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ABSTRACT 

Spray columns, baff le  plate  columns and perforated p la te  columns 

are  equipment used i n  the chemical process industry as mass transfer 

devices. They also have potential use a s  h e a t  t ransfer  equipment f o r  

extracting energy from corrosive or  fouling f l u i d s .  

Spray columns are  the simplest of the l iquid-liquid exchange 

equipment as they have no internal devices; however, they have proven 

t o  be the l e a s t  e f f i c i en t  as liquid-liquid mass t ransfer  equipment and 

t h u s ,  are  not often used i n  extraction processes. Perforated p l a t e  

co umns are  widely used i n  chemical extraction processes due to  the  

ab l i t y  t o  control the number of process stages; i.e. a defined fract ion 

of a stage - .5-.7 will ex i s t  between each p a i r  o f  trays. 

The purpose of the present work was t o  compare the performance of 

a spray column and a sieve t r a y  column a s  a l i q u i d - l i q u i d  heat ex- 

changer. In  carrying out these studies a 15.2 cm (6.0 i n )  diameter 

column, 183 cm (6.0 f t )  t a l l  was ut i l ized.  The performance of the 

spray column as a heat exchanger was shown to  correlate  w i t h  the model 

o f  Letan-Kehat  w h i c h  has  a s  a b a s i s  t h a t  t h e  hea t  t ransfer  i s  dominated 

by the wakeshedding character is t ics  of the d r o p s  over much of the 

col umn 1 ength. T h i s  model defines several hydrodynamic zones a1 ong 

the column of which the wake formation zone a t  the bottom appears t o  

have the most e f f i c i en t  heat transfer.  

The column was also operated w i t h  four perforated plates  spaced 

two column diameters a p a r t  i n  order t o  take advantage o f  the wake 

formation zone heat transfer.  The plates induce coalescence of the 

dispersed phase and reformation of the droos, a n d  thus cause a repet i -  

i i i  



t ion of the wake formation zone. In the present work, i t  is shown 

t h a t  the overall volumetric ‘heat t ransfer  coefficient i n  a perforated 

plate  column i s  increased by a minimum o f  eleven percent over t ha t  i n  

a spray column. A hydrodynamic model t h a t  predicts the performance of 

a perforated plate column i s  suggested. 

i v  
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Geothermal energy has been ut i l ized fo r  the production o f  e l e c t r i -  

cal power f o r  a number o f  years in a few unique vapor dominated reser- 

voirs such as the Geysers in California. The increase i n  world energy 

demand has created an interest  i n  developing other geothermal s i t e s .  

The potential geothermal resources i n  the Western United States have 

an estimated potential of producing 385,000 Mh'e by the year 2000 and 

could i f  developed greatly reduce the dependence of other resources. 

Geothermal resources occur in three types of reservoirs : vapor 

dominated, hot dry rock, and liquid dominated- As mentioned, the use 

o f  vapor  dominated systems for  production o f  e lec t r ica l  power has been . 

successfully demonstrated. Devel oprnent of ho t  dry rock reservoirs will 

requi re new dri  11 i n g  and  energy ext ract i  ve techno1 ogy- Liquid domi nated 

systems hold the greatest potential for  contribution t o  U.S. energy 

se l f  sufficiency within the next f i f teen  t o  twenty years as they a re  

estimated t o  be twenty times more prevalent t h a t  vapor dominated systems 

L-13. 

Conventional b i  nary cycl es appear t o  be economical for  produci ng  

e lec t r ica l  power from liquid dominated systems t h a t  a r e  low in dissolved 

solids. However, many geothermal brines are of a corrosive and/or 

fouling nature being heavily laden with dissolved so l ids  c2]. Non- 

conventional heat exchange equipment must be deveToped i n  order t o  over- 

come the fouling problem t h a t  would occur i n  conventional shell  and tube 

heat exchangers. I t  has been shown t h a t  conventional heat exchangers 

would be the major capital cost iten; in a p l a n t ,  other t h a n  the cost of 

d r i l l i ng  the geothermal wells. A type o f  heat exchanger t h a t  would 
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reduce the  volume necessary t o  support the heat load in addition t o  

eliminating the fouling problem would make the economics of the l iquid 

dominated systems more competitive with other energy sources. 

T h i s  study concentrates on the design o f  a direct  contact heat 

exchanger t o  be used as a preheater in a binary power producing cycle 

like t h a t  shown in Figure 1. The apparatus i s  a vertical  column 

arranged fo r  counter-current flow of two immiscible fluids.  The 

geothermal brine would flow downward t h r o u g h  the column and contact the 

l e s s  dense working f luid which would be dispersed into small drops 

flowing upward. The drops would be heated by the brine and  conversely 

the brine would be cooled by .the drops.  Ideally a small temperature 

difference i s  possible t h r o u g h o u t  the column depending u p o n  the thermal 

capacitance of the two f lu ids  and t h e i r  re la t ive flow rates. T h i s  

design eliminates small easi ly  fouled tubes and  increases the r a t i o  of 

the to t a l  area of thermal contact t o  the volume of the heat exchanger. 

The preheater typical ly  will carry about 30 percent of the heat 

duty i n  the cycleC31, however, i t  will require a greater volume t h a n  

the boiler because i t  will involve sensible heat t ransfer  as opposed t o  

l a t en t  heat t ransfer .  A direct  contact bo l e r  design has been inves- 

t igated by Jacobs, Boehm, and Hansonc31. The brine temperatures i n  

the  preheater are s ignif icant ly  lower t h a n  in the boiler,  thus i t  is 

more probable t h a t  precipitation of any dissolved solids will occur i n  

i t .  

Direct contact heat exchange introduces two problems. Firs t ,  the 

two f lu ids  must be a t  the same pressure. If the well pressure i s  less  

t h a n  the optimum turbine pressure then a brine pressure boost pump will 

- 2- 
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be necessary. Although t h i s  pump will reduce the net work done by the 

cycle, the closer approach temperatures possible from di rec t  contact 

heat exchange will help t o  compensate for  the increased pump work. 

The other problem involves the choice of a working f lu id .  The 

brine and the working f lu id  will be mutually soluable t o  some degree so 

some of the working f lu id  will be removed with the brine probably neces- 

s i t a t i n g  a separation system fo r  working f lu id  recovery. The accompany- 

i n g  f ac t  t h a t  a small amount of brine will be dissolved in the working 

f lu id  will have the desirable effect  of increasing the available 

enthal py of the f lu id  expanding t h r o u g h  the turbine, however, th is  

mixture may require another separation system. Because the  equilibrium 

so lubi l i ty  of the working f lu id  i n  the brine will probably increase 

w i t h  decreasing temperatures, the choice of a working f lu id  will be 

governed in p a r t  by i t s  so lubi l i ty  i n  the brine a t  the  temperatures 

present i n  the preheater. The working f luid must also have sui table  

thermodynamic properties in order t o  maximize the power production. 

The  binary cycle i s  most e f f ic ien t  when the working f lu id  i s  super- 

c r i t i c a l  in the primary heat exchanger and when i t  leaves the turbine 

as a saturated vapor[3]. Refrigerants and l igh t  hydrocarbons have  

desi rabl e thermodynami c properties. The hydrocarbons become favorabl e 

when working f luid ava i lab i l i ty  and total  economics are  considered, 

however; the exact f luid selection will depend on the charac te r i s t ics  

of the par t icular  well. A.lthough the hea t  t ransfer  properties of hydro- 

carbons are poor, the decreased s ize  and therefore cost of the direct  

contact heat exchange system will compensate for this .  

Possible working f lu ids  t h a t  have been considered by Jacobs, Boehm, 

- 4- 
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and HansonL31 i n c l  ude pentane, i sobutane propane, hexane, R - 1 1 1  , R-113 , 

and R-114. Some c y c l i c  hydrocarbons have a l s o  been found t o  meet t h e  

requirements.  Pentane, hexane, and isobutane a r e  p r e f e r r e d  due t o  

t h e i r  low r e l a t i v e  c o s t  and due t o  t h e i r  low s o l u b i l i t y  i n  t h e  b r i n e .  

There a r e  severa l  t ypes  of c o u n t e r - c u r r e n t  f l o w  dev ices  t h a t  have 

c o n v e n t i o n a l l y  been used, f o r  mass t r a n s f e r  which c o u l d  a l s o  serve as 

d i r e c t  c o n t a c t  1 i q u i d - 1  i q u i d  heat  exchangers. These i n c l u d e  spray  

towers,  b a f f l e d  towers,  p e r f o r a t e d  p l a t e  towers, and wet ted-wa l l - towers .  

