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1 .  INTRODUCTION 

The Massachusetts In s t i t u t e  of Technology School of Chemical Engineer- 

i n g  Practice has been operating a t  Oak Ridge for  over twenty six years. 

school i s  designed to accelerate the development of highly competent mas- 

ters-level engineers by providing them an intensive,  guided program i n  which 

they develop: 

a )  an  a b i l i t y  t o  apply engineering principles t o  the solution of tech- 

nical ,  industr ia l  and research problems, 

b) a proficiency i n  effect ive oral and written communication s k i l l s ,  

and c )  a proficiency i n  human re la t ions.  

Practice School operation i s  as follows: student groups o f  two to four 

are  assigned one-month projects suggested by the various department? of O R N L .  

The most important c r i t e r i a  i n  project selection i s  tha t  i t  must be o f  
educational value t o  the students and tha t  the solution s h o u l d  require i n -  

d e p t h  application of a broad variety of chemical engineering s k i l l s ,  orig- 

inal thought, i n i t i a t i v e ,  and sound judgment .  The plant personnel who 

The 

suggest the par t icular  problem are  asked t o  

the problem i s  assigned the students, Pract 

and ORNL s t a f f  and personnel a r e  considered 

is t o  solve the problem. 

Dur ing  the academic year 1977-78, a t o  

serve as consul tants  . Once 

ce School s t a f f ,  consultants, 

a cooperative team whose j o b  i t  

a1 of  35 students were involved 

i n  over 20 one-month projects,  several of  which were followups. Of these 

projects,  f ive will  be presented in outside professional symposiums and  

technical meetings. 

Table 1 shows the dis t r ibut ion of MIT Practice School projects within 

ORNL. Approximately one third of the problem work was conducted i n  the 

Chemical Technology Division. Contributions included the analysis of a 

s t i r r e d  t a n k  carbonation reactor for the removal o f  radioactive carbon d i -  

oxide from the off-gases o f  nuclear reactor fuel reprocessing plants. Work 

i n  the controlled thermonuclear fusion reactor research involved the mathe- 

matical modeling of the he1 ium-cooled cryosorption pumping process. Prac- 

t i c e  school contributions t o  coal research included the operation a n d  

mathematical modeling of a recircul t i n y  fluidized-bed reactor i n  which 

hydrodynamic parameters were studied, Mass t ransfer  character is t ics  o f  
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Table 1 D i s t r i b u t i o n  of  M I 1  P r a c t i c e  School F r o j e c t s  W i t h i n  ORNL 

Date and 
ORNL/HIT- 

Report  Nmber-. 

9/6/17 - 256 

ORNL D i v i s i o n  

Chemical Technology 

~. . ~~~. ~~~ 
Consu l tan ts  

~ .. . . . . . 

G.L. Haai  
D.W. Ho l laday  
A.D.  Ryon 

P.W. F i s h e r  
S.D. C l i n t o n  
J.S. Watson 
J.B. T a l b o t  

H.D. Cochran, J r .  
E.L. Youngblood 
P. R .  Wcstnwrel and 

J.M. Beqovich 
S.D. C l i n t o n  
J.S. Watson 

J.M. Begovich 
H.D. Cochran, J r .  
G.E. Oswald 

G.P.  H i r s c h  

Students 

J.P. Y c A l e s e ,  B.A. B e l t ,  
, J .R .  Datesh. M.C. Shaeffer 

___. . . . . . . . . . P r o i e c t  . . ...... 

L ime-S lur ry  Carbonat ion Reactors 
i n  Nuclear Fuel  Reprocessing P l a n t s  

4/28/7[1 - 275 J .R .  P e r i n i .  Y . Y .  Roberts,  
B.W. Wu 

Chemical Technol oqy Cryogenic Vacuum Pimping i n  Fus ion  
Reactors 

Cheaiical Technoloqy R e c i r c u l a t i n g  F l u i d i z e d  Seds (Coal 
P y r o l y s i s )  

3/3/78 269 Y . Z .  Khan, S.A.  Berqcr ,  
F.S. G i l l e t  d ' A u r i a c  

Chemical Technol ogy Mass Trans fer  i n  Three Phase 
F l u i d i z e d  Beds 

4/4/18 - 272 B.W. Wu, Y.L. Chenu, 
J.R. P e r i n i ,  J.L.  Roux-Buisson 

C h w i c a l  Technol ogy Three-phase Flow i n  Packed Beds 
(Syntho i  1 Process) 

