flowrate or 

power level was set to the next test level. A minimum stabilization 

period of 1 hour was allowed between test points. 

In tests 1 through 5, heating power was held constant while flowrate 

was allowed to incrementally increase until the flow became turbulent. 

This was accomplished through a succession of approximate steady-state 

steps, each lasting no less than 1 hour. In tests 6 through 9, the 

flowrates were held constant while the heating power was similarly 

increased stepwise. 

3.5 DATA ACQUISITION SYSTEM 

Thermocouple and pressure transducer emf outputs were monitored by a 

Hewlett-Packard 3456A DMM, which was controlled by a Hewlett-Packard 9845 

computer. Specifications for the HP 3456 DMM indicate resolution to 

0.1 v (18). This corresponds to an accuracy in temperature measurement 

of better than kO.02 OC (for copper-constantan thermocouples). 

3.6 TEMPERATURE MEASUREMENT SYSTEM 

Thirty-six-gage copper-constantan thermocouples were used for all 

temperature measurements except for the outlet bulk fluid probe (a 

12-gage thermocouple probe). A Hy-Cal reference junction with a 

reference temperature of 65 OC kO.02 OC (19) was used at the 

copper-to-constantan, copper-to-copper interface. The 36-gage 

thermocouple used for the fluid probe had a frequency response of 

approximately 0.1 - 10.0 Hz (20). 

3.7 PRESSURE MEASUREMENT SYSTEM 

Pressure drop across the length of the test section was measured by 

a Rosemount Model 1151 DP Alphaline Differential Pressure Transducer. 

The frequency response of the pressure transducer was approximately 0.1 

- 5 HZ (21). 

19 



3.8 DESCRIPTION OF HEATER CIRCUITS (HEAT FLUX SOURCE) 

Eight  273-mm by 15-mm, f l e x i b l e  f o i l  h e a t e r s  manufactured by Minco 

Products  Inc .  w e r e  used t o  s imula t e  t h e  nonuniform w a l l  h e a t  f l u x .  All 

h e a t e r s  had aluminum backings t o  uniformly d i s t r i b u t e  t h e  hea t  f l u x  over  

t h e  o u t e r  t u b e  s u r f a c e .  The h e a t e r s  were manufactured wi th  20-gage l e a d  

w i r e s  ( 7  amp maximum c u r r e n t )  and w e r e  r a t e d  up t o  50 W/m2. The i r  

r e s i s t a n c e s  w e r e  determined t o  be wi th in  1 pe rcen t  of each  o t h e r .  T o  

accommodate t h e  a n t i c i p a t e d  power consumption requi rements ,  two series 

c i r c u i t s  ( f o u r  h e a t e r s  each )  w e r e  powered by  two Sorensen DC power 

s u p p l i e s .  Voltages were measured by t h e  HP 34563 DMM. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Stability and heat transfer data were obtained for water flowing 

downward in a vertical tube with a constant wall heat flux applied to 

one-half of the tube perimeter. The range of the Reynolds numbers 

considered was 1,200 < Re < 4,000. The range of the Rayleigh numbers was 

40 < Ra < 1,030. Because the hydrodynamic approach had a length-to- 

diameter ratio of about 150, the flow was considered fully developed 

upon entering the test section. 

Flow friction factor, heat transfer coefficient, and pressure and 

temperature fluctuations were examined to determine the flow regime of 

each data point. This is illustrated in Table 1. The statistical rms 

fluctuations and side-by-side fluctuation output from both the fluid 

temperature probe and the pressure transducer (see Appendix A) aided in 

defining each data point. 

Friction factors were calculated (using the Darcy-Weisbach 

formula) by measuring the pressure drop across the test section. Heat 

transfer coefficients were calculated using average wall and bulk fluid 

temperature differences and the power put into the fluid. A s  mentioned 

in Section 3.4, continuous fluid temperature probe and pressure 

transducer signals were transmitted to a Honeywell Visicorder and 

recorded, side-by-side, for a period of about 3 minutes. These 

fluctuation time histories (see Appendix A) allowed fluctuations in fluid 

temperature and pressure drop to be visually studied and compared. Rms 

fluctuations were calculated by taking approximately 340 readings at 

sample rates of twenty readings per second and forty readings per second 

(a 17-second and an 85-second measurement period). Two sampling rates 

were utilized to determine periodicity of the fluctuations. Neither 

sampling rate accounted for the high frequency fluctuation spectrum. 

However, the two sampling rates did show that the measured fluctuations 

are of relatively low frequency, in the range of 0.1 - 5 Hz. 
The laminar flow region was characterized by laminar friction 

factors, following Hagen-Poiseuille flow theory (f = 64/Re), Nusselt 
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numbers below 5.5 and no f l u c t u a t i o n s  i n  f l u i d  tempera ture  o r  p r e s s u r e  

drop .  T h e  d i s t u r b e d  flow reg ion  w a s  c h a r a c t e r i z e d  by laminar  f r i c t i o n  

f a c t o r s ,  Nusse l t  numbers i n  t h e  range 5 .5  t o  7 . 0 ,  measurable r m s  pe rcen t  

f l u c t u a t i o n s  and v i s u a l l y  observed  f l u c t u a t i o n s  i n  e i t h e r  t h e  f l u i d  

temperature  o r  t h e  p r e s s u r e  drop.  