Spray towers a r e  t h e  s i m p l e s t  des ign  and have h i g h  throughput ,  however, 
. 

t h e y  have t h e  d isadvantage o f  p o s s i b l e  s t r o n g  back mix ing.  B a f f l e d  

towers reduce back m i x i n g  however t h e y  would cause coalescence o f  t h e  

d i s p e r s e d  phase. The p e r f o r a t e d  p l a t e  tower  has a l o w e r  th roughput ,  

however, i t  has been shown t o  be about t w i c e  as e f f i c i e n t  f o r  mass 

t r a n s f e r  as t h e  b a f f l e d  tower. The wet ted-wa l l  - tower  would reduce t h e  

amount o f  volume necessary f o r  s e p a r a t i o n  o f  t h e  two f l u i d s ,  b u t  t h i s  

i s  a t  t h e  expense o f  t,he sur face  area a v a i l a b l e  f o r  heat t r a n s f e r .  

The problem w i t h  back m i x i n g  i n  a spray t o w e r  can be s o l v e d  by 

keep ing  the  r a t i o  o f  tower h e i g h t h  t o  d i a m e t e r  l a r g e .  I t  a p p e a r s  t h a t  

va lues  o f  7 t o  10 f o r  t h i s  r a t i o  a r e  adequate. However, t h e  h e a t  

t r a n s f e r  c o e f f i c i e n t s  observed i n  spray towers do n o t  appear t o  be 

l a r g e .  

t ha t  t h e  heat  t r a n s f e r  i s  reduced b y  a wake shedding mechanism. 

I n  some p o r t i o n s  o f  a spray tower  Letan and Kehat have i n d i c a t e d  

Reduced 

heat  t r a n s f e r  on a v o l u m e t r i c  b a s i s  may t h u s  r e s u l t  f r o m  a t a l l  tower ,  

however as p r e v i o u s l y  noted a t a l l  tower  i s  r e q u i r e d  t o  p r e v e n t  back 

mix ing .  Thus, a p e r f o r a t e d  p l a t e  tower  may be more d e s i r a b l e  d e s p i t e  

t h e  l o w e r  th roughput  as i t  cou ld  l e a d  t o  t h e  requi rement  o f  a s i g n i f i -  

-5- 



6 cantly lower volume heat exchanger. The purpose of the present work i s  

t o  eval uate the prior concl usi ons and models concerni ng spray col umns 

and t o  evaluate the re la t ive  performance when perforated plate i nternals 

a r e  added. As most of the existing d a t a  have been obtained using kero- 

sene as the dispersed phase, i t  was also used in the present work de- 

s p i t e  the f ac t  t h a t  i t  is  not a l ike ly  geothermal binary working f luid.  

Further i t  i s  a safer  f lu id  t o  use in the laboratory being l e s s  vo la t i le  

than pentane, isobutane o r  hexane. 

In t h i s  thes i s  resu l t s  for  the spray tower were compared with the 

resu l t s  o f  Letan and Kehat, and Plass. The tower was then r u n  with 

four perforated plates and the resul ts  were compared t o  determine the 

extent t o  which the heat t ransfer  i s  improved by reducing the amount  o f  

back mixing. 

PREV TOUS KORK 

P. heat exchange system t h a t  has been designed for  a par t icular  

geothermal s i t e  must be optimized in terms o f  power produced per ex is t -  

ing unit flow o f  geothermal f luid.  Previous experimental heat t ransfer  

resu l t s  have therefore been correlated in terms of the r a t io  o f  the  

working f lu id  flow ra te  t o  the existing brine flow ra te ,  and i n  terms 

of the holdup, which i s  defined as the volumetric f ract ion o f  the  

dispersed phase in the column. Holdup i s  a function of  the  f lu id  flow 

rates  and  the par t ic le  Reynolds number o f  the droplets in  the dispersed 

phase. 

The heat t ransfer  t h a t  i s  being measured occurs in the volume of 

the exchanger above the dispersion plate a t  the working f lu id  in l e t  and 

-6- 



below the level o f  the continuous phase in the column. Above t h i s  level ,  

referred t o  as the interface,  the dispersed phase droplets coalesce and  
crs 

1 

3 

1 

# 

the two f lu ids  are no longer in contact. 

The experimental resul ts  in Plass have been presented in terms Of 

a n  overall volumetric heat t ransfer  coefficient as defined below" 

The  volume i n  Equation (1) refers  t o  the volume discussed above, and the  

log mean temperature difference i s  taken abou t  the  boundaries o f  this  

volume. I t  can be shown t h a t  the  thermal contact area per u n i t  volume in  

the column i s  given by @ / d p .  This relationship can be used t o  r e l a t e  

the volumetric heat t ransfer  coefficient t o  a surface coef f ic ien t :  

BU 
u, =- 

d P  
Heat t ranfer  correlations obtained from experiments where the flow 

i s  laminar may be applied t o  columns of varying s izes  as long as the  

flow conditions are laminar, however, resul ts  obtained from turbulent 

f l o w  systems may only be applied t o  identical systems. The Reynolds 

number of the column i s  given by141 

For a value o f  ReD less  t h a n  2300 flow i s  laminar otherwise i t  i s  tur- 

bul ent. 

Plass conducted experiments in a 6 inch (18.24 cm) diameter column 

* See notation 
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ut i l iz ing  Chevron Insulating Oil as the dispersed phase. A dispersion 

plate  with a n  array of 3.18 mm (0.175 in)  holes and one with 1.6Q mm 

(0.063 i n )  holes fo r  which average droplet diameters were 6.40 mm (0.253 

i n )  and 3.10 mm (0.122 in)  respectively, were tested.* The following 

correlation, based on the en t i re  volume above the dis t r ibut ion plate,  

was o b t a i  nedr51. 

UVt = 45000 (Is - 0.05) e- 

" V t  = 120C@ B t u / h r  ft30F (@ < 0.05) 

Letan and Kehat have developed a model for  a direct  contact heat 

+ 600 E t u / h r  ft30F (4 > 0.05) 
(3)  

exchanger based on experimental resul ts  obtained using a 15.2 cm (6.0 

i n )  diarr;eter column. Kerosene was used a s  t h e  working f l u i d ,  and i t  

was dispersed into 3.50 mm (0.137 i n )  diameter droplets. Two modes of 

operation referred t o  as dispersed packing and dense packing o f  droplets 

c 

were investigated. I t  was found for  bo th  modes t h a t  the  heat t ransfer  

i n  the  column i s  controlled by the f lu id  mechanics of the system and not 

by the resistance t o  heat t ransfer  inside o r  a t  the surface of the 

drops. The wakes of the drops play a dominate role in the  f lu id  

mechanics of the system. I t  was also found t h a t ,  although, lower flow 

rates  are required f o r  a dense packing mode, more heat i s  t ransferred,  

a n d ;  therefore,  t h i s  mode i s  more desirable. However the dense mode i s  

d i f f i c u l t  t o  obtain n practice. 

Letan a n d  Kehat have divided the spray column into f ive  hydrodynam- 

i c  regions as shown n Figure 2 :  (1) wake formation, ( 2 )  intermediate, 

* These droplet d i  ameters were obtained fron; correlations i n the  1 i t e r -  

ature. c 
- 8- 
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( 3 )  wake shedding, ( 4 )  mixing, and (5)  coalescence. The wake formation 

zone occurs a short distance above the dispersion p l a t e  where boundary 

layer  separation begins t o  occur on the drop. T h i s  disturbance causes 

turbulent, motion i n  the  continuous phase close t o  t h e  boundary of the 

drop enhancing wake t o  drop heat t ransfer ,  and i t  causes the drop t o  

o s c i l l a t e  resul t ing i n  turbulent mixing inside the drop. The f lu id  i n  

f r o n t  of the boundary layer separation p o i n t  remains a t  the  local con- 

t i n u o u s  phase temperature while the f lu id  i n  the highly 'mixed zone 

behind the  separa t ion  point quickly comes t o  thermal equilibrium w i t h  

the  d r o p  and  then i s  carried upward as  a wake.* I t  i s  i n  th i s  zone 

tha t  most of the wake t o  drop heat transfer occurs; however, conduction 

and convection from the  wake t o  the continuous phase are negligible 

compared t o  t h a t  higher i n  the column. 