9/6/77 - 257 F. Bar re to ,  S.J. Anderson 
B.R.  Go lds te in ,  S.S.  Moor 

B i o l o g y  Freez ing  of  L i v i n g  C e l l s  and 
Tissues 

Y . S .  Giroux, G.M. R i n n l d i ,  
L.W. Bonnel l  
S.D. Engstrom. Y.J. Chu, 
W.F. Sung 

M . J .  Abadi. W.F. Sling, 
C . T .  Gearv 

D.G. Sundberu. M.J. Abadi, 
M . S .  Giroux 

Y . W .  Alqer .  O . K .  Chow, 
M . Z .  Khan 

L.A. F i e l d ,  A.J.  Papadopoulos, 
R.D.  Wani 

R.N.  Caron, K.J. F a l l o n ,  
, l . F .  O r r i k  

S . S .  Moor, S.J. Anderson 
B.A. B e l t ,  J.P. McAleese 

Y.L. Chenq, B. Budiman. 
M .  Yachb i tz  

1/1/77 - 760 

1/29/77 - 755 

1/1/77 - 261 

1/29/77 - 264 

Chemistry 

C h m i  s t r y  

E.L. F u l l e r ,  J r .  

E.L. F u l l e r .  J r .  

Surface C h a r a c t e r i s t i c s  o f  C a t a l y s t  
supoo, t s  

Physico-Chemical C h a r a c t e r i z a t i o n  
o f  Coal 

2/6/78 - 266 

3/3/78 - 270 

a / 4 / i a  - 273 

S.Y. Shiao 
K.A. Kraus 
J.S. Johnson, J r .  

D ispers ion  i n  M i s c i b l e  F l u i d s  i n  
Porous : ledia 

Chcmistry 

Chemistry W.D. Arno ld  
F.J. Hurs t  
O.L. K e l l e r  

E. H i r s t  
D. O'Nea1 

T.A. B u t l e r  
J .  K. Poqgenburg 
B. W. Wiel and 

Recovery o f  Uranium f r o n  Phosphate 
Rocks 

2/5/78 267 R.D. Wana, L.A. F i e l d ,  
F.S.  G i l l e t  d ' A u r i a c  

Enerqy Cost /E f f i c iency  Ana lys is  o f  Rooin A i r  2/6/78 - 268 
Cond i t ioners  

Design o f  a l @ F  Produc t ion  System 
f o r  ORNL Cyc lo t ron  F a c i l i t y  

9/29/77 - 25:: 

11/1/77 - 262 

A.J. Papadopoulos, S . A .  BeTQer 

Nucl ear  Medicine 
Tech no1 ogy 

M . C .  Shaeffer,  F B a r r e t o  
J.R. Datesh. B.R. G o l d s t e i n  

Y . J .  Chu, S . D .  Enqstrom, 
D.G.  Sundberg 

G . Y .  R i n a l d i .  L.W. Bonne l l ,  
C.T. Geary 

Enq ineer ing  
Technology 

E.C. H ise  
J.C. Noyers 
A . D .  S o l o m n  
V. Baxter  

J .T.  Han 
H. Fontana 

Suoercco l inq  o f  Water i n  ACES Heat 11/29/77 - 263 
Exchangers 

Fnq ineer i  ng 
Tec hnol  oqy 

R a d i a t i o n  Cno l inq  i n  LMrBR Cores 4/4/78 - 27n Y .  Yachb i tz ,  6 .  Bumiiman, 
Y . Y .  Roberts 



3 

three-phase cocurrent f luidized beds were also investigated in re la t ion t o  
ca t a ly t i c  coal 1 iquefaction processes. Hydrodynamic charac te r i s t ics  of 

three-phase flow in packed beds were investigated by simulating the opera- 

t ing condj t ions of the Synthoi 1 coal 1 iquefaction process. 

Work i n  the Biology Division involved the tes t ing  of a new concept in 

cryogenic preservation. 

were frozen i n  s ta in less  s teel  vessels a t  constant volume. The effects  of 

cooling and warming ra tes  and bath temperatures were examined in an attempt 

to maximize survival ra tes .  