Hydrau l i c  and the rma l  t r a n s i t i o n  r e g i o n s  w e r e  c h a r a c t e r i z e d  by 

h y d r a u l i c - l i k e  t r a n s i t i o n  f r i c t i o n  f a c t o r s  and Nusse l t  numbers between 

5 .5  and 8 .5 .  Large rms f l u c t u a t i o n s  and cont inuous f l u c t u a t i o n s  i n  both  

t h e  f l u i d  t empera tu re  and t h e  p r e s s u r e  d rop  w e r e  a l s o  observed .  I t  

s h o u l d  be  n o t e d  t h a t  t h e  maximum f l u i d  t e m p e r a t u r e  f l u c t u a t i o n  ( a s  

measured by both  r m s  f l u c t u a t i o n  and f l u c t u a t i o n  t i m e  h i s t o r i e s )  occur red  

a t  t h e  o n s e t  of  t r a n s i t i o n  and dec reased  t o  a s t e a d y  h i g h e r  f requency  

f l u c t u a t i o n  l e v e l  i n  t u r b u l e n c e .  Maximum p r e s s u r e  d r o p  f l u c t u a t i o n s  

always occur red  a f t e r  t h e  f l u i d  tempera ture  f l u c t u a t i o n s  had peaked (see 

Appendix A ) .  

T h e  development of f l u c t u a t i o n s  i n  bo th  t h e  f l u i d  tempera ture  and 

t h e  p r e s s u r e  d rop  w e r e  p r e c i s e l y  monitored by bo th  t h e  c a l c u l a t e d  rms 

d a t a  and t h e  f l u c t u a t i o n  t i m e  h i s t o r i e s .  

T h e  t u r b u l e n t  r e g i o n  was c h a r a c t e r i z e d  by  t u r b u l e n t  f r i c t i o n  

f a c t o r s ,  which g r a d u a l l y  decreased  with i n c r e a s i n g  Reynolds numbers. 

N u s s e l t  numbers f o r  t u r b u l e n t  f l ow w e r e  above 8 . 5 ,  and  a l l  

f l u c t u a t i o n s  d e c r e a s e d  d r a m a t i c a l l y  i n  ampl i tude  t o  a s t e a d y  h i g h e r  

f requency l e v e l .  

A s t a b i l i t y  map (F igure  8 )  was c o n s t r u c t e d  t o  describe flow reg ions  

cor responding  t o  a v a r i e t y  of thermal  and hydrodynamic f low c o n d i t i o n s .  

Flow regimes ( l a m i n a r ,  d i s t u r b e d ,  t r a n s i t i o n ,  and t u r b u l e n t )  were 

i d e n t i f i e d  us ing  t h e  c r i t e r i a  d i scussed  above. 

Flows with v e l o c i t i e s  under 0 . 3  m / s  p rogressed  i n  c h a r a c t e r  from a 

l amina r  f low t o  a d i s t u r b e d  f low w i t h  i n c r e a s i n g  h e a t i n g  power (see 

Figure  8 ) .  As h e a t i n g  power cont inued  t o  i n c r e a s e ,  t h i s  d i s t u r b e d  flow 

became t r a n s i t i o n - l i k e  i n  c h a r a c t e r .  This  apparent  thermal  t r a n s i t i o n  

had a l l  t h e  c h a r a c t e r i s t i c s  of t h e  usua l  hydrau l i c  t r a n s i t i o n .  Some l o c a l  

w a l l  t empera tures  w e r e ,  however, above b o i l i n g .  A i r  was a l s o  noted  i n  

t h e  e f f l u e n t  a t  t h e s e  h ighe r  power l e v e l s .  Therefore ,  it i s  not  c l e a r  

whether t r a n s i t i o n  was caused by thermal  i n s t a b i l i t i e s  o r  some o t h e r  

mechanism r e l a t e d  t o  t h e  cond i t ions  mentioned above. I t  should be noted 
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t h a t  t h e s e  expe r imen ta l  problems c o u l d  be avoided  i n  f u t u r e  works by 

u s i n g  a h e a t  t r a n s f e r  f l u i d  o t h e r  than  water ,  such a s  an o i l  o r  g l y c o l .  

These problems restricted t h e  p r e s e n t  i n v e s t i g a t i o n  from s t u d y i n g  t h e  

thermal ly  t u r b u l e n t  reg ion .  

A r e p r e s e n t a t i o n  of flow r e g i m e  boundar ies  i s  shown i n  F igu re  9 .  

This  f i g u r e ,  which i s  very  s i m i l a r  and describes t h e  same reg ions  a s  

F igure  8,  shows t h a t  hea t ing  has  a d i s t i n c t  s t a b i l i z i n g  e f f e c t  on flow a t  

low Rayeigh numbers. 

The i so the rma l  and hea ted  flow f r i c t i o n  f a c t o r s  are shown i n  F igure  

1 0 .  F igu re  1 0  c l e a r l y  shows t h e  e f f e c t  t h a t  h e a t i n g  has  on s t a b i l i z i n g  

f lows .  AS h e a t i n g  power inc reased  from 0 t o  1 kW, t h e  c r i t i c a l  Reynolds 

number inc reased  from 2 , 4 0 0  t o  about 3,000. 

Both El-Hawary ( 2 )  and Nagendra ( 9 )  no ted  t h i s  s t a b i l i z i n g  e f f e c t  

a t  Rayleigh numbers below about 225 f o r  flow through a h o r i z o n t a l  t ube  

with a uniform wa l l  hea t  f l u x .  However, a t  h igher  Rayleigh numbers t h e  

p r e s e n t  i n v e s t i g a t i o n ,  a s  w e l l  a s  o t h e r s ,  found i n s t a b i l i t i e s  caused by 

h e a t i n g  r e s u l t e d  i n  l a r g e  f l u c t u a t i o n s  i n  f l u i d  tempera ture  and p r e s s u r e  

drop .  Inc reased  h e a t  t r a n s f e r  i n  El-Hawary ( 2 )  and i n  t h e  p r e s e n t  s tudy  

was a l s o  no ted .  The c h a r a c t e r  of t h e  i n i t i a l  f l u c t u a t i o n s  was p e r i o d i c  

and p r o g r e s s i v e l y  g r e w  i n  ampl i tude  and f r equency  a s  a f low nea red  

t r a n s i t i o n .  During t r a n s i t i o n ,  both thermal  and hydrau l i c ,  t h e  ampli tude 

of f l u c t u a t i o n s  dec reased  whi le  t h e  f requency  con t inued  t o  i n c r e a s e .  