The intermediate zone occurs only i n  the dispersed mode of packing 

when the wake has reached i t s  maximum volume, and no mass or therefore 

heat, i s  transferred into or o u t  of the wake. In the dense packing mode 

a temperature j u m p  o f  the  continuous phase occurs instead, due t o  the 

backmixing tha t  occurs i n  the  wake shedding zone. In the  next zone 

wake shedding occurs such t h a t  the  flow ra t e  of the  continous phase 

in to  the  wake t h r o u g h  the boundary layer  equals the flow r a t e  of the 

continuous phase expelled from the wake. The elements t h a t  are shed 

from the wakes have been effect ively backmixed w i t h  the  continuous 

phase modifying i t s  temperature and reducing the d r i v i n g  force f o r  heat 

* Recause t h i s  boundary layer f lu id  gives u p  heat t o  the d r o p  and then 
joins  the wake which i s  made u p  of colder f lu id  from lower down in 
the column, the d r o p  temperature eventually exceeds the wake temper- 
ature. c 
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t ransfer .  This zone represents the greatest portion o f  the  column. 

Near the continuous phase i n l e t  there  i s  a zone where a l l  drops ,  

the incoming continuous phase, and wakes returning from the coalescence 

zone a re  mixed. This mixing causes a temperature j u m p  i n  both phases 

as shown i n  Figure 2- Finally the d r o p s  approach the  upper interface 

and coalesce. The wakes are detached and flow back down t o  the mixing 

u 
3 

i 

zone. 

The hydrodynamics t h a t  have been found t o  occur in  these zones 

c l a r i f y  the desired role of perforated plates in  improving the heat 

t r ans fe r  efficiency of a column by reducing the distance i n  the 

column over which f luids  are backmixed and by causing the wake shedding 

zone t o  reoccur above each plate. 

Letan and Kehat have also examined the e f fec ts  o f  f luid properties, 

column height and droplet size. The relationship between the volumetric 

flow rates ,  the f lu id  properties, and the thermal driving force can be 

seen from a steady s t a t e  energy balance around the column. 

where 

and 

They showed theoret ical ly  t h a t  the optimm value of the r a t io  o f  thermal 

capacit ies o f  the two streams Rr i s  equal t o  unity, and t h e i r  experi- 

mental resu l t s  s u p p o r t  t h i s  conclusion. However, t h i s  value cannot 
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necessarily be selected i n  the geothermal power cycle as other factors  

may se t  the flow r a t i o  and the f luid selection. From t h e i r  model i t  was 

a1 so concluded t h a t  f o r  1 ong col umns the closest  approach temperatures 

are obtianed f o r  values of Rr c 1L61. I n  addition the continuous phase 

temperature jump a t  the  in l e t  i s  minimized fo r  Rr c 1 i n .  long columns. 

The  e f fec t  of backmixing. i s  reduced in long columns as the distance 

t h a t  a wake i s  carried upward becomes small i n  re la t ion t o  the column 

length. A parametric study of Letan showed t h a t  increased droplet s i ze  

increased the required length and decreased the required diameter o f  the  

COI umnC7J. 

A semi-empirical relationship between the s l i p  velocity and t h e  

I t  i s  expressed h o l d u p  h a s  been obtained by Richardson and Zaki[*I. 

i n  terms o f  the  terminal velocity of the droplets as shown: 

vs  = VT (1 - Q ) m  ( 5 )  

where m = 3.65 Reo < 0.2 

rn = (4.35 Reo- 0.03 - 1) 0.2 < Re, < 1 

m = (4 .45  - 1) 1 < Reo < 500 

rn = 1.39 500 G Reo 

where 
24 

f =- 

Reo 

18.5 

Reoog6 
f =  

-12- 

Reo < 0.1 

6 

2 < Reo < 500 



f = 0.44 

f = 0.2 

The s l i p  velocity i s  defined as 

v s  = VdC + VC’ , 

500 < Reo < 2 x l o 5  

2 x l o 5  < Reo 

and from the definit ion of superficial velocity i t  can be shown t h a t  

th is  i s  also equal t o  

vd V C  

d (1 - $ )  
vs =-+ ( 7 )  

Lapidus and ElginCg! have combined Equations (5)  and ( 7 )  and  made 

a plot o f  the  holdup4 against the superficial velocity o f  the contin- 

uous phase Vc with the superficial velocity o f  the dispersed phase Vd 

as a parameter. They have shown t h a t  there are two regions on the plot 

correspondi ng t o  dense packed operati on and di spersed packed operat i on 

separated by a flooding l ine  representing the disruption of s table  flow 

condition. A t  flooding: 

= o  (8) 
, a ” ,  

a4 f 
vd 

a n d  the value of 9 f  can be found from carrying out t h i s  different ia-  

tionC1O1. Experimental resu l t s  in t h i s  study will be compared with the 

predictions of Equations (5)  and ( 7 ) .  

Letan and Kehat have developed a theoretical  model for  predicting 

the axial temperature profiles o f  bo th  phases in the column assuming 

plug flow. Equations are generated from energy balances taken around 

the drops and wakes in each of the previously described regions of the 

col ~ r n n ~ 1 1 1 ~ ~ ~ ~ 1 .  Two parameters deal i ng  with the wake volume are re- 

quired t o  solve the equations for the dispersed packing mode and three 
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are required f o r  the dense packing mode. 

I n  t h i s  thes i s  the e f fec ts  of the hold u p  and the flow ra te  ratSo 

will be investigated. Experimental resul ts  will be compared t o  the 

predictions of Letan a n d  Kehat a n d  Plass. 

t 

EXPERIMENTAL 

A 183.0 cm (6.0 f t )  t a l l ,  15.2 cm (6.0 in.) diameter, uninsulated 

schedule 80 pipe was used as the heat exchanger column. The water 

6 

i n l e t  pipe extended 43.2 cm (17.0 in.) down from the flange a t  the  top 

o f  the column. Mater entered the column t h r o u g h  16 axial holes i n  the  

in l e t  pipe. The dis t r ibut ion plate a t  the kerosene in l e t  was contained 

i n  a bell-shaped pressure vessel welded t o  t h e  bottom o f  the  column a s  

shown i n  Figure 3. The surface of the plate was 24.1 cm (9.49 in.) 

below the bottom of the column. In an experiment performed by Dr. H. 

R. Jacobs a t  the University of Utah a variety o f  perforated plates  were 

tes ted t o  optimize t h r o u g h p u t  and droplet uniformity. I t  was found 

t h a t  the  f l a t  perforated plate  shown in Figure 4 was desirable and t h a t  

1.93 lTim (0.760 i n . )  diameter perforations produced droplets o f  nearly 

the same diameter as those i n  the experiments of Letan and Kehat (3.50 

mm, (0.138 i n . ) ) .  This type of plate was used for  the d is t r ibu t ion  

plate  and also fo r  the perforated plate baffles. 

Several windows were placed in the column so t h a t  droplets could 

be observed and so t h a t  the interface location and holdup could be 

measured. The in le t  and outlet  temperatures as well as the axial 

temperature prof i le  inside the column were measured by 3.16 m (0.124 

in. ) ungrounded, shielded, type K Omega thermocouples. Fast response 

0.25 mm (0.01 i n . )  grounded, shielded, type K Omega thermocouples 6 
-14- 
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were used t o  measure temperature differences caused by the passage of 

the droplets and t h e i r  wakes. Figure 5 shows the thermocouples and the  

windows. 

Four perforated plate  baffles were used t o  convert the column from 

The plates shown i n  Figure 6 ,  

A 15.2 cm (6.0 in.) down spout 

a spray tower t o  a perforated plate tower. 

were spaced 30.5 cm (6.0. f t )  a p a r t .  

provided a flow region f o r  the downward flowing water t o  flow pas t  the  

plates  whi  1 e the  kerosene coalesced beneath the pl ates. The resul t ing 

flow pattern i s  shown i n  Figure 7. 

A Cat Model 1010 p i s ton  pump was used t o  pump water from a 151 

l i t e r  (40 g a l )  steam jacketed k e t t l e  t h r o u g h  the column and back in to  

the  ke t t le .  The water temperature was controlled by a Van Waters and  

Rogers thermoregulator which operated a solenoid valve on the  steam 

line.  A similar  pump forced kerosene from a t a n k ,  t h r o u g h  the column, 

through a shell  and tube heat exchanger where i t  was cooled by cold 

water, and back t o  the  t a n k .  Flow was measured by CE Invalco 19 mm 

turbine-type flow meters ins ta l led  on the column out le t  l i nes  f o r  both 

kerosene and water. The h o t  water ke t t l e  and pump are  shown i n  Figure 

8 and the kerosene t a n k  i s  shown i n  Figure 9. 

