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ABSTRACT 

.* 

" 

An experimental measurement of heat transfer coefficient o f  

isobutane at 4.14 MPa (600 ps i a )  h a s  been performed using the experl- 

mental system developed by the Sea Water Conversion Laboratory. 

experimental system simulates a geothermal power plant utilizing a 

The 

binary .cycle with isobutane as the working fluid. In this system, 

isobutane is heated inside a horizontal tube w i t h  steam condensing on 

the outs !de. 

The heat transfer coefficient was deduced from the m9asurements 

. The heat flux %TEAM at the heater using the equation: h = 
cTw - 'b'AVG 

was determined by collecting the steam condensate in four pans 'S TEAM 

placed underneath the heater tube and measuring the condensate rate by 

four special ly-des igned flow meters. The inside wall temperature of 

the heater tube w a s  calculated using the temperatures obtained from 

the best fit curves drawn through the measurements of the thermocouples 

located at x/D = 14. , 45.9, 77.6, 109.4 and 141.1. At each axial 

location, there were at least two thermocouples located at known radial 

locations inside the tube wal I and positioned at either + 45O or -45O 

about the vertical plane through the tube. The inside w a l l  temperature 

calculated was assumed to be the peripheraIIy-averaged value. The bulk 

temperature of isobutane was measured by a travelling temperature probe. . 

The resulting heat transfer coefficient was estimated to be 

accuiate to f: 20% over the range of Reynoids number from 2.2 x 10 4 to 

5 2.5 x 10 and 4.3 < Pr < 11.1. 

> 1 and the property variation .c. - Tb T 
For those runs, when E = T, - Tb 



was least severe, the experimental Nusselt numbers were found to be 

correlated by Petukhov's correlation to -L 15%. Free convection showed 
\ 

little apparent effect on the heat transfer coefficient that was 

measured. 

Experimental runs with bulk fluid temperature approaching or 

passing through the pseudocritical temperature along the length of 

the heat exchanger were considered i n  two parts. 

(a) The results for 0.1 < E < 1.0 were correlated to 5 15% by 

the Sieder-Tate correlation. 

For those results with 0.1 > E > -3.0, none of the proposed (b) 

correlations could correlate the results to any satisfaction. 

However, there was some evidence that, when 0.1 > E > -0.1, 

a reduction in the experimental Nusselt number with respect 

to the prediction by Sieder-Tate correlation was dependent 

on E. 

.. 
I 1  
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CHAPTER 1 

IN TR OD U C T I ON 

A b i n a r y  c y c l e  -power genera t i ng  p, lant  has been proposed in  the 

f e a s i b i l i t y  s tudy  of a 10 MW exper imental  geothermal power genera t i on  

f a c i l  i t y .  I n  t h i s  systen, l o w - s a l i n i t y  in te rmed ia te  temperature (150 - 
23OoC) geothermal b r i n e  i s  used t o  heat a secondary f l u i d .  

secondary f l u i d  a c t s  as the  working f l u i d  o f  a tu rbo-genera tor  power 

This 

c y c l e  s i m i l a r  t o  an o r d i n a r y  steam power p l a n t .  

secondary work ing  f l u i d  depends on the  o b t a i n a b l e  temperature range o f  

t h e  b r i n e  and o t h e r  cons idera t ions .  Studies prepared f o r  Lawrence 

The s e l e c t i o n  o f  the 

Berkeley Labora tory  [ I ]  se lec ted  isob?ltane a t  supercr i t i c a l  p ressure  2s 

one o f  t he  cand ida te  working f l u i d s  f o r  use in  the  b i n a r y  c y c l e  system. 

Accurate s p e c i f i c a t i o n  of heat t r a n s f e r  c o e f f i c i e n t  f o r  isobutane 

a t  s u p e r c r i t i c a l  p ressure  can a f f e c t  t he  p r a c t i c a l i t y  o f  u t i l i z i n g  

geothermal b r i n e  as a v i a b l e  source o f  energy, s ince  the cost  of  heat 

t r a n s f e r  equipment accounts f o r  approximately h a l f  o f  t h e  c a p i t a l  c o s t  

o f  the p l a n t .  

novel work ing  f l u i d ,  a des ign  engineer has t o  r e l y  on the a v a i l a b l e  

heat  t r a n s f e r  c o e f f i c i e n t  p r e d i c t i o n s  when i n f o r m a t i o n  on the  

performance o f  t he  work ing  f l u i d  under s i m i l a r  or  i d e n t i c a l  c o n d i t i o n s  

a r e  no t  a v a i l a b l e .  These general  i r i c a l  c o r r e l a t i  

t h e  thermodynamic and t r a n s p o r t  

t h e  mean, o r  most p robab le  value n t  o f  exper imental  

data.  Often the  c o r r e l a t i o n s  

i n f l uences  i n t o  account because such in f l uences  were n o t  impor tant  

I n  s p e c i f y i n g  the  heat t r a n s f e r  c o e f f i c i e n t  for  a 

. *  9 .  

. . ,  
e -  I 

., 

t , ’  

2 . .  * .  . 3 ’ 1  -; 

. z  

- .  

under the exper imental  c o n d i t i o n s  on which the c o r r e l a t i o n  was 

based. Thus the  accuracy of  such c o r r e l a t i o n s  
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diminishes even more. Because of this circumstance, a decision 

was made by Lawrence Berkeley Laboratory to fund at the Sea Water 

Conversion Laboratory (SWCL) an experimental study to determine the 

value of heat transfer coefficient of isobutane at the proposed 

operating conditions. for the geothermal power plant. 

Heat Transfer to Fluids at Supercritical Pressure. 1 - 1 .  

in the expcrinental system developed for the measurement of heat- 

transfer coefficient to isobutane by the SWCL, isobutane is pressurized 

to 4.14 MPa (600 psia), and heated inside an instrumented horizontal 

tube by steam condensing on the outside. This pressure is above the 

critical pressure of isobutane, 3.65 MPa (529.1 psia). 

o f  the isobutane in the experiments performed on t h i s  system ranged 

The temperature 

from 62OC to 176OC, with the critical temperature being 135OC. The 
. \  

mass flow rate of isobutane ranged from 0.044 to 0.150 kg/sec (350 to 

1200 lbm/hr) giving the Reynolds numbers from 2.5 x lo4 to 3.0 x 10 

in the heated tube of 19.2 mm (0.756 in.) inside diameter. These 

Reynolds numbers are in the "fully turbulent" range. 

5 
i 

. >  

With 

i sobu tane 

made avai 

per irnen ta 
I .  

the experimental values of heat transfer coefficient for 

under various f l o w  conditions at supercritical pressure thus 
:. 

able, the focus o f  this study is the comparison of those ex- 

data to various predictions o f  the heat transfer coefficients, 

particularly f o r  pressures above the critical. 

been available since the early 1960's in  the application of super- 

Such information has 

f 

critical fluids in boiler design and cooling rocket motors. Surveys of 

forced convective heat transfer to fluids at supercritical pressure have 

been made by Hall and Jackson, 1978 [ 2 ] ,  and by Hsu and Graham 131. 

t 

c 
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Ava i l ab le  in fo rmat ion  can be c lass  

t a l  data and a n a l y t i c a l  resu l t s .  

f ied n t o  two categor ies,  experimen- 

1 - 1 - 1 .  Ava i l ab le  Experimental Data. 

Most o f  the in format ion on heat t r a n s f e r  t o  f l u i d s  a t  s u p e r c r i t i c a l  

pressure invo lves experimental data f o r  both v e r t i c a l  flow and hor izon-  

t a l  f low, most ly  f o r  constant heat f l u x  along the  length  o f  the tube. 

Experimental data f o r  v e r t i c a l  upflow and downflow have been 

g iven by Yamagata, e t  a1 [4] f o r  water, by Bourke, e t  a1 [5 ]  and 

Sh i ra l ka r  and G r i f f i t h  [ 6 ]  f o r  carbon d iox ide,  and by Brassington 

and Cairns [7 ]  f o r  helium. Yamagata and Brassington co r re la ted  t h e i r  

experimental data i n  terms o f  dimensionless parameters s i m i l a r  t o  a 

standard D i t tus -Boe l te r  c o r r e l a t i o n  w i t h  

m n  Nu = C Reb P r b  Fc 

hD 
k Nu = - = Nusselt number where 

PU D - m -  - Reynolds number based on bu lk  temperature 
Reb pb 

P r  = c+)b = Prandt l  number based on bu lk  temperature b 

Fc = Cor rec t ion  f a c t o r  based on the  p roper t i es  o f  the 
f l u i d  

C = a constant, e.g:C = 0.023 f o r  D i t t us -Boe l te r  
c o r r e l a t i o n  

v 

Experimental d a t a . f o r  ho r i zon t  f low have been repor ted by 

Adebiyi and H a l l  [8] fo  d i o x i d e  and i n  p a r t  o f  Yamagata's work [4] 

f o r  water. Both teams o f  i nves t i ga to rs  repor ted temperature measure- 

ments on the top and bottom along the a x i a l  d i r e c t i o n  o f  the t e s t  sect ion.  

Adebiyi and Ha l l  measured the per iphera l  v a r i a t i o n  o f  temperature a t  
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var ious a x i a l  l oca t i ons  as we l l .  None o f  them attempted to  c o r r e l a t e  

t h e i r  experimental data f o r  ho r i zon ta l  f low.  

1-1-2. Ava i l ab le  A n a l y t i c a l  Results. 

Hsu and Smith [g] examined the  e f f e c t  o f  dens i ty  v a r i a t i o n  on the  

heat t r a n s f e r  i n  the  c r i t i c a l  reg ion  and compared t h e i r  r e s u l t s  w i t h  

the experimental measurements o f  Br inger  and Smith [ l o ]  f o r  carbon 

d iox ide  a t  1200 psia,  a t  which the reduced pressure, Pr, i s  1.12. 

e f f e c t  o f  buoyancy on the  heat t r a n s f e r  t o  the  f l u i d  a t  s u p e r c r i t i c a l  

The 

pressure was a l s o  considered a n a l y t i c a l l y ,  b u t  Hsu d i d  not  have 

s u f f i c i e n t  experimental data t o  assess the r e s u l t .  

Hess and Kunt [ll] made an ana lys is  based on f u l l y  developed 

p i p e  f l o w  w i t h  v a r i a b l e  f l u i d  p roper t i es  and showed t h a t  t h e i r  analysis 

could p r e d i c t  the heat t r a n s f e r  t o  hydrogen a t  s u p e r c r i t i c a l  pressure 

w i t h o u t  p o s t u l a t i n g  a new mechan 

pseudo- f i lm-boi l  ing hypothesis. 

based on t h e i r  heat t r a n s f e r  da t  

sm fo r  heat t rans fer ,  such as a 

They obta ined an empi r i ca l  c o r r e  

on s u p e r c r i t i c a l  hydrogen which 

general form was s i m i l a r  to  the Sieder-Tate c o r r e l a t i o n .  

= 0.0208 Re:'8 Pr;" ( 1  + 0.01457 -) vW 

Nuf 'b 

The f l u i d  p roper t i es  were evaluated a t  f i l m  temperature 

Hess and Kunz d i d  not  spec i f y  t h a t  t h e i r  a n a l y t i c a  

a t  ion 

i n  

(1-2) 

Tw 'Tb 
2 Tf = 

model wou 1 d 

be a f fec ted  by the  o r i e n t a t i o n  o f  the heat t rans fe r  sec t i on  because 

f r e e  convect ion was not accounted for .  

Schnurr, e t  a1 [12], used an i m p l i c i t  f i n i t e  d i f f e r e n c e  numerical 

method to  c a l c u l a t e  the  heat t r a n s f e r  c o e f f i c i e n t s  o f  water a t  

e 
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supercritical pressure under various wall heat fluxes. Their numerical 

method incorporated the variation of properties of the fluid into 

calculation. Schnurr also reported that for water, as heat flux was 

increased, the thermal development length became shorter. Their 

results showed a thermal development length of 30 diameters or less 

for hydrogen and water. To compare their results, Schnurr selected 

the experimental data obtained by Swenson, et a1 [13] ,  on heat transfer 

to supercritical water in vertical upward flow f o r  comparison. 

1-2. Identification of Effects That May Influence Heat Transfer. 

In the SWCL experimental arrangement, isobutane at supercritical 

pressure i s  heated while flowing through a horizontal tube. A length 

of about 4.7 in. ( 6  diameters) precedes the heating section for 

hydrodynamic development. The Reynolds number of isobutane at the 

inlet of the heated section is always greater than 2 x 10 based on 
4 

the 

can 

ho r 

inside diameter of the tube (1.0. = 0.756 in.) so that the flow 

be considered as “fu1 ly turbulent.” 

The isobutane is heated by condensing steam on the outside of the 

zontal tube, simulating a constant outside wall -temperature 

boundary condition. Thus the .heat transfer ‘to* ;.sobutane i s  by forced 

convective heat transfer inside a horizontal tube with relatively 

constant wall temperature. 

The possible effects on the heat transfer to isobutane are: 

( a )  Buoyancy effect due to tempera 

bulk of the fluid and the wall. 

e d i fference between the 



(b) The e f f e c t  o f  s i g n i f i c a n t  v a r i a t i o n  of thermodynam 

6 

,-- 

transpor t  p roper t i es  which occur near the  pseudocr 

c and 

t i c a l  

temperature o f  isobutane. The pseudoc r i t i ca l  temperature i s  

de f ined as the,temperature a t  which the  s p e c i f i c  heat, c P' 

e x h i b i t s  a maximum value a t  a spec i f i ed  pressure. For 

isobutane a t  4.14 MPa, t h i s  temperature i s  142.5OC (288.5OF). 

To assess those two e f f e c t s  on the  heat t r a n s f e r  t o  isobutane, the  

experimental data are d i v ided  i n t o  th ree  groups, a s  suggested by 
Tp. c . -Tb 

Tw - Tb 
Yamagata, based on the  magnitude o f  the  Eckert number, E = 

Group A. This group conta ins data se lected from experimental runs 

w i t h  E > 1 a t  almost a l l  the temperature measurement s ta t i ons .  

These data a re  1 i s t e d  on Table B-1, Appendix 6. 

Group 8: This group conta ins data se lected from experimental runs 

w i t h  0.01 < E < 1  a t  a1 1 the temperature measurement stat ions.  

data a re  1 i s t e d  on Table B-2, Appendix B. 

These 

\ 

Group C:  

the i n l e t  b u l k  temperature i s  l ess  than the  pseudoc r i t i ca l  

temperature, T , but  the e x i t  temperature is greater  than T 

I n  such case, t he  va lue of  E changes from p o s i t i v e  t o  negat ive 

This group conta ins data from experimental runs where 

. p .  c. p.c. 

along the  heated tube and these r e s u l t s  a re  g iven by Table B-3,  

Appendix B. 

1-3. Thesis Out1 ine. 

Chapter 2 descr ibes the  experimental apparatus u ed i n  ob ta in ing  

the  present r e s u l t s  for  the  heat t r a n s f e r  t o  isobutane us ing the  SWCL 

system. 
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Chapter 3 describes the experimental measurements, and the  

eva lua t i on  o f  heat t r a n s f e r  c o e f f i c i e n t s  o f  isobutane. Before 

desc r ib ing  the  eva lua t i on  o f  the  heat t r a n s f e r  c o e f f i c i e n t ,  a 

d iscuss ion  on the  comparison o f  the  heat absorbed by the  isobutane 

and the heat produced by the  condensation o f  the  steam i s  presented. 

I n  Chapter 4, the  experimental r e s u l t s  f o r  heat t r a n s f e r  t o  

isobutane a t  s u p e r c r i t i c a l  pressure are  assessed w i t h  respect t o  the 

e f f e c t  o f  buoyancy. 

E > 1 so t h a t  i n  t h i s  cons idera t ion  the  p roper t i es  a re  r e l a t i v e l y  

The data se lected a re  those o f  Group A f o r  which 

constant  across the  cross sec t i on  of the  tube. 

approximate temperature and Prandt l  number v a r i a t i o n  o f  isobutane i n  

the  r a d i a l  d i r e c t i o n  f o r  a case o f  E > 1 ,  as shown on Fig. 1 - 1 .  For 

This i s  evidenced by an 

t h i s  i l l u s t r a t i o n ,  the temperature and Prandt l  number p r o f i l e s  were 

ca l cu la ted  us ing  the  constant p roper ty  s o l u t i o n  of  Table 9-3 and 

Fig. 9-6 of McAdams [14] together  w i t h  the  p roper t i es  o f  isobutane. 

F i g . l - 1  shows by the v a r i a t i o n  of the  P r  numbers, t h a t  the  v i s c o s i t y ,  

the proper ty  t h a t  i s  most s e n s i t i v e  t o  temperature v a r i a t i o n ,  i s  almost 

invariant across the tube, so t h a t  for E > 1 the major e f f e c t  on the 

heat t r a n s f e r  c o e f f i c i e n t  ought t o  be t h a t  o f  f r e e  convection. 

Chapter 5 assesses e f  o f ' s i g n i f i c a n t  v a r i a t i o n  o f  

p r o p e r t i e s  o f  isobutane near the  pseudoc r i t i ca l  temperature reg ion  on 

the  measured heat t r a n s f e r  data. 

B and C f o r  which 0 < E < 1 and E changes from p o s i t i v e  t o  negative. 

Using the same i l l u s t r a t i v e  bas is  as for  E > 1, the  temperature and 

The data se lected a re  those i n  Groups 

Prandt l  number v a r i a t i o n  in  the  r a d i a l  d i r e c t i o n  a r e  shown for 0 < E < 1  

on Fig. 1-2. I n  t h i s  case, T exceeds T and a sharp peak o f  P r  occurs 
W PC 

near the  w a l l .  Fig. 1-3 shows when E i s  s l i g h t l y  negat ive and bo th  Tw 
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and T are greater than T , substantial property variation occgrs 
b p.c. 

across the tube cross-section. The severity of the property variation 

that is indicated by the two figures leads to the expectation of 

substantial effect on the heat transfer due to property variation alone. 

Appendix A contains a review and graphical presentation of thermo- 

dynamic and transport properties of isobutane at 4.14 MPa, as they were 

developed from various sources, for use in data re'duction and various 

correlation equations. 

Appendix B contains the tabulation of the experimental data. 

Appendix C contains the equations used for data reduction and 

presents a sample data reduction for  a run using a Texas Instruments 

TI-59 calcu 

Append 

between the 

Append 

a tor. 

x D includes data on runs with low temperature difference 

condensing steam and the inlet isobutane bulk temperature. 

x E presents some of the heat: transfer coefficients 

measured f o r  the condensation of isobutane over a horizontal tube and 

compares these to the Nusselt solution for laminar condensation on a 

horizontal tube. 

Appendix F presents a tabulation of axial locations, wall thickness 

and radii at the imbedded thermocouples of the instrumented tubes. 
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EXPERIMENTAL SYSTEM 

The experimental system, developed by the Sea Water Conversion 

Laboratory, was designed to simulate a geothermal power plant using a 

binary cycle. The thermodynamic cycle of the working fluid, isobutane, 

was a clcsed Rankine cycle but with the turbine replaced by a throttling 

valve. A schematic f low diagram of the system is shown on Fig. 2-1. 

2-1. The Isobutane Loop. 

Starting f r o m  the heater, pressurized isobutane flows through a 

horizontal tube containing thermocouples imbedded in the wall and the 

isobutane is heated by steam condensing on the outside of the tube. 

The therrnocouples imbedded inside the tube wall indicate temperatures 

along the tube at five locations, x/D = 14.14, 45.89, 77.63, 109.38 

and 141.12. After leaving from the heater tube, the isobutane expands 

through a throttling valve and is introduced into either a direct 

contact desuperheater or surface desuperheater by means of two three- 

way valves, depending on the state of isobutane after expansion. If 

the isobutane is in the superheated vapor region, then it is routed to 

the surface desuperheater where it is cooled to the saturated vapor 

state before entering into the condenser. The surface desuperheater is 

a shell- and tube-counterflow heat exchanger with isobutane vapor on one 

side and cooling water on the other side. If isobutane is in the two- 

phase region, then it is introduced into the direct-contact desuperheater 

which acts as a separator and separates the liquid and vapor phases. 

In either case, the nature of the heat transfer experiment is unaffected, 
c 



e 

Surface desuperheater 

c 

Steam 
from 

---- 

rect contact 

--- 

I 

pressure 
Pump 

Fig. 2-1. Schematic Flow Diagram of the  Sea Water Conversion 

Laboratory 's Binary F l u i d  Experimental System. 

XBL 783-7893 
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but  saturated vapor en ters  the  condenser i n  amounts equal t o  o r  less 

than the isobutane f low r a t e  through the heater and condenses on the 

ou ts ide  o f  a s i n g l e  ho r i zon ta l  tube i d e n t i c a l  to the tube i n  the  heater, 

6 

i nc lud ing  the  l oca t i ons  o f  the  imbedded thermocouples. The condenser 

i s  cooled by coo l i ng  water f l ow ing  through the tube. The condensed 
1 

isobutane i s  metered by four  special ly-designed condensate f l ow  meters 

and c o l l e c t e d  i n  the  isobutane hotwel ls .  From there i t  passes through 

a booster pump t o  p ressur ize  it s l i g h t l y  be fore  i t  enters  the h igh-  

pressure var iable-capaci  t y  d iaphragm-type pump. 

pump, the pressur ized isobutane passes through a tu rb ine  f l ow  meter and 

A f t e r  leav ing the 

then i n t o  a steam preheater before en te r ing  the  main heater t o  complete 

the loop. During opera t ion  w i t h  the d i rec t - con tac t  desuperheater, a 

p o r t i o n  o f  the  l i q u i d  isobutane i s  d i v e r t e d  i n t o  the desuperheater t o  

a s s i s t  the separat ion o f  the vapor from l i q u i d  isobutane inside. The 

excess isobutane i s  re turned t o  the  suc t ion  s ide  of the  booster pump. 

__ ..- . 

2-2. The Heater and Condenser Tubes and Locat ion of Thermco uoles. 

The tube i n  the heater-and condenser were made- fr-om a 

31.8 mm (1.25 in.) O.D. and 19.1 mm (0.75 in . )  I.D. type 316 s ta in less -  

s tee l  tube t h a t  was c u t  i n t o  two equal pieces about 2.7 m (106 in.) long. 

I n  order t o  o b t a i n  un i fo rm w a l l  thickness, the  two pieces were honed t o  

an i ns ide  diameter of  19.2 mm (0.756 in . ) , then the  ou ts ide  diameter was 

reduced t o  30.2 mm (1.189 in . ) .  The c o n c e n t r i c i t y  was then checked by 

u l t r a s o n i c  measurement o f  the  tube-wal l  th ickness a t  101.6 mm (4 in.) 

i n t e r v a l s  along the  ax is .  A t  each loca t ion ,  t he  w a l l  th ickness was 

measured a t  f ou r  po in ts ,  90' apart .  

c a l c u l a t e  the p rec i se  loca t ions  f o r  the thermocouples t h a t  were imbedded 

i n  the w a l l  o f  each tube. Table F-1 o f  Appendix F i s  a t a b u l a t i o n  o f  

These measurements were used t o  

c 



IS 

the radii and wall thickness of the tube at the locations where the 

thermocouples are imbedded. 