A s  t h e  f low became t u r b u l e n t ,  f l u c t u a t i o n s  dampened even f u r t h e r  t o  a 

low- amplitude,  high-frequency l e v e l .  

F i g u r e s  1 3 ( a )  through ( f )  i n  Appendix A show t h e  growth p rocess  of 

f low f l u c t u a t i o n s  a s  h e a t i n g  power was i n c r e a s e d  a t  c o n s t a n t  f l o w r a t e .  

S i m i l a r l y ,  F igures  1 4 ( a )  through ( f )  show t h e  growth process  a s  f lowra te  

was i n c r e a s e d  a t  c o n s t a n t  h e a t i n g  power. T e s t s  a t  c o n s t a n t  f l o w r a t e  

progressed  (wi th  i n c r e a s i n g  power) t o  a thermal  t r a n s i t i o n - l i k e  flow ( 2 ) .  

A s  ment ioned p r e v i o u s l y ,  t h i s  may n o t  have been due o n l y  t o  the rma l  

i n s t a b i l i t i e s .  The l a t t e r  p r o c e s s  p r o g r e s s e d  through a hydrodynamic 

t r a n s i t i o n  reg ion  be fo re  becoming t u r b u l e n t .  

For  a l l  tes ts ,  f l u c t u a t i o n s  began p e r i o d i c a l l y  and i n c r e a s e d  i n  

magnitude and frequency u n t i l  t r a n s i t i o n  ( a f t e r  which t i m e ,  t h e  magnitude 

of f l u c t u a t i o n s  d e c r e a s e d ) .  I t  can been seen (see Appendix A)  t h a t  

b u r s t s  of d i s t u r b e d  flow pass ing  down t h e  tube  a r e  sensed by both devices  
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a t  v i r t u a l l y  t h e  same t i m e .  The p r e s s u r e  t r a n s d u c e r  tended  t o  sense  a 

d i s t u r b a n c e  i n  flow j u s t  p r i o r  t o  t h e  f l u i d  tempera ture  probe.  This  i s  

what one would expec t ,  because t h e  f l u i d  tempera ture  probe was l o c a t e d  

a t  t h e  o u t l e t  end of t h e  test  s e c t i o n .  

Scheele  and Hanra t ty  (13) i n v e s t i g a t e d  t h e  e f f e c t  cons t an t  wal l  hea t  

f l u x  had on t h e  s t a b i l i t y  of water  f lowing  through a v e r t i c a l  t u b e .  

El-Hawary ( 2 )  made a s i m i l a r  s tudy  i n  h o r i z o n t a l  t ubes .  Dis turbed  flows, 

t h a t  i s  f lows i n  which f l u c t u a t i o n s  i n  f l u i d  tempera ture  w e r e  p r e s e n t ,  

w e r e  cons idered  u n s t a b l e  by t h e  former au tho r s  and a r e  t h e  b a s i s  f o r  t h e  

fo l lowing  comparison. 

I n s t a b i l i t i e s  i n  El-Hawary's h o r i z o n t a l  t u b e  flow, where buoyant 

f o r c e s  w e r e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  of f o r c e d  f low,  w e r e  f i r s t  

no ted  a t  a Rayleigh number of about 2 0 0 .  Scheele  and H a n r a t t y ' s  flow 

through a v e r t i c a l  t ube  became uns t ab le  a t  a Rayleigh number of 

approximate ly  1,500 f o r  upflow and 2 , 0 0 0  f o r  downflow. The p r e s e n t  

i n v e s t i g a t i o n  no ted  u n s t a b l e  f low a t  Rayleigh numbers of  around 5 0 0 .  

Therefore ,  downward flow i n  a v e r t i c a l  t ube  with asymmetric wal l  h e a t i n g  

i s  cons ide rab ly  more u n s t a b l e  t h a n  f o r  t h e  c a s e  of a uniform wa l l  hea t  

f l u x .  However, t h i s  nonuniformly hea ted  flow was s t i l l  more s t a b l e  than  

flow through a h o r i z o n t a l  t ube  with a uniform w a l l  hea t  f l u x .  

Heat t r a n s f e r  d a t a  a r e  p r e s e n t e d  f i r s t  i n  t e r m s  of Rayleigh then  

Reynolds numbers. F igu re  11 r e l a t e s  t h e  Nusse l t  number and Rayle igh  

numbe'r a t  va r ious  Reynolds numbers. The lower curve denotes  p o i n t s  a t  a 

Reynolds number of 2 , 0 0 0  and t h e  upper  cu rve  a t  a Reynolds number of 

3 ,500.  The t h r e e  curves  between t h e s e  l i m i t s  r e p r e s e n t  a l l  d a t a  p o i n t s  

a t  a Reynolds number of 2,750. The lowest of t h e s e  t h r e e  curves  r e f l e c t s  

d a t a  f o r  f lows t h a t  have not  undergone t r a n s i t i o n ,  a s  i n d i c a t e d  by f, h, 

and r m s  f l u c t u a t i o n  v a l u e s .  The m i d d l e  c u r v e  r e p r e s e n t s  f lows  i n  

t r a n s i t i o n ,  and t h e  l a s t  of t h e s e  t h r e e  cu rves  r e p r e s e n t s  f lows  a t  a 

Reynolds number of 2,750 t h a t  are t u r b u l e n t  i n  n a t u r e .  F igure  11 shows 

t h e  s e n s i t i v i t y  of t h e  Nusse l t  number t o  Rayleigh and Reynolds numbers 

du r ing  t r a n s i t i o n .  As t h e  Rayleigh number i n c r e a s e s ,  t h e  N u s s e l t  number 

i s  on ly  s l i g h t l y  a f f e c t e d .  However, a s  a flow undergoes t r a n s i t i o n  a t  a 

Reynolds number of 2,750, t h e  Nusse l t  number i n c r e a s e s  d r a m a t i c a l l y .  