Data was taken under steady-state operating conditions fo r  t he  

column f i r s t  operated as a spray tower and then as a perforated-pl-aLe-. 

tower. The arrangement of the thermocouples i n  the  column i s  shown i n  

Figures 10a and b. I n  Figure 10a the thermocouples labeled with an  
"s" subscri p t  , i ndi  cat  i n g  sl ow response, measure an average temperature; 

and  the ones h a v i n g  an  "f" subscript ,  indicating f a s t  response, measure 

temperature differences. In Figure 10b the thermocouples just under 

c 

6 
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Figure 8. Hot Water Kettle 
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Figure 9. Kerosene Tank 
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each plate have been relabeled w i t h  " w "  and " k "  subscripts,  and they 

c43 
I 

measure the temperature of the continuous phase in the downspout and 

the coalesced kerosene respectively. 

Data from a l l  the thermocouples were recorded on the Fluke Model 

2044B d a t a  logger which sampled the outputs every .38 seconds. A 

Houston Model 6452 s t r i p  chart recorder was also used t o  record the out- 

p u t  of the f a s t  response ,thermocouples. The recording instruments a re  

I 

shown in Figure 11. 

Fluid flow ra tes ,  column pressure, and the level of the kerosene- 

water interface in the column were also noted. A t  the end of each r u n ,  

both pumps and a l l  i n l e t  and outlet  valves were simultaneously s h u t  off .  

Once a l l  t he  kerosene droplets has r isen and coalesced, the new kero- 
I 

sene-water interface level was noted. The r a t i o  of the new interface 

level t o  the  level during operation provided means of calculating the  

h o l d  up. An overall view of the experimental apparatus i s  shown i n  
1 

Figure 12. 

. AYALYSIS C F  RESULTS 

Data was taken f o r  a range of f l o w  ra t ios ,  R ,  i n  the  dispersed 

packed mode of operation and i s  tabulated i n  Appendix D. Attempts t o  

obtain d a t a  f o r  the dense packed mode o f  operation were unsuccessful 

because the  location of the interface became very unstable and steady 

s t a t e  operation could n o t  be achieved. Values of the  Rr product were 

generally res t r ic ted  t o  the range o f  .24 t o  .60. The ideal range of 

Rr = I ,  according t o  Letan, was not often achieved due t o  the formation 

of kerosene-water emulsions a t  high kerosene flow rates.* 

I * For kerosene flow rates  exceeding 0.265 l i t / s e c  (4.20 gal/rnin), emul- 
sions formed almost immediately, probably caused by turbulence due 
t o  the velocity of the j e t  a t  the dis t r ibut ion plate. This flow r a t e  
corresponds t o  a j e t  velocity of 25.3 cm/s (0.83 f t / s ec ) .  Grs 
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Figure 11. Recording Instruments 
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The Reynolds number i n  the column was approximately 1300 f o r  a 

typical hold u p  value of 0.10. This value corresponds t o  laminar flow 

based on Letan’s suggested correlation f o r  R q .  Therefore, the model 

propoed by Letan and Kehat should apply t o  the present apparatus. 

The f i r s t  s tep i n  the analysis was t o  determine the actual con- 

tinuous phase, droplet , and wake temperatures from the thermocouple 

outputs.* For each run the slow response thermocouple outputs were 

averaged over time, and the maximum and m i n i m u m  o u t p u t s  o f  the  f a s t  

response thermocouples were each averaged over time. These resu l t s  

were then corrected t o  account for  the thermocouple response time. 

Because the f a s t  response thermocouples were small the temperature 

gradient inside the thermocouple bulb was ignored and f i r s t  order 

response was assumed. The maximum and minimum recorded temperatures 

correspond the  the  continuous phase and the wakes respectively. I f  

the actual temperature variation i s  assumed t o  be a s tep change from 

the continuous phase temperature t o  the wake temperature, the experi- 

mental and actual temperatures are re1 ated approximately by: 

u, = CU, - TJ e-actc t T, 

where 
t, = F (1 - - QM)  

F = d u r a t i o n  of sequence 

(9) 

ci = hA/M cP  

* The thermocoupl es were periodical ly surrounded by the cont i nuous 
phase, droplets,  and  wakes. From the output of the f a s t  response 
thermocouples on the s t r i p  chart recorder, i t  appeared t h a t  a 
reasonable frequency fo r  t h i s  sequence was .5 seconds. 
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The convective heat t ransfer  coefficient in the time constant was cal-  

culated from the following correlationC131 f o r  the conditions of each 

r u n .  

hd 

R 
-= 2 + C0.4 Red O o 5  + 0.06 (Ps /Pw)0*25  

0.7 < Pr < 380 

The thermal capacity of the thermocouple bulb was determined from infor- 

mation provided by the manufacturer. 

The slow response thermocouples were shielded by 0.32 cm (0.125 

in.)  copper tubing, and t he i r  outputs corresponded with the maximum 

temperatures recorded by the fas t  response thermocouples. The correc- 

t ion  fo r  the f a s t  response thermocouples a t  these maximum temperatures 

was very samll because the thermocouples were exposed t o  the  continuous 

phase f o r  a long enough time t o  equi l ibr ia te .  Therefore, i t  was assumed 

t h a t  the  slow response thermocouples were measuring the. continuous phase 

temperature and  'did n o t  see '  the passing drops and wakes. 

SPRAY COLUKN 

Temperature Profiles 

Vodel of Letan and Kehat - The experimental continuous 

phase and  wake temperature prof i les ,  corrected f o r  thermocoupl e response 

time were plotted together with the three profiles from the model of 

Letan and Kehat as a function of column height above the dispersed 

phase injection plate. The energy balances t h a t  they used t o  derive 

the profiles for the dispersed packed mode of operation are shown 

bel ow. 
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6 Wake Formation Zone:[141 No heat i s  transferred t o  the continuous 

phase i n  t h i s  zone so i t s  temperature remains constant. The temperature 

of the droplet a t  the t o p  of t h i s  zone can be determined by integrating 

the heat balance on the d r o p ,  shown i n  Figure 13a, over the en t i r e  zone: 

Tds = (Td i  - Tco) exp ( -  M/r) + Tco (11) 

The variable "M" represents the r a t i o  of the wake volume t o  the d r o p  

volume. The wake volume is  one of two experimental parameters i n  the  

model. The balance around the en t i r e  zone i n  Figure 13b gives the  

wake temperature a t  the  t o p  of the zone: 

- Tds) -t Tco 

Intermediate Zone: No heat t ransfer  occurs. 

Wake Shedding Zone: Since t h i s  zone represents the longest p o r t i o n  

o f  the  column, i t  i s  desired t o  obtain the temperature prof i les  as 

functions of z. Letan and Kehat accomplished this  by dividing the  

heat balances in Figures 13c and 4 by dz.  Solvable equations were 

obtained by defining a second experimental parameter: 

so m represents the mass of wakes shed per volume of drop and length 

o f  column. The resul t ing equations are:  

dTw m 

dz r 
___ -(TW - T d )  = O 
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I 

dTc m 

dz P 
- +-(Tw - Tc) = 0 

where P = 1 / R  + F1 

Letan  and Kehat so lved these t h r e e  equat ions simul t a n e o u s l y  t o  o b t a i n  

t h e  temperature p r o f i l e s  i n  t h i s  reg ion.  

M i x i n g  zone: I n  t h i s  zone i t  i s  assumed t h a t  a l l  o u t g o i n g  streams 

a r e  a t  t h e  same temperature.  The balance i n  F igure  13e can be s i r n p l i -  

f i e d  t o  

and 

Tc l  = Tdo 

The cont inuous  phase i n l e t  temperature can a l s o  be ob ta ined f r o m  a 

balance around t h e  e n t i r e  column, as  shown: 

Tci  = Tco - Rr (Td i  - Tdo) (18) 

Lenqth of t h e  blake Sheddinq and In te rmed ia te  Zones - I n  o r d e r  

t o  compare p l o t s  o f  t h e  exper imenta l  and c a l c u l a t e d  temperature p r o f i l e s  

i t  was necessary t o  determine t h e  l e n g t h  o f  t h e  wake f o r m a t i o n  zone p l u s  

t h e  i n t e r m e d i a t e  zone. From the exper imenta l  r e s u l t s  o f  Le tan  and 

I Kehat t h e  l e n g t h  of these two zones, p a r t i c u l a r l y  t h e  i n t e r m e d i a t e  

zone, seems t o  decrease w i t h  i n c r e a s i n g  va lues of I? and 4 .  T h e i r  

exper imenta l  r e s u l t  f o r  R = 1 and Q = 0.6, which i s  i n  t h e  present  

range o f  opera t ion ,  was a t o t a l  l e n g t h  o f  about 70 cm (27.7 in.) .  