Fig. 2-2 i s  a cross-sect 

-b of the thermocouples and the 

There were a total o f  fifteen 
Y 

onal view of the tube showing the location 

definition of the radii used in Table F-I .  

thermocouples imbedded in the wall of 

each tube at five stations. These thermocouple indications produced a 

prediction for the inside and outside surface temperatures of the tube 

at each station based on the assumption of steady-state radial heat 

conduction with a uniform peripheral heat flow. 

The angular location of the set of thermocouples imbedded in both 

instrumented tubes at an axial location were changed during the period 

of data collection. Before June 20, 1978, the set of thermocouples at 

X/D = 14.14, 77.63 and 141.12 (Stations 1 ,  3 and 5) were located at the 

top of the tube and the thermocouples at x/D = 45.89 and 109.38 

(Stations 2 and 4) were located at the horizontal 90' plane of the tube. 

This was called Configuration A, shown in Fig. F-1, Appendix F. After 

June 20, '78, both heater and condenser tubes were rotated by 45' so 

that all the sets of thermocouples were 45O about the vertical plane 

through the axis of the tube. This was called Configuration 6, shown 

in Fig. F-2. The data collected in Configuration A are considered as 

prel ininary data and they are not used in  this work. The data collected 

in Configuration B are considered as experimental data and tabulated 

in Appendix 8. 

2-3 .  Measurement of Bulk Temperature o f  Isobutane. 

The bulk temperature of isobutane inside the heater tube was 

measured by a traveling probe which consisted of a 6.35 mm (0.25 in.) 
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d i a .  x 2.54 m (100 in . )  long s t a i n l e s s  s t e e l  sheathed p l a t i n u m  

r e s i s t a n c e  thermometer (RTD) equipped w i t h  a "mixing head" a t  i t s  t i p  

and i l l u s t r a t e d  on F ig.  2-3. The "mixing head" had a four-b laded 

s t a t i o n a r y  p r o p e l l o r  a t  i t s  f r o n t  end and a m ix ing  chamber behind the 

p r o p e l l o r .  The p r o p e l l o r  was used t o  d i s t u r b  the  f l o w  stream o f  

isobutane bef0r.e e n t e r i n g  t h e  m i x i n g  chamber where the  t i p  of the RTD 

temperature sensor was located.  I t  was hoped t h a t  t h i s  m ix ing  was 

s u f f i c i e n t  f o r  the  measurement of the  mixed-mean temperature o f  

isobutane. This is discussed f u r t h e r  i n  Chap. 3. 

2-4. Measurement o f  Flow Rate of Isobutane. 

The vo lumet r i c  f l o w  r a t e  of iscbutane was measured by a t u r b i n e  

f l o w  meter p laced downstream of t h e  h i g h  pressure pump. 

t h e  temperature of isobutane w i t h  t h e  RTD loca ted  a s h o r t  d i s tance  

By measuring 

downstream of the  flow meter, t he  mass f low r a t e  cou ld  be determined by 

deducing the  d e n s i t y  o f  isobutane. The t u r b i n e  f low meter was 

c a l  i b r a t e d  w i t h  w a t e r  be fo re  i n s t a l l a t i o n  and i t s  c a l i b r a t i o n  was 

checked us ing  isobutane wi th a vo lumet r i c  tank, n o t  shown on F ig.  2-1,  

p laced upstream from the  h i g h  pressure  pump. 

2-5. 

The tercperature of t h e  condensing vapor, steam in  the  hea te r  and 

isobutane i n  the  condenser was c a l  i b r a t e d  p l a t i n u m  

res  i s  tance thermometer (RTD) a a ted  type K thermocouples 

l oca ted  i n  the  vapor space. A t  e heate'r, t h e  RTD was loca ted  a t  t he  

o p p o s i t e  end from the  steam i n l e t .  One o f  t h e  thermocouples was l oca-  

ted  a t  the  steam i n l e t ,  t he  second one a t  t he  middle of t he  hea te r  

s h e l l  and the  t h i r d  c l o s e  t o  the  RTD. These th ree  thermocouples were 



Fig. 2-3. Traveling probe and i t s  "mixing head". 

XBL 791 1-1 2840 



used t o  check the reading o f  the RTD and t o  i nd i ca te  the presence of 

superheated steam as w e l l .  I n  the  condenser, the  l oca t i ons  o f  the  RTD 

and the  th ree  thermocouples were s i m i l a r  t o  those i n  the  heater. 

The pressure i n  the  vapor space was measured by a c a l i b r a t e d  

pressure transducer and by a h igh  accuracy Bourdon-type pressure gauge 

i n  both the  heater  and condenser. 

2-6. Measurement o f  the  Condensation Rate. 

The r a t e  o f  heat input  t o  isobutane i n  the  heater  o r  the  r a t e  of 

heat released by the  isobutane vapor i n  the  condenser was determined 

by measuring the  r a t e  o f  condensation by the  condensing vapor on the  

ou ts ide  of the  tube. This was done by p l a c i n g  a pan, 2.43 m (96 in.) 

long and d i v ided  i n t o  four equal sec t ions  o f  0.61 m (24 in.),  underneath 

each tube. 

a l igned t o  be d i r e c t l y  below the f i v e  imbedded thermocouple s ta t i ons .  

The th ree  d i v i d e r s  p l u s  the  t w o  end p l a t e s  o f  the  pan were 

Thus, the  condensate formed on the ou ts ide  o f  t he  tube dr ipped i n t o  the  

separate sect ions o f  t he  pan and dra ined i n t o  f o u r  specia l ly -des igned 

vapor-traced condensate f l o w  meters. Each meter consis ted o f  a 

c a l i b r a t e d  volume, a pneumat ica l ly  operated valve, and a t imer  t o  

measure the  t ime requ i red  t o  fill the  c a l i b r a t e d  volume; This t imer  

was operated by pho toce l l s  to  de tec t  t he  r i s i n g  condensate sur face 

between two predetermined l e v e l s  i n  the  meter. 

Fig. 2-4 shows a cross-sec o f  t h e  heater. I t  shows the  

ex terna l  she1 1 , the instrumen.ted tube w i t h  thermocouples a t  45' from 

the v e r t i c a l  plane (Conf igurat ion B), the  condensate c o l  l e c t  ing pan, and 

a hood placed above the  tube t o  prevent any condensate forming on the  

i ns ide  surface of the  s h e l l  from d r i p p i n g  i n t o  the pan. 
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F i g .  2-4. Heater Cross Section Showing Tube, Condensate Tray, 

Dr ip  Shield and Outer Shel l .  
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CHAPTER 3 

L 

EXPERIMENTAL MEASUREMENTS AND EVALUATION 
OF HEAT TRANSFER COEFFICIENTS 

The experimental system, developed by the Sea Water Conversion 

Laboratory, i s  designed t o  measure the heat t rans fer  c o e f f i c i e n t  o f  the 

working f l u i d s  f o r  b inary  cyc le  dur ing  heat ing and condensation. This 

chapter repor ts  on the experimental measurements and the heat t r a n s f e r  

c o e f f i c i e n t  eva lua t ion  f o r  isobutane i n  the  heater u n i t  o f  the  exper i -  

mental system. The eva lua t ion  used fo r  measurements associated w i t h  the 

condenser o f  t h a t  system are contained i n  Appendix E. 

3-1. The S p e c i f i c a t i o n  o f  the Local Heat Transfer Coef f i c ien ts .  

From the experimental measurements o f  temperature, pressure and 

condensate mass f l o w  rate,  the 

isobutane, h, can be evaluated 

W A i  
h =  

cTw - Tb)AVG 

where 

Q/Ai = 

A =  i 

l oca l  heat t rans fe r  c o e f f i c i e n t s  o f  

us ing : 

Heat f l u x  per u n i t  i ns ide  tube area. 

Ins ide  heater tube area f o r  a 2 ft. (61 cm) sec t i on  

0.396 ft2 = 367.75 cm 

Averaged temperature d i f f e r e n c e  between the ins ide  

w a l l  tempepature of the tube, 

temperature o f  isobutane, Tb, i n  the 2 ft. sec t i on  o f  

= 

2 

and the b u l k  
TW * 

A 
tube length  f o r  which the eva lua t ion  was made. 
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As an a l t e r n a t i v e  t o  the  above, t he  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t ,  

U, can be evaluated from: 

This o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  i s  r e l a t e d  t o  the  l oca l  heat 

t r a n s f e r  c o e f f i c i e n t  o f  isobutane ins ide  the  tube as: 

1 A .  I n  (ro/r.) A; 1, 
+l + -  1 - = - +  '- 

U h 2nkL ho 

(3-3 1 

where u =  

- 
*o - 

r =  
0 

r =  i 

k =  

L =  

- 
ho - 

i' Overa l l  heat t rans fe r  c o e f f i c i e n t  based on A 

Outside heater tube area fo r  a 2 ft. sec t i on  = 0.623 f t2  = 

578.41 cm2. 

Outside rad ius  of t he  heater tube. The values of r 
0 

are  tabulated i n  Appendix F. 

I ns ide  rad ius  o f  t he  heater tube. 

Thermal c o n d u c t i v i t y  o f  t h e  s t a i n l e s s  s tee l  heater tube. 

The value o f  k i s  not  sens it i ve  t o  temperature and i s  

Btu o r  0.173 - between 100°C t o  2OO0C IO 

according t o  [ 261. 

Length of heater  sec t i on  = 2 f t  = 61 cm. 

Heat t r a n s f e r  c o e f f i c i e n t  o f  condensing steam on the 

0 h r -  f tFF cm- C 

Thus, t he  

Eq. (3-3)  if ho 

ou ts ide  sur face o f  heater tube. 

oca1 heat t r a n s f e r  c o e f f i c i e n t  can be ca 

i s  p red ic ted  f o r  the  condensation side. 

cu la ted  from 
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3-2. The Eva lua t i on  o f  Heat Rate, Q. 

The heat  r a t e  Q was measured by two methods. 

( 1 )  By measuring the  t ime requ i red  f o r  the  steam condensate 

c o l l e c t e d  i n  each pan t o  f i l l  a known volume i n  the condensate 

can be deduced. STEAM' 
f low meter, the heat ra te ,  Q 

From the b u l k  temperature measurement o f  isobutane by the  

t r a v e l  1 ing RTD probe  a t  the  f i v e  s t a t i o n s  ( r e f e r  t o  Table F-? 

(2)  

o f  Appendix F f o r  the  l o c a t i o n s  o f  these s t a t i o n s ) ,  the  heat 

can be c a l c u l a t e d  from: rate QISOB 

- in) - 
Q I S O B  = rnISOBAi - m150B(in+l (3-4) 

where 

= Mass f low r a t e  o f  isobutane through the heater  I S O B  rn 

tube. 

= Enthalpy of isobutane corresponding t o  the b u l k  in+l, i n  

temperature measured a t  s t a t i o n  (n + 1 )  o r  n. 

To e x h i b i t  the consis tency between QsTEAM and Q I S O B ,  t h ree  runs 

performed under very s i m i  lar c o n d i t i o n s  a r e  examined. 

conta ined as i t e m s  4 and 7 o f  Table 3-2. 

The resu l  t s  a re  

Some conclus ions can be drawn' f rom Tables 3-1 and 3-2: 
- 1  

* t . T  

show -the expected monotonic u c r e a s e  i n  Qs TEAM (a! The values o f  

condensate r a t e  a long the  l eng th  o f  the  tube. 

ed from the  

measurement e x h i b i t  o f  a decreas rend and the values 

of the  QI,,, for Run 150 a re  p a r t i c u l a r l y  i r r e g u l a r .  

i r r e g u l a r i t y  imp l ies  t h a t  t he  mixed mean temperature was no t  

I S O B  

T h i s  



RUN 1 5 0  

1 DATE OF RUN 4- 13-78 9-1 1 - 7 8  

2 CONFIGURATION OF 

THERMOCOUPLES I N  
THE HEATER TUBE 

3 ISOBUTANE I N L E T  
TEMPERATURE, 
MEASURED (182.2OF) 83.5OC (179.2OF) 8 1  .g0C 
A T  x / D  = 0.1 

STATION 1 2 3 4  

RUN 80 . 
c 

THE IMBEDDED A B 

1 

5 . 1  2 3 4 5 1  om 14J4 4 W 9  7 7 6 3  10938 141.l2 

TEMPERATURE 

TRAVELLING PROBE, 
MEASURED BY (1 8 63f (2 0 33) (2 1 6p) (2 2 80) (2 3 7.4) (1 8 23* (1 9 8.5) (2 0 63) (2 1 9.9) (2 3 62) 

a s 7  9 5 ~  1022 iom iiw 83,s  g a s  9 7 8  1 0  4.4 1 1  3.8 ( W  
"C i' 

6 PANS H G F E H G F E 

7 ENTHALPY CHANGE 15.1 9.9 9.9 8.0 11.6 6.1 1 0 . 2  1 4 . 5  
ACROSS THE PAN 

(BTU/ 1 bm) 1 

8 TEMP. OF STEAM (330. l0F) 165.6OC (327.3OF) 164. l 0 C  

9 ISOBUTANE MASS 
FLOW RATE 
MEASURED BY 
TURBINE FLOWMETER 

1 0 6 9 . 1  1 b m / h r  1063 .1  1 b m / h r  

* 

N c- 

RUN 327 

4- 1 9 - 7 9  

B 

(178.4OF) 81.4OC 

2 3 4 5  

(1 8 l.Q* (1 9 7.Q (2 1 12 (2 2 a&) (2 3 3&) 

8 3.1 9 LO 9 9.5 1 0  6.0 11 13 

H G F E 

1 1 . 4  1 0 . 0  9.1 8.8 

(328.6OF) 164.8Oc 

1 1 0 2 . 8  l b m / h r  



., r' 

PAN 

QS TEAM By 'ONDENSATE 

FLOW METER, B T U / h r  

BY T R A V E L L I N G  QISOB 
P R O B E  MEASUREMENT, 
B T U / h r  

QSTEAM R A T I O ,  
Q I S O B  

H G F E H G F 

10021 9222 8577 8356 IO774 9835 8672 

16122 10552 10573 8585 11850 6222 IO466 

62.2 87.4 81.1 97.3 90.9 158.1 82.9 

RUN 327 

E 

8344 

14904' 

56.0 

H G F E 

1 I560 10010 9385 8809 

12568 1 IO31 10050 9696 

92.0 90.7 93.4 90.9 

' QSTEAM 

' QISOB 

'QSTEAM R A T I O  
'QISOB 

TABLE 3-2. COMPARISON OF HEAT RATE,  Q, FOR THREE RUNS UNDER S I M I L A R  C O N D I T I O N S .  

361 76 37625 39764 

45832 43442 43 345 

78.9 86.6 91.7 



measured p roper l y  bu t  there  i s  no t  even a t rend t h a t  can be 

used to  t r y  to  r a t i o n a l i z e  the  poss ib le  e r ro r .  Dur ing March 

1979,the experimental system was disassembled for  overhaul and 

the "mixing head" o f  the  t r a v e l  1 ing probe was found to be 

detached from the t i p  o f  the  probe, and s tuck near the 

entrance o f  the  heater tube. The l a s t  t ime the l 'mix ing head" 

was assembled on to  the  probe was i n  e a r l y  September 1978 

before Run 150 was performed, and the exact t ime when the head 

became separated could no t  be determined. 

The overa 1 1 

rag ing ( r e f e r  t o  Row 7 o f  Table 3-2). 

i s  charged The lack  o f  correspondence between Q STEAM and Q I S O S  

(c)  energy ba 1 ances CQsT,A,/CQ,s,, a re  not  encou- 

( d )  

t o  the  ine f fec t i veness  of the t r a v e l l i n g  probe t o  measure the 

b u l k  temperature o f  isobutane proper ly .  Consequently the heat 

ra te ,  Q, t o  isobutane i s  evaluated from the  condensate r a t e  

o f  steam us ing the condensate f l o w  meters. 

The e r r o r  i n  the condensate r a t e  i s  appraised i n  Table 3-3 for  the 

Runs 150 and 327. I n  t h i s  tab le,  T ~ ,  T* and T a re  th ree  successive 3 
t imes needed t o  f i 1 1  the volumes of  the  condensate f l o w  t imers.  Row 6 

o f  the Table ind ica tes  the r a t i o  o f  - , where AT i s  the maximum 
A VG 7 

The maximum value o f  AVG'  
t ime increment f r o m  the average time, T 

i s  r e l a t e d  t o  T AVG by: 
- i s  i nd icated t o  be 2%. The heat r a t e  QSTEAM 

AVG 7 

P Vh -2 - 
AVG 

QS TEAM 7 

where V = Volume of the  c a l i b r a t e d  f l o w  meter. 

= Latent heat o f  condensation o f  steam. 
f g  

h 

(3-5) 
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e 

259.9 

259.3 

0.7 

RUN 150 RUN 327 

277.1 

277.7 

0.2 

TIME TO FILL 

T I M E  TO F I L L  

TIME TO F I L L  

F I E  
i 

TABLE 3-3. TABULATION OF TIME RECORDED TO F I L L  CONDENSATE FLOW METERS, 

h, 
U 



2 8  

- p  Vhf d7 

2 
A VG 

Therefore: dQ = 
7 

a = -  - dT 
Q 7 AVG 

Therefore, the  condensate f low meters can measure the  condensate r a t e ,  

t o  w i t h i n  2% a t  worst .  QS TEAM 9 

3 - 3 .  The Eva lua t ion  o f  Bulk Temperature o f  Isobutane. 

From Table 3-1 and 3-2 p l u s  the d iscuss ion  i n  the  prev ious sect ion,  

the  b u l k  temperature o f  isobutane i s  reca lcu la ted  us ing two methods: 

(a) By assuming the i n l e t  temperature o f  isobutane a t  x/D M 0.1 

i s  c o r r e c t  and the  b u l k  temperature o f  isobutane downstream 

i s  computed us ing  Q 

used i s  s i m i l a r  t o  Equation (3-4) : 

obta ined from each pan. The equat ion STEAM 

- i  1 QSTEAM ISOB @DNSTRM UPSTRM ( 3 - 7 )  

(b) By assuming t h a t  the temperature measured by the  t r a v e l l i n g  

probe a t  S ta t i on  5 is c o r r e c t  and the b u l k  temperatures 

upstream i s  computed us ing  Q STEAM. 

The computed b u l k  temperatures for  Run 150 a re  shown on Fig. 3-1. 

The la rges t  temperature d i f f e rence  between the computed b u l k  temperature 

and the measured temperature i s  about 5 C. Thus, f o r  the e r r o r  i n  

measurement o f  b u l k  temperature f o r  Run 150 i s :  

0 

c 
6 3 -  x 100 = 6% - A 'b 

Tb 8OoC 
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u c  
U- 
(PY 

a 0  Fig. 3-1. Experimental measurements of Run 150, 



(Continuation of figure 3-1 
f r o m  previous page) 

0 
0 

Bul k temperature of i sobu tane measu'red 

Bulk temperature o f  isobutane calculated assuming 

temp. at STA. 5 was correct. 
Bulk temp. of isobutane calculated assuming inlet 
temp. was correct. 

0 

. 

c 
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. 

Run 150 represents one o f  the worst  cases f o r  the measurement o f  

isobutane b u l k  temperature as e x h i b i t e d  on Table 3-2.  Therefore, the 

best est imate i s  t h a t  the measured b u l k  temperature o f  isobutane i s  w i t h i n  

fS0C o f  the  ac tua l  temperature. 

3-4. The Evaluat ion o f  the Ins ide  Wall Temperature. 

The imbedded thermocouples i n  the w a l l  o f  the heater tube are  used 

t o  deduce the ins ide  and ou ts ide  surface w a l l  temperatures. The 

equations used f o r  the deduct ion a r e  g iven i n  Appendix C. The tempera- 

tures a t  the thermocouples ins ide  the w a l l  o f  the tube are  p l o t t e d  

on Fig. 3-1 and 3-2 f o r  two runs, 150 and 327. For each p l o t  o f  i n s i d e  

and o u t s i d e  thermocouple readings, a curve best f i t t i n g  the p o i n t s  i s  

drawn. The ins ide  and ou ts ide  w a l l  temperatures were s p e c i f i e d  from 

t h i s  k ind  o f  curve f i t .  The l a r g e s t  d i f f e r e n c e  between a temperature 

p o i n t  and the curve i s  o n l y  2OC. 

couple #6 was never used in  the drawing o f  the best  f i t t i n g  curves for 

The temperature reading o f  thermo- 

almost a l l  o f  the runs i n  t h i s  study. Therefore f o r  Run 327, the 

l a r g e s t  e r r o r  i n  reading t h e  i ns ide  w a l l  temperature i s  a b o u t  2OC. 

- = -  ATW 'OC x loo = 1.4% 
TW 1 4 O o C  

Another appra isa l  o f  the accur y o f  the 'imbedded thermocouple 

readings i s  by comparing the h t f l u x  through the w a l l  o f  the heater 

tube measured by the thermocouples and the  heat f l u x  Q s  TEAM'^^ 
between two s ta t ions .  The heat f l u x  through the w a l l  i s  ca lcu la ted  by: 
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Dimensionless axial distance, x/D 

Fig. 3-2. Experimental measurements o f  run 327 
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where T2 = Temperature measured by the thermocouple located at r 2 .  

1 '  T1 = Temperature measured by the thermocouple located at r 

r = Outer radius of the heater tube. 
0 

r 1  and r2 = Radial locations o f  imbedded thermocouples and listed 

on Table F-1 , Appendix F. 

Table 3-4 shows the comparison of the two heat fluxes. The 

averaged (Q) 
heat given off by the tcndensing steam on the outside of the heater 

between two stations agrees very well with the 
'o WALL,T. C. 

heat 

ar 

phera I 1 y 

tube. The slight difference of 5% at most may be because the 

i s  a local value for the pai-ticular angu 

position o f  the thermocouples, whereas (Q/Ao)STEAM is the per 

averaged heat flux over the 2 f t .  section. 

f l u x  (Q'*~)wALL,T.c. 

The implication o f  the close agreement of (Q/A ) with 
o WALL, T. C . 

is as follows: (Q/A~) STEAM 

( 1 )  The temperatures read from the curves drawn through the p;ot 

of imbedded thermocouple measurements are good. 

This reaffirms the choice o f  Q,,,,, as the correct heat rate 

for the evaluation of  heat transfer coefficient. 

( 2 )  

3-5. The Evaluation of the Steam Temperature. 

To determine the thermodynamic state of the steam and detect the 

presence of non-condensable gas in the heater jacket, a pressure 

transducer and a Eourdon-type Heise gauge were, installed near the 

steam inlet of-.the heater jacket. Three thermocouples and a platinum 

resistance temperature probe were also located in the jacket as 

described i n  Chapter 2-5. 



RUN 150 RUN 327 

1 3 1 4  I 5  S T A T I O N  1 

2 

3 

4 

5 

6 

7 

I I 

ANGULAR LOCATION 
OF THERMOCOUPLES, 
DEGREES FROM TOP 
OF TUBE 

AS0 I -45O +4s0 -45O As0 +45O 

18286 I 16910 15387 14368 14167 
. -  - - - - -  - - - - - - - . - - - - - - - -  
48.500 45.288 LA. 654 

W A t L , T .  C. 0 

57.637 53.300 I l-- 14732 AVERAGED 15819 

kW 
;;;T 0 WALL, T. C .  