Th i s  i s  i n  c o n t r a s t  t o  buoyancy-affected f lows,  such a s  laminar  f lows,  

where t h e  Nusse l t  number i s  s i g n i f i c a n t l y  a f f e c t e d  by changes i n  t h e  
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Ra 

Figure 11. Plot of Nu vs. Ra 
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Rayleigh number. The c h a r a c t e r i s t i c  s l o p e s  of t h e s e  cu rves  (F igu re  11) 

sugges t  t h a t ,  under t h e  cond i t ions  i n v e s t i g a t e d ,  t h e  Reynolds number has  

a f a r  more dominant e f f e c t  on heat t r a n s f e r  t h a n  does  t h e  Rayleigh 

number. 

F i g u r e  12  relates t h e  N u s s e l t  number and Reynolds number f o r  a l l  

d a t a  p o i n t s .  As can be  seen  from t h i s  f i g u r e ,  exper imenta l  d a t a  i n  t h e  

laminar  range a g r e e  very  w e l l  wi th  t h e  c o n s t a n t  laminar  Nusse l t  number 

f o r  i n t e r n a l  f l ows  w i t h  c o n s t a n t  h e a t  f l u x  (Nu = 4 . 3 6 ) .  Through 

t r a n s i t i o n ,  t h e  Nusse l t  number i n c r e a s e s ,  t h e n  l e v e l s  o f f  s l i g h t l y  a s  

f low becomes t u r b u l e n t .  Dis turbed  laminar  f lows g e n e r a l l y  e x h i b i t e d  

h i g h e r  N u s s e l t  numbers ( o r  rates o f  h e a t  t r a n s f e r )  t h a n  t h e  

convent iona l  laminar  f lows expe r i enc ing  cons t an t  w a l l  heat f l u x .  

Turbulent  f low Nusse l t  numbers w e r e  markedly lower t h a n  s t a n d a r d  

t u r b u l e n t  hea t  t r a n s f e r  c o r r e l a t i o n s  p r e d i c t .  Shown on Figure  1 2  i s  

a h e a t  t r a n s f e r  c o r r e l a t i o n  p r e s e n t e d  by S l e i c h e r  and Rouse ( 2 2 )  f o r  

i n t e r n a l  t u r b u l e n t  f low ( h o r i z o n t a l  t u b e )  and exper imenta l  d a t a  from 

Schimdt ( 7 )  ( h o r i z o n t a l  t ube  flow wi th  t h e  t o p  h a l f  of t h e  tube  h e a t e d ) .  

A comparison wi th  t h e s e  p r e v i o u s  works shows t h a t  asymmetric w a l l  

h e a t i n g  i n  downflow t e n d s  t o  d e c r e a s e  t h e  r a t e  of h e a t  t r a n s f e r  

cons iderably ,  n e a r l y  a f a c t o r  of two a t  a Reynolds number of 4 , 0 0 0 .  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

Water f lowing  downward i n  a v e r t i c a l  t ube  i s  more u n s t a b l e  f o r  t h e  

c a s e  of asymmetric w a l l  h e a t  f l u x  t h a n  f o r  t h e  c a s e  of a uniform w a l l  

h e a t  f l u x .  However, it i s  s t i l l  more s t a b l e  t h a n  f low th rough  a 

h o r i z o n t a l  t ube  wi th  uniform wal l  hea t  f l u x .  

A t  low h e a t i n g  powers (and  consequen t ly  s m a l l  buoyant f o r c e s )  

h e a t i n g  had a c l e a r l y  s t a b i l i z i n g  e f f e c t  on hydrodynamic t r a n s i t i o n .  The 

c r i t i c a l  Reynolds number i n c r e a s e d  from 2 , 4 0 0  t o  about  3 , 0 0 0  f o r  t h e  

h ighes t  h e a t i n g  power tes ts .  

A s  compared wi th  t h e  i n t e r n a l  f low, c o n s t a n t  f l u x  h e a t  t r a n s f e r  

c o r r e l a t i o n s ,  g i v e n  i n  Schmidt ( 7 )  and S l e i c h e r  and Rouse ( 2 2 ) ,  

exper imenta l  d a t a  from t h e  p r e s e n t  i n v e s t i g a t i o n  wi th  asymmetric hea t  

f l u x  i n d i c a t e d  n o t i c e a b l y  lower r a t e s  of  h e a t  t r a n s f e r .  It i s  

apparent  t h a t  bo th  t u b e  o r i e n t a t i o n  and symmetry of h e a t i n g  m u s t  be 

cons idered  i n  t h e  des ign  p rocess .  

This  au tho r  suggests t h e  fo l lowing  recommendations f o r  f u r t h e r  s tudy  

of t h i s  asymmetric h e a t  f l u x  boundary cond i t ion .  I f  w a t e r  i s  t o  be 

u s e d  a s  t h e  h e a t  t r a n s f e r  f l u i d  it s h o u l d  be  d e a e r a t e d .  I n  t h i s  

i n v e s t i g a t i o n ,  a s  p r e v i o u s l y  mentioned,  s m a l l  amounts of  a i r  w e r e  

observed i n  t h e  e f f l u e n t  du r ing  tests us ing  h ighe r  h e a t i n g  powers. This  

cou ld  be  e l i m i n a t e d  by f i r s t  d e a e r a t i n g  t h e  water .  Another a l t e r n a t i v e  

would be t o  use  an o i l  or g l y c o l  a s  t h e  hea t  t r a n s f e r  f l u i d .  This  would 

have t h e  added b e n e f i t  of r educ ing  t h e  r i s k  of o b t a i n i n g  l o c a l  w a l l  

t empera tures  i n  excess  of t h e  f l u i d  b o i l i n g  tempera ture .  Local b o i l i n g  

p r o h i b i t e d  t h i s  i n v e s t i g a t i o n  from s tudying  t h e  thermal  tu rbu lence  reg ion  

and may have in f luenced  t h e  observed thermal  t r a n s i t i o n - l i k e  reg ion .  