From a survey o f  t h e  l i t e r a t u r e  i t  appears t h e  v e l o c i t y  a t  which 

t h e  t r a n s i t i o n  f rom n o n - o s c i l l a t i n g  t o  o s c i l l a t i n g  drops occurs c o i n -  

c i d e s  approx imate ly  w i t h  t h e  s t a r t  of wake s h e d d i n ~ j r ~ ~ l .  Th is  t r a n s i -  
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6 t ion has been found t o  occur a t  Reynolds numbers from 200 t o  500. I t  

has  a lso been found that  wake shedding occurs a t  in tervals  o f  0.05 t o  

C.08 seconds depending on the Reynolds number of the drop[16J which 

gives an indication of the amount of time required fo r  a wake t o  form. 

Ry assuming a t ransi t ion velocity, V s ,  the point a t  which wake 

shedding begins t o  occur can be calculated from a force balance around 

the drop and i t s  wake. The force balance i s  given by: 

Bouyant Force - Drag Force = Pass of Par t ic le  and Wake x 

Resul t i  ng Acceleration 

o r  

where T 

’ 6  dp3  P d  ’ % p c  m =-- 

Assuming tha t  

equation 19 simplifies t o  

dV a2 - b2 V ( t ) l o 4  
-=  

d t  c + d V ( t )  

o r  
dV a2 - b2 V(t)2 

d t  c -t d V ( t )  

U C  P C  
b2  = 13.88 (-)06--- 

Rep < 500 

Rep > 500 

Rep < 5CC 
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Rep > 500 6$ 
b d P  

Integration for  Rep > 500 gives 

1 a + bVs 1 a - bV, 

b a b a 
ts = [A- ln  - 8-ln 1 

3 

where 1 c  d 

2 a  b 
A = -[--+-) 

R =  

A t  this value of the Reynolds number the wake shedding velocity i s  abou t  

b 5.8 cm/sec (0.20 f t / sec)  a n d  the time before shedding occurs i s  l e s s  

t h a n  a tenth o f  a second. Eased OR t h i s  calculation i t  was decided 

t h a t  the wake formation zone i s  very short. The combined length of 

the wake formation zone and the intermediate zone i n  the  present appar-  b 

a t u s  appeared t o  be approximately 25.4 cm (10 in.) judging from the  

a x i a l  continuous phase temperature profile. 

Heat Loss and Radial Temperature Profile - Letan and Kehat 

ignored heat losses from the column and assumed t h a t  the  radial temper- 

a ture  prof i le  was f l a t .  However, in this experiment an average of 12  

percent of the heat was lost  from the column and a radial temperature 

prof i le ,  shown in Figure 14, was observed. The gradual temperature 

d r o p  toward the wall between b and a in Figure 14, was assumed due t o  

heat loss. However, the sudden temperature d r o p  a t  c could  not be 

explained as a temperature gradient due t o  radial heat loss. 
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I t  has been observed t h a t  under certain conditions, par t ic les  in 

a Poiseuille flow f i e ld  will migrate t o  a specific radial location 

near the wall. Jacobsen[17] solved for  the resultant radial axial 

and  torsional forces on a par t ic le  in a specified Poiseuille flow 

f ie ld .  He found t h a t  i t  i s  possible t o  se t  the axial velocity, rota- 

t ional velocity, and the radial position such t h a t  the forces on the 

par t ic le  are zero. The temperature d rop  a t  point c i n  Figure 14 could 

be due t o  a collection of dispersed phase droplets a t  t h a t  radial 

position; although, the kerosene droplets are  more buoyant t h a n  the  

par t ic les  in suspension. The outputs of only the thermocouples located 

in fur ther  t h a n  p o i n t  d ,  which is  a region of no radial gradient, 

were compared t o  the model. 

Axial Temperature Profiles - A plot of the present experimen- 

t a l  prof i les  (corrected fo r  time response i s  shown with those predicted 

by the model o f  Letan and Kehat in Figure 15 ( r e fe r  t o  Appendix A f o r  

explanation). The remaining plots are shown in Appendix A. I t  can 

be seen t h a t  the  experimental continuous phase wake temperature profi 1 es 

agree w i t h  t h e  model t o  w i t h i n  a t  least  13 and 18 p e r c e n t  respectively. 

The predicted temperature was usually l e s s  t h a n  the experimental temper- 

ature for  bo th  profiles.  Uncertainties such a s  the location of t he  

start of the wake shedding zone and the values o f  the wake parameters 

could account for  the difference. The parameters t h a t  were used t o  

apply the time response correction for  the thermocouple, such as 

the hold u p ,  the thermocouple time constant, and the frequency o f  the  

actual temperature sequence were also subject t o  uncertainty. 

The values of the wake parameters suggested by Letan and Kehat 
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were used: 
6 M m 

0.06 1 .o 0.023 

0.06-0.4 0.83 0.03 

> 0.4 0.83 0.023 

Hendr ix ,  Shashikant, and  Johns0nT~~1  f i n d  t h a t  the avount of  backmixing 

i n  a column decreases as the flow rates  of b o t h  phases are  increased 

so perhaps the wake parameters are also functions of the flow rates.  

Overall Vol iimetric Heat Transfer Coefficient 

T h e  experimental overall volumetric heat t ransfer  coeff ic ients  

a r e  tabulated i n  Table 1 a l o n g  w i t h  those predicted by the correlat ions 

of Plass and Letan and Kehat.* I t  should be noted that  Plass used 

Equation ( 7 )  to  calculate h o l d  u p ,  and a l t h o u g h ,  Equation ( 7 )  d i d  n o t  

predict the present experimental h o l d  up ,  i t  was used i n  Equation ( 3 )  

f o r  the purpose of comparing the present resul ts  t o  those o f  Plass. 

Table 1 shows t h a t  the correlation o f  Plass f i t s  the present 

data t o  w i t h i n  30 percent for values of R greater t h a n  .7 and l e s s  

t h a n  1.4. For values of R outside o f  this range the f i t  was poor. 

The experimental setup used by Plass was identical t o  the present 

one except f o r  the method o f  flow ra t e  measurement, the s i ze  and number 

of holes i n  the d i s t r i b u t i o n  plate ,  and the workinq f l u i d .  However, 

> 

the i n s u l a t i n g  oi l  was found to have a density-heat capacity product 

nearly the same as t h a t  of kerosene. Scatter i n  the agreement could 

* Due t o  the d i f f icu l ty  o f  m a i n t a i n i n g  s teady s t a t e  operations w i t h  
t h i s  a p p a r a t u s ,  the experimental coeff ic ients  varied as much as  
15 percent d u r i n q  a par t icular  riin , so the avzraqes were tabulated. 
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Table l a .  Spray Column: ' Overall Volumetric Heat Transfer Coefficient 

( 2 0 4  G Qc 6 .225 1 i t / s ec )  (.56 G R G 1.42) 

Run 0 (exper) 9 ( c a w  R Qc ( l i t / s e c )  U v  (kcal /m3hroC)  

U, (exper) U, (Letan and Kehat) 

24 0.06 0.06 0.65 0.214 19736 24046 

25 0.14 0.10 0.98 0.225 37150 32136 

U, (Plass) 

13601 

30230 

I 26 . ? 0.11 1.18 0.208 45464 33050 50078 
w 

27 m 
I 0.11 0.09 0.97 0.213 36509 30342 26209 

28 0.11 0.10 1.08 0.208 36926 31223 29088 

12047 29 0.03 0.06 0.69 0.206 22364 24158 

30 ? 0.14 1.42 0 . 204 58537 36205 38497 

31 0.08 0.04 0.60 0.199 19496 21259 8651 

32 0.16 0.10 1 .oo 0.224 34336 34284 29989 

33 0.08 0.05 0.56 0.217 18567 21675 9612 

34 0.13 0.07 0.85 0.206 26 06 5 27042 18487 



u 

Run 

c 

,*- 

U, = Letan and Kehat 
Q (exper) 0 ( c a w  R U, (exper) 

Table l b .  Spray Column: Comparison o f  Results t o  Letan and Kehat, and Plass 

25 

26 

I 28 

29 
w 
v 

30 

32 

33 

34 

0.14 

? 