1 
B TU 

h r - f t 2  ! 3250 12748 

41,764 40.182 
_ - _ _ - - - -  - - - - - - - .  

18568 16078 
STEAM 0 

kW 
7 
1- 

99% 101% 4-7- 1 96% I 98% % 
s TEAM I 98% 

* 103% 100.4% 95% 
I 

PANS F I E  

TABLE 3-4. COMPARISON OF HEAT FLUX MEASURED BY WALL THERMOCOUPLES 
AND CONDENSATE FLOW METERS. 

w c 
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A t  the beginning o f  the experimental program, non-condensable gas, 

such as a i r ,  was detected t o  be accumulating i n  the steam j a c k e t .  

Vent l i n e s  were added t o  the system, one a t  the top s ide  o f  the j a c k e t  

near the steam e x i t ,  another a t  the top o f  the steam hotwel l  below the 

heater. A moderate amount o f  steam was vented o u t  o f  the j a c k e t  and 

ho twe l l  d u r i n g  the experiments by opening the 1/4-in. diameter vent 

valves by less  than a quar te r  of a turn.  The vent ing  d i d  n o t  solve 

the problem completely because the feed water t o  the b o i l e r  was no t  

deaerated. The b o i l e r  was modi f ied t o  r e t u r n  some steam t o  the 

b o i l e r ' s  water hotwel l  and heat the  water to  near ly  100°C. 

reduced the amount o f  d isso lved a i r  i n  the b o i l e r  feed water and thus 

This 

minimized the  amount o f  non-condensable a i r  i n  the  steam loop. 

Table 3 - 5  presents a h i s t o r y  o f  the temperature and pressure 

measurements taken i n  the steam jacket .  From the tabu la t ion ,  the 

f o l l o w i n g  assessment on the temperature and pressure measurement o f  

steam can be s ta ted :  

( 1 )  The pressure transducer d i d  not  p rov ide  cons is ten t  

o r  accurate readings of pressure of steam. 

The pressure measured by the Heise gauge was c loser  t o  but  

la rger  than the saturated pressure corresponding t o  the 

( 2 )  

temperature measured by the temperature probe (RTD). The 

Heise gauge could be read to f 0.1 bar o r  f 1.4 Psi. 

A t  t imes when the  pressure ind icated by the Heise gauge was 

s i g n i f i c a n t l y  higher than the s a t u r a t i o n  pressure correspon- 

d ing  t o  the RTD, i t  was bel ieved t h a t  non-condensable a i r  

had accumulated i n  the steam jacket .  

( 3 )  



4-13-78 AM 

9-1 1-78 PM 

9-12-78 PM 

9-29-78 PM 

10-12-78 PM 

10-25-78 AM 

4-17-79 PM 

TABLE 3-5. TEMPERATURE AND PRESSURE MEASUREMENTS I N  THE STEAM JACKET 
WITH RESPECT TO SATURATED STATE. 

not 
103.2 100.8 Instal led 327.8 -- -- 80 330.1 

150 327.3 99.3 120.6 100.4 327.4 328.11 4.81 

152 294.8 61.9 74.7 62.4 294.4 295.16 4.36 

180 293 3 60.6 69.6 63.3 295.2 296.08 +2.78 

208 341.2 119.9 -- 124.7 341.3 344.10 +2.90 

223 359.9 152.8 -- 155.6 359.8 361.30 +1,50 

327 328.6 101.1 98.6 101.5 328.8 328.87 N.27 
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c 

(4) By comparing the  d i f fe rence between the  saturated temperature 

corresponding t o  the  Heise gauge and the temperature measured 

by the  RTD, the l a rges t  d i f f e r e n c e  was about 3OF. This 

d i f f e r e n c e  may be a t t r i b u t e d  t o  the  presence o f  non-condensable 

gas i n  the  j a c k e t  o r  e r r o r  i n  measuringtemperature by the RTD. 

Thus the  l a rges t  e r r o r  i n  temperature measurement can be 

x 100 = 0.9% 3 O F  4 T~~~~~ = -  
T - 
'STEAM 341°F 

3-6. The Eva lua t ion  o f  Local Heat Transfer Coe f f i c i en t .  

The equations used f o r  the s p e c i f i c a t i o n  o f  heat t r a n s f e r  c o e f f i -  

c i e n t s  o f  isobutane are  Equations (3-1), o r  (3-2) and (3-3). The i n d i v i -  

dual terms of these eql-lations t h a t  a re  exper imenta l l y  measured have been 

evaluated i n  the  prev ious sect ions.  Thus the  t o t a l  e r r o r  i n  the evalu- 

a t i o n  o f  heat t rans fe r  c o e f f i c i e n t ,  h, can be ca lcu lated.  

3-6-1. The Er ror  i n  the  Evaluat ion o f  h from Eq. (3-1). 

Equation (3-1)  i s  res ta ted  here: 

* 
q~~~~~ - ,  - - i 

(Tw - Tb)AVG 

Q/A 
h =  

(Tw - Tb)AVG 

'i i- . 
. I  * 

I n  the data reduct ion,  the term (Tw -"TJAVG was taken 

as the- ' logar i thmic  mean for each o f  the pan sections. 

Refer t o  Appendix C fo; the d e f i n i t i o n  of (Tw - TblLMTD. 
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- E  dh d q ~ ~ ~ ~ ~  - 
h %TEAM 

(3-9) 

From Table 3-3 

d q ~ ~ ~ ~ ~  = 0.02 
%TEAM 

From Sec t ion  3-4, t h e  l a r g e s t  e r r o r  i n  reading the  

i n s i d e  w a l l  temperature i s  about f 2OC.for Run 327. 

From Sec t ion  3-3, t h e  b u l k  temperature can be 

0 
measured to  f 5 C. 

, i s  about 4OoC. 
Tb)AVG 

From Run 327, (T, - 
; Therefore, t he  l a r g e s t  e r r o r  i n  the  e v a l u a t i o n  

of h i s :  

- =  dh 0.02 - { - 2  40 -5 } = 0.20 
h 

dh 
h 

or - = 20% 

so t h a t  based on the  c o n d i t i o n  o f  Run 327 the  maximum 

p o s s i b l e  e r ro r  i n  t h e  hea t - t rans fe r  c o e f f i c i e n t  i s  -+ 20%. 

Fu r the r  examinat ion o f  t h e  r e s u l t s  o f  t h i s  s tudy 

tabu la ted  i n  Appendix B i n d i c a t e s  t h a t  t h e  va lue o f  

- has t he  f o l l o w i n g  range: 
Tb)AVG 

va r ies  ( 1 )  Table 6-1 i n d i c a t e s  t h a t  (Tw - 
from 55'~ t o  ~ O C .  

va r ies  (2) Table 8-2 i n d i c a t e s  t h a t  (Tw - 
f r o m  86OC to 17OC. 



(3 )  Table 8-3 ..?dicates t h a t  (Tw - Tb) va r ies  
A VG 

from 77OC t o  13OC. 
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3-6-2. The Er ro r  i n  the Eva lua t ion  o f  h from Eq. 

Equations (3-2) and (3-3) a re  res ta ted  here:  

(3-2) ( 3 - 3 ) .  

.L 

%TEAM WAi 
u =  - 

(TSTEAM - Tb) 
(3-2) - 

A VG (TSTEAM - Tb) A VG 

1 r - - -  Ai 1 
U w A h  

Ai ln(ro/ri) A. 
2 1  1 1 

h U 2nkL A h  
- -  - = - -  and - = - - 

0 0  0 0  

Eva lua t ing  U f i r s t  

2 - d T b ) l  
- = -  dU 1 [ dqSTEAM -  STEAM (d T~~~~~ 

AVG A VG (TSTEAM - Tb) 
(TSTEAM - Tb) 

- dTb f - =  dU d q ~ ~ ~ ~ ~  T~ TEAM 

%TEAM - {(‘STEAM - Tb) A VG 
U (3- 10) 

From Sect ion 3-5, the steam temperature can be measured 

t o  f 3OF o r  f 1.7OC. 

From Run 327, (TsTEAM - i s  about 6 5 O C  a t  
Tb)AvG 

the  middle o f  the  heater  tube. 

.*- 
“ 

I n  the data reduct’ion, the term .(TsTEAM - Tb) 

instead a log-mean temper 

was no t  used, 
AVG 

d i fference, A TLMTD, be tween the 

and Tb fo r  the  sec t i on  was used. Refer t o  Appendix c f o r  T~ TEAM 

f o r  the  sec t ion .  LMTD 
d e f i n i t i o n  o f  AT 
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Therefore, the  l a r g e s t  e r r o r  i n  the eva lua t ion  o f  

U i s :  

o r  L dU = 12% 
U 

Evaluat ing h from U ;  

A .  dho 
e dh = - h - L -  dU h 
h U2 A. h2 

- dU = 0.12 from prev ious c a l c u l a t i o n  
U 

- dhO = - 0.5 

hO 

based on the  assumption t h a t  the  presence o f  

non-condensable gas i n  the  steam j a c k e t  can decrease 

va lue o f  heat - t rans fer  c o e f f i c i e n t  o f  condensing 

steam, ho, by 50%. 

. . 

- 
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n 

Then d h  (0.i2 + E.5) - =  
h 

0 

From the experimental results of Run 327, for Pan F 

BW 
hcft- F 

h == 316 20 

BTU U = 181 2o 
hLft- F 

6 TU h 3175 Z0 
0 hr-ft- F 

h - 1.8 U 
Thus 

- d h  = 0.21 + 0.05 = 0.26 or  26% 
h 

3-6-3. Comparison of the Value o f  h Evaluated by the Two Methods. 

The heat transfer coefficients, h, calculated using Equation 

( 3 - 1 )  and Equations (3-2) and (3-31, are tabulated on Table 3-6 

for compar ison. 

The table indicates that: 

( 1 )  The values of h calculated from the two methods agree 

with each other. 

(2) The variation of h, due to the different T used for 

the calculation, is k 8% at most. 
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.. ... -. .. .. .. .-  ... - .  . . - 

(3) The values o f  h c a l c u l a t e d  f o r  Run 327 a re  w i t h i n  the 
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range o f  values o f  h c a l c u l a t e d  f o r  Run 150. Since 

Run 327 i s  a repeat  o f  Run 150, the  r e s u l t s  i n d i c a t e  

t h a t  any f o u l i n g  res i s tance  caused by the  isobutane has 

no t  become s i g n i f i c a n t  over time. 

3-7. The Heat  Transfer  C o e f f i c i e n t  Obtained i n  This Study. 

From the e v a l u a t i o n  o f  the  heat t r a n s f e r  c o e f f i c i e n t  i n  Sect ion 

3-6, t he  values of  h c a l c u l a t e d  by Eq. (3-1) a r e  se lec ted  t o  represent 

the  exper imenta l  data, and tabu la ted  as dimensionless Nussel t  numbers i n  

the  t a b l e s  o f  Appendix B. 

I n  Chapter 4, the  experimenta 

compared w i t h  those c o r r e l a t i o n s  g 

Nussel t  numbers f rom Table B-1 a re  

ven by D i t t u s - B o e l t e r  on Fig.  4-4 , 
The wors t  case Sieder-Tate on Fig.  4- 5 , and Petukhov on Fig. 4- 6 . 

o f  da ta  s c a t t e r  i s  on Fig.  4-4 

D i t t u s - B o e l t e r  c o r r e l a t i o n .  I f  the  constant  o f  D i t t u s - B o e l t e r  c o r r e l a -  

when the data a re  compared w i t h  the 

tion i s  increased from 0.023to 0.028, the  data can be s p e c i f i e d  t o  

f 20%. From Sec t ion  3-6-1, the es t ima t ion  of e r r o r  i n  the h evaluated 

f rom Eq. (3-1) i s  about L, 20% also. I t  should be noted t h a t  the 

p l o t  o f  exper imenta l  Nussel t  numbers on Fig.  4-4 a l s o  incorporates 

the  u n c e r t a i n t i e s  i n  the e v a l u a t i o n  o f  proper t i es ,  p ,  p and k o f  

isobutane a t  600 Psia. Therefore, t he  ac tua l  exper imental  measurement 

o f  the heat  t r a n s f e r  c o e f f i c i e n t ,  h, rnust,have been be f te r  than 5 20%. 



CHAPTER 4 

THE EFFECT OF BUOYANCY ON HEAT TRANSFER TO ISOBUTANE AT 
SUPERCRITICAL PRESSURE FLOWING I N S I D E  A HORIZONTAL TUBE 
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/- 

4-1. In t roduc t ion .  

Chapter 1 suggested t h a t  the  experimental runs could be d i v i d e d  

i n t o  th ree  groups based on t h e  values o f  Eckert  number obta ined f o r  

the  runs. From these groups of  runs, the  group having data w i t h  E > 1 

l i s t e d  on Table 6-1 o f  Appendix B a r e  se lected f o r  assessment o f  

p o s s i b l e  e f f e c t  o f  buoyancy on heat t r a n s f e r  t o  isobu'tane a t  super- 

c r i t i c a l  pressure. When E > 1, the temperature o f  isobutane across 

t h e  tube i s  i n  the  s u b c r i t i c a l  range and the  p r o p e r t i e s  o f  isobutane 

a l l  vary  monotonica l ly  w i t h  temperature. From t h e  graphs o f  p r o p e r t i e s  

o f  isobutane i n  Appendix A, C and P r  increase s l i g h t l y  w i t h  temper- 

a t u r e  w h i l e  k, 1.1 and p decrease w i t h  temperature. 

of v a r i a b l e  p r o p e r t i e s  on the heat t r a n s f e r  should be minimal and the  

o n l y  a d d i t i o n a l  e f f e c t  i s  p o s s i b l y  t h a t  due t o  f r e e  convection. 

P 

Thus the  e f f e c t  

4-2. Analysis.  

A n a l y t i c a l  and experimental r e s u l t s  f o r  heat t r a n s f e r  t o  a i r  by 

combined fo rced and f r e e  convect ion i n  t u r b u l e n t  f l o w  through an 

i n c l i n e d  o r  h o r i z o n t a l  tube was repor ted by Futagami and Abe [15]. 

S i m i l a r l y ,  heat t r a n s f e r  w i t h  t u r b u l e n t  f l o w  i n  a h o r i z o n t a l  tube under 

s u b s t a n t i a l  in f luence o f  thermograv i ta t iona l  fo rces  was inves t iga ted  by 

Petukhov, e t  a1 [16]. I n  both cases, s i r  was heated a t  a constant heat 

f l u x  as i t  passed through the  heater tube. Both o f  these sets  o f  

r e s u l t s  d i f f e r e d  from the data obta ined by the present experiment 

dur ing  which t h e  o u t s i d e  w a l l  temperature o f  the  heated tube 
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was constant. In addition, in the analytical part of the cited references, 

the physical properties of air were assumed constant except for variation 

of  density with temperature. 

(a) Results by Petukhov, et al. 

Petukhov gave an equation specifying 

for the peripheral variation of loca 

the analytical results 

Nussel t number rat io, 

(Nu/Nuo), as a function of dimensionless parameters: 
J. 

340 Gri Cos$ 1 
Prb O D 5  I 1  + 2.4 Reb -1’8(pr2/3- 1 , I  

h D  a D  - A =  ‘W 
Where Nu - 

@ kb kb (Tw,$’Tb) 

Nuo = Nusselt number obtained for turbulent 
forced convection without the influence 
o f  buoyancy effect. 

= GrbNu 9, 4 ’b”w gD J. 

b ’b kb ( Tw‘Tb) Gr = - 

4 = angle measured from the upper generatrix 
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Petukhov a l so  spec i f i ed  Nuo a s  

From Eq. (4-1), a cri !er ion f o r  10% v a r i a t i o n  o f  Nussel t  

number on the upper ( lower) generat r ices from Nuo i n  a 

ho r i zon ta l  tube i s  

In t roduc ing  equat ion (4-3 i n t o  (44)  and assuming Nu = Nu 

the l i m i t i n g  va lue a t  the  onset o f  buoyancy e f f e c t ,  equat ion 

as 
0 

(4- 5) becomes 

or 

Thus the  Rayleigh number a t  the  onset o f  a f r e e  convect ion 

e f f e c t  i s  

-2 f = (1.82 log  Reb - 1.64) 

(4-3) 

C = 2.4 x lo-' 
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. 

A 

about 
Nu4 

N'O 

Equation (4-1) g ives the l o c a l  v a r i a t i o n  o f  - 

the circumference o f  the heater tube a t  any a x i a l  loca t ion .  

However, an appra isa l  o f  the inf luence, o f  f r e e  convect ion on 

the averaged heat t r a n s f e r  c o e f f i c i e n t  by i n t e g r a t i n g  Eq. (4-1) 

from cp = 0 t o  n g ives :  

- Nu@ = 1 - A Cos cp 
Nu 
0 

where A represents the remaining f a c t o r s  i n  the second term of 

Eq. (4-1). 

(4- 7 1 
- 
Nu = the per iphera l  averaged Nusselt number 

Thus the a n a l y t i c a l  r e s u l t  o f  Petukhov ind ica tes  t h a t  

the c i r c u m f e r e n t i a l l y  averaged heat t r a n s f e r  c o e f f i c i e n t  i s  

no t  a f f e c t e d  by the f r e e  convect ion a t  a l l .  Petukhov has 

confirmed the i n d i c a t i o n  o f  Eq. (4-1) f o r  weak thermogravita- 

t i o n a l  e f f e c t  by measurement of  the c o e f f i c i e n t  f o r  a i r  a t  

0 = Oo,  90' and 180' as shown of Fig. 6 of h i s  paper. 

(b)  Resul ts o f  Futaqami and Abe. 

Futagami and Abe analyzed the combined forced and f r e e  

convect ive heat t rans fer  w i t h  t u r b u l e n t  f l o w  ins ide  a tube 

i n c l  ined a t  angle CUI 
f o r  v / a  = 0.70 and O,72, i n  terms o f -  vs.. Ra b Cos a /  Re,, 

They presented t h e i r  r e s u l t  g r a p h i c a l l y ,  
514 - 

Nu JC I 

N'O 

and compared t h a t  w i t h  t h e i r  experimental r e s u l t  f o r  t u r b u l e n t  

f l o w  o f  a i r  ins ide  a h o r i z o n t a l  tube. Upon f u r t h e r  examination 

o f  t h e i r  paper, they seemed t o  i n d i c a t e  the r e l a t i o n s h i p  



J. I 514 
between Nub/ Nu 0 and Rat; cos CY / Reb t o  be: 

.'. - 
Ra b '* Co SCY I 

Nub - =  
N'O 

-1. 

Ra"Cosa, , 10-2 
514 f o r  

Re 

- 
Where Nub = the  p e r i p h e r a l  averaged Nussel t  No.: 

N'o 

.e. 

Ra b 

I 

fy 

c 1  

= the  Nussel t  No. ob ta ined under the buoyancy- 

free c o n d i t i o n ,  which Futagami and Abe gave 

i n  terms o f  the  e m p i r i c a l  c o r r e l a t i o n  as 

3/4 1/3 = 0.03876 Re P r  

= Ra le igh  NO. de f i ned  by Futagarni as  

= ang le  o f  i n c l i n a t i o n  of t he  tube, thus 

I 
(y = 0 f o r  h o r i z o n t a l  tube. 

= 1.536. Th is  was ob ta ined from curve f i t t i n g  

t h e  l i n e  f o r  v/c( = 0.7 on Fig. 13 o f  Futagami 

and Abe, as i l l u s t r a t e d  on Fig.  (4-1). 

e 



'! 

- lo-* IO'] 

-1. 514 Ra" coscr/Re 

1 oo 10 

Fig. 4-1. I l l u s t r a t i o n  o f  the resul ts  obtained by Futagami and Abe f o r  Nu/Nuo vs. 
J. 514 Ra" coscr/Re . 

Experimental data of Futagami and Abe: 

curve a :  Pr=0.72 

b: Pr=0.70 

0 



514 -v- 

Ra"cosa/Re less  than 

about u n i t y .  Thus a c r  

F igure 13 o f  Futagami and Abe a l s o  contained some experimental 

data which ind icated t h a t  f o r  a i r ,  a t  leas t ,  f o r  values o f  

Nu/Nu were 

ished f o r  the 

onset o f  buoyancy e f f e c t  as when Nu i s  10% greater  than Nu 

E q .  (4-8) becomes: 

0 

and 0 

2.3 x (4-9) -'- 5/4, Ra ;/ Re b 

1 O-', the V a l  ues o f  

t e r i o n  can be estab 

fo r  a h o r i z o n t a l  tube. 

The Rale igh  number d e f i n e d  by Futagami was based on the 

constant w a l l  heat f l u x  boundary c o n d i t i o n  o f  h i s  analys s. 

To r e l a t e  Futagami's Raleigh number t o  the isothermal wa 1 

boundary c o n d i t i o n  a p p l i c a b l e  t o  present study, the f o l l o w i n g  

conversion has t o  be performed. 

It- *-----+I 

FIGURE 4-2 



By energy bal  ance : 

Assuming constant c over the d is tance Az and constant 
P 

w a l l  heat f l u x  heat ing:  

2 Tb c -  p dx AX = 2nr qwAx nr 

For a f u l l y  developed temperature p r o f i l e  i n s i d e  the tube: 

- Tb = -  TW = 2qW 
dx dx r pu C 

m P  

-1- 

Therefore Futagami I s de f  i n i t ion o f  Ra'' becomes : 

Usual ly.  Raleigh No. i s  def ined as 

R a b  = G r  P r  b b  

Rela t ing  Eq. (4-10) and (4-11) 

where AT = (Tw - Tb) 

(4- 10) 

(4-1 1) 
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Thus 

Substituting this into Eq. (4-8) and cos cy = 1 for horizontal 

tube 

-1- 1 / 1 1  1/1 I 

GrbNub) 

- 
Rab 1.536 (3) = 1.536 ( 914 Nub 

NuO Reb Reb 
- =  

- 1/11 10/11 
1 / 1 1  Grb (Nuo) = 1.354 (3) 

Reb 

- 1/10 
1/10 - =  Nub ( 1  .354)"/1° 

Nuo 

Substituting in the expression for Nu 0 given by Futagami,: 

- 1/10 1/10 

- =  (1.354) l l / lo  (Grb 3/2 ' )  (0.03876 Nub 

Nuo Reb 

- 1/3 1/10 
Nub 

NuO Reb 

G r b P r b  - = 1.008 ( 3/2 P r b  2/3 Reb 3/2 ) = '*Oo8 ( 

(4- 12) 

Note that Equation (4-12) is quite different from the results 

of Petukhov given by Equation (4-7). 
interested in the limiting va lue  of - 5/4 for buoyancy-f ree 

forced convection inside t h e  horizontal tube, the Nusselt 

Since .L we are also 
Ra " 

Re. 



number should correspond t o  Nu g iven by Futagami. Thus 
0 

Eq. (4-9) becomes 

-9- 

Ra 6 G r b  (0.03876 
- =  

514 4Reb 914 
Reb 

G r b P r b  
= 0.00969 s 2.3 x IOm2 

Pr 2’3 

Table 4-1 presents  a summary o f  the equat ions f o r  var-  

, i a t i o n  of Nussel t  number under the  i n f l uknce  of buoyancy 

e f f e c t  and c r i t e r i a  f o r  onset o f  buoyancy e f f e c t  as g i ven  by 

Petukhov and Futagami. 

them f o r  Nu 

w i t h  those standard c o r r e l a t i o n s  by D i t t u s - B o e l t e r :  

* 

I n  a d d i t i o n ,  express ions g iven  by 

or buoyancy f r e e  fo rced convec t ion  a r e  compared 
0 

0.8 0.4 
Prb Nub = 0.023 Reb 

and o f  Sieder and Tate 

0.14 
= 0.027 1?e:*~PrL’~(9) 

P W  
Nub 

(4- 14) 

(4-15) 

on Fig.  4-3. 