Although t h i s  s t u d y  has  c o n t r i b u t e d  t o  unders tanding  t h e  e f f e c t  of 

asymmetric h e a t i n g  and t u b e  o r i e n t a t i o n  on f low s t a b i l i t y  and h e a t  

t r a n s f e r ,  an exhaus t ive  s tudy  i s  needed t o  i n v e s t i g a t e  buoyancy-affected 

f o r c e d  f low ove r  a much b r o a d e r  range  of  Reynolds numbers. The 

a d d i t i o n  of t u r b u l e n t  hea t  t r a n s f e r  d a t a  t o  t h e  p r e s e n t  i n v e s t i g a t i o n  and 

t h e  development of  a t u r b u l e n t  hea t  t r a n s f e r  c o r r e l a t i o n  would be 

very  important  i n  des igning  and e v a l u a t i n g  s o l a r  c e n t r a l  r e c e i v e r s .  
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APPENDIX A 

FLUID TEMPERATURE AND PRESSURE DROP FLUCTUATION OUTPUT 

( a )  F l u c t u a t i o n  O u t p u t ,  T e s t  1/3 

(b) F l u c t u a t i o n  O u t p u t ,  T e s t  5 / 2  

( c )  F l u c t u a t i o n  O u t p u t ,  T e s t  7 / 1  

F i g u r e  13 ( a )  , (b) , ( c )  . C o n s t a n t  F l o w r a t e  W i t h  Increas ing  P o w e r  
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(d) F l u c t u a t i o n  Output, T e s t  7 / 2  

(e )  F l u c t u a t i o n  Output, T e s t  7 / 3  

(f) F l u c t u a t i o n  Output, T e s t  7 / 4  

F igu re  13 ( d ) ,  ( e ) ,  ( f ) .  Constant Flowrate With I n c r e a s i n g  Power (cont inued)  
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( a )  F l u c t u a t i o n  O u t p u t ,  T e s t  3/1 

(b) F l u c t u a t i o n  O u t p u t ,  T e s t  3 / 2  

( c )  F l u c t u a t i o n  O u t p u t ,  T e s t  3 / 3  

F i g u r e  1 4  ( a )  , (b), ( c )  . C o n s t a n t  P o w e r  W i t h  I n c r e a s i n g  F l o w r a t e  

A- 3 



(d) F l u c t u a t i o n  O u t p u t ,  T e s t  3/4 

(e )  F l u c t u a t i o n  O u t p u t ,  T e s t  3 /5  

F i g u r e  1 4  ( d ) ,  ( e ) .  C o n s t a n t  P o w e r  W i t h  I n c r e a s i n g  F l o w r a t e  ( c o n t i n u e d )  
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F i g u r e  1 4  (f). C o n s t a n t  P o w e r  W i t h  I n c r e a s i n g  F l o w r a t e  ( c o n t i n u e d )  



APPENDIX B 

ERROR ANALYSIS 

An e r r o r  a n a l y s i s  w i l l  now be p resen ted  t o  e s t i m a t e  t h e  accuracy of 

t h e  d a t a .  Because of  t h e  l a r g e  number of v a r i a b l e s  invo lved  i n  t h e  

c a l c u l a t i o n s ,  i t  i s  i m p r a c t i c a l  t o  perform an e r r o r  a n a l y s i s  f o r  each 

d a t a  p o i n t .  In s t ead ,  f o u r  p o i n t s  4/4 ,  6 / 4 ,  1 /3 ,  and 1 / 7  w e r e  choosen f o r  

a n a l y s i s .  T e s t s  4 / 4  and 6 / 4  r e p r e s e n t  average  data p o i n t s  and r e f l e c t  

t h e  magnitude of  e r r o r s  a s s o c i a t e d  with t h e  m a j o r i t y  of t h e  d a t a .  T e s t s  

1 / 3  and 1 / 7  r e p r e s e n t  t h e  lower and upper bounds f o r  15 pe rcen t  of t h e  

d a t a  which had l a r g e  e r r o r s .  

Bas ic  measured parameters ,  such a s  tempera tures ,  t ube  d iameter  and 

t u b e  l e n g t h ,  w e r e  each  a s s i g n e d  an u n c e r t a i n t y  i n t e r v a l  o r  a p e r c e n t  

e r r o r  i n t e r v a l  based on c a l i b r a t i o n  r e s u l t s  and measuring t echn iques .  

I n l e t  temperature ,  T i  ("C) 

-Reference e r r o r  

-Difference between 36-gage 

thermocouples and r e fe rence  

-Error  i n  measuring head tank  

tempera ture  

T o t a l  E r r o r  

f 0 . 0 4  OC 

f 0 . 0 4  OC 

f O . 1 0  OC 

kO.18 OC 

f 0 . 0 4  O C  

O u t l e t  t empera ture ,  To ("C) 

-Reference e r r o r  

-Dif fe rence  between 12-gage 

thermocouples and r e fe rence  

(20-50 OC range)  k0.08 OC 

-Error  i n  mixing cup measurement f O . 2 0  OC 

T o t a l  E r r o r  20.32 OC 

Wall tempera ture ,  T w  ("C) 

-Reference e r r o r  

-Dif fe rence  between 36-gage 

kO.04 OC 
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thermocouples and r e fe rence  

i n  t h e  range 5-75 OC 

T o t a l  E r ro r  

I n s i d e  tube  diameter ,  D i  (m) 

-Error  due t o  manufacturing 

t o l e r a n c e s  

Tube length ,  L (m) 

-Error  due t o  unheated l e n g t h  

i n  test  s e c t i o n  caused by 

lower p re s su re  t a p  

T i m e ,  t (seconds)  

-Error  i n  t i m e  measurement 

f0.13 OC 

f0.17 OC 

2.0% 

0.6% 

0.1 s 

I f  two measurements w e r e  added o r  s u b t r a c t e d  t h e i r  i n d i v i d u a l  e r r o r s  

w e r e  added such t h a t  t h e  l a r g e s t  e r r o r  was obta ined .  