0.11 

0.11 

0.03 

? 

0.08 

0.16 

0.08 

0.13 

0.10 

0.11 

0.09 

0.10 

0.05 

0.14 

0.04 

0.10 

0.05 

0.07 

0.98 

1.18 

0.97 

1.08 

0.69 

1.42 

0.60 

1.00 

0.56 

0.85 

0.87 

0.73 

0.83 

0.85 

1.08 

0.62 

1.09 

0.93 

1.17 

1.04 

0.81 

1.10 

0.72 

0.79 

0.54 

0.66 

0.44 

0.87 

0.52 

0.71 



be a resul t  of experimental error  i n  flow ra te  measurement. Differences 

in the  dis t r ibut ion plate  and the  working f lu id  would be more l ike ly  

t o  resul t  i n  a constant offset  i n  the agreement. In the present experi- 

ment, the d i s t r i b u t i o n  plate contained more holes which would increase 

the  number of droplets and therefore the surface area available f o r  

heat t ransfer .  

The coefficient predicted by the model of Letan and Kehat i s  also 

shown i n  Table 1. The agreement i n  t h i s  case i s  w i t h i n  20 percent 

excluding the run w i t h  R = 1.40. T h i s  larger  value of R possibly 

approached the dense packed mode in which the model does not  apply. The 

agreement was best (within 17 percent) fo r  R values between 0.85 and 

1 .lo.  

Letan and Kehat modeled an insulated column. However, i n  the pre- 

sent case the heat loss  varied from 7 t o  18 percent of the heat i n p u t .  

T h i s  loss would seem t o  resu l t  i n  a constant of fse t  in the  agreement 

by overestimating the experimental heat t ransfer  coefficient.  The 

experimental coeff ic ient  can be corrected f o r  t h i s  l o s s  as shown below. 

The overall heat balance i s  

By using the value o f  TcoN i n  place of the measured continuous phase 

out1 e t  temperature in the log mean temperature difference,  the corrected 

value of the heat t ransfer  coefficient can be obtained. This correction 

reduces the experimental coeff ic ients  by something l e s s  t h a n  10 percent, 

however, i t  can be seen t h a t  w i t h  t h i s  correction the agreement with the 

c 

c 



model i s  s t i l l  plus o r  minus a b o u t  17  percent. 

Correlatinq Heat Transfer t o  Flow Rates a n d  Holdup - The over- 

a l l  heat t ransfer  coefficient appears t o  be a s t rong  function of R a n d  

V c  o r  0 .  For the present range of continuous phase flow rates  ( V C  = 

0.204 - 0.225 l i t / s e c  or 3.24 - 3.57 gal/min) relationship of U v  and  R 

was found t o  be l inear.  ' The correlation shown below f i t s  the experi- 

mental resu l t s  within a t  l eas t  14 percent. 

U, (kcal/m3hroC) = 46264 R - 9687 (22) 

Experimental resul ts  are compared w i t h  the prediction of Letan and 

Kehat, Plass, a n d  Equa t ion  ( 2 2 )  in Figure 16. 

The heat t ransfer  coefficient can be obtained in terms of the 

calculated ho ldup  by writing Equation ( 2 )  in terms of R as shown, 

V C  

The term in parentheses changes very l i t t l e  over the present range of 

ho ldups  fo r  a constant continuous phase velocity, making U, a lso f a i r l y  

l inear  function of the calculated holdup. The relationship between U, 

and the experimental holdup was not  obvious; however, i t  i s  suspected 

t h a t  the measured holdup was subject t o  experimental e r ror  due t o  the 

d i f f i cu l ty  of seeing the exact interface in the present appara tus .  

From e a r l i e r  runs over a wider range of R values i t  appears t h a t  

U v  increases with R u p  t o  a value of approximately E = 1.90. P.bove 

t h i s  value the opposite trend occurs. I t  was also noticed t h a t  fo r  a 

constant value R < 1, heat t ransfer  increased as continuous phase flow 

ra te  increased. For a value of I? = 1.50 the heat t ransfer  decreased 

a s  the continuous phase flow ra te  increased. 

-39- 



50,000 

40,000 

> 
3 

2QOOO 

10,000 

0 

EQ 

IXI 

0 

0 
0 

/ kb EXPERIMENTAL 

0 E 0 LETAN AND KEHAT 

0 PLASS 

- dmo 

To 
I .o 2.0 3.0 

FLOW RATE RATIO 

Figure 16. Cornparisonr,of Heat T r a n s f e r  Results 
f o r  Spray Column 

-40- 



Results from a preheater i n  a 5OC kw p i l o t  plant a t  R a f t  River, 

I 

Utah a re  shown i n  Table 2. 

i n  3 percent. 

PERFORATED PLP.TE COLUMN 

They agree with Plass 's  correlation t o  with- 

The perforated plates were designed such tha t  the column could be 

operated i n  the same range of  flow rates  as the  spray tower. Further the 

f ree  area (of  the down spout) was such t h a t  the velocity o f  the  continu- 

ous phase i n  the down spout  would never exceed the upward velocity of 

the drops.  The depth of kerosene bui'td u p  beneath each p la te  was ca l -  

culated from a correlation by Treybal [181 relating the geometry, o r i f i c e  

veloci t ies ,  and f lu id  properties. This length was found t o  be 11.0 cm 

(4.3 in.)  and; therefore, the down spouts were made 15.2 cm (6.0 in.) 

long a s  a safety factor.  The length o f  the wake formation zone was 

calculated t o  be so short t h a t  the only factor l imiting the  distance 

between a plate  and the down s p o u t  above was smooth flow of the contin- 

uous phase. The distance was chosen t o  be 30.5 cm (12.0 in. )  as t h a t  

would be comparable t o  the length o f  the wake formation zone and t h e  

intermediate zone in the spray tower. 

Experimental runs were made for  values of R from .85 t o  1.40. One 

se t  of runs was made with volumetric flow rates comparable t o  those 

used in the spary column, and the other set  o f  runs was made w i t h  

lower flow rates. 

The effect  of higher flow ra tes  for  a l l  values of R was t o  increase 

the overall volumetric heat t ransfer  coefficient and t o  decrease t h e  

approach temperature a t  the bottom of the column. For R values o f  

one o r  greater,  the intermediate water and kerosene temperatures were 
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I 
P 
N 
J 

Table 2. Pilot  Plant Spray Column 

I I I I 

1.81 .19 36648 36558 1 .oo 

1.85 13 23040 23824 0.97 

1.94 .11 18607 19198 0.97 



h o t t e r  for the hiqher f low rates.  However, f o r  smaller values of R 

the intermediate temperatures were n o t  affected by the flow rates .  

ComDari nq perforated pl a t e  t o  spray tower performance for  simi 1 a r  

operating conditions; i n  a l l  cases the overall voluvetric heat t ransfer  

coeff ic ient  was imvroved. The water out le t  temperature was 13 t o  18°F 

0 
i 

colder and the kerosene temperature a t  the interface was hotter.  

Temperature Prof i les  

The kerosene temperature under each plate was cooler t h a n  the 

temDerature t h a t  would ex is t  a t  the t o p  of the wake shedding zone as 

predicted by the model of Letan and  Kehat. I t  is  proposed t h a t  between 

each plate  the wake formation zone i s  followed by an intermediate zone 

i n  which no heat t ransfer  occurs." Then near the kerosene interface 

is  a zone where p a r t i a l  mix ing  occurs. As t h q y  slow down t o  coalesce, 

t he i r  

nuous 

these 

the drops are assumed t o  transfer heat back t o  the wakes u n t i l  

temperatures have equilized. A temerature  j u m p  o f  

phase occiirs a t  t h i s  p o i n t  as the down corning f l u i d  m 

wakes which are  s t i l l  cooler. 

the cont 

xes w i t h  

The n o t a t i o n  used f o r  t h i s  model i s  shown i n  Figure 17. The energy 

balance f o r  the w a k e  formation zone is  shown i n  F i g u r e  18a. Equat ions  

(11) and ( 1 2 )  s t i l l  gise the drop and wake temperatures a t  the t o p  o f  

t h i s  zone and they are restated below i n  the new n o t a t i o n .  

* W i t h  the perforated plate column th i s  zone could he due t o  stagnant 
reaions of the continuous phase  caused by the obstruction of the 
p l  a tes .  