The f i g u r e  shows 

10% t o  20% h igher  Stanton number than D i t t u s - B o e l t e r  

c o r r e l a t i o n  over 3 x 10 4 < Re < 4 x 10 5 a t  P r  = 4.0. I n  

c o n t r a s t ,  Futagami‘s c o r r e l a t i o n  i nd i ca tes  a 10% t o  25% 
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PETUKHOV, e t  a 1  
r 

VARIATION OF NUSSELT NO. UNDER THE INFLUENCE 
OF BUOYANCY EFFECT: _ _  

340 G r ”  Cos@ 
Nus= 1 -  (4-1 ) 
Nu 0 , P  R e  2 * 7 5 P r 0 * 5 [ 1 + 2 . 4 R e  -1” (p r2 ’3 -1)1  

340 ( G r * N u )  Cos@ = 1 -  
R e  75 P r o  [ 1 +2.4Re - 1 / 8 ( p r 2 / 3 - 1  ) I  

w h e r e  

- ( f / 8 )  R e *  P r  
NU - 

O S p  1 . 0 7 + 1 2 . 7 m ( P r  2 / 3 -  1 ) 

-2 f = (1.82 log lORe-1.64)  

CRITERION FOR ONSET OF BUOYANCY EFFECT: 

c = 2.4 10-3 I 
BASED ON 10% V A R I A T I O N  OF Nu. No. ON THE UPPER 

(LOWER) GENERATRICES OF A HORIZONTAL TUBE I 
(4-6) 

FUTAGAMI & ABE 

VARIATION OF NUSSELT NO. UNDER THE INFLUENCE 
OF BUOYANCY EFFECT: 

, / m  1 / 1 0  

(4- 12) 

w h e r e  

= 0.03876 R e  3/4pr 113 
N‘o, F - A  

or  - Nu Ra )’/lo 
= ’ * O o 8  ( 

2/3 3 / 2  P r  Re 

CRITERION FOR ONSET OF BUOYANCY EFFECT: 

Ra 
5 2.395 3/2pr2/3 Re 

FOR 10% INCREASE OF OVER Nuo. 

IS THE PERIPHERAL AVERAGED VALUE. 

TABLE 4-1. SUMMARY OF EQUATIONS GIVEN FOR VARIATION OF NUSSELT 
NUMBER UNDER THE INFLUENCE OF BUOYANCY EFFECT AND 
CRITERION FOR ONSET OF BUOYANCY EFFECT. 
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I 

2x 1 o4 10' 

Re No. = - OumD 

CL 

;'e ) Pr=4.0 

5 4x10 

Fig. 4-3. Comparison o f  c o r r e l a t i o n s  f o r  t u r b u l e n t  forced convect ive 

heat t r a n s f e r  ins ide  a tube. 

Curve a :  Petukhov c o r r e l a t i o n ;  St.= ( f /8)  

1.07+12.7@ ( P r 2 / 3 - 1 )  

f = ( l  A2109 Re-1 .64)-2 

Curve b:  Sieder-Tate c o r r e l a t i o n ;  

Curve c :  D i t tus -Boe l te r  c o r r e l a t i o n ;  

St.=O.O23Re P r  -0.2 -0.6 

Curve d : Fu tagam i -Abe 
' -2/3 S t . =O. 03876Re-GPr 

Curve e:  S le icher  & Rouse, Eq. 4-16. 



lower Stanton number than Dittus-Boelter correlation over the 

same range o f  Re number and at Pr = 4.0. 

difference between the correlations given by Petukhov and 

Futagami for Nuo is about 20% to 50% at Pr = 4.0. 

Therefore, the 

At Pr = 10.0, the difference between the correlations 

by Petukhov and Futagami becomes 30% to 72% over 3 x 10 

< R e < 4 x 1 0 .  

4 

5 

6 

In 1975 Sleicher and Rouse [27] proposed a correlation 

for variable property fluid over a wide range o f  Re and Pr 

as : 

a b  Nub = 5 + 0.015 R e f  P r w  5 0.1 < Pr < 10 

6 a = 0.88 - 0.24/(4 + Prw) 1 lo4 < Re < 10 

-0.6 Prw = i/3 + O.5e b (4- 16) 

The Prandtl number Pr is evaluated at the wall tempera- 

ture and Reynolds number is evaluated at the film temperature 

Tf  = (T, + Tb)/2. 

Equation (4-16) i s  then compared with Eq. (4-3) by 

Petukhov o n  Fig. 4-3 also. Except for the difference on the 

basis for the evaluation o f  Pr and Re, Equation (4-16) is 

almost identical to E q .  (4-3) at Pr = 4.0 and about 3% less 

than Eq. (4-3) at Pr = 10.0. 

c 



I 

4-3. The Experimental Nussel t Numbers. 

The experimental data a re  tabulated on Table B-1 o f  Appendix B 

w i t h  the l i s t i n g  i n  order  o f  increasing Reb, column 8, a t  Sect ion H. 

The experimental Nusselt numbers a r e  compared w i t h  those c o r r e l a t i o n s  

g iven by D i t tus -Boe l te r  on Fig. 4-4; Sieder-Tate on Fig. 4-5 and 

Petukhov on Fig. 4-6. Each data p o i n t  on the f i g u r e s  represents a heat 

t rans fer  c o e f f i c i e n t  evaluated from one pan sect ion,  there fore  there are  

four  data p o i n t s  f o r  each run. Although the t a b u l a t i o n  on Table B-1 i s  

f o r  runs w i t h  E > 1, a few runs i n  which E changes t o  E < 1 when 

t r a v e r s i n g  through the heater tube are  included. 

Figure 4-4 shows t h a t  the data p o i n t s  a re  a l l  above the D i t t u s -  

Boel ter  c o r r e l a t i o n  and they exceed t h a t  s p e c i f i c a t i o n  by as much as 

50%. I f  the constant o f  D i t t u s - B o e l t e r ' s  c o r r e l a t i o n  i s  increased 

from 0.023 t o  0.028, the data can be s p e c i f i e d  t o  w i t h i n  f 20%. 

A l t e r n a t i v e l y  a new c o r r e l a t i o n  w i t h  

0.82 0.4 
Prb Nub = 0.022 Reb (4- 17) 

c o r r e l a t e s  the data t o  w i t h i n  f 20% a l so .  

Figure 4-5 shows the comparison w i t h  Sieder-Tate c o r r e l a t i o n .  This 

involves the eva lua t ion  o f  p r o p e r t i e s  f o r  Nu, Re and P r  a t  the b u l k  

temperature and includes the f a c t o r  (t) 
o f  v i s c o s i t y  w i t h  temperature. The data p o i n t s  a r e  moved c loser  to  the 

p r e d i c t i o n  l i n e  though the ma r i t y  of them s t i l l  l i e  above it. A 10% 

increase i n  the Sieder-Tate constant t o  0.03 w i l l  c o r r e l a t e  the data to 

w i t h i n  f 18%. 

p 0.14 
t o  account f o r  the  v a r i a t i o n  

, 

F i n a l l y ,  on Fig. 4-6, the data p o i n t s  a re  compared t o  the Petukhov 
n 

pred 

Fig. 

c t i o n  as ca lcu la ted  from Equations (4-3) and (4-4). Refer r ing  t o  

4-3, i t  i s  noted t h a t  Eq. (4-3) g ives a h igher  p r e d i c t i o n  of  Stanton 

57 
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/- 

I 03 

10; 

2x 1 o4 2x10’ 

FIG. 4-4. COMPARISON OF DATA W I T H  D ITTUS-  BOELTER CORRELATION. 
DATA W I T H  E > 1 

0.4 0.8 

0.4 0.82 

Line a :  Nu = 0.023 Prb Reb 

b: Nu = 0.022 Prb Reb 

0.4 0.8 
c: Nu = 0.028 Prb Reb 

c 
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3 

1 o4 

F I G .  

1 o5 1 o6 

4-5. COMPARISON OF DATA W I T H  S IEDER-TATE CORRELATION. 
DATA W I T H  E > 1 

Line 
0.8 113 y~ 0.14 

a :  Nu = 0.027 Reb Prb (,w) 
b :  Nu = 0.030 Reb, 0.8 Pr;/3 p-)'*14 
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3x1 O2 

1 o2 

20 

1 .5xI04 10’ 3x1 0’ 

P umD 
R e  = - 

pb 

F I G .  4-6. COMPARISON OF DATA W I T H  PETUKHOV CORRELATION. 

Line A :  P r  = 1.0 0 4.0 < P r  < 5.0 
8: P r  = 4.0 
C :  P r  = 5.0 
D :  P r  = 6.0 
E :  P r  =10.0 

a 5.0 < P r  < 6.0 

f = (1.82 log R e  - 1.64)” 

e 
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number than e i t h e r  Sieder-Tate o r  D i t tus -Boe l te r  c o r r e l a t i o n s  as discussed 

i n  Sec. 4-2. Since the Reynolds number i s  so imbedded i n  t h i s  formula- 
63 

t i o n  o f  Nussel t  number, the data a re  represented as Nu vs. Re on Fig. 4-6, 

and the Petukhov r e l a t i o n  i s  shown by l i n e s  f o r  var ious values o f  Pr .  

The range o f  P r  f o r  the data i s  d is t ingu ished by the p o i n t  des ignat ion as 

shown on Fig. 4-6. For 4 < P r  < 5, the Petukhov r e l a t i o n  gives a 

d i f f e r e n c e  o f  12.5% i n  the Nusselt numbers. The data encompasses a 

band of  about * 15% i n  the Nusselt number about the p r e d i c t i o n  f o r  

P r  = 4.0. 

The data f o r  5.0 < P r  < 6,O are  few and they l i e  w i t h i n  the same 

e r r o r  band as the data f o r  4.0 < P r  < 5.0 w i t h  respect t o  the p r e d i c t i o n  

f o r  the range o f  Prandt l  numbers. 

A t  t h i s  p o i n t  i t  can be concluded t h a t :  

(a) The D i t tus -Boe l te r  c o r r e l a t i o n  g ves a lower p r e d i c t i o n  w i t h  

respect t o  data. An increase o f  22% n the constant c o e f f i c i e n t  i s  

needed t o  c o r r e l a t e  data w i t h i n  f 20%. 

(b) The Sieder-Tate c o r r e l a t i o n  i s  a l s o  low. An increase o f  the  

cons tan t  by 10% will correlate the data w i t h i n  f 18%. 

( c )  

diminishes the s c a t t e r  o f  the data. The s c a t t e r  of data p o i n t s  

i s  approximately f 15% about the p r e d i c t i o n  l i n e  f o r  P r  = 4.0. 

Any f u r t h e r  conclusions a r e  impaired by the r e l a t i v e l y  la rge  

P l o t t i n g  the data i n  terms o f  (Nu/Prb) vs. Re a c t u a l l y  b 

s c a t t e r  o f  data. 

A t  t h i s  p o i n t  the experimental r e s u l t s  i s  reassessed f o r  the 

p o s s i b l e  ,e f fect  of  buoyancy on the augmentation o f  heat t r a n s f e r  

c o e f f i c i e n t  over the p r e d i c t i o n  by D i t tus -Boe l te r  and Sieder-Tate 



c o r r e l a t i o n .  I n  t h i s  respect i t  i s  noted t h a t :  

(a) Equation (4-7) ind ica tes  t h a t  Petukhov's appraisal g ives no 

in f luence o f  f r e e  convection on the  average heat t rans fe r  c o e f f i c i e n t  

bu t  ra the r  j u s t  changes the  per iphera l  d i s t r i b u t i o n  o f  the  

c o e f f i c i e n t s .  

(b) On the  o the r  hand, the  appra isa l  by Futagami and Abe ind ica tes  

t h a t  Nu/ i s  dependent on the dimensionless f r e e  convec- 
- 

), Equations (4-12). Ra 
t i o n  parameter ( pr213Ra3/2 

The r a t i o  o f  experimental Nusselt numbers t o  t h a t  s p e c i f i e d  by 

i s  p l o t t e d  against  (GrNu)b on Fig. 4-7. Nub 
Sieder-Tate, Eq.(4-15), - 

NUS-T 

Also, t he  r a t i o  i s  p l o t t e d  V g *  (GrNu)b on Fig. 4-8. Nub 
(Nuo) 

i s  about 1.10 over the  range o f  Nub Fig. 4-7 ind i ca tes  t h a t  - 
NUS-T 9 8 x 10 < (GrNu)b < 4 x 10" w i t h  a sca t te r  o f  20%. 

Fig. 4-8 ind ica tes  s i m i l a r  r e s u l t s  as f o r  Fig. 4-7. Therefore, 

t h i s  conf i rms Petukhov's appra isa l  t h a t  f r e e  convect ion does no t  have 

any e f f e c t  on the  averaged heat t r a n s f e r  c o e f f i c i e n t .  Furthermore, four  

curves based on Eq. (4-1) f o r  4 = 4 and the  values o f  Re and P r  encompas- Tr 

s i ng  the  range o f  experimental data a re  added. Petukhov's ana lys i s  

shows t h a t  due t o  the  f r e e  convect ion e f f e c t ,  the  r a t i o  of  l o c a l  Nusselt 

number a t  4 = w i t h  respect to  Nuo bewmes 

and t h i s  ind ica tes  t h a t  Nu IT < Nu always. Thus the fou r  curves @ = &  0 

are  decreasing func t ions  o f  (GrNu)b. Nonetheless, the  experimental 

data do no t  e x h i b i t  such a t rend even though the heat t r a n s f e r  
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FIG. 4-8. EFFECT OF BUOYANCY ON EXPERIMENTAL DATA FOR E > 1 USING EQUATION GIVEN BY PETUKHOV, 
e t  a l .  

Curves 

a 

b 

C 

d 

R e  P r  - -  
~ ~ l o ~  4.0 
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0 
0 
A 
0 
0 

4 4 
4 4 
4 4 

4 5 
5 5 

2.0 x 10 < Re < 4.0 x 10 

4.0 x 10 < R e  < 6.0 x 10 

6.0 x 10 < Re < 8.0 x 10 

8.0 x 10 < R e  < 1.0 x 10 

1.0 x 10 < R e  < 2.0 x 10 



and where T i s  ins ide  s TEAM c o e f f i c i e n t s  a r e  ca lcu la ted  from 
'Tw,@- - Tb)AVG W 

n w a l l  temperature measured a t  4 = ( r e f e r  t o  Sect ion 3-4). 

F igure 4-9 shows the p l o t  o f  experimental data i n  terms of  

Nu 
Ra ). The value of i s  about 1.45 

A1 

Nu 
Nu 0, FA against (.pr2/3Re3/2 (Nuo) F-A 

over a range o f  3.5 < ( Ra 
pr2/3Re3/2 

) < 80 w i t h  a s c a t t e r  o f  k 20%. 

the data p o i n t s  exceed the  s p e c i f i c a t i o n  by Futagami f o r  the lower 1 m i t  

f o r  the onset o f  buoyancy e f f e c t ,  Eq. (4-13). The Ra 
21 3 Re3 / 2 

value o f  
P r  

ana lys is  by Futagami, Eq. (4-12), ind icates an increasing f u n c t i o n  o f  
- 

Ra 
( 2/3Ra3/2 

), and t h i s  i s  shown on the l i n e  Nu w i t h  respect t o  
0, FA P r  

Nu 

drawn on the f i g u r e .  The experimental data f a i l e d  t o  f o l l o w  t h i s  trend. 

4-4. Concl us ion. 

The experimental data exceed the p r e d i c t i o n  by both D i t tus -Boe l te r  

and Sieder-Tate c o r r e l a t i o n s .  

Petukhov's p r e d i c t i o n  1 ine f o r  P r  = 4.0 c o r r e l a t e s  the data t o  

w i t h i n  f 15%. 

There i s  l i t t l e  apparent dependence of d a t a  on Grashof number. 

Petukhov's ana lys is  ind icates t h a t  l oca l  heat t r a n s f e r  c o e f f i c i e n t  

i s  dependent on the per iphera l  l o c a t i o n  a f t e r  the onset o f  f r e e  

convect ion e f f e c t .  Thus, i f  h i s  ana lys is  i s  cor rec t ,  and i f  the data 

measured f o r  $J = 45 were t r u l y  a p e r i p h e r a l l y  l oca l  value, then there 

should have been a s i g n i f i c a n t  departure o f  &- from u n i t y  for g iven 

Re and P r .  This i s  not  apparent i n  the data. 

0 

Futagami and Abe's i n d i c a t i o n  of a f r e e  convect ion e f f e c t  i s  no t  

confirmed. Their  ana lys is  i s  hard t o  appraise because t h e i r  " isothermal"  

c o r r e l a t i o n  (Nu ) i s  so low. o FA 
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CHAPTER 5 

EFFECT OF VARIATION OF PROPERTIES ON HEAT TRANSFER TO ISOBUTANE 
FLOWING I N S I D E  A HORIZONTAL TUBE AT SUPERCRITICAL PRESSURE 

5-1, In t roduc t ion .  

I n  the previous chapter, heat t r a n s f e r  t o  isobutane r e s u l t s  

, greater  than u n i t y  were Tp.c.- Tb 

Tw - Tb 
obtained f o r  Eckert  number, E = 

compared w i t h  a v a i l a b l e  r e s u l t s .  I n  add i t ion ,  the e f f e c t  o f  f r e e  

convect ion was assessed. 

I n  t h i s  chapter, the second se t  o f  data f o r  runs w i t h  0 5 E 5 1 

and runs w i t h  Eckert  number t r a n s i t i o n i n g  from p o s i t i v e  t o  negat ive 

w i l l  be assessed. I n  t h i s  range o f  Eckert  number, the  pseudo- 

c r i t i c a l  temperature of  isobutane, T 

when 0 when E i s  

negat ive as shown on Fig.l-3. Because the runs w i t h  E being negat ive 

< Tw , i s  e i t h e r  Tb < TP,,. p.c. 

E < 1 as i l l u s t r a t e d  on Fig. 1-2 o r  Tw > Tb > T p.c. 

throughout the heater tube are few, they are combined w i t h  the other  

runs f o r  assessment. For both ranges o f  Eckert  number, s i g n i f i c a n t  

v a r i a t i o n  o f  p r o p e r t i e s  occurs across the s e c t i o n  o f  the tube even f o r  

small temperature d i f fe rences .  

The general conclusion drawn by most o f  the recent inves t iga tors  

of heat t r a n s f e r  t o  f l u i d s  a t  s u p e r c r i t i c a l  pressure has been t h a t  the 

l a r g e  v a r i a t i o n  o f  phys ica l  propert. ies of the f l u i d  i n  the pseudocr i t i ca l  

temperature reg ion causes the w ide ly  d ivergent  heat- t ransfer  c o e f f i c i e n t s  

t h a t  a re  obtained from experiments. None of the models such as pseudo- 

nuc leate b o i l i n g ,  and pseudo- f i . lm,boi l ing has f u l l y  succeeded i n  

e x p l a i n i n g  the phenomena o f  heat t r a n s f e r  found by means o f  experimenta- 

t i o n .  Therefore, the experimental r e s u l t s  obtained i n  t h i s  study w i l l  be 
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compared with the available results of those investigators which 

support the hypothesis that it is the large variation of properties 

that causes the divergent heat transfer coefficients that are obtained. 

5-2. Available Experimental Results. 

5-2-1. Results of Adebiyi and Hall. 

Adebiyi and Hall investigated the heat transfer to carbon 

dioxide at supercritical pressure using an electrically-heated 

horizontal tube. They obtained the following results: 

( i )  The temperature of the wall along the horizontal tube 

rcumferentially. 

mental data indicated a lower value of 

top of the tube and a higher value at 

was not uniform c 

( i i )  Their exper 

h =  __q/A at the 
Tw-Tb 

the bottom. 

( i  i i )  They tested two criter 

effects in horizontal flow us 

The criteria were: 
2 )  -2 'b 

(a) Grb Re (--) (t) < 10 
pw 

a for onset o f  buoyancy 

ng their experimental results. 

'b"w & 
2 'b vb 

with Gr,, = - 

_I* 

with Gr" = GrNu 

The results of their experiment had all exceeded the values 

given by those criteria, so they concluded that their data did 

not constitute a test of these criteria. 



One major d e f i c i e n c y  o f  t h e i r  data p resen ta t i on  was the l ack  

o f  p resen ta t i on  of data i n  terms of  heat t r a n s f e r  c o e f f i c i e n t s  o r  

Nussel t  numbers w i t h  dimensionless a x i a l  d is tance,  x/D. For one 

t e s t  c o n d i t i o n  reproduced on Fig.  5-1, Test code 3 . 3 ,  they 

presented temperature d i s t r i b u t i o n s  a t  f i v e  angular l o c a t i o n s  

along the  heater  tube a t  x/D = 8, 21,  34, 49, 62, 76 and 89. 

From these temperatures, a c i r c u m f e r e n t i a l l y  averaged temperature, 

Tw, a t  each a x i a l  

On the  same f i g u r e  

were a l s o  p l o t t e d .  

oca t i on  was ca l cu la ted  ar;d p l o t t e d  on Fig.  5-2. 

the  w a l l  temperatures a t  0 = Oo, 45' and 180' 

Since o n l y  the i n l e t  and o u t l e t  bu l k  

temperatures o f  the  carborl d iox ide  were given, a s t r a i g h t  l i n e  

b u l k  temperature d i s t r i b u t i o n  was p l o t t e d  w i t h  the  assumption 

t h a t  t he  s p e c i f i c  heat C was constant  along the  tube. This 

assumption might be j u s t i f i e d  because the  b u l k  temperature was 

P 

below the  p s e u d o c r i t i c a l  temperature, T , o f  carbon d i o x i d e  a t  

t he  t e s t  pressure along the  l eng th  of  the  tube. In  add i t i on ,  

p.c. 