Aqueous solutions of l iving ce l l s  and organisms 

Practice School projects in the Chemistry Division involved the physico- 

chemical characterization of the surfaces of ca ta lys t  supports and a variety 

of coals. 

ted on the dispersion phenomenon i n  miscible displacement in porous media. 

Another study investigated the economics of the recovery o f  uranium from 

phosphate rocks . 

cost analysis of room a i r  conditioners. 

b i l i t i e s  curve was generated t o  be used i n  the ORNL energy model which sim- 

ulates the energy use i n  the U.S. residential  sector from 1970 to 2000. 

o f  radiation cooling i n  voided l iquid metal f a s t  breeder reactor cores. 

The r e su l t s  provided a quant i ta t ive basis in making accurate safety a n d  

accident analyses i n  breeder reactor technology. Also, the supercooling 

phenomenon i n  Annual Cycle Energy System heat exchangers was investigated 

in an  attempt t o  prolong the duration of  t h i s  supercooling t o  increase heat 

t ransfer  e f f  i c i  ency . 

group, a 18F production system was designed t o  be used a t  ORNL 85-inch 

cyclotron f a c i l i t y .  

Medical Division o f  Oak  Ridge Associated Universit ies.  

In re la t ion to t e r t i a r y  a i l  recovery processes, work was conduc- 

The Practice School contribution t o  the Energy Division was the energy/ 

As a r e s u l t ,  a production possi- 

Work in the Engineering Technology Division involved the examination 

In  a se r ies  of projects sponsored by the Nuclear Medicine Technolosy 

This work was conducted in close association with the 

I n  summary, the academic year 1977-78 has been highly successful, 

in te res t ing ,  and productive. 

ing and excit ing year in 1978-79. 

We are  l o o k i n g  forward to a similar challeng- 

S.M. Senkan 

Oak Ridge 
June 1978 
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2. SUMMARY OF THE PROJECTS 

A.  Chemical Technology Division 

1 )  

from nuclear reactor fuel reprocessing plants. 

gamma radiation from B5Kr can damage 1 i v i n g  cel Is; however, 1% presents a 

more serious problem as i t  can become incorporated into genetic material 

t h r o u g h  the food cycle and cause mutations. 

Adsorption System fo r  the Treatment o f  Effluents from Reprocessors) system 

removes carbon dioxide f i r s t  by precipitating i t  as calcium carbonate (1). 
The reaction proceeds: 

Lime-Sl urry Carbonation Reactors i n  Nuclear Fuel Reprocessin3 Plants 

Carbon-14 and krypton-85 a re  radioactive components of off-gas streams 

Moderate levels of beta and 

The FASTER (Fluorocarbon 

Ca(OH)2 i- C02(g) CaC03(s)+ H20 

The 1 4 C  removal system was simulated by a stirred tank containing a 

calcium hydroxide s lu r ry  through which gas containing C02 was bubbled,Fig.Al-1 . 
Gas residence time dis t r ibut ions ( R I D S )  were determined as  functions o f  gas 

flow ra t e s  and impeller speeds fur  i n l e t  gas compositions of a i r  w i t h  about 

300 ppm C02 and f o r  a mixture of 80% CO2 and 20% 02. 
actor should ideal ly  permit 85Kr t o  pass th rough  

system. 

inversely proportional to  gas  flow ra t e s ,  s l i g h t l y  proportional t o  impeller 

speeds f o r  a i r ,  and were poorly characterized fo r  h i g h  carbon d i o x i d e  feeds. 

An empirical correlat ion was obtained: 

The carbonation re- 

t o  a subsequent removal 

Mean residence times and dispersion coefficients were found to  be 

X = a  bTdn 
(log mean Q ) m  

where X is e i the r  the mean residence time or  the dispersion coeff ic ient  o f  the 

gas, Q i s  the gas flow r a t e  through the reactor ,  and rpm is the impeller 

speed. 

fo r  a i r  and C02-rich gas ( 2 ) .  - 

i s  defined as the r a t i o  of moles of 85Kr entering t o  moles of 85Kr leaving 

the gas flowing through the reactor.  

1.001 to  1.006. 

The let ters a ,  m ,  and n a r e  empirical constants which a re  different  

The decontamination factors  (DF) f o r  krypton were also measured. DF 

T h e  DF values u s i n g  3% C02 ranged f r o n  
DF values corresponding t o  a C02-rich feed gas were highly 
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AT 

OAK RIDGE NATIONAL LABORATORY 
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irreproducible. 

on CaC03 i n  increasing quant i t ies  when CQ2 content of the feed gas  i s  i n -  

creased. 