-43- 
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Coalesced Kerosene e T 

Partial Mixing Zone 

C' 
T 

Wake Formation and 
Intermediate Zone 

c l  T d l  T 

................. -e... 

w s  1 T d s l  T 

........................ 
w s 2  T d s 2  T 

1 

c3  

...................... 
w s 3  T d s 3  T 

% 'r - - - rn - - - 
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-c5  

j=1 

j =2 

j =3 

j = 4  

j =5 

j = 6  c 
Figure 17. Notation Used f o r  Perforated Plate Colum Model 
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Figure 18b shows the energy balance in the t o p  zone. The heat t h a t  

i s  transferred from the drops back t o  the wakes in t h i s  zone i s  given by 

An overall heat balance i s  shown in Figure 18c. Energy i s  conserved 

i n  the  model i f  the temperature of the kerosene held u p  under the plate 

i s  given by 

T d j  = CF1Twc-j + rTds j l / (M + r) .  (26)  

Fi nal ly  the continuous phase temperature i n the down spout , given below, 

i s  found from the overall balance. 

Tcj = F?r ( T d j  - T d j + l )  + Tcj+l ( 2 7 )  

The continuous phase, droplet , and wake temperature profiles were 

calculated from Equations (23 ) ,  (24), ( 2 6 ) ,  and ( 2 7 ) .  This model f i t  

the  experimental profiles t o  within 5 percent i n  the region of the t o p  

three plates. The f i t  was within 15 percent a t  the bottom plate. A 

p l o t  comparing the profiles i s  shown i n  Figure 19 ( r e fe r  t o  Appendix 

B for  explanation), and the remaining plots are shown i n  Appendix E? 

and  C fo r  F1 = 0.83 and 0.50 respectively. I t  can be seen t h a t  more 

h e a t  i s  t r a n s f e r r e d  b e l o w  t h e  b o t t o m  p l a t e  t h a n  i s  p r e d i c t e d  by t h e  

model. A possible reason for  t h i s  deviation i s  t h a t  t he  dispersed phase 

appeared t o  consist of smaller droplets (result ing i n  a larger surface 

area and  improved heat t ransfer)  as i t  came out of the dis t r ibut ion 

plate t h a n  were formed coming out  of any of the succeeding plates. 

Comparing P,ppendix E?, where the fast  response thermocouple time 

constants were calculated using an  estimated holdup, t o  Appendix C y  

where the calculations were made using the holdup from Equation ( 7 ) ,  

i t  can be seen t h a t  the result ing temperatures are more reasonable f o r  



Energy Balances for Model of Perforated Plate Column 

w s  j 
T T d s  j 

Vd (M+l)  

I J 

VdM(pC ) =O 
P C  ( T c j + l -  T w s j )  'd(PC P d  ( T d j + l -  T d s j  

Figure 18a. Wake Formation Zone: Overall Balance * 

'd (Pep) (Tc j- Tc j+ l  +'d ( Pc ) d ( Td j + 1 - T d j ) = O  

Figure 18c. Entire Region Between Plates 

& T 
c j  

c 

v + Mvd 
C - 

) + V d ( P C p ) d ( T d s j -  

r + VC(pC 1 (Tcj-  T c j + l ) = O  
P C  
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the estimated holdup which was generally higher t h a n  the calculated 

6 Val ue. 

Overall Vol umetric Heat Transfer Coefficient 

The overall volumetric heat t ransfer  coefficients are  tabu1 ated 

i n  Tables 3 and 4 for M = 0.83 and 0.50 respectively. Coefficients 

fo r  the perforated plate  column are considerably greater than those 

f o r  corresponding condi%ions i n  the seray column as shown i n  Table  5. 

Based on the volume below the interface i n  the column, the model pre- 

d i c t s  the coeff ic ient  t o  be w i t h i n ,  11 to  28 percent of the experimental 

r e su l t  for  M = 0.83 and from 2 t o  11 percent for  M = 0.50. Also tabu- 

la ted i n  Tables 3 and 4 is  a comparison of calculated and experimental 

coeff ic ients  based on the volume between the middle two plates as t h i s  

reaion i s  n o t  influenced as much by end effects .  Here the agreement 

was between 2 and 17 percent for  both values of M. I t  i s  apparent 

t h a t  the model i s  n o t  strongly affected by the value of M; however, 

the actual value of M coiild have been different  i n  the perforated 

plate  column due to  the increase droplet s izes  noticed above the 

perforated plate  baffles as compared t o  those above the d is t r ibu t ion  

plate.  I t  should be noted tha t  the heat t ransfer  between the two 

middle plates  was considerably be t te r  i n  every case t h a n  i n  the reaion 

between the dis t r ibut ion plate  and the f i r s t  perforated plate. The 

heat t ransfer  also drops off above the t o p  perforated plate.  

Correlatinq Heat Transfer and Flow Rate - Within the oper- 

atinq range of the present experiments the overall volumetric heat 

t ransfer  coeff ic ient  was shown t o  be a l inear  function of the f low r a t e  

r a t io  arld the continuous phase flow rate .  The func%ion shown helow f i t s  

the d a t a  t o  within 3 t o  14 percent, as shown in Table 6. 
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Table 3a. Perforated Plate Column: Overall Volumetric Heat Transfer Coefficient 

From Interface 
(exper) (model) I (exper) (mode) 

Between Two Middle Plates 

I I 
1.40 2.70 38432 44936 47243 44423 35 0.15 

36 

38 

39 

0.11 1.08 2.72 

0.14 

0.11 

0.95 

0.83 

'3 .53 

3.79 

29733 32873 

41908 53475 

43302 50912 

48669 40354 

47 130 54068 

45369 50303 
I 40 1 0.14 1.23 3.12 54532 65970 57207 58153 
P a 

I 

Table 3b. Perforated Plate Column: Comparison o f  Results t o  Mode 

I I 

R u n  R Qr ( l i t / s e c )  U, (model)/U, (exper) 
From Interface I Between Two Middle Plates 

36 0.11 1.08 

38 0.14 0.95 

39 0.11 0.83 

40 0.14 1.23 

2.72 

3.53 

3.79 

3.12 

1.11 

1.28 

1.18 

1 e 2 1  

0.83 

1.15 

1.11 

1.02 



Table 4a. Per fora ted  P l a t e  Column: Overall Volumetric Heat Transfer  C o e f f i c i e n t  

R u n  Q ( c a w  R Qc ( l i t / s e c )  U, (cal/m3hroC) 
From I n t e r f a c e  Between Two Middle P l a t e s  
(exper) (model) (exper  j (mode 1 ) 

36 0.08 1.08 0.171 

R u n  

29734 26382 48668 40354 

Q ( c a w  R Qc ( l i t / s e c )  U, (model ) / U v  (exper)  
From I n t e r f a c e  Between Two Middle P l a t e s  

38 0.09 0.95 0,222 41909 42893 49229 51601 

39 0.09 0.83 0.23'3 93303 40837 45368 50303 

40 0.11 1.23 0.197 54532 52916 57207 58153 
I 
m 
0 
J 

Table 4b. Per fora ted  P l a t e  Column: Comparison of R e s u l t s  t o  Model 

( M  = 0.50) 

36 0.08 1.08 2.72 0.89 0.83 

38 0.09 0.95 3.53 

39 0.09 0.83 3.79 
I 

/ 

1.02 

0.94 i.ii 

3.12 0.97 1.02 

m 

40 

47 I 



- -  

SPRAY COLUMN P E R F O R A T E D  P L A T E  COLUMN 

Qc (1 i t / sec)  U ,  (kcal /m3hroC)  

0.239 43303 0 206 26065 39 0.83 

0.225 37150 38 0.95 0.222 41909 

0.208 45464 40 1.23 0.197 54532 

R I  UI I Run R Qc (1 i t /sec)  Uv( kcal/m3hr0C) R u n  
c1 . "  
I 

Table 5. Comparison of Spray Column t o  Perforated Pla te  Column f o r  Similar Operating Conditions 

u ,  (spray) 

U, ( p l  a t e )  

60 

89 

* 83 

34 0.85 

25 0.98 

26 1.18 



Tab1 e 6. Perforated Plate Column: Comparison of Experimental Results t o  Cal cul ated Values 

( Equati on 28) 

Run R Vc (cm/sec) U, (Eqn.  28) (kcal/m3hr"C) U, (Eqn.  28)/U, (exper) 



[Iv (kcal/m3hr0C) = -95015 t $8545 R f 6964C Vc (cm/sec) (28) 

CONCLUSION 

With the present apparatus i t  was found t h a t  the heat t ransfer  

performance o f  the perforated pl a te  col umn was s ignif icant ly  improved 

over t h a t  in a spray column for  similar operating conditions. I t  was 

also found t h a t  the heat t ransfer  between the two middle plates in  

the column was bet ter  t h a n  t h a t  for  the en t i re  column indicating t h a t  

end e f fec ts  in the column reduce heat transfer.  8 

Overall volumetric heat t ransfer  coefficients in the range of 

19,OOC t o  58,000 (kcal/m3hroC) [1200 t o  4000 (Rtu/ft3hroF)] were 

obtained in a 183.0 cm (6.0 f t )  t a l l ,  15.2 cm (6.0 i n . )  diameter column. 