Adebiy i  and Ha l l  gave a b u l k  temperature a t  x/D = 100 f o r  the 

run  based on t h e i r  heat balance c a l c u l a t i o n  and t h i s  temperature 

was o n l y  s l i g h t l y  h igher  than the  temperature obta ined from the 

assumed b u l k  temperature p r o f i l e .  By us ing  the  averaged w a l l  

temperature and b u l k  temperature, the  va lue o f  E along the  a x i s  

l oca t i ons  were ca l cu la ted  a l s o  and the  range of E decreased from 

0.60 a t  i n l e t  t o  0.13 a t  x/D = 89. 



c 
"C 

Polar temperature p l o t  

6 0  70 I / PPPP 4 = 4 5 0  

Distance from s t a r t  o f  heat ing,  x/D 

EXPERIMENTAL COND ITIONS 

In1 e t  Ou t le t  
Mass bul  k Average bul  k 
f l o w  tem- heat tem- Test 

Test r a t e  pera ture  f l u x 2  pera ture  pressyre 
code ( k d s )  ("C) (kW/m ) (O C) (MN/rn ) 

3.3 0.0776 21.1 21.4 30.8 ,7 .607  

Fig.  5-1.  Experimental a x i a l  and c i r cumfe ren t ia l  temperature 

d i s t r i b u t i o n  and experimental cond i t ions  f o r  t e s t  3 . 3  
o f  Adebiy i  and Hal l  [8].  
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(Continuation of Figure 5-2 

from previous page) 

Comparison of local heat transfer coefficient measured with the predicted 
va 1 ues : 
Curve a: Jackson's correlation without the correction terms; 

0.82 0.5 Nu = 0.0183 Reb Prb 

Curve c: Dittus-Boelter correlation. 
n 
Y 

Curve e: Experimental heat transfer coefficient, h = - 
(Tw - Tb) 

Temperature distribution along the tube: 
Curve b: 
Curve d: T at $ = 4 5 O .  
Curve f: Circumferentially averaged wall temperature, T , 

Tw at the top of the tube, $ = 0'. 

W - 
W 

Curve h: 
Curve m: Bulk temperature, , based on the constant C assumption. 

T at the bottom of the tube, $ = 180'. 
W 

Tb P 

Curve g: Variation of Eckert number, E ,  along the tube. 
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The heat t r a n s f e r  c o e f f i c i e n t s  for  t h e i r  experiments, though 

n o t  presented i n  H a l l ' s  paper, cou ld  be c a l c u l a t e d  f o r  Test Code 

3.3 f o r  wh ich  the  p e r i p h e r a l  v a r i a t i o n  o f  w a l l  temperature was 

g i v e n  as shown on Fig. 5-1. Taking t h e  p e r i p h e r a l  average o f  

t h e  w a l l  temperature a t  a l oca t i on ,  t he  heat t r a n s f e r  c o e f f i c i e n t  

ua ied  as:  can be eva 

hEX P 

P e r i p h e r a l l y  averaged w a l l  temperature. 

I n  a d d i t i o n ,  t h e  heat  t r a n s f e r  c o e f f i c i e n t ,  

t h e  D i t t u s - B c e l t e r  c o r r e l a t i o n  i s  c a l c u l a t e d  and 

5-2. Since the  p r o p e r t i e s  o f  C02 a t  7.6 MN/m ( 

n o t  r e a d i l y  a v a i l a b l e  t o  the  author ,  t h e  p r o p e r t  

2 

(5-3 1 

The c o e f f i c i e n t ,  hEXp, i s  p l o t t e d  on Fig. 5-2 and i t  

decreases a long t h e  l eng th  o f  the  heated s e c t i o n  as expected. 

based on h ~ -  B *  

p l o t t e d  on Fig. 

102 p s i a )  a r e  

es a t  1200 p s i a  

as p l o t t e d  on Fig. 5 and 6 o f  Br inger  and Smith [ I O ]  for the  

t e m p e r a t u r e  r a n g e  o f  7O0F to  12OoF ( 2 1 . 1 O C  to 48.9OC) are u s e d  

f o r  the c a l c u l a t i o n .  Therefore, Re and Pr a r e  approximate 
b b 

values based on the  p r o p e r t i e s  a t  1200 ps ia .  

i s  shown t o  increase w i t h  x/D. 

The r e s u l t i n g  hD-B 

H a l l  a l s o  in t roduced an equat ion  g i v e n  by Jackson for  the  

s p e c i f i c a t i o n  of h e a t - t r a n s f e r  c o e f f i c i e n t  to  water  and C02 i n  

which t h e  buoyancy e f f e c t s  are not present .  Th is  equa t ion  i s :  



'w - 'b 

P Tw - Tb 
where c = 

74 

/- 

i = Enthalpy o f  the f l u i d  a t  the  wa l l .  
W 

i = Enthalpy o f  t he  f l u i d  a t  bu l k  temperature. b 

The ava i l a b l e  

Bringer and Smith 

Jackson's c o r r e l a t  

i s  used t o  p r e d i c t  

in fo rmat ion  on the p roper t i es  o f  CO from 

s i n s u f f i c i e n t  t o  evaluate c therefore,  

on w i thou t  the fac to rs ,  (pw/pb)ov5 (y / c  ) O S 4 ,  

the  heat - t rans fer  c o e f f i c i e n t  a long the 

2 

P Y  

'b 

Jackson,uncorrected 
length  o f  the heated sect ion.  

i s  a l s o  p l o t t e d  on Fig. 5-2 and exceeds hD-B by about 5%. 

The ca l cu la ted  h 

For Test Code 3 . 3 ,  Hal l  ca l cu la ted  a w a l l  temperature, T w,oy 

a t  x/D = 100, which would s a t i s f y  Eq. 5-4 when the bu lk  

0 temperature was 3 0 . 3  C a t  the same loca t ion .  The temperature 

T was 47.9OC and the  hea t - t rans fe r  c o e f f i c i e n t  ca l cu la ted  

from Eq. 5-3 i s  1.22 kW/m - C. This va lue i s  q u i t e  c lose  t o  the  

p r e d i c t i o n  by Oittus-Boel t e r  c o r r e l a t i o n  and much h igher  than 

the ex t rapo la ted  experimental value which i s  0.895 kW/m2-OC, as 

w,o 
2 0  

shown on Fig. 5-2. Therefore the  r e s u l t s  o f  H a l l ' s  experiment 

ind ica ted  t h a t  f o r  Test Code 3 . 3  a t  x/O = 100, the t o t a l  

reduc t ion  i n  the  heat t rans fe r  c o e f f i c i e n t  was 3 l%,  o f  which 5% 

could be a t t r i b u t e d  by the f a c t o r s  ( w/ b )OB' (cp/cpb)0*4 and 

26% was due t o  buoyancy e f f e c t .  

5-2-2. The r e s u l t s  o f  Yamagata, e t  a l ,  f o r  water a t  s u p e r c r i t i c a l  

p r e s  sure. 

Yamagata, e t  a 

c r i t i c a l  water f low 

, inves t iga ted  the  heat t r a n s f e r  t o  super- 

ng i ns ide  an e l e c t r i c a l l y  heated tube for 

c 



h o r i z o n t a l ,  v e r t i c a l l y  upward and downward f lows.  Two k inds o f  

r e s u l t s  were obta ined from t h e i r  exper iment:  

( i )  A t  low o r  moderate heat f l uxes ,  a peak i n  the  heat 

t r a n s f e r  was obta ined near the  neighborhood o f  the pseudo- 

c r i t i c a l  temperature o f  water f o r  bo th  h o r i z o n t a l  and 

v e r t i c a l l y  upward and downward f lows. Thus the  peak va lue 

i s  no t  associated w i t h  a f ree  convect ion e f f e c t .  The peak 

va lue o f  the heat t r a n s f e r  c o e f f i c i e n t  lacreased w i t h  

inc reas ing  heat f l u x  a t  constant pressure and mass f l o w  r a t e .  

Yamagata, e t  a l ,  obta ined a c o r r e l a t i o n  f o r  the  hea t -  

t r a n s f e r  c o e f f i c i e n t  based on t h e i r  r e s u l t s  f o r  v e r t i c a l l y  

upward f l o w  w i t h  low and moderate r a t i o s  o f  heat f l u x e s  t o  

mass f l o w  ra te .  The c o r r e l a t i o n  was based on a D i t t u s -  

Bae l te r  type o f  c o r r e i a t i o n  w i t h  an a d d i t i o n a l  c o r r e c t i o n  

f a c t o r ,  Fc. The c o r r e c t i o n  f a c t o r  F depended on the  va lue 

o f  Ecker t  Number, E. 
C 

p.c. - Tb 

Tw - Tb 
T 

E =  

T h i s  dimensionless number could be employed t o  designate 

the s t a t e  of  the  s u p e r c r i t i c a l  f l u i d  over a cross sec t i on  o f  

t he  tube. 

For E > 1, the  f l u i d  cou ld  be assumed t o  be l i q u i d  over 

a cross sect ion.  

For E 0, the  f l u i d  could be considered as vapor over 

a cross sec t ion ,  i f  the v a r i a t i o n  o f  p r o p e r t i e s  

was smal l .  
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For 0 S E 5 1 ,  the fluid could be considered in the 

pseudocritical region with large variation of 

properties within a small temperature range. 

The state of the fluid could not be clearly 

defined across the tube. 

The correlation obtained was: 

0.85 0.8, = 0.0135 Reb Prb Nub 

= 1.0 for E > I 
FC 

= -0.77 (1+ pr 
"1 p.c. 

) + 1.43 , 

the integrated average specific heat over the 

cross section of the tube. 

enthalpy of the fluid at the wall. 

enthalpy of the fluid at the bulk temperature. 

I (5-4) 

6 - 7 1  

(5-8) 

Pr = Prand t 1 number eval ua ted at the pseudocr i t i ca 1 p.c. 
temperature. 

c 
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0.85 Yamagata, et al, presented a plot of (Nub/0.0135 Reb 

Oo8) vs. C /C for  their experimental results for 
Prb 'b 
supercritical water on Fig. 1 1  o f  their paper. Referring to 

that figure, the values of Fc are  less than unity when 

- 

5 E S 1 and E <O. 

data with E < 1 with respect to the Nub obtained from data 

with E > 1 did not imply corresponding reduction in the value 

of heat transfer coefficient, h. With Nu equal ing and 

the value of kb exhibiting a sharp decrease in the neighbor- 

hood of pseudocritical temperature, the value of h may still 

increase despite decreasing values of Nu 

The reduction in the value of Nub for 

b kb 

- 
for 0 < E C I. 

Yamsgata reported that this correlation, Eq. (5-4), 
b 

correlated most of  their data to within -L 20%, except for a 

few data points near E = 0 or E = 1. 

( i i )  At high heat flux compared to flow rate and for ver- 

tically upward f l o w ,  the measured wall temperature fluctuated 

along the axis of the tube. The wall temperatures were also 

higher than the predicted values using the correlation, 

Eq. (5-4), obtained in Part ( i ) .  Thus a significant reduction 

in heat transfer coefficient was observed. 

a relationship be'twe~en the limiting heat flux with mass 

velocity for deterioration in heat transfer to supercritical 

water and vertically upflow as 

Yamagata obtained 

r .2 = 0 . 2 0  G 9, 

where q = Heat flux per unit area. 
C 

G = Mass velocity per unit area. 
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This correlation was also validated by the results of 

Shitsman, Vikrev and Ackerman, as shown on Fig. 5-3. 

For horizontal flow, the results on heat transfer to water 

at supercritical pressure were presented as variation of T with 

bulk enthalpy and heat transfer coefficient in relation to bulk 
W. 

temperature and wall temperature. Under conditions of constant 

pressure and mass flow rate, the temperatures at the top did not 

differ from those at the bottom of the horizontal tube when the 

heat flux was lowest. At moderate heat fluxes, the temperature 

difference between the top and bottom of the tube increased for 

increasing heat flux. 

coefficient, 

coefficient exhibited a peak value i n  the neighborhood of the 

pseudocritical temperature for all the low or moderate heat flux 

runs. At the lowast heat flux, the values of heat transfer 

In terms of variation of heat transfer 

, with the bulk temperature, the heat transfer % 
( T,- Tb 1 

coefficient were almost equal for horizontal flow and vertically 

upward and downward flows. At moderate heat flux, the highest 

heat transfer coefficient occurred at the bottom of the horizontal 

tube and the lowest at the top of the tube. Intermediate between 

these two values were the heat transfer coefficients of vertically 

downward and upward flow obtained under the same conditions, as 

shown on Fig. 5-4. 
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An i l l u s t r a t i o n  o f  the r e s u l t s  by Yamagata, e t  a l ,  on the 

comparison o f  heat t r a n s f e r  c o e f f i c i e n t s  f o r  f lows i n  

var ious d i r e c t i o n s :  ( top)  a t  low heat f l u x ,  (bottom) a t  

h igh  heat f l u x .  

V e r t i c a l  l y  upward - TOP - - _ -  
V e r t i c a l  l y  downward --- Bottom _ _ _ _ _ _ _  



5-2-3. Experimental Results of Other Inves t i qa to rs  on Heat 

t o  F lu ids  a t  S u p e r c r i t i c a l  Pressure f o r  Ve r t i ca l  Flow. 

A l m o s t  a l l  o f  the recent experimental i nves t i ga t i ons  on 

t rans fer  t o  f l u i d s  a t  s u p e r c r i t i c a l  pressure employed a v e r t  

o r i en ted  e l e c t r i c a l l y - h e a t e d  tube a s  t e s t  sect ion.  The resu 
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' ra  ns f e r  

heat 

c a l  l y -  

t s  

repor ted f o r  v e r t i c a l l y  upflow ind ica ted  t h a t  a peak i n  the w a l l  

temperature occurred as heat f l u x  was increased r e l a t i v e  t o  the 

mass f low r a t e  [5,6]. However, t h i s  peak i n  w a l l  temperature was 

not  observed by Bourke, e t  a l ,  f o r  v e r t i c a l l y  downward f l o w  f o r  

the  same v a r i a t i o n  o f  wa l l  heat f l u x .  

Brassington and Cairns [7] repor ted t h e i r  experimental data f o r  

s u p e r c r i t i c a l  hel ium i n  v e r t i c a l l y  upward f l o w ,  showing a peak i n  

w a l l  temperature was measured whenever 

Gr/Re2'7 > 2.4 x lom5 (5-1 1) 

Ha l l  [8] suggested t h a t  buoyancy e f f e c t  induced the  degradation 

i n  heat t rans fe r ,  consequently a peak i n  w a l l  temperature 

occurred. His c r i t e r i o n  f o r  the onset o f  buoyancy e f f e c t  in 

v e r t i c a l  upflow i,s 

G r i f f i t h  and Shi t h a t  they could no t  observe 

any d i f f e r e n c e  betw and downward f low f o r  carbon d iox ide  

a t  s u p e r c r i t i c a l  p r  

They showed t h a t  f o r  both upward o r  downward f low, a peak in w a l l  

temperature was always measured i n  the neighborhood of the  pseudo- 

I 

ing, i n  a. 1/8 inl diameter tube. 
* A  , b 

c r i t i c a l  enthalpy a t  var ious heat f luxes.  Thus, the reduc t ion  i n  



heat t r a n s f e r  c o e f f i c i e n t  measured f o r  v e r t i c a l  f low could no t  be 

due t o  buoyancy e f f e c t  alone, b u t  t o  the l a r g e  v a r i a t i o n  i n  proper- 

t i e s  i n  the p s e u d o c r i t i c a l  temperature reg ion as w e l l .  
-*, 

A summary o f  the equations discussed so f a r  on the a v a i l a b l e  

experimental r e s u l t s  a r e  1 i s t e d  on Table 5-1. 

Fig. 5-5 compares Yamagata's c o r r e l a t i o n  w i t h  Fc = 1 against  

the c o r r e l a t i o n s  s p e c i f i e d  by Di t tus-Boel ter ,  Sieder-Tate, 

Petukhov and Jackson. 
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5-3. Experimental Nussel t Numbers. 

5-3-1. Runs w i t h  0.01 E S 1 Alonq the Whole Lensth o f  the Hea t e r  

Tu be. - 
The experimental data f o r  runs w i t h  0.01 S E I; 1 a long the 

F ig  

Bo e 

length  o f  the 

6. The exper 

Boel t e r  c o r r e  

5-7, and 

heater tube a r e  tabulated on Table 8-2 o f  Appendix 

mental Nussel t  numbers are  compared w i t h  D i t t u s -  

a t i o n  on Fig. 5-6, Sieder-Tate c o r r e l a t i o n  on 

the c o r r e l a t i o n  g iven by Yamagata on Fig. 5-8. 

Fig. 5-6 shows t h a t  the data p o i n t s  a re  a l l  above the D i t t u s -  

t e r  c o r r e l a t i o n  l i n e  when the constant c o e f f i c i e n t  i s  taken 

t o  be 0.023. I f  the constant i s  increased t o  0.028, which i s  

the value recommended i n  Sect ion 4-3 f o r  data w i t h  E > 1 ,  then 

the data p o i n t s  can be s p e c i f i e d  t o  w i t h i n  f 18%. The exper i -  

mental data obtained by Hal l  and Adebiyi a re  a l s o  p l o t t e d  on 

Fig. 5-6. As already impl ied by the heat t r a n s f e r  c o e f f i c i e n t s  

t h a t  a re  shown on Fig. 5-2, H a l l ' s  experimental Nusselt numbers 

are  a t  f i r s t  above and then a t  greater x/D below the D i t tus -Boe l te r  

c 
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Fig. 5-5. Comparison o f  c o r r e l a t i o n  obta ined by Yamagata on heat 

t r a n s f e r  t o  water a t  s u p e r c r i t i c a l  pressure w i t h  o the r  

c o r r e l a t i o n s  used i n  Sect ion 5-2. 

Curve a:  Yamagata c o r r e l a t i o n  f o r  E>1; 

S t  =0.0135Reb Prb 
-0.15 -0.2 

Curve b: Sieder-Tate c o r r e l a t i o n ;  
0.14 

S t  =0.027Re-0*2Pr'2'3 ( L, 
PW 

Curve c :  D i t t us -Boe l te r  c o r r e l a t i o n ;  - -  - 

-0.2 -0.6 
S t  =0.023Re P r  



(Continuation o f  f i g u r e  5-5 
from previous page) 

Curve d :  Petukhov cor re la t ion;  

( f / 8 )  

1.07+12.7@ ( P r 2 l 3 - l )  
S t  = 

f = ( l . 8 2  log Re-1 .64)-2 
Curve e:  Jackson uncorrected; 

-0. 18pr-0.5 S t  t0.0183 Re 
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for d e t e r i o r a t i o n  o f  heat  t r a n s f e r  and w i t h i n  the  reg ion  for 

which Yamagata recommends the  use o f  Eq. (5-4) t o  (5-9 ). 

F ig .  5-8, a l n o s t  a l l  the  data p o i n t s  1 i e  below the  p r e d i c t i o n  

1 ine. 

i s  g rea te r . t han  i n  the  two prev ious  f i gu res .  Therefore the  

equat ion.proposed by Yamagata f o r  0 5 E s 1 does no t  improve the  

c o r r e l a t i o n  o f  these exper imental  da ta  over the  Sieder-Tate 

From 

The data occupy a narrow range o f  (7 / C  ) and the  s c a t t e r  
'b 

c o r r e l a t i o n .  The reduced pressure,P f o r  C02 o f  H a l l ' s  r '  

exper iment was 1.03 and the  reduced pressure for t h i s  experiment 

w i t h  isobutane was 1.13. 

F igure  5-7 shows t h a t  S iede r - fa te  c o r r e l a t i o n ,  which inc ludes  

the  f a c t o r  (5f*14, t o  account f o r  the  v a r i a t i o n  o f  v i s c o s i t y  w i t h  

temperature, p r e d i c t s  the  da ta  q u i t e  w e l l .  A new Sieder-Tate 

c o r r e l a t i o n  l i n e  w i t h  the  constant  c o e f f i c i e n t  as 0.03 recommended 

i n  Sect ion  4-3 does no t  p r e d i c t  the  data p o i n t s  as w e l l .  

s c a t t e r  o f  da ta  p o i n t s  about the  lower l i n e  on Fig. 5-7 i s  about 

f 15%. 

The 

A t  t h i s  p o i n t  i t  should be noted t h a t  Yamagata a l s o  compared 

h i s  data f o r  water w i t h  the  D i t t u s - B o e l t e r  c o r r e l a t i o n  by p l o t t i n g  

h i s  data a s  Nu /Reb 

data.  

0.8 vs. Prb and encountered a l a r g e  s c a t t e r  of b 

On Fig.  5-8, the  exper imental  data a re  compared w i t h  Yamagata's 

c o r r e l a t i o n  f o r  0 < - E  S 1. Th is  comparison i s  j u s t i f i e d  because 

STEAM' 
t he  exper imental  heat  f l u x ,  q 

against mass v e l o c i t y ,  G, i s  less than the l i m i t i n g  h e a t  f l u x  

when p l o t t e d  on Fig.  5-9 

equat ion.  
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L ine a:  Yamagata's c o r r e l a t i o n  f o r  0 < E < 1 .  
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Fig. 5-9. Comparison of  experimental data f o r  OSESl w i t h  Yamagata's 

speci f icat ion o f  l i m i t i n g  heat f l u x  vs. mass v e l o c i t y  for 

d e t e r i o r a t i o n  i n  heat t ransfer .  

Curve a:  qc =0.20G1'2 (Yamagata) 
c 



5-3-2.  Runs with Eckert Number Changinq from Positive to Neqative 

alonq t.re Lenqth of the Heater Tube. 

In this set of experimental runs, the temperature of 

isobutane passes through the pseudocritical teT?erature, T , p.c. 
inside the heater tube. Correspondingly, the Eckert number of  

isobutane changes from positive to negative along the length of  

the heater tube. This set o f  experimental data is tabulated on 

Table B-3 of Appendix B. 

From Table 8-3, Run 218 is selected for more detailed 

discussion and the experimental measurements for this run are 

plotted on Fig. 5-10. The Eckert number for the run changes from 

0.25 mar the inlet to -0.62 at Station 5 .  The figure shows that 

experimental bulk temperature, Tb, increases at a slower rate in 

the pseudocritical temperature region than away from it. This 

implies that the specific heat, C has a larger value at the 

pseudocritical temperature region. 
P' 

for this hEX P' The experimental heat transfer coefficients, 

run a r e  compared with those heat transfer coefficients, h, 

calculated by the following correlations on Fig. 5-11:  

(a) Yarnagata's correlation with correction factor: 

n 
F = ( c / C  ) *  

'b C 
E < O  
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Dimensionless axial distance, x/D 
XBL 791 1-1 2838 

Fig. 5-10. Experimental measurements f o r  run 218. 

c 



brs 
where n1 = -0.77 (1 + Pr ) + 1.49 = 0.650 

p.c. 

n = 1.44 ( 1  + prl ) - 0.53 = 1.041 
p.c. 