However, preliminary r e su l t s  indicate t h a t  85Kr adsorbs 

( 1 )  I Forsberg, C . W . ,  "Theoretical Analysis and Preliminary Experiments 

on the Feasibi l i ty  of Removing C O z  Containing 1 4 C  Selectively w i t h  a Ca(OM)2 

S1 urry from a B5Kr-Contaminated HTGR Reprocessing Plant Off-Gas Stream," 

ORNL/TM-5825 ( 1977) .  

( 2 )  - McAleese, J .P. ,  B . A .  Belt ,  J.R. Datesh, a n d  M . C .  Shaeffer, "Anal- 

y s i s  of Lime-Slurry St i r red Tank Carbonation Reactor," ORNL/MIT-256 (Sept. 

1977). 

2 )  
Vacuum requirements for  Controlled Thermonuclear Reactors ( C T R S )  a r e  

d i f fe ren t  than those encountered i n  conventional h igh  vacuum systems. The 

CTR vacuum pumps must operate i n  h i g h  magnetic and e l ec t r i ca l  f i e l d s ;  they 

should provide clean vacuum ( i . e . ,  no o i l  o r  mercury contamination) and be 

very r e l i ab le .  Cryogenic vacuum pumps f u l f i l l  a l l  these requirements. 

These pumps operate by accumulating gases from a vacuum system onto a cold 

surface e i the r  by plain condensation mechanism (cryocondensation) or  by 

physical adsorption on porous materials such as molecular sieves (cryo- 

sorption) ( see  F i g .  A 2 - 1 ) .  

showed tha t  constant pumping speeds can be maintained for  pressures u p  to  

10-4 t o r r .  Since the vapor pressure of deuterium i s  3.6 x 10-11 t o r r  

a t  4 . 2  K, the pumping mechanism i s  mainly cryocondensation. However, fo r  

H2 and He (vapor pressures o f  10-6 torr and 1 atni respectively a t  4 .2  K )  

pumping speed shows a peculiar cycl ic  behavior. 

pumping  speed decreases monotonically, usually t o  a value 1 / 2  t o  1/10 o f  
the i n i t i a l  speed, followed by a s h a r p  recovery period. The whole process 

then repeats i t s e l f .  D i f f u s i o n  l imitat ions of H2 and He into the zeo l i t e  

bed havebeen suggested to  be the cause o f  this cyclic phenomenon ( 1 ) .  -- 
Accordingly, high H2,He pumping speeds were a t t r i bu ted  to  accuniulation i n  

the surface cav i t i e s  of  the adsorbent such t h a t  when these cav i t i e s  become 

f i l l e d ,  the pumping speed declines. 

rapidly increases the back pressure and then temperature t o  lo-* t o r r  a n d  

Cryogenic Vacuum Pumping i n  Fusion Reactors 

Preliminary experiments w i t h  deuterium ( u s i n g  l iquid He a t  4 .2  K )  

For a period of time 

The reduction i n  p u m p i n g  speed then 
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10-20 K respectively, resul t ing in an increase in diffusion ra tes  into the 

adsorbent. 

Mass t ransfer  into the zeol i te  cryosorption panel was investigated by 
modeling i t  as a bidisperse (macro/micro) porous s t ructure .  I n  the macro- 

pores Knudsen diffusion dominates which permits the transport of gases into 

the bed. 

activated diffusion process. The gas  composition in the macropores was 

assumed t o  be in equilibrium with the external surface of the beads. 

steady s t a t e  material balance in macropores resul ts  in the following: 

The cycle then repeats i t s e l f  (see Fig. A2-2) .  

The micropores within the zeol i te  beads a re  characterized by the 

Un- 

simi 1 a r ly  for  the micropores 

1 a 2 aci 
a t  1 r2 ar ar - D. --(r -) 
aci 
-... 

where CA,  Ci3 and Dk, D j  a re  the concentration and diffusion coeff ic ients  

in the macropores and micropores, respectively. x i s  the position coordi- 

nate through the panel and r i s  the radial position within the microsphere. 