Bulk f l u i d  temperature  rise, To-Ti ( "C)  

-Error  i n  To f0.32 OC 

-Error  i n  T i  kO.18 OC 

T o t a l  E r ro r  kO.50 OC 

Average b u l k  f l u i d  temperature ,  T b  = (To+Ti) /2  ( "C)  

-Error  i n  To f0.32 O C  

-Error  i n  T i  f0.18 OC 

T o t a l  f0.50 OC 

T o t a l  E r r o r  k0 .50 /2OC o r  kO.25 OC 

Difference  between w a l l  and average b u l k  f l u i d  

temperature ,  Tw-Tb ( "C)  

-Error  i n  Tw f0.17 OC 

-Error  i n  T b  k0.25  OC 

T o t a l  E r ro r  f0.42 O C  
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Error estimates for fluid properties were calculated using Equation 

(A-1). Empirically derived equations for all fluid properties are in 

Appendix D and were evaluated at the average bulk fluid temperature. 

AY = I [ (dy/dx) h l  1 (A-1) 

e9. 1 p = 1001-0.0708*Tb-O .003609*Tb2 

dp/dTb= -0.0708-0.007218*Tb 

at Tb = 20.3 OC dp/dTb = -0.2176, ATb = kO.25 OC 

theref ore, Ap = 0.0544 

The value for dy was then divided by y to give an error ratio or a 

percent error, Ay/y; 

eg. Ap = 0.0544, p = 998.1, Ap/p = 0.0001 

or 0.01 % 

For dimensionless groups, which are a product of several parameters, 

Equation (A-2) was used along with the error ratios, Ay/y, for each of 

the parameters involved; 

eg. if y = (xa * wb / zC, 

Ay/y =[a2 (Ax/x)~ + b (Aw/w)~ + c (Az/z)~ ]'I2, 

Re = (p  * V * D)/ p, 

ARe/Re= [ (Ap/p) + (AV/V) + ( b / D )  + (Ap/p) 1 . 

(A-2 1 

Table 2 summarizes the percent errors involved for tests 4/4, 614, 

1/3 and 1/7. 

Ti 

To 

TABLE 2 

Tests 4/4 6/4 1/3 

% error % error % error 

0.9 1.0 0.9 

1.1 0.8 1.5 

(Table 2 continued on next page) 

1/7 

% error 

1.0 

1.6 
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TABLE 2 c o n t i n u e d  

T b  

To-T i  

Tw-Tb 

Pr 

m 

q 

f 

Re 

Ra 

Gr 

h 

Nu 

1.0 

5.0 

2.0 

0.6 

5.7 

7.6 

6.5 

4.5 

9.6 

11.3 

8.1 

8.3 

0.9 

2.5 

1.1 

0.6 

5.7 

6.2 

6.6 

4.5 

8.5 

10.4 

6.6 

6.9 

1.2 

19.5 

4.7 

0.6 

5.7 

20.3 

6.9 

4.5 

21.2 

22.0 

20.9 

21.0 

1.3 

25.8 

9.4 

0.6 

5.7 

26.4 

6.4 

4.5 

27.1 

27.7 

28.1 

28.2 
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APPENDIX C 

TABLE 3 

LOCATION OF WALL THERMOCOUPLES (see F i g u r e  5)  

D i s t a n c e  L o c a t  i o n  
T h e r m o c o u p l e  i n l e t  of test i n  dia- on c i r -  

D i s t a n c e  f r o m  

N u m b e r  s ec t ion  (cm)  m e t e r s  c u m f e r e n c e  

1 L  

2 R  

3 L  

4R 

5 T  

5 R  

5 L  

0 . 0  

7 . 0  

1 3 . 9  

2 0 . 1  

2 7 . 1  

2 7 . 1  

2 7 . 1  

0 

9 

1 8  

2 6  

35 

35 

35 

L e f t  side 

R i g h t  

L e f t  

R i g h t  

TOP 

R i g h t  

L e f t  

5 B  2 7 . 1  35 B o t t o m  

6R 

7L 

8R 

9 L  

1 0 T  

1 0 R  

1 0 L  

1 0 B  

4 1 . 1  

5 4 . 2  

6 8 . 2  

8 2 . 1  

1 0 9 . 2  

1 0 9 . 2  

1 0 9 . 2  

1 0 9 . 2  

1 1 R  1 3 6 . 3  

1 2 L  1 5 0 . 3  

1 3 R  1 6 3 . 5  

1 4 L  1 7 7 . 4  

1 5 T  

1 5 R  

1 5 L  

1 5 B  

1 6 R  

1 7 L  

1 8 R  

1 9 L  

1 9 1 . 4  

1 9 1 . 4  

1 9 1 . 4  

1 9 1 . 4  

1 9 7 . 5  

2 0 4 . 5  

211 .5  

218 .5  

53 

7 0  

88 

1 0 6  

1 4 1  

1 4 1  

1 4 1  

1 4 1  

1 7  6 

1 9 4  

211  

22 9 

2 4 7  

2 4 7  

2 4 7  

2 4 7  

255 

2 6 4  

273  

282 

R i g h t  

L e f t  

R i g h t  

L e f t  

TOP 

R i g h t  

L e f t  

B o t t o m  

R i g h t  

L e f t  

R i g h t  

L e f t  

TOP 

R i g h t  

L e f t  

B o t t o m  

R i g h t  

L e f t  

R i g h t  

L e f t  

c-1 



APPENDIX D 

T e s t  

1/1 

1/2 

1/3 

1/4 

1/5 

1/6 

1/7 

2/1 

2/2 

2/3 

2/4 

2/5 

2/6 

2/7 

3/1 

3/2 

3/3 

3/4 

3/5 

3/6 

4/1 

4/2 

4/3 

4/4 

TABLE 4 

TABULATED HEAT TRANSFER DATA 

Bulk F l u i d  
Mass Flowrate  

103 
(kg/s) 