2 

(b) Yamagata's c o r r e l a t i o n  w i thou t  c o r r e c t i o n  f a c t o r :  

0.85 0.8 
b Nu = 0.0135 Reb 

(c )  Jackson's c o r r e l a t i o n  w i t h  c o r r e c t i o n  f a c t o r :  

p 0.5 c 0.4 
0.82 0.5 P 

Nu = 0.0183 Reb Prb ($) (C ) 
'b 

( d )  Jackson's c o r r e l a t i o n  w i thou t  c o r r e c t i o n  f a c t o r :  

0.82 0.5 
Prb 

Nu = 0.0183 Reb 

(e)  C i t t u s - b e l  t e r  c o r r e l a t i o n :  

0.82 0.4 
Prb Nu = 0.023 Reb 

( f )  S i eder- Ta t e  I s c o r r e  1 a t  i on  : 

Nu = 0.027 Re:'8 P r  1/3 (5)'*'' 
VW 

(9) Petukhov's c o r r e l a t i o n :  

Re P r  ( f L 8 )  Nu = 
1.07 + 12.7 (Pr 

f = (l.'82 l o g  Re - 1'.64)-2 

From Fig. 5 - i l ,  the exper imental  ly measured heat t r a n s f e r  

c o e f f i c i e n t s  i n d i c a t e  a decreasing t rend along the l eng th  o f  
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Dimensionless Axial  Distance, x/D 

F ig .  5-11.  Var ia t ion  o f  Heat Transfer Coef f ic ient  Along the 

Heater Length Calculated by Various Correlations 

and Based on Experimental Measurements o f  Run 218. 



Curve a: 

b:  

.c : 

d: 

e: 
f :  

g: 
h: 

(Continuation of Figure 5-1 1 
from previous page) 

Yamagata's correlation with correct ion factor. 

Yamagata's correlation without correction factor. 
Jackson's correlation with correct ion factors. 
Jackson.'s correlation without correction factor. 
Dittus-Boeltor correlation. 
Sieder-Tate's correlation. 
Petukhov's correlation. 
Experimental measurement, Run 218. 



the  heater tube, whereas the ca 

value w i t h i n  the heater length.  

t r a n s f e r  c o e f f i c i e n t  i s  l a r g e s t  

96 

cu la ted  c o e f f i c i e n t s  show a peak c This peak i n  value o f  heat 

f o r  those c o r r e l a t i o n s  w i thout  

the c o r r e c t i o n  f a c t o r s  f o r  p r o p - r t i e s  v a r i a t i o n . s o  t h a t  h, o r  

Nu, i s  p ropor t iona l  t o  P r  . Consequently, when P r  has a maximum 

value as T passes through T a peak value i n  h i s  observed 

along the length o f  the heater tube. When the c o r r e c t i o n  f a c t o r  

is app l ied  t o  Yamagata and Jackson's equations, the value o f  h 

i s  reduced and the peak i s  almost f l a t t e n e d  out. Jackson's 

equat ion w i t h  the  c o r r e c t i o n  f a c t o r s  seems t o  p r e d i c t  the 

experimental r e s u l t s  a t  x / D  > 90 very w e l l .  

Yamagata's equat ion w i t h  a s i n g l e  c o r r e c t i o n  f a c t o r  f o r  v a r i a t i o n  

o f  C w i t h  temperature p r e d i c t s  a h igher  value o f  h than Jackson's 

equation. Therefore, the a d d i t i o n a l  c o r r e c t i o n  f a c t o r  f o r  dens i ty  

v a r i a t i o n  w i t h  temperature i n  Jackson's equat ion i s  necessary. 

m 
b 

b p.c. ' 

On the o ther  hand, 

P 

The experimental Nussel t  numbers are  again compared w i t h  

the D i t tus -Boe l te r  c o r r e l a t i o n  on Fig. 5-12, and w i t h  the Sieder- 

Tate c o r r e l a t i o n  on Fig. 5-13, and the Yamagata's c o r r e l a t i o n  on 

Fig. 5-15. 

On Fig. 5-12, the data p o i n t s  a r e  scat tered about the 

p r e d i c t i o n  l i n e  by f 55%. 

two groups according t o  t h e i r  p o s i t i v e  o r  negat ive E value and 

they are  d is t ingu ished by the  p o i n t  des ignat ion as shown on 

Fig. 5-12. The data p o i n t s  f o r  E being p o s i t i v e  l i e  

predominately above the D i t tus -Boe l te r  l i n e  and the data p o i n t s  

f o r  E being negat ive a r e  most ly below the l i n e .  Thus f o r  most 

o f  the runs a d e t e r i o r a t i o n  of heat t r a n s f e r  occurs a f t e r  the  

The data p o i n t s  a r e  separated i n t o  
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. 

b u l k  temperature exceeds the  p s e u d o c r i t i c a l  temperature. Due t o  

the  l a r g e  s c a t t e r  o f  exper imental  data, the  D i t t u s - b e l t e r  

c o r r e l a t i o n  cannot be used t o  s p e c i f y  the  data. 

Fig.  5-13 compares the  exper imental  data w i t h  the  Sieder-Tate 

c o r r e l a t i o n .  Most o f  the  da ta  p o i n t s  a re  below the  p r e d i c t i o n  

l i n e  and some a r e  as much as 60% below the  l i n e .  Wi th  such a 
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l a r g e  s c a t t e r  o f  data p o i n t s ,  the  S iede r - fa te  c o r r e l a t i o n  a l s o  

cannot be used t o  spec i f y  the  data.  

Before comparing the  exper imental  data w i t h  Yamagata' s 

tabu la ted  on c o r r e l a t i o n ,  the  exper imental  heat  f luxes ,  %TEAM* 

columns 12, 20, 28 and 36 o f  Table 8-3 are  p l o t t e d  aga ins t  the 

isobutane mass v e l o c i t y ,  G, on F i g .  5-14. The data p o i n t s  a l l  

l i e  w i t h i n  the  reg ion  f o r  which Yamagata recommends the  use o f  

h i s  c o r r e l a t i o n .  The r a t i o  o f  Nu E X P / N ~ S - T  f o r  each exper imental  

data p o i n t  i s  a l s o  inc luded on the  f i g u r e  and represented by the 

p o i n t  des ignat ion .  

On Fig.  5-15, t he  data p o i n t s  a re  compared w i t h  Yamagata's 

c o r r e l a t i o n s  f o r  0 5 E 5 1 and E < 0. The exper imental  data a r e  

predominate ly  sca t te red  about the  l i n e  f o r  0 s E s I and they 

f a i l e d  t o  f o l l o w  the  p r e d i c t i o n  l i n e  f o r  E < 0. There i s  also 

a l a c k  o f  data i n  the  range when E < 0. 

A t  t h i s  p o i n t ,  i t  can be concluded t h a t  f o r  those data w i t h  

E passing through zero a long the  l eng th  o f  t he  heater :  
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2 :10 
I" 

G, Kg/rn'-sec -- XBL 7911-12841 -- 
F I G .  5-k. COMPARISON OF EXPERIMENTAL DATA WITH YAHAGATA'S 

SPECIFICATION OF L I M I T I N G  HEAT FLUX VS. MASS VELOCITY 
FOR DETERIORATION I N  HEAT TRANSFER. 
TABLE B-3. 

DATA TAKEN FROM 



(Con t inua t ion  of Figure 5-14 
from previous page) 

1.2 L ine  a:  qc = 0.20G Nu/ Nus- ,- 
0 1.6 to 1.8 
0 1.4- 1.6 
0 1.2 - 1.4 
A 1.0 - 1.2 

0 0.8 - 1.0 

0 0.6 - 0.8 
0 0.4 - 0.6 
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FIG. 5-15. COMPARISON OF EXPERIMENTAL DATA FROM TABLE 8-3 
WITH YAMAGATA' s CORRELATION. 
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b :  Yamagata's corre 

a t i o n  for 0 < E < 1 

a t i o n  for E < O  

EX PER IMENTAL DATA POINTS : 

@ O < E < l  

n E < O  
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(a) Cor re la t ing  the experimental data by the D i t tus -Boe l te r  

o r  Sieder-Tate c o r r e l a t i o n s  i s  impract icable due t o  

l a rge  sca t te r ,  up t o  * 55% o r  more, of data po in ts .  

(b) P l o t t i n g  the  data p o i n t s  as suggested by Yamagata has 

no t  reduced the s c a t t e r i n g  o f  data po in ts .  This 

ind ica tes  t h a t  the data po in ts  do no t  show much 

dependence on (c / C  ) . 
'b 

w i t h  Eckert  Number. EX P I  Nu S- T , 5-3-3. Comparison of Nu 

On Fig. 5-16, the r a t i o  o f  experimental Nussel t  number w i t h  

NuSmT by Sieder-Tate c o r r e l a t i o n  i s  p l o t t e d  aga ins t  E f o r  a l l  the 

runs discussed so f a r .  The sca t te r  o f  data i s  reduced as compared 

w i t h  Fig. 5-8 and Fig. 5-15.  

When 0.1 < E < 1, the data po in ts  a re  w i t h i n  f 25% about 

u n i t y .  

decreasing t rend towards a minimum value o f  0.5, though the 

As -0.1 < E < 0.1, the value o f  N U / N U ~ - ~  shows a 

s c a t t e r  of data i s  almost f 37%. As E becomes more negat ive,  the 

data seem t o  r e t u r n  towards u n i t y  again, bu t  t he re  i s  i n s u f f i c i e n t  

d a t a  fo r  E more negat ive than -P.5 t o  subs tan t ia te  t h i s  t rend. 

Figure 5-16  suggests t h a t  the d e t e r i o r a t i o n  i n  heat t rans fe r  

as observed i n  t h i s  experimental study seems t o  be dependent on 

the Eckert number. The Ecker t  number i s  an i n d i c a t i o n  of how 

c lose  the  b u l k  temperature i s  r e l a t i v e  t o  the  pseudoc r i t i ca l  

temperature, T .. I n  the reg ion  when -0.1 < E < 0.1, t he  b u l k  p.c. 

temperature i s  i n  the  neighborhood o f  T , and la rge  v a r i a t i o n  

o f  p roper t i es  o f  isobutane occurs across the cross-sect ion o f  the  

p. c. 
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heater  tube. Consequently, d e t e r i o r a t i o n  o f  heat  t r a n s f e r  was 

measured. 

On Fig.  5-11, Jackson’s c o r r e l a t i o n  w i t h  the  c o r r e c t i o n  

f a c t o r s  p r e d i c t e d  the  heat  t r a n s f e r  c o e f f i c i e n t s  very  w e l l  for 

Run 218 when x/D > 90. Therefore, t he  exper imenta l  Nussel t  

numbers f o r  t he  da ta  l i s t e d  on Table 8-3 a r e  a l s o  compared w i t h  

Nusse l t  numbers by Jackson’s c o r r e l a t i o n  and p l o t t e d  aga ins t  E. 

The r e s u l t  shown on Fig. 5-17 i nd i ca tes  t h a t  % f o r  E > 0.1, t he  

i s  about 2 and f o r  -0.1 c E c 0.1, t he  r a t i o  o f  Nu EXP”UJackson 

same r a t i o  decreases t o  u n i t y .  The s c a t t e r  o f  da ta  i s  s l i g h t l y  

l ess  than F ig .  5-16, b u t  the  r e s u l t  i s  s t i l l  no t  s a t i s f a c t o r y  t o  

make a d e f i n i t e  conclus ion.  

From Chapter 4, the  experimental Nussel t  numbers were 

c o r r z l a t e d  t o  & 15% by Petukhov’s c o r r e l a t i o n .  Thus, t he  

exper imenta l  Nussel t  numbers considered i n  t h i s  chapter  a r e  a l s o  

compared w i t h  Petukhov’s c o r r e l a t i o n ,  and t h i s  i s  shown on F ig .  

5-18. The da ta  p o i n t s  a r e  very  s i m i l a r  t o  Fig. 5-16, w i t h  those 

EX F’ p o i n t s  i n  t h e  range o f  1.0 > E > 0.1 s c a t t e r e d  a b o u t  Nu 

= 1.12 .  N‘Petukhov When -0.1 < E < 0.1,  the da ta  p o i n t s  also 

e x h i b i t  a decreasing t rend  towards 0.5. For E < -0.1, t he  da ta  

p o i n t s  seem to r e t u r n  t o  u n i t y  t t h i s  i s  n o t  conc lus ive  due t o  

l a c k  o f  da ta  po in ts .  
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5-3-4. Recl ass i f  i c a t  ion o f  Experimental Nussel t Numbers. 

F i g s  5-16 t o  5-18 suggest t h a t  an a l t e r n a t i v e  method o f  

c l a s s i f y i n g  the experimental Nusselt numbers considered i n  t h i s  

chapter i s  poss ib le .  Those experimental Nusselt numbers w i t h  

1.0 > E > 0.1 c o n s t i t u t e  one group o f  data t h a t  can be prescr ibed 

by the Sieder-Tate c o r r e l a t i o n .  Those experimental Nusselt 

numbers w i t h  E < 0.1 c o n s t i t u t e  a second group o f  data which 

e x h i b i t e d  a reduc t ion  i n  the range o f  0.1 > E > -0.1 and l a r g e  

s c a t t e r  o f  experimental data when compared w i t h  Sieder-Tate o r  

D i t tus -Ebe l te r  c o r r e l a t i o n s .  

Thus, the experimental data are r e c l a s s i f i e d  according t o  

the above and compared w i t h  D i t tus -Boe l te r ,  Sieder-Tate and 

Petukhov c o r r e l a t i o n s  on Fig. 5-19 t o  Fig. 5-24. Fig. 5-19 shows 

a s c a t t e r  o f  data p o i n t s  o f  i20%when compared w i t h  D i t tus -Boe l te r  

c o r r e l a t i o n  w i t h  the constant c o e f f i c i e n t  being 0.028. Fig. 5-20 

shows a s c a t t e r  o f  data p o i n t s  o f  about f 15% when compared w i t h  

Sieder-Tate c o r r e l a t i o n .  Fig. 5-21 shows t h a t  except f o r  some 

data p o i n t s  i n  the low Reynold number range, the data p o i n t s  a r e  

w i t h i n  15% o f  Petukhov's. p r e d i c t i o n .  

When E < 0.1, the s c a t t e r  o f  data p o i n t s  i s  s t i l l  too  la rge  t o  

make a d e f i n i t e  conclusion, as shown on Fig. 5-22 t o  5-24. 

5-4. Conclusion. 

For the runs w i t h  1.0 > E > 0.1, the experimental Nussel t  numbers 

can be s p e c i f i e d  by the Sieder-Tate c o r r e l a t i o n  t o  f 15%. The D i t t u s -  

Boel ter  c o r r e l a t i o n  w i t h  constant c o e f f i c i e n t  o f  0.028 as recommended 

i n  Chapter 4-3 c o r r e l a t e s  the  data t o  rt 18%. Petukhov's c o r r e l a t i o n  
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Fig. 5-21. Comparison w i t h  Petukhov's cor re la t ion .  

D a t a  w i t h  O.l<E<l .O. 

Curves A: Pr  = 4.0 
B: Pr = 5.0 
C: * P r  = 6.0 
D :  P r  = 7.0 
E :  P r  = 8.0 
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FIG. 5-24. COMPARISON OF DATA WITH PETUKHOV CORRELATION. 
DATA WITH 0.1 > E > 3.0 

0 3.0 < Pr < 4.0 

B: Pr = 4.0 0 4.0 < Pr < 5.0 
Line A:  P r  = 3.0 

C :  Pr = 5.0 
D :  Pr  = 6.0 

- 

A 5.0 < Pr < 6.0 
E:  Pr = 7.0 0 6.0 < Pr < 7.0 
F: Pr = 8.0 
G: P r  =10.0 

" 

0 7.0 < P r  < 8.0 
0 8.0 < Pr < 10.0 

0 Pr > 10.0 Petukhov's cor re la t ion:  
(f/8)Reb Prb 

2/3-1 6'1 [ l  .07+12.7(Prb 
Nu = 

f = (1.82 log Re - 1.64)'2 
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correlates the data to i 15% also. 

For those runs with E less than 0.1, both Sieder-Tate and Dittus- 

belter correlation cannot be used to correlate the experimental data 

due to large scatter of data. 

The scatter of experimental data is caused by a deterioration in 

heat transfer when the bulk temperature passes through the pseudo- 

critical temperature region. This is substantiated by the plot o f  

against E on Fig. 5-13, which exhibited a trend of Nu EX P/ Nu s - T 

in the range of -0.1 < E < 0.1. Nu EX P/ Nu s - T decreas ing 

When the 

compared with 

correlation 1 

failed to fol 

experimental data for both 0 < . E  S 1 and E < 0 are 

Yamagata's correlation, the scatter of data about the 

ne i s  as much as I35% when 0 5 E s 1 ,  but the data 

ow the line for E c 0. Yarnagata's correlation was based 

on his experimental data on supercritical water for vertical upflow 

and his data had a scatter of L 20% about the correlation line. Thus, 

Yamagata's correiation i s  not quite applicable to the present 

experimental data. 

Before ending this chapter, it should be pointed out that 

experimental data points of large negative values were few because the 

experimental runs designed to obtain such data points required very high 

steam temperatures. However, the highest temperature of steam allowable 

in the steam jacket was set at 230°C (446OF). 

also required steam from the boiler to heat the isobutane. Therefore, 

only a few data points were obtained with E < -0.5 in this study. 

In addition, the preheater 
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CHAPTER 6 

CONCLUS IONS 

Experimental measurements of heat transfer t o  isobutane at 4.14 MPa 

(600 psia) have produced values of heat-transfer coefficients 

accurate to i 20%. The overall range of Reynolds number for the 

experiment was from 2 . 2  x lo4 to 2.5 x 10 

> 1 ,  the variation of the properties of When E = 

isobutane was least severe. The heat transfer coefficient for 

5 and 4.3 c Pr < 11.1. 
.c. - Tb T 

Tw - Tb 

this range of E and with 2.3 x IO4 < Re < 2.0 x lo5; 4.3 < Pr < 5.5 

was d i s c u s s e d  in Chapter 4. The experimental Nusselt numbers were 

found to be correlated to f 15% by Petukhov's corre 

Grashof number for these results ranged fron 4.5 x 

The analytical result of Futagami and Abe indicated 

of Nusselt number, due to free convection, from 15% 

ation. The 

0 7 to 9.0 x 10 8 . 
an augmentation 

to 60% i n  this 
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range of Grashof number. However, a comparison of the experimental 

result with Futagami and ASe's analytical result was hindered by 

the inapplicability of their correlation, derived for Pr = 0.7, to 

the higher Prandtl number obtained in this experiment. As already 

indicated, Petukhov's correlation seemed satisfactory and he 

indicated no free convection effect on the peripherally-averaged 

Nussel t number. 

The data for runs with E = 

the bulk fluid temperature approached or exceeded the pseudocritical 

less than unity, i.e. when . t. - Tb T 

Tw - Tb 

temperature,over the exchanger length, were discussed in two parts 
, 

in Chapter 5. Part =considered the results for conditions with 6 



Grs 
0.1 E < 

for condit 

some point 

.O over the exchanger length. 

ons with -3.0 < E < 0.1, and E = 0 was obtained at 

along the length of heat exchanger. 

Part a contained data 

(a) The average of the Nusselt numbers for 0.1 < E < 1.0 

were about 10% less than those obtained from runs with 

E > 1.0, and they could be correlated to f 15% by the 

Sieder-Tate correlation or to f 15% by Petukhov's 

correlation. 

5.4 x loo6 to 1.8 x 10 

influence o f  free convection or of property variation, 

other than that already acccunted for by the Sieder-Tate 

correlation, on the heat transfer. 

The value of Gr/Re207 varied f r c m  

-4 , and there was no apparent 

(b)  For those results with 0.1 > E > -3.0, none of the 

proposed correlations could correlate the results. 

For 0.1 > E > -0.1, almost all of the experimental 

Nusselt numbers were less than the prediction by Sieder- 

Tate correlation, some by as 

there was some, but not conc 

seemed to reduct i-on in Nu 

E < -0.1, the ratio of exper 
EX P 

much as 50%. In addition 

usive, evidence that such  

be dependent on E.  For 

mental Nusselt number to 

the Nusselt number predicted by Sieder-Tate correlation 
. e  

seemed to approach unity for decreasing E. N e v e r ,  the 

scatter of data-,points.was too great to afford any 
3 

concl us ion. 
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LIST OF SYMBOLS 

A =  

A =  

c =  

c =  
P 
I - - 
cP 

D =  

E =  

F =  

f =  

c =  

Gr = 

C 

-1- 

Gr" = 

9 =  

h =  

- - 
fg 
i =  

k =  

L =  

m =  

h =  

Nu = 

h 

a rea 

constant factor which is independent of angle Q in Eq. (4-1) 

constant 

constant pressure specific heat 

integrated average specific heat over the cross section of 
iw - ib 

the tube, 
'w - Tb 

diameter 
.c. - Tb T 

Eckert number, T; - Tb 

correction factor 

friction factor defined by Eq. (4-4) 

mass velccity per unit area used in Fig. 5-3. 
p b - p w  903 

G ra shof number, 2 
'b v 

9, 4 pb - pw q D  
Grashof number defined by Petukhov, 2 CTw - Tb) 

pb 'bkb 

acceleration by gravity 

heat transfer coefficient 

latent heat of condensation of steam 

. , . < .  

enthalpy of fluid 

thermal conductivit 

len.gth of heater section ' 

constant used-~in Eq. . ( l - 1 )  ..1 

mass flow rate of  fluid 
hD Nussel t number, - k 

... . ' . , I  
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n = cons tan t  used i n  Eq. ( 1 - 1 )  

n = index used f o r  l a b e l l i n g  exper imental  measuring s t a t i o n  

P r  = Prandt l  number, - cy - k 
PC " - A  

- = 
P r  averaged Prandt l  number over the  range T, t o  Tb de f ined 

by Brass ington and Cairns, 

- 1  

[Tw Tb LbTW h 
Q = heat  r a t e  

q = heat  f l u x ,  Q/A 

= l i m i t i n g  heat f l u x ,  used i n  Eq. (5-10) 
qC 

Ra = Ra le igh  number, G r  P r  
-1. 

Ra" = Ra le igh  number de f i ned  by Futagani and Abe, 

d bV- 

P mD 4 m  
Re = Reynolds number, - = - - u n q L  

r = r a d i u s  

Ai I n  (ro/ri) 

2nkL r = res i s tance  o f  t he  w a l l ,  
W 

T = temperature ( va r ious  subsc r ip t s  a re  used, see s e c t i o n  on 

s u b s c r i p t s )  

U = o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  

4h 

P.nD 
u = mean v e l o c i t y  i n  the  a x i a l  d i r e c t i o n ,  - 2 m 

V = volume o f  t he  c a l i b r a t e d  f l o w  meter 

v = s p e c i f i c  volume, 1/p 



w = mass rate of condensate collected 

x = axial distance f r o m  the beginning o f  the horizontal run 

at the heater 

Greek Symbols 

CY = thermal diffusivity, k/pCp 

cy' = angle o f  incl ination of the tube as defined by Futagami 

and Abe 

B = isobaric compressibility of fluid, ; (2T) 

r '  = mass rate of condensate collected per unit length 

p = absolute viscosity of fluid 

P 

v = kinematic viscosity of fluid, p/p 

p = density of fluid 

9 = angle measured from the top of  the heater tube 

Subscripts 

Tb b = parameter evaluated at bulk temperature, 

f = parameter evaluated at film temperature, 

i = parameter evaluated at inside tube radius, r 

m = mean or averaged value, peripherally averaged or cross 

- Tb + Tw 
Tf - 2 

sectional averaged 

o = parameter evaluated under the buoyancy-free condition 

o = parameter evaluated at outside tube radius, ro 

p = at constant pressure 

p.c. = parameter evalusted at pseudocritical temperature, T p.c. 

w = parameter evaluated at wall temperature, T 
W 
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APPENDIX A 

THERMODYNAMIC AND TRANSPORT PROPERTIES OF ISOBUTANE AT 4.14 MPa (600 psia) 

The thermodynamic and transport properties of isobutane employed in 

the analysis of experimental data are plotted against temperature on 

Fig. A-1. 