Due t o  unavoidable fluctuations in operating parameters, heat t ransfer  

resu l t s  varied as  much as 15 percent during some runs. Considering 

t h i s  uncertainty the agreement between experimental resul ts  and theo- 

re t ical  models was considered t o  be good. 

Spray Column 

The  wake and continuous phase temperature prof i les  of Letan and 

Kehat were within a t  least  18 percent of the experimental prof i les  

measured in the center of the column. A l t h o u g h  Letan and Kehat 

ignored the radial temperature profile,  i t  was observed in the experi- 

mental resul ts .  
I 

Predictions of the overall volumetric heat t ransfer  coefficient 

from the correlation of Plass were within 10 t o  28 percent of the  

resu l t s  f o r  R values between 0.70 and 1.20. The coefficient calculated 

from the model of Letan and Kehat was within 4 t o  27 percent of the 
L 
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experimental resul t  for  values of Fi less  t h a n  1.2. The agreement for R 

values outside of t h i s  range was poor. A t  a flow rate  r a t io  of 1.40 

the model predicted a coefficient much less  t h a n  t h a t  which was ob- 

t a i  ned. 

For a re la t ively constant continuous phase flow rate  of approxi- 

mately 0.215 l i t / s e c  (3.40 gal/min) the heat t ransfer  was found t o  be 

l inear  with respect t o  R ( R  < 1.90) as given below 

Uv (kcal/m3hroC) = 46264 R - 9687 

For higher values of R ( R  > 1.90) i t  was found t h a t  the heat t r ans fe r  

decreased as R was increased. I t  was also observed t h a t  constant 

values of R less  t h a n  one, heat t ransfer  increased as the continuous 

phase flow ra te  was increased. However f o r  larger values of R ( R  > 
1.50) the opposite trend occurred. 

Perforated P1 a t e  Column 

A hydrodynamic model was proposed for  the vol ume between pl ates.  

The model proposes a wake formation zone and intermediate zone, l i k e  

those o f  Letan and Kehat, followed by a partial  mixing zone where the  

c 

drops are  cooled by t h e i r  own wakes as they slow down t o  coalesce under 

the upper plate. The temperature profiles predicted by the model were 

w i t h i n  5 percent o f  the experimental profiles.  The overall heat 

t ransfer  coeff ic ient  was normally within plus or minus 17 percent of 
L 

the  experimental' value. '1 
I n  the  current range of operation (R 6 1.40) ,  the overall volumet- \ -, 

L. 

r i c  heat t ransfer  was increased as the flow rates of b o t h  phases were 

increased and the approach temperature a t  the bottom of the column 

was decreased. The heat t ransfer  i n  t h i s  range was found t o  be a 6 
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3 

l inear  function of the flow rate ra t io  and the continuous phase flow 

ra te  as shown. 

Uv (kcal/m3hroC) = - 95015 + 48845 R + 69649 Vc (cm/sec) 

Further lJork 
3 

I t  i s  suggested t h a t  further work be done w i t h  a glass column t o  

faci  1 i t a t e  accurate measurement of interface levels holdup, and d r o p  

size.  Variation i n  the  two phase flow pattern with operating parameters 

could also be observed. Kore f a s t  response and shjelded (slow response) 

thermocouples should be instal led t o  o b t a i n  detailed experimental 

I) 
temperature prof 

i ndi cator should 

s t a n t  by automat 

The perfora 

les for  use i n  modeling the apparatus. Also a level 

be instal led t o  keep the level of the interface con- 

cal ly  adjusting flow valves. 

ed plate column should be r u n  over a wider range of 

operating conditions t o  determine the optimum and the number o f  plates  

should be varied as well. A larger tower m i g h t  f a c i l i t a t e  a wide 

range of operation by allowing for  greater throughput. 
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SPF?P.Y COLUMN TEMPERATURE PROFILES 

In the following plots the experimental radial temperature as 

determined from the slow response thermocouples i s  shown by three f i n e  

l ines  labeled b y  cy  and d,  i n  order of increasing distance from the 

column wall ( r e fe r  t o  Figure 14) .  The three profiles shown by thick 

l ines  were calculated from the model of Letan and Kehat and represent 

the wake droplet and continuous phase temperatures 1 isted from coldest  

t o  hot tes t .  Triangular shapes mark the maximum and  m i n i m u m  temperatures 

seen by each f a s t  response thermocouple. Other experimental continuous 

phase and dispersed phase temperatures are shown by rectangles and 

diamonds respectively. 

Following each plot i s  a page giving a numerical comparison of 

the model and the experimental results.  These comparisons are made 

a t  the  level of each f a s t  response thermocouple i n  the column w i t h  

nunber 14 being the lowest i n  the column. Also given are d u r a t i o n s  

i n  seconds t h a t  the  fas t  response thermocouples are exposed t o  the con- 

tinuous phase, droplets,  and wakes denoted R 1 ,  P.2, and R3 respectively, 

and defined i n  Equation (10). The corresponding f a s t  a n d  slow response 

thermocouple time constants in seconds-1 are given by A l ,  A2,  and A3. 

J 
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FERFORATED PLATE COLUMN TEPPERATURE PROFILES:  F? = 0.83 
. G  In  these plots the experimental profiles are shown by thin l i nes  

and the profiles calculated from the model are shown by thick l ines .  

Triangular shapes mark the maximum and minimum temperatures seen by 

each fast  response thermocouple. Other continuous phase and dispersed 

phase temperatures are shown by rectangles and  diamonds respectively. 

Horizontal dashed l ines  indicate the level of each plate. 

Following each plot i s  a page giving a numerical comparison o f  

the model and the experimental results.  The comparisons are made j u s t  

below the level of each plate  with the f i r s t  one being below the lowest 

plate. Also given are the durations in seconds t h a t  the f a s t  response 

thermocoupl es were exposed t o  the conti n u o u s  phase d rop1  e t ,  and wakes 

denoted R 1 ,  R2, and R3 respectively. The corresponding f a s t  and slow 

response thermocouple time constants in seconds-1 are given by A l ,  A2, 

and A3. 
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drs 
I 

PERFORATED PLATE COLUMN TEMPERATURE PROFILES: M = 0.50 

I n  t h e s e  p l o t s  t h e  exper imenta l  p r o f i l e s  a r e  shown by t h i n  l i n e s  

and t h e  p r o f i l e s  c a l c u l a t e d  f rom t h e  model a r e  shown by t h i c k  l i n e s -  

T r i a n g u l a r  shapes mark t h e  maximum and minimum tempera tures  seen by 

each f a s t  response thermocouple. Other cont inuous  phase and d i s p e r s e d  

phase temperatures a r e  shown by rec tang les  and diamonds r e s p e c t i v e l y .  

H o r i z o n t a l  dashed l i n e s  i n d i c a t e  t h e  l e v e l  o f  each p l a t e .  

F o l l o w i n g  each p l o t  i s  a page g i v i n g  a numer ica l  comparison o f  

t h e  model and t h e  exper imenta l  r e s u l t s .  The comparisons a r e  made j u s t  

below t h e  l e v e l  o f  each p l a t e  w i t h  t h e  f i r s t  one be ing  below t h e  l o w e s t  

p l a t e .  A lso  g i v e n  a r e  t h e  du ra t i ons  i n  seconds t h a t  t h e  f a s t  response 

thermocoupl es were exposed t o  t h e  cont  i nuous phase drop1 e t ,  and wakes 

denoted R 1 ,  R2, and R3 r e s p e c t i v e l y .  The cor respond ing  f a s t  and s low 

response thermocouple t i m e  cons tan ts  i n  seconds-1 a r e  g i v e n  by A l ,  A2, 

and A3. 
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DATA 

The averaged d a t a  for each r u n  i s  given i n  t h i s  Appendix. The 

thermocouples are numbered 1 t h r o u g h  18 on a l l  computer printouts. 

Refer t o  Figure 10 for the location o f  these thermocouples. 
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