8.08 

13.87 

16.48 

17.55 

18.24 

18.81 

20.31 

10.56 

14.75 

17.43 

18.25 

18.81 

19.43 

22.07 

10.66 

15.62 

17.67 

18.36 

19.06 

22.87 

11.95 

15.64 

17.30 

19.11 

T e m p .  
T b  

("C) 

21.6 

20.5 

20.3 

20.2 

20.0 

19.8 

19.6 

22.6 

21.6 

21.1 

20.9 

21.0 

20.9 

20.5 

25.7 

23.3 

23.0 

22.5 

22.3 

21.7 

26.8 

25.0 

24.7 

24.3 

T o - T i  
("C) 

5.2 

3.0 

2.6 

2.3 

2.4 

2.2 

1.9 

8.2 

6.1 

5.1 

4.8 

4.8 

4.5 

3.9 

14.1 

9.4 

8.8 

7.9 

7.6 

6.2 

16.0 

12.2 

11.5 

10.0 

O u t l e t  t o  W a l l  t o  
I n l e t  T e m p .  F l u i d  T e m p .  

Tw-Tb 
("C) 

10.0 

9.2 

8.9 

7.4 

5.7 

4.7 

4.5 

20.5 

19.1 

18.3 

13.1 

10.4 

9.5 

8.5 

31.2 

27.3 

27.1 

18.9 

15.3 

14.0 

34.2 

34.2 

34.1 

20.6 

V e  1 oc i t y 
(m/s) 

0.1721 

0.2953 

0.3503 

0.3733 

0.3878 

0.3985 

0.4341 

0.2245 

0.3134 

0.3700 

0.3800 

0.3988 

0.4125 

0.4694 

0.2270 

0.3322 

0.3759 

0.3905 

0.4063 

0.4866 

0.2543 

0.3339 

0.3679 

0.4064 

Power 
(W) 

177 

175 

177 

172 

183 

172 

165 

361 

377 

374 

3 65 

37 6 

367 

360 

627 

617 

648 

605 

604 

589 

800 

801 

830 

803 
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4 / 5  

4 / 6  

1 9 . 7 2  

2 3 . 3 0  

2 3 . 7  

2 2 . 9  

9 . 8  

7 . 8  

1 8 . 6  

1 8 . 0  

0 . 4 1 9 4  8 0 5  

0 . 4 9 5 5  7 5 6  

2 9 . 0  

2 7 . 3  

2 6 . 8  

2 6 . 2  

2 5 . 4  

2 4 . 4  

5 / 1  

5 / 2  

5 / 3  

5 / 4  

5 /5  

5 / 6  

1 2 . 8 2  

1 5 . 5 0  

1 7 . 0 2  

1 8 . 3 0  

1 9 . 6 4  

2 3 . 3 9  

1 9 . 6  

1 6 . 3  

1 5 . 4  

1 4 . 3  

1 2 . 9  

1 1 . 0  

3 6 . 7  

3 8 . 0  

3 6 . 5  

2 5 . 4  

2 4 . 5  

2 3 . 1  

0 . 2 7 3 2  1 , 0 4 9  

0 . 3 3 0 1  1 , 0 6 0  

0 . 3 6 2 4  1 , 0 9 9  

0 . 3 8 9 5  1 , 0 9 6  

0 . 4 1 8 0  1 , 0 6 0  

0 . 4 9 7 5  1 , 0 7 7  

6 / 1  

6 / 2  

6 / 3  

6 / 4  

1 8  - 2 5  
11 

11 

I, 

2 3 . 4  

2 5 . 2  

2 6 . 7  

2 8 . 9  

9 . 6  

1 3 . 0  

1 5 . 9  

2 0 . 2  

1 8 . 3  

2 4 . 6  

2 9 . 9  

3 8 . 2  

0 . 3 8 8 1  7 3 4  

0 . 3 8 8 3  9 9 3  

0 . 3 8 8 5  1 , 2 1 3  

0 . 3 8 8 7  1 , 5 3 8  

0 . 3 4 3 0  7 8 8  

0 . 3 4 3 1  1 , 0 7 2  

0 . 3 4 3 3  1 , 3 6 4  

0 . 3 4 3 4  1 , 4 6 7  

7 / 1  

7 / 2  

7 / 3  

7 / 4  

1 6 . 1 2  
1. 

2 4 . 7  

2 6 . 5  

2 8 . 8  

2 9 . 5  

1 1 . 7  

1 5 . 9  

2 0 . 2  

2 1 . 8  

3 1 . 7  

3 5 . 9  

4 0 . 2  

4 0 . 3  

II 

8 / 1  

8 / 2  

8 / 3  

1 4 . 9 0  
11 

2 4 . 4  

2 6 . 7  

2 9 . 0  

1 2 . 5  

1 6 . 6  

2 1 . 1  

33.5 

3 4 . 6  

4 0 . 1  

0 . 3 1 7 3  7 7 7  

0 . 3 1 7 2  1 , 0 3 6  

0 . 3 1 7 4  1 , 3 1 4  

9 / 1  

9 / 2  

9 / 3  

1 3 . 0 9  
II 

2 6 . 3  

2 7 . 9  

3 0 . 6  

1 5 . 7  

1 8 . 8  

2 3 . 8  

3 2 . 6  

3 6 . 0  

3 7 . 7  

0 . 2 7 9 5  8 6 1  

0 . 2 7 8 7  1 , 0 2 7  

0 . 2 7 8 9  1 , 3 0 3  
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APPENDIX E 