S i  lvester of Lawrence Berkeiey Laboratory and furnished to this project. 

The values of these properties were calculated by Dr. L. 

The thermodynamic properties were calculated based on Starling's 

equation of state and the transport properties were calculated based on 

the method suggested by Hanley, et a1 [17]. 

The properties of isobutane were also investigated by the author 

and the results compared with those furnished by Dr: Silvester. From 

the ASHRAE Thermodynamic Properties of Refriqerants [I81 the enthalpy 

of isobutane at 600 psia was tabulated on Table 50 against temperature. 

These values of enthalpy were compared with those furnished by D r .  

Silvester on Fig. A-2. The two values almost matched each other with 

respect to variation with temperature, except in the range of 135-145 C 

or in the range encompassing the pseudocr i t ical temperature. These 

two sets of enthalpy values pared in  even more detail by 

computing the specific h 

heat is defined as 

0 

from them for  comparison. The specific 
* * ,  

The results were plotted on Fig. A-3 .  Additional values of C 
P 

were also plotted on the figure from various other sources. From 
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ig. A-3,  the pseudocritical temperature of isobutane at 600 psia was 

etermined to be at 142.5OC. 6 
In conclusion, the thermodynamic properties o f  isobutane calculated 

y D r .  Silvester has been checked with the results calculated or obtained 

y the author from other published sources and found to be accurate. 

Fig. A-4 shows the variation of isobaric compressibility of 

sobutane, 8, at 600 psia against temperature. The definition of ,2 is: 

1 (E\ 
ATjp (A-2) 

here v = - =  specific volume. 
P 

le values o f  $ were used i n  t h e  calculation o f  Grashof number. 

The transport.properties of isobutane, viscosity and thermal 

inductivity, were more difficult to find in the published literature. 

ie viscos i ty of isobutane was reported by Gonzalez and Lee [ 191 

fer a range of temperature of 100°F to 46OoF and pressure from 

:mospheric to 8000 psia. The author also calculated some values of 

scosity using the method described in Chapter 1 1  of the American 

!troleum Institute, Technical Data Book, 1970 [20]. All o f  these 

ilues o f  viscosity are plotted on Fig. A-5 for  comparison. The values 

llculated by Silvester are about 20% higher than those obtained by 

thor and Gonzalez and Lee. Because the data points published by 

ntalez and Lee were few, the values of viscosity provided by Silvester 

re used in the data reduction. 

The thermal conductivity, k, of isobutane was not found in the 

blished literature. The author was able to calculate some values o f  k 

c 



using the procedures described in Chapter 12 of 1201. These values of 

k are plotted on Fig'. A-6 for  comparison with those furnished by 

Silvester and the two sets of  values do not agree very well. The values 

of thermal conductivity furnished by Silvester were used in the data 

reduction. 

At this point, the following conclusions can be stated: 

(a) Thermodynamic properties o f  isobutane calculated by 

L. Silvester and used in the data reduction have been checked 

by author with the published data and his calculated values. 

The comparison has shown that Silvester's data are accurate. 

(b) Transport properties of isobutane calculated by Silvester 

have been checked also using the same approach as before but 

the results do not match very we1 1. To be consistent with 

the thermodynamic properties, the values by Silvester are 

accepted and used in the data reduction. 
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. . . . . . . . . . . - . - - . - . 

(Continuation of  Figure A-3 
from previous page) 

A Values calculated from enthalpy of  isobutane given by 

L. S i  lvester . 
0 Values calculated from Hougen, Watson and Ragatz [24]. 

alues from Table 50, pp, 266, of [IS]. 
-1- 

ov 
0 Values calculated from interpolation of (C - C”) vs. Pr, 

P P 
pp. 108 of Chemical Process Principles Chart by Hougen 

and Watson [25]. 
0 Values calculated from A P I  Research Projzct 44, Table 23- 

2-(1.2005)-jj, June 1970. 

. . .  
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APPENDIX B - 

EXPERIMENTAL DATA 

The exper imenta l  da ta  a r e  presented i n  t h i s  appendix in  th ree  

tab1 es : 

( 1 )  Table 6-1 conta ins  runs w i t h  E > 1 a t  a lmost a l l  the  
, 

W i t  

temperature measurement s ta t i ons .  

Table 8-2 conta ins  runs w i t h  0.01 < E < 1.0 a t  a l l  t he  (2)  

tempera t u  r e  mea s u r enien t s t a t i on s . 
Table B-3 conta ins  e i t h e r  those runs w i t h  E changing from (3)  

p o s i t i v e  t o  negat ive  a long the  l e n g t h  o f  the  exchangef tube 

o r  those runs w i t h  E negat ive  a t  a l l  t he  temperature 

measurement s t a t i o n s .  

i n  each tab le ,  the  exper imental  runs a r e  tabu la ted  in  inc reas ing  

o rde r  o f  Reynolds number, Re,,, a t  Sec t ion  H, column 8, o f  each tab je .  
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.13 

.52 
. I 3  
.b9 

- c, 

.IO - 
1.r 
0.8' 
2.3'  
0 .V  

1.8 
1.21 

1 . 9 ,  
0.71 
k .b ;  

8.n 

1.09 
1 . 1 1  

1.49 
4. 70 
1.22 

2 . 6  

o.n 
1.36 
1.22 

1.62 
1 . 1 k  

1.W 

1.89 
b. (5 

-- 
% e a  

w/m2 
_. 

12.5 
8.2 

13.6 

4 . 5  
8.6 

16.0 

l+. k 

1.4 
1 3 .  I 
16.) 
b.o 

22.3 

19.3 
P.0 
11.9 
20 .1  

8.3 
5.3 

30.1 
12.) 

38.0 

m.1 
14.5 
U. l  

7 
"1o-I 

_ _  
2 . 1  

2 81 

1.9 
2.95 
3.26 
b . 6 4  
5 . 1 1  

k.50 

5.86 
5.14 
5.18 
6.21 

6.57 
7.52 
6.53 
6.86 
6.26 

6.96 
8 . 3 k  

7.70 
9.21 

9.v)  
8.64 

10.51 

11.15 
10.45 

11.92 

11.67 1 
11.75 I 
11.95 
12.61 
Ik .39  
11.69 

1NS1Of. 
UALL 
Ti"? 

L 

119.1 
98.9 

141.9 
101.1 

I 2 1  3 
101.9 

- -_ 

126.3 

104.6 
I b I  8 
121.1 
1 1 4 . 2  

106 7 

113.7 
I b 4 . 1  

125.1 
1 2 4 . 3  

103.1 
1lb.2 
104.3 
93.b 

124.6 

126.7 

105.7 
' b 3 . 3  I 

178.9 
166.9 
13b.7 
191.0 
1 1 2 . )  

261.9 
184.0 

298.2 
343.5 
329.2 
321. I 

317.6 
3k2.0 
4k2.0 

361.9 
28k.2 

365.0 
106.0 
456.1 

lk8.0 
6 1 . 4  

w.1 

441.5 
570.0 

1.62 2 . 6 9 i b . U  163.1 

2.79 2.72 1.16 16&1 

1.02 1 2 4  ! 4.80 210 .1  

4 . 1 9  , 2.88 , 4.Y 181.1 

1.85 ! 1 1 3  1.59 199.8 
2:15 , 44.6 , I . 1 k  258 .1  

1.3b ' 4.75 ~ b . 3 9  ' 2 5 3 i  

1.90 b.51 i 4 . b 9  ' 2 9 1 5  

0 99 ' 5 . U  ' k . 0 8  283 

1.69 , 1 . 1 5  b 6 0  2 3 7 , l  

2.95 I 2 1  4.65  326 .4  

0 . 9 1  , 9 . 1  78.6 

0.50 ' 5 . 3  i 90.2 
2 I 8  , 1 5 .  I I 110.0 

I 85 ' 10.0 I W . 5  
1 . 1 2  I 7 . 7 !  80.0 

2 77 16.9 87.9 
0 7 6 '  8 .2 91.1 
1.85 ! 25.1 109.8 
1.9a 17.2 99.7 
I 15  I I O  6 102.7 
1.18 2 1 . 2 '  79.6 

88 I 

96.2 

75 
a0 

91 
101. 
95. 

99. 
74. 
81. 

100. 

Bo. 
91. 
89. 

73.8 
76., 
83. '  

104.1 

88.' 
96 'I 
92.0 
88.1 

I 2 2  

91.k 

22 .8  

0 5 . 7  

01 6 

8 9 6  
91.3 
98.2 
0b .O 

19.1 - 

2 . 1 2  

1.90 
0.96 
1.18 
1 .58  

3.77 
I .  71 
2 .25  

3.85 
I k 4  

I. 72 

1 .15  
7 98 

1.92 I . 3 6  114.8 
I. 50 

k . O b  

2 0 6  

2 07 
?. 7b 
2 b2 

1.15 

6.56 

I .a9 
2.18 

0.91 
3.6) 
2 .11  

1.91 
1.29 

3 .25  

3.63 
1.16 1 
7.99 I 

iI I 89.3 
12.5 107.k 
34.7 86.9 
2 3 . 4  98.2 
9 . 8  91.1 
7.0 , 125.1 

30.5 ' 78.1 
I 4 7  ' 79.1 

b5.9 ' 88.9 

10.2 98.7 
15.6 91.1 
k 3 . 9  104.1 

16.5 1 97.1 
10.1 I 90.2  

31.2 ~ 9b.6 
1 b . k  1 l 2 5 . k ,  
19.1 1 1 0 . 1  

6. I8  

b.69 

6.5J 
6 b5 

6.11 

6.59 
7.91 
7.b8 
8.72 

8.96 
8.40 
1 . 5 0  
1.68 
1.16 

1.03 

. I 8  

1.05 

56 
b1  

1.59 
1.25 
t.86 
8.25 

--i 

b 4  3010 
k.6,  

b.5 
4.5 
4 . 5  

5 b' 
4.1, 
b .  b 

4.11 

b.5 .  

4.5. 
65 

a.55 
I. (1 

I .55  
iL.6 

.. 7 1  

.6b 
' 50 

5.52 

1,6! 
' .79 
. I 7  
- 

375 0 

311 1 
161.1 
118.0 

396 0 
ro5 1 
1 5 b . O  
b26.8 

L21.5 
41 I .4 
%76.Q 
16k 6 
115 k 

*82.0 

.OL.O 

~ 1 5 . 0  

876 7 
. l 5 . 3  
4 1 . 2  

a 9 . 5  
6 8 . 3  

68.9 - 

526.2 2 . U  

k87.0 0.89 

W . 6  1.65 
Wb.0 3.22 

i26.k 1.03 
,21.b 3.ok 
,51.1 1.65 

'59.9 4.01 i 1J.7 1.46 

ru.0 3.89  
i98.3 1.84  

28 6 
05.0 

28.4 
17.6 

38.8 
2 1 . 5  
07 6 

33.1 
17.6 

19 6 

37.b 

1.38 

1.15 

1.11 

1 . 3 3  
I I 1  

1.79 
2 . 9 b  

1 . 2 )  

2 28 

1.28 

1.07 

30.2 1.17 

05.9 3 . l k  
4 . 7  1.19 
3 8 . k  1.11 

k0.6 1 . 6  

25.8 1.n 
D8.7 3.01 

J e 
TABLE B-1. TABULATION OF EXPERIMENTAL DATA FROM RUNS WITH E > I .  



1 

RESSURE 
OF 

SOBUTANE 
MPd 

4.16 
4.10 

4 . 1 2  

4 . 1 2  
4.04 
4.27 
4.50 
4.20 
4.35 
4.19 
4 . 1 4  

4.36 
4.39 

- 

C I S &  

2 K q / s e c  -m 

159.2 
281.7 
327.4 
277.0 
354.2 
558.8 
519.3 
552.4 
404.3 
652.3 
613.3 
627.2 
496.3 

7.82 
7.09 

7.83 
3.06 
6.61 
4.27 

8 .27  
3.15 
7.01 

4.39 
7.42 

11.62 

67 .4  
30.9 
42.6 
69.1 
91.5 
7 1 . 1  
44.7 
- 

101.4 

75.9 
54.4 
69.6 

steam 

w/n2 

X 

TEMP. OF 
B U L K  

15.08. OC 

P r  

6.07 
5.14 
5 .79  
6.48 
6.26 
h.68 
5.35 
5.06 
6.57 
4.73 
5.23 
5.02 
6.01 
6.67 

lL 
b y  b 

3 7 8 . 7  
431.2 
524.7 
562.9 
724.1 
603.7 
626.4 
634.0 
855.6 
642.4 
734.9 
755.4 
910.3 
918.3 

b 
P r  

6.56 
6.31 
7.45 
7.76 
7.33 
4.99 
6.39 
5.37 
fJ.03 
5.02 
6.01 
5.45 
6.94 
8.21 

SECTION 
NU b 

446.7 
5E4.1 
644.3 
727.5 
911.4 

716.7 
801.8 
779.3 

1125.9 
822.0 
936.1 
966.6 

1143.9 
1199.5 

- 141.12 
WS I DE 
WALL 
TEMP. 
%-- 
152.5 
177.8 
198.2 
159.6 
164.4 

152.1 
190.7 
162.3 
163.0 
152.6 
192.7 
159.9 
162.5 
178.7 

- 
E 

0.35 
0.11 

0.01 

0.11 

0.13 
0.74 
0.10 

0.45 
0.04 
0.72 
0.15 

0.50 

0 .18  

0.02 

1I .J  
41 .7  

57.8 
23.3 
37.0 
56.5 
74.5 
54.2 

39.3 
64.1 
92.3 
66.5 
47.2 . 
66.5 

137.1 
138.3 
141.8 
140.3 
139.1 
115.6 
137.4 
126.5 
141.6 
116.0 
134.3 
125.3 
138.2 
141.8 

120.5 
129.4 
127.8 
98.9 

114.5 
109.6 
130.3 
100.5 
115.7 
109.3 
126.4 
130.4 

193.7 0.30.  9.53 
158.1 0.46 9.26 
162.1 0.43 11.42 

148.9 0.87 11.70 

187.6 0.33 13.67 
160.1 0.65 13.30 
161.4 0.39 13.63 
149.6 0.86 13.89 
1 8 6 . A  0.38 16.37 
158.2 0.68 14.00 
159.9 0.49 15.35 
177.3 0.26 17.86 

, c - *  

1 

nw 
NO. 

-- 
I85 
195 
I C 1  

I84 
I02 
I53 
I75 
174 

183 
I54 
I16 
177 
I86 
1 89 

..4 

n p .  OF 
S T E M  

OC 

156.3 
191.3 
217.3 
160.2 
170.3 
176.1 
219.1 
184.9 
179.2 
179.3 
223.6 
187.7 
Mi.! 
206.1 
- 

I3 I4  15 I6 17 18 19 20 

iCTlON 
b Nu 

.CTION G 
Nu, 

--- 
389.5 
414.0 
454.6 
528.4 
629.2 
563.6 
555.5 
604.2 
765.2 
648.6 
702.2 
721.7 
853.0 
848.3 

- 

x/o .I 
iiim 
WALL 
TEMP. 

OC 

149.2 
171.2 

190.4 

156.6 
160.6 

145.7 
183.9 
1 5 7 . 1  
159.9 
146.3 
182.8 
155.7 
158.5 
176.1 

I_ 

.89 
f- 

0.72 
0.52 
0 . 4 1  

0.57 
0.53 
0.94 
0.48 
0.74 
0.50 
0.93 
0.47 
0.74 
0.55 
c.35 

rb- 

5.71 
4.87 
5.00 
5.65 
7.67 
4.54 
4.94 
4.75 
5.90 
4.55 
4.90 
4.80 
5.67 
6.10 

- 

m2i 
'HP. OF 

I 508. 
OC 

118.6 
100. I 

96.8 
1 1 7 . 7  
115.9 
84.3 
95.7 
94.4 

120.8 
97.1 
96.6 
96.3 

117.5 
118.7 

__ 

7- 

-_ 
0.81 

0.61 

0.50 

0.67 
0.61 
1.00 

0.55 
0.83 
0.58 

0.99 
0.55 
0.84 
0.63 
0.42 
- 

- 
' s t e a m  

W/fJ 
15.0 
47.2 
66.7 
21.2 
19. I 
66.0 
84.6 
66.0 
41.4 
72.0 

100.5 
72.7 
50.0 
68.6 

- 

-_ 
Reb 

x 

~- 
4.34 
6.12 
6.07 
7.44 
9.31 
9.91 

10.50 
I I .oo 
1 1 . 1 4  

11.88 

12.67 
12.85 
13.15 
14.29 

--- 
r ~ ~ - 4  

___ 
4.10 
6.77 
7.96 
8.25 

10.08 

10.74 

I I .74 
12.02 
1 2 . 2 3  

12.79 
14.20 
13.90 . 
14.13 
15.85 

P r  BULK 
EHP. OF 

C 
I a O B .  

-- 
125.1 
110.8 

108.8 

123.7 
121.9 
91.3 . 

104. I 
101.7 

125.4 
93.7 

106.6 
105.2 
123.2 
124.6 

148.2 
169.2 

187.4 

154.7  
159.3 
1 4 2 . 4  
l e O . 1  

152.3 
158.4 
143.0 

180.3 
151.3' 
157.5 
175.4 

6.79 
8.29 

11.70 

8.93 
9.08 
3.50 
9.01 
5.34 
IO. I $  

3.75 
9.36 
5.63 
8.48 

15.56 

361.9 
379.8 
369.5 
497.9 
571.7 
522.7 
514.9 
572.3 
716.2 

597.5 
670.3 
809.3 
740.2 

5.39 
4.64 
4.67 
5.16 
5.22 
4.46 
4.62 
4.60 
5.61 
4.54 
4.74 
4.65 
5.40 
5.65 528.0 5- 

J 2  73  74 1'. 36 37 30 39 
I 2 1  22 2 3  24 2s 26 7 7  28 29 70 3 1  - 

RUN 
NO. 

L 
E 

- 
0.53 
0.35 
0.17  

0.31 

0.29 
0.81 

0.26 
0.56 
0.26 
0.79  
0.17 
0.61 
0.37 
0. I5 
-- 

1 - 109. 
NSlOE 
WALL 
TENP. 

OC 

151.4 
175.7 
196.2 
159.1 
163.2 
151. I 
190.2 
161.6 
162.3 
151.6 
189.6 

159.4 
161.3 
178.2 

1 
BULK 

IHP. OF 
I S O B .  

QC 

132.6 
124.4 
1 3 1 . 7  
135.1 
134. I 
106.8 
125.4 
117.8 
135.7 
107.9 
124.9 
116.2 
131.6 
136.1 

Grb 
x 

7.67 
0.64 
18.82 
11.80 

12.35 
4.17 

13.31 
6.92 

13.26 
4.42 

13.12 
6.42 

10.68 
21.02 

1s team 

KW In2 .- 
12.5 
42.3 
60.9 
23.3 
36.6 
60.2 
77.2 
5 1 .  I 
38.6 
62.2 
88.2 
6?.3 
47.0 
63.6 
_I 

Re 

x10-4 

I85 
I95 
181 
18s 
I82 
153 
I75 
I74 
I83 
I54 
I76 
117 
I86 
I89 - 

10.04 

15. IO 
40.42 
16.39 
10.04 

5.27 
23.69 

8.62 
28.32 

5.40 
21.03 

7.90 
14.76 
34.52 - 

5.66 
9.17 
12. IO 
10.64 
13.09 
12.94 
16.9 I 

15.01 

15.85 
15.28 
19.32 
16.74 
17.50 
21 .OS 

I I I 

TABLE 8-2, TABULATION OF EXPERIMENTAL DATA FROM RUNS WITH 0.01 < E < 1.0 



138 

/- 

16 I 7  I 8  1 9  l a  

5 1 C T I O N  t 

'*b i ' ' b  1 ""b , ''I 1 '%!e.- 
-~ 

.Io-b , 'lo- ' .*;.> 
1.14 ' d . 2 4  , 357.: I 93 8.7 

8.16 6 . 5 1  5 0 . 7 8  1 . l b  1 5 . 6  
7 35 6.55 j a13.7 , 2.89 ' : 4  ' 

9.91 6.07 1 6 3 . 6  1.57 d 7 

I - 
m u  
no. 

-- 
222  

192 
I I 7  

I79 

191 
196 
11s 

19 I 
209 
iZ3 
227 

208 

22 I 

I 9 0  
2 1 1  
I88 

282 
2 10 

2 1 1  

2 2 b  

2dI  

126 

207 
; 79 

206 

2 8 t  
-. 

11.4 

L2.6 

19 9 

59.2 

47.7 

5 1 . 5  
L6.8 

51.6 

31.5 
2 1 . 0  

73.5 

19.1 
36.4 

142.6 

131.6 
129.9 

122.9 

160.5 -0.01 

178.8 ~ 0 20 

l 8 b . I  ; 0 2 3  

171.7 ! 0.10 

I76 J '  I 4b , 6.13 1 1.77 i La1.o 1.10 

160.3 ,  0.19 6.37 1 5.54 I - 6 . 3  1.17 
165.6. 0 6 b  ' 7.39 ~ 5.03 0.76 

168.6,  3.17 7.59 , 6 . X  I ::::: 2.18 
183.. 0.4 7.51 1 5.37 ~ "38.5 1 2 . 7 9  

185.7 s :5 7.88 I 6 81 558.4 3.08 
131.6 o.)o 8.6L 5.32 S73.0 1 66 
1 7 L . l  9.27 E.79 ' 6.59 5 x 8  1 3 1  

202.: 5.16 9 . 1 2  5.77 566.5 2 . 1 7  

172 5 3 0' 9.93 8 I* $ 2 7  1 2 2  

161.2 0 10 9.21 , 8.92 501.7 2.26 
178.1 z.97 9.51 0.88 658.2 3 . ~ 1  

138. I 
124.4 

1 L l . L  

1 3 1 . 1  

I15.2 
I*& 4 

130.9 
' * l . 9  

142.8  

128.9 

1 2 3 . 1  
:26.7 

157.8 
140.1 

144.1 

113.4 

154.9 

'90.7 I 0 . 0 8  

156.7 I 0 .29 

193.7 0.02 

185.8 ' 0 . 2 1  

176.7 1 0 . 1 8  

114.7 1-0.36 

204.7 , 3.16 

164.6 1 3 . 0 3  

l 8 l . l  :O.OI 

181.0 ! 0.25 

181.6 ! 0.12 
181.0 0.19 

181.8 ' - 0 . 6 1  
1 8 4 . 1  j 0.05 

186.4 I -0 .02 

182.7 I -0 .45 

191.5 ' - 1 . 0 6  

10.00 7.16 

3.92 5 co 
11 .81  10.12 

9.55 (.A9 

9.a: 7 . 4 1  

10.91 7.30 

10.86 ?.YO 

0.66 9 . 0 1  
11.18 8 . 3 8  
11.61 5.34 

5 2 0 . k  5 31 ?c.n 
515.3 19.4a 5 1 . b  

L57.b 6 . 7 4  1 2 9  
552 7 2.52 .? : 
j 1 l . I  2.98 j : !  