Test 

2 / 1  

2 / 2  

2 / 3  

2 / 4  

2 / 5  

2 / 6  

2 / 7  

3 / 1  

3 / 2  

3 /3  

3 / 4  

3/5 

3 / 6  

4 / 1  

4 / 2  

4 / 3  

4 / 4  

4 / 5  

TABLE 5 

TABULATED DIMENSIONLESS GROUPS 

(and heat transfer coefficient) 

f 

0 . 0 5 1 0  

0 . 0 2 8 9  

0 . 0 2 4 2  

0 . 0 2 6 0  

0 . 0 3 1 9  

0 . 0 4 0 1  

0 . 0 4 3 2  

0 . 0 3 7 8  

0 . 0 2 6 0  

0 . 0 2 1 9  

0 . 0 2 9 2  

0 . 0 3 6 5  

0 . 0 4 2 4  

0 . 0 4 2 6  

0 . 0 3 7 4  

0 . 0 2 2 4  

0 . 0 2 1 6  

0 . 0 3 2 0  

0 . 0 4 0 1  

0 . 0 4 0 9  

0 . 0 3 0 7  

0 . 0 2 3 4  

0 . 0 2 1 8  

0 . 0 3 6 0  

0 . 0 3 9 7  

Re 

1 2 7 7  

2 1 3 8  

2 5 2 5  

2 6 7 9  

2 7 7 6  

2 8 3 9  

3 0 7 3  

1 7 0 2  

2 3 2 1  

2 7 1 3  

2 8 3 4  

2 9 1 4  

3 0 0 8  

3 3 9 8  

1 8 4 5  

2 5 5 8  

2 8 7 2  

2 9 5 1  

3 0 5 9  

3 6 1 2  

2 1 1 8  

2 6 6 3  

2 922  

3 2 0 2  

3 2 6 1  

Ra 

1 3 7  

7 3  

6 1  

55 

5 0  

5 0  

4 3  

2 2 7  

1 5 9  

1 2  9 

1 1 9  

1 1 9  

1 1 2  

94 

47  1 

2 7 5  

2 4 9  

2 1 7  

2 0 6  

1 6 1  

5 6 8  

3 9 4  

3 62  

3 1 9  

2 92  

h (W/rn2'C) 

3 3 2  

3 5 8  

3 7 2  

4 3 3  

6 0 6  

6 8 4  

6 9 7  

3 3 0  

3 7 0  

3 8 4  

5 2  4 

6 7 7  

7 2 8  

7 9 9  

3 7 8  

4 2 5  

4 4 9  

6 0 1  

7 4 1  

7 9 0  

4 3 9  

4 4 1  

4 5 9  

7 3 4  

8 1 3  

Nu 

4 . 2 8  

4 . 6 2  

4 . 8 0  

5 . 5 8  

7 . 8 2  

8 . 8 4  

9 . 0 1  

4 . 2 4  

4 . 7 6  

4 . 9 4  

6 . 7 4  

8 . 7 2  

9 . 3 8  

1 0 . 3 1  

4 . 8 1  

5 . 4 5  

5 . 7 6  

7 . 7 1  

9 . 5 2  

1 0 . 1 5  

5 . 5 8  

5 . 6 3  

5 . 8 5  

9 . 3 7  

1 0 . 4 0  
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0 . 0 3 9 0  3 7 8 2  2 2 0  7 9 1  1 0 . 1 3  

5 /1  

5 / 2  

5 / 3  

5 / 4  

5 /5  

5/  6 

0 . 0 3 2 7  

0 . 0 2 3 4  

0 . 0 2 2 4  

0 . 0 3 6 2  

0 . 0 4 0 0  

0 . 0 3 8 1  

2 3 9 4  

2 7 8 6  

3 0 2 3  

3 2 0 3  

3 3 7 4  

3 9 2 9  

7 7 8  

5 9 9  

5 5 0  

4 9 4  

4 2 5  

3 4 3  

538 

5 2  4 

5 6 7  

8 1 2  

813 

8 7 8  

6 . 8 0  

6 . 6 5  

7 . 1 9  

1 0 . 3 2  

1 0 . 3 6  

1 1 . 2 1  

6 / 1  

6 / 2  

6 / 3  

6 / 4  

0 . 0 3 4 1  

0 . 0 3 6 5  

0 . 0 3 7 1  

0 . 0 3 1 2  

2 9 9 5  

3 1 2 0  

3 2 2 8  

3 4 0 2  

2 8 2  

42  4 

5 6 4  

8 0 0  

7 5 6  

7 6 1  

7 6 5  

7 5 8  

9 . 6 7  

9 . 6 9  

9 . 7 2  

9 . 5 7  

7 / 1  

7 / 2  

7 / 3  

7 / 4  

0 . 0 2 0 9  

0 . 0 2 6 8  

0 . 0 3 1 2  

0 . 0 3 3 7  

2 7 2 6  

2 8 6 5  

2 9 3 8  

3 0 4 5  

3 7 0  

5 6 4  

7 9 9  

8 8 8  

4 6 7  

5 6 1  

6 3 8  

6 8 5  

5 . 9 7  

7 . 1 3  

8 . 0 7  

8 . 6 4  

8 / 1  

8 / 2  

8 / 3  

0 . 0 2 5 4  

0 . 0 2 9 6  

0 . 0 3 4 2  

2 5 0 6  

2 6 3 7  

2 7 8 3  

3 8 8  

5 8 8  

8 3 9  

4 3 6  

5 6 4  

6 1 6  

5 . 5 7  

7 . 1 6  

7 . 7 9  

9 / 1  

9 / 2  

9 / 3  

0 . 0 2 9 7  

0 . 0 3 3 2  

0 . 0 3 7 8  

2 2 9 7  

2 3 8 7  

2 5 4 1  

5 4 6  

7 0 9  

1 0 2 7  

4 9 7  

5 3 6  

6 5 0  

6 . 3 2  

6 . 7 9  

8 . 1 8  

E-2 
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