!2?.8 2 - 9 0  : 5 

611.0 3 . 9  66.8 

b81.0 2 . 4 1  1 5 . 2  
422.2 i . 0 7  2 '  9 

674.7 20.64 5 6 . 5  

2 0 5 . 5  . 115.0 

2 0 6 . 7  179.3 

206.5 l2L.7 

190.6 I30.7 

182 2 142 : 
210.9 , 121.7 

171.8 140.2 

192.1 139.6 

b . 1 1  , 1 9 ! . 2  

b . I I  ' 222.3 

1.17 ' 2 8 3 . 1  
b I S  160.0 

b.16 , ia1.o 

& . l a  , 111.0 

. 
b. IS 
4. I 4  
4.  I 4  
b . 1 6  

b .  I 7  

b .  I5  
4 . 1 7  

b I 1  

b.17 

1. I U  

1s-I 
215.1 
3 5 9 7  ZC62 119.1 

b25.2 , 205.9 118.0 12.67 6.11 ~ 5e0.7 11.L7 59.8 
l 3 . 2 d  6.16 '25.5 88.57 60.9 
11.68 1 . 4  ' 124.1 9.88 6.9 
11.95 a.64 , 741.8 b.65 r8.1 
'5.67 E.07 501.1 4.97 3 i .5  
14.69 9.31 , 655.8 5.41 13.; 
14.56 1.56 1 SI?.] I . 3 9  9.1 

5 58 
1.75 
7.29 

10.25 

10. 16 

5.89 
9.81 

605.4 1 3  1 3  59.3 

i 6 5 . 3  1.uY ' 54.8 

559.0 >.:a 11.3 

'75 1 6 . 5 1  , 17.0 

1193.b 5.77 8 3 . 4  

621 6 1.69 ' I4 2 

715.6 ( , e 5  ' 56.9 

~ 2 0 . 2  206.2 129.1 ; l79.b 3 3 8  11.70 

I29.J 136.2  I 5 i . I  , I81 9 -0 -2 11.83 

3 3 4 . !  2 0 5 . 5  I 3 3 . 1  . 162.6 3.19 11.23 

161.0 206.1 141.8 18%: O . D l  l 2 . 5 b  

2 3 4 . L  101.7 110.6 1 1 8 i . J  C . l b  11.56 

156.9 167.3 152.7 111 .7  - 0 3 5  14.15 

330.0 218.3 I 3 j . b  lg5.O 3.96 I + . b I  

. . I ,  . ,,"., , "V., !.'.. , I ,,., >.I_' 13.1' , I.,' 7 1 - >  , .*> , = - . I  

h . 2 ~  ' 518.0 206.3 1 2 8 . 3  1 1 7 6 . q  I.i3 16.91 6.19 542.1 1.14  ! 66.7 

11 2 2  23 ;5 ?1 3 '  

- 
- 
-0.26 
- 0  :I 
-0 .08 

- 0  0: 
-0.97 

0.07 

-0.  17 

0 . 0 2  

3 00 

-0 * 4  

3.00: 

-0 .12  

- 0 . 2 5  

0.06 

3.09 

0.09 
.1.81 

.0 .02  

.0.27 

4. I 6  

, l . 3 2  
.0.!1 

0.04 

.a 2 1  

c .c5 

1.51 I 

1 
';rtT 
I*?. i 

'a? 
e_ 

11.4 2 

119 1 
l19.!  

116.2 
, l Y  L 

132 Y 
i L k  9 

116.4 

133 ! 
'67.9 
IJC.5 

L2 9 
b 5 . I  

! ) . I  
10. I 

31.1 
62.3 

a 9  

i 7  6 
Lb.6 

56.7 
L b .  I 

36.5 
~ 6 . 6  

37 2 
i..9 1 - 

*JY 
d-LL 
T i " ? ,  

161.7 

191.9 

187.3 

176.4 

' 9 3  6 
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TABLE B-3. TABULATION OF EXPERIMENTAL DATA FROM RUN 
W I T H  E CHANGING FROM P O S I T I V E  TO NEGATIVE. 
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APPENDIX C 

DERIVATION OF EQUATIONS FOR DATA REDUCTION 

The derivation of the equations used in the data reduction are 

presented in this appendix. 

C-1. The Calculation of the Inside and Outside Heater Tube Wall 
4 

Temperatures from Experimental Measurements. 

The imbedded wall thermocouples measured the temperatures o f  the 

wall a t  r 1  and r2 but the temperatures of the wall at r 

required for data reduction a s  shown o n  Fig. C-1. (Refer to Table F-1, 

and r were i 0 

I .- 
Appendix F, for values o f  r l ,  r2, r 

mea su r emen t s t a t i o n s  , ) 

and ro at the five temperature 
i 

Under.steady state-conditions, the governing equation for 

temperature distribution Inside the wall of the heater tube is: 

Assuming o n e  dimensional heat 

neglecting any peripheral and axia 

simp1 if ied to: 

conduction in r-direction only and 

heat flux, Equation C-1 can be 

The boundary cond i t ions are: 

T = Ti a t r = r  i 

a t r = r  
0 

T = To 



Depending on the  method o f  non-dimensiona i za t i on ,  one s o l u t i o n  can 

be w r i t t e n  a s :  

T - To I n  (r/ro) 

- Ti  I n  (ro/ri) 
- - 

TO 

However, the va lue of To and T i are  s t i l l  unknown but  T 1 a t  r = rl and 

T a t  r = r 2 a re  measured by the imbedded thermocouples. Thus 
2 

T2 - To I n  ( r 2 / r o )  

I n  (ro/ri) 
- - 

To - T i  

D i v i d i n g  Eq. (C-6) by ( C - 7 ) :  

TI - To I n  ( r l / r o )  

T2 - To I n  (r2/ro) 
- - 

- T, I n  ( r 2 / r o )  - T2 I n  ( r l / ro)  

To - I n  ( r2 / r1 )  

Another s o l u t i o n  can be w r i t t e n  as:  

T - Ti I n  (r/ri) 

Ti - To I n  (ri/ro) 
- - 

( c - 7 )  

( c -9 )  

140 
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Again a t  r = r 1  , T = T1 

T = T2 2 ’  r = r  

T2 - Ti I n  (r2/ri) 

Ti - To I n  ( r i / r o )  
- - 

D i v i d i n g  Eq. (C-10) by ( C - 1 1 )  

Tl - T. I n  ( r l / r i )  

T2 - Ti I n  (r2/ri) 
2 -  - 

(c-10) 

(c-11) 

(c-12) 
T1 I n  (r2/ri) - T2 I n  (r1/ri) 

Ti = 
I n  (r2/r1) 

Qs TEAM- C-2. C a l c u l a t i o n  o f  Steam Condensate Rate and 

The steam condensate r a t e  i s  c a l c u l a t e d  from t h e  equat ion  

= p v  
‘A VG STEAM 

m 

= Steam condensate r a t e .  STEAM Where 6.l 

V = Volume o f  t h e  c a l i b r a t e d  condensate f l o w  meter. 

The volumes o f  t h e  e i g h t  condensate f l o w  meters 

a r e  l i s t e d  i n  Table F-2. 

= Averaged t ime r e q u i r e d  to  f i l l  the  c a l i b r a t e d  
T~ VG 

P 

Q 

flow meter. 

Dens i ty  of t h e  steam condensate. = 
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, i s  c a l c u l a t e d  as: 

6 
QSTEAM 

The steam heat  ra te ,  

(C-14) STEAM hfg 
= r i ,  QSTEAH 

= Laten t  heat of condensat ion of steam corresponding 
f g 

where h 

T~ TEAM 
t o  the  sa tu ra ted  vapor temperature, 

C-3. C a l c u l a t i o n  of Heat Rate, Q,,,,. 

The heat  absorbed by isobutane f l o w i n g  through the  heater  tube in  

between two bulk temperature measurement s t a t i o n s  i s  c a l c u l a t e d  from: 

QISOB = hISOB A{ = h ISO B ('n+l - i n )  ( C - W  

= Mass f l o w  r a t e  of isobutane through the  heater  %SOB 

tube. 

i = Enthalpy o f  isobutane corresponding to the  

b u l k  temperature measured a t  s t a t i o n  (n+ l )  o r  n. 

n + l '  n i 

C-4. C a l c u l a t i o n  of Local Heat Transfer  C o e f f i c i e n t .  

The l o c a l  heat t r a n s f e r  c o e f f i c i e n t s  can be evaluated by two 

methods: 

(C-16) 

/ A .  = Heat f l u x  per  u n i t  i ns ide  tube area. QSTEAM z 

(Tw-Tb) = Averaged d i f f e r e n c e  between the  i n s i d e  w a l l  
A VG 

and the  bu l  k temperature of  t he  tube, 

temperature of isobutane, Tb, i n  the  2 f t .  

s e c t i o n  o f  the  heater  tube f o r  which the  

Tw, 
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e v a l u a t i o n  was made. This  term was redef ined 

i n  the  data reduc t i on  as a l o g a r i t h m i c  mean 

temperature d i f f e r e n c e  f o r  t he  pan sec t i on  as: 

(.(T~,UPSTRM - Tb, UPSTRM - ('w,DNSTRM - Tb,DNSTRM)) 

4 

I n  [ Tw,UPSTRM - Tb,UPSTRM] 

Tw,DNSTRM - Tb,DNSTRM 

(2) The o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  f o r  each pan s e c t i o n  

i s  evaluated f i r s t :  

- QS  TEAM'^^ ui - - 
(TSTEAH Tb)nVC 

where u. .= 
2 

(TSTEAM - Tb)nvC e 

Overa l l  heat  t r a n s f e r  c o e f f i c i e n t  based on A.. 
2 

Averaged d i f f e r e n c e  between the  steam temperature 

and the  b u l k  temperature o f  isobutane in the 2 ft. 

s e c t i o n  o f  the  heater  tube f o r  which the eva lua t i on  

was made, This  term was redef ined as a l oga r i t hm ic  

mean temperature d i f f e r e n c e  f o r  t he  pa 

TSTEAM - Tb. UPSTRM 

[TSTEAM - Tb,ONSTRM I 'b, DNSTRM - 'b, UPSTRM 

The l o c a l  heat  t r a n s f e r  c o e f f i c i e n t  o f  isobutane 

t o  the  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  by: 

I sec t i on  

s r e l a t e d  

(C- 18) 



Where h = Local heat  t r a n s f e r  c o e f f i c i e n t  based on A . 
r = Outside rad ius  o f  the  heater  tube. 

i 

0 

r = I n s i d e  rad ius  o f  the  heater  tube. i 
= Outside heater  tube area f o r  a 2 f t .  sec t ion ,  

= I n s i d e  heater  tube area f o r  a 2 f t .  sect ion.  

AO 

Ai 
k = Thermal c o n d u c t i v i t y  o f  the  s t a i n l e s s  s t e e l  heater  tube. 

L = Length o f  heater  s e c t i o n  = 2 ft. 

= Heat t r a n s f e r  c o e f f i c i e n t  o f  condensing steam on the  
ho 

o u t s i d e  sur face  o f  t he  heater  tube. 

C - 5 .  

Usinq Nusse l t ' s  Equation. 

C a l c u l a t i o n  o f  Heat Transfer  C o e f f i c i e n t  o f  Condensing Steam 

o f  a s i n g l e  h o r i z o n t a l  tube 

Where h = Per iphera l  
0 

o u t s i d e  o f  

can be p r e d i c t e d  by Nusse l t ' s  equat ion  a s :  

- 1  /3 
= 1.51 (C) 

W f  

mean heat t r a n s f e r  c o e f f i c i e n t  over  the  

the  h o r i z o n t a l  tube. 

t he  mass r a t e  o f  condensate c o l l e c t e d  

The heat  t r a n s f e r  c o e f f i c i e n t  o f  steam condensing on the  o u t s i d e  

under the  l eng th  o f  exchanger tube sect ion,  L, which 

i s  2 ft. long. 

= V i s c o s i t y  o f  condensate f i l m  a t  the  f i l m  temperature 

Tf = T 

P f  
3 - 4 AT. 

S.V. 

= Temperature of the sa tu ra ted  vapor. 
S.V. 

T 

AT = T S.V. - T ~ ~ ~ ~ ,  0 

L 



Grs 
f' kf = Thermal conductivity of condensate at T 

Density of condensate film at Tf. = 
p f 

g = Acceleration due to gravity. 

This equation is only valid for  laminar flow of the condensate film 

over the horizontal tube surface. The criterion for  laminar f low i s  

that the value of - can not exceed 4200. 4r' 
CL 
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F I G .  C-1 .  D E F I N I T I O N  OF R A D I I  USED I N  S E C T I O N  C-1. 

T~~~~~ 
I 
I 
I 

I 
I 
I 1 

I 
I 
I 

I 

I i Tw, DNSTRM 
I 

I 
I 

G i M  I 
I 

I 

I 
I 
I 
I 
I 

n n+l - x/ D 
D I R E C T I O N  OF 
ISOBUTANE FLOW 

G.  C-2. D E F I N I T I O N  OF TEMPERATURES USED I N  EQUATIONS (C-16 )  and ( C - 1 7 ) .  
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APPEtJDIX 0 

EXPERIMENTAL RESULTS FOR LOW GRASHOF NUMBER RUNS 

I n  Chapter 4, the  exper imental  heat t r a n s f e r  c o e f f i c i e n t s  were 

compared w i t h  those c o r r e l a t i o n s  g i ven  by Petukhov and Futagami f o r  

p o s s i b l e  e f f e c t  o f  buoyancy on the heat t r a n s f e r r e d  t o  isobutane. 

r e s u l t  suggested t h a t  the  exper inentaf  data had l i t t l e  apparent 

The 

dependence on Grashof number. However, i n  the  comparison w i t h  Futagami 

and Abe's r e s u l t ,  t he  range o f  the  values o f  Ra 
Pr 213 Re3 12 v a r i e d  f rom 

3.5 t o  80 and these values a l l  exceeded the  c r i t e r i o n  g i ven  by Futagarni 

and Abe f o r  t he  onset o f  f r e e  convect ion e f f e c t .  Therefore, some 

spec ia l  exper imenta l  runs were performed, i n  a d d i t i o n  t o  those tabu la ted  

i n  Appendix 6, t o  gather  data i n  the  very fow Grashof number range. 

Those low Grashof number runs requ i red  a low temperature d i f f e r e n c e  

between the  condensing steam and the  b u l k  isobutane temperatures in  the 

heater  tube. This  low temperature d i f f e r e n c e  in f luenced the  r a t e  o f  

condensat ion o f  steam on the  o u t s i d e  o f  the  heater  tube causing the  

t i m e  taken t o  f i l l  the  condensate f low meters t o  increase t o  more than 

4000 seconds. This  exceedingly  long t ime requ i red  t o  f i l l  each flow 

meter made the  reco rd ing  o f  several  such stopwatch t imes imprac t i ca l  

f o r  each run. Therefore, the  heat  r a t e  Q used f o r  the  c a l c u l a t i o n  of 

l o c a l  heat  t r a n s f e r  c o e f f i c i e n t  was c a l c u l a t e d  from the heat  f l u x  

measured by the  imbedded thermocouples,multiplied by the  o u t s i d e  heater  

tube area, f o r  the  sec t ion .  A. , 
The r e s u l t s  o f  these spec ia l  runs a r e  compared w i t h  the Sieder- 

Tate and Petukhov c o r r e l a t i o n s  on Fig.  D-1 and 0-2 for comparison w i t h  

Fig.  4-5 and 4-6 i n  Chapter 4. 
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Fig. D-1 shows most o f  the data p o i n t s  a re  above the Sieder-Tate 

The data can c o r r e l a t i o n  1 ine s i m i l a r  t o  the  da ta  p o i n t s  on Fig. 4-6. 

be c o r r e i a t e d  by a new Sieder-Tate c o r r e l a t i o n  w i t h  constant  c o e f f i c i e n t  

be ing 0.0362 t o  w i t h i n  &20% when the  data p o i n t s  f o r  RUN 171 are  

excluded. 

one ob ta ined from F i g  4-5 f o r  the  data w i t h  E>1.  

This  new constant  c o e f f i c i e n t  i s  about 21% la rge r  than the 

# 

Fig. 0-2 shows the  comparison o f  data w i t h  Petukhov c o r r e l a t i o n .  

The range o f  Prandt l  number f o r  t he  data p o i n t s  v a r i e s  f rom 4.5 t o  4.8, 

b u t  the  data p o i n t s  a re  w i d e l y  sca t te red  on the f i g u r e .  

Fig.  D-3 shows the  p l o t  o f  exper imental  data i n  terms o f  (Nu/ 

) .  The exper imental  da ta  a re  most ly  
Ra 

213 Re3/2 Nuo, FA) aga i ns t ( 

h igher  than u n i t y  w h i l e  the  p r e d i c t i o n  o f  Futagami and Abe ind i ca tes  

the  values should be about u n i t y .  The data p o i n t s  a r e  cons is ten t  w i th  

those shown on Fig.  4-9 and the data p o i n t s  f a i l e d  t o  f o l l o w  the  

P r  

and Abe. 

can be concluded t h a t  the  exper imental  data 

Grashof number runs showed l i t t l e  dependence on 

ed t o  f o l l o w  the  p r e d i c t i o n  by Futagami and Abe. 

p r e d i c t  i on  by Futagami 

A t  t h i s  p o i n t  i t  

obta ined f o r  these low 

Grashof number and f a i  
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APPENDIX E 
i 

r, 

PRELIMINARY RESULTS ON THE CONDENSATION OF ISOBUTANE 
ON A HORIZONTAL TUBE 

The exper imental  r e s u l t s  presented i n  t h i s  appendix on the 

condensat ion o f  isobutane on a h o r i z o n t a l  tube a t  the  condenser should 

be considered as p r e l i m i n a r y  r e s u l t s .  The data were obta ined from 

those exper imenta l  runs w i t h  the  imbedded thermocouples i n  the  

condenser tube a t  Con f igu ra t i on  A. A f t e r  the  heater  and the condenser 

tubes were r o t a t e d  t o  Con f igu ra t i on  B, t he  main e f f o r t  o f  t h i s  study 

was d i r e c t e d  a t  o b t a i n i n g  data on the  heater  side. Consequently, the  

da ta  on the condenser s ide  a r e  no t  complete ly  reduced f o r  ana lys i s  

and the  raw data a r e  a v a i l a b l e  a t  SWCL. 

h i For those exper imental  data a l ready  reduced, the  data a r e  p lo t tec  

1 on Fig.  E-1 f o r  comparison w i t h  Nussel t  c o r r e l a t i o n  for condensation 
:I 

on a s i n g l e  h o r i z o n t a l  tube. The Nussel t  c o r r e l a t i o n  i s :  
2 1/3 -1/3 

hm ( 3 Pi ) = 1.51 (T) 
kf P f  9 

3 

m h 

S.V. 
T 

AT 

= Per iphera l  mean heat t r a n s f e r  c o e f f i c i e n t  

over the  o u t s i d e  o f  the h o r i z o n t a l  tube. 

= Mass f l o w  r a  o f  condensate per  u n i t  

l eng th  o f  condenser tube. 

Ute v i scos i - t y  o f  condensate f i l m  

a t  the  f i l m  temperature T = T AT. 

Temperature of the  sa tura ted  vapor. 

f s.v.- 4 
= 

= T  - 
S.V. T ~ ~ ~ ~ , o  
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f '  
= Thermal c o n d u c t i v i t y  o f  condensate a t  T 

= Densi ty  o f  condensate f i l m  a t  T 
kf 

pf f '  
9 = A c c e l e r a t i o n  due t o  g r a v i t y .  

6 

The c o r r e l a t i o n  g iven by Zazu l i  [21 ]  f o r  "wavy laminar" s o l u t i o n  

condensate f low ing  down the  v e r t i c a l  tube i s  a l s o  added on Fig.  E-1. 

The c o r r e l a t i o n  i s :  
* 

2 113 -0.22 -0.22 

h 'If = 0.606 (e) = 0.822 (T) (E-2) 

The exper imenta l  da ta  p o i n t s  almost a l l  l i e  on or above the  

p r e d i c t i o n  l i n e s .  A t  h i g h  va lues o f  - 4r' t he  data p o i n t s  seem t o  
c1 

follow Z a z u l i ' s  p r e d i c t i o n  f o r  a ' kavy laminar' l  flow o f  condensate 

f i l m  around the  condensing tube. The Reynolds number o f  the condensate 

f i l m  f o r  t he  h o r i z o n t a l  tube i s :  

(E-3) 

The c r i t i c a l  Reynolds number f o r  t r a n s i t i o n  from laminar  t o  

o f  4200 f o r  a h o r i z o n t a l  t u r b u l e n t  f l o w  i s  2100 corresponding t o  - 
tube, The values o f  - 
1000. 

417 1 

'If 
f o r  t h i s  exper imental  s tudy were l e s s  than 

4r1 
Pf 

I n  conclus ion,  t he  p r e l i m i n a r y  data obta ined on the  condensat ion 

o f  isobutane on a h o r i z o n t a l  tube g i v e  heat t r a n s f e r  c o e f f i c i e n t  t h a t  

are equal t o  o r  above, by as much as 60%, than the  Nussel t ' s  and Zazul i ' s  

. .  
p r e d i c t  i o n s .  

6 
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APPENDIX  F 

LOCATIONS AND CONFIGURATIONS OF IMBEDDED 
THERMOCOUPLES I N  THE INSTRUMENTED TUBES 

Table F-1 is a tabulation o f  the axial and radial locations of 

the imbedded thermocouples in the heater and condenser tubes. 

Table F-2 is a tabulation of the calibrated volumes o f  the 

condensate flow meters. 

Figure F-1 is an illustration of the imbedded thermocouples i n  

Configuration A. 

Figure F-2 is an illustration o f  the imbedded thermocouples in 

Configuration 6. 
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3 b c 

S T A T I O N  

1 

e 2 
c 

d w  
w z  3 
m x  

4 2 

5 

z c  

1 
hl 

d 

c” 

z 
W 
m 

cr: 
W 
ln z 
W 

z 
0 
V 

n 

1 5  

X/ D 

14.14 

45.89 

77.63 

109.38 

141.12 
-- 

14.14 

45.89 

77.63 

109.38 

141.12 
~ 

Di = 1.92 cm = 0.756 in. 

0.9601 1.0323 

0.5420 0.9601 1.0323 

0.9601 1.0376 

0.5420 - 
- 

0.5474 - 

2 r r 
0 

cm cm 

1.4305 1.5067 

1 A371 1.5133 

1.4333 1.5095 

1.4333 1 5095 

1.4354 1.51 16 

t- 
1.4300 1.5062 

1 A 2 7 5  1 5037 

1.4260 1.5022 

1.4260 1.5022 

1.43 13 1 SO75 

TABLE F - I .  TABULATION OF A X I A L  LOCATION,  WALL THICKNESS AND R A D I I  OF 
THE IMBEDDED THERMOCOUPLES A T  THE INSTRUMENTED TUBES. 
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