Usual symmetry and relevant boundary conditions were used ( 1 ) .  - The equi- 

librium relationship between Ci and CA i s  given by the isotherm relat ion-  

shi p s ,  

Two l imiting cases were examined: ( 1 )  diffusion into the cryosorption panel 

i s  i n f i n i t e l y  f a s t ;  hence, the ra te  of adsorption i s  limited by diffusion 

into the microporous c r y s t a l l i t e s ,  ( 2 )  diffusion into the microporous beads 

i s  i n f in i t e ly  f a s t ;  therefore the ra te  of adsorption i s  limited by diffusion 

into the panel. Various analytical solutions were obtained (2) following 

several simp1 ifying assumptions. 
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( 1 )  - Fisher, P .W. ,  and J .S .  Watson, "Cryosorption Vacuum Pumping  of 

Deuterium, Helium, and Hydrogen a t  4 . 2  K f o r  C T R  Applications," Proc. 2 4 t h  

Conf. Remote Syst. Tech., 1996. 

ing," ORNL/MIT-275 (April  1978). 

3) 

(2) Perini,  J.R., Y . Y .  Roberts, and  B.W. Wu, "Cryogenic Vacuum Pump- 

Three-phase Flow in Packed Beds .... 

The Synthoil process involves the reaction of coal-oil s lu r ry  con- 

tacted cocurreritly with hydrogen gas. The reaction takes place a t  elevated 

temperatures a n d  pressures i n  a fixed bed ca t a ly t i c  reactor ( 1 ) .  I 

been found t h a t  s ignif icant  reaction may occur even i n  the absence of any 

ca t a lys t  other t h a n  the mineral matter found i n  coal ( 2 ) .  _I 

Microscale turbulence i s  desirable i n  a l l  gas-solid-liquid reactions 

since i t  promotes phase contact (3 ,  - .... 4 ) .  Macroscale turbulence i s  unde- 

s i r ab le  as i t  causes dispersion (backmixing), hence reducing the yield.  

Therefore, conversion may be improved by minimizing dispersion and by maxi- 

mizing micromixing. 

Syrithoil process feed streams. 

phase system because of i t s  homogeneity and because coal-liquid density 

differences were small. 

dispersed p l u g  flow model ( 5 ) .  

increasing l iquid viscosity increases axial dispersion (see F i g .  A 3 - 1 ) ,  
energy diss ipat ion,  and  t o  a small extent the l iquid saturation. However, 

in packed columns viscosity had no apparent e f f e c t  on dispersion (Fig. 

A 3 - 2 ) .  A1 ternatively,  in packed colutiins, increasing gas flow ra tes  had 

l i t t l e  e f f e c t  on axial dispersion and l iquid saturat ion,  b u t  i t  did increase 

I t  has 

Coal-waterlglycerine s l u r r i e s  (35% coal)  were used t o  simulate the 

The s lu r ry  was treated as a quasi-one- 

Sliirry dispersion was examined u t i l i z ing  the 

I t  was shown tha t  for an unpacked column i n  the laminar flow regime, 

energy diss ipat ion.  

Addi tiorial ly ,  vessels with cy1 indrical pa 

ferences from systems using spherical packing. 

l iquid saturation were much greater in vessels 

was a t t r ibuted t o  the inherent close packings 

tered in cylinder packed columns. 
. . . . . . . .. .- 

king exhibited marked d i f -  

Energy dissipation and 

packed w i t h  cylinders; t h i s  

small void vol urnes) encoun- 
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( 1 )  - Brenner,  H., D.C. Pr ieve ,  and B. F i t c h ,  " S y n t h o i l  Hydrodynamics, 
F i n a l  Report ,"  Prepared f o r  ERDA Under C o n t r a c t  E(36-2)-0056, Dept.  Chem. 
Eng., Carnegie-Mel lon Univ . ,  P i t t s b u r g h ,  Pa.  (March 1977).  

(2) Mender, I., " I n t e r n a l  Q u a r t e r l y  Techn ica l  Progress Repor t ,  J u l y -  

( 3 )  ..- H i rose ,  T., M. Toda, and Y. Sato, " L i q u i d  Phase Mass T r a n s f e r  i n  

September 1976," PERC/QTR-76/3. 

Packed Bed Reactor  w i t h  Cocur ren t  Gas-L iqu id Downflow," J. Chem. Eng., 

- Japan, 7,(3), 187 (1974) .  
( 4 )  - Reiss,  L . P . ,  "Cocur ren t  Gas-L iqu id Contac t  

I&EC Proc.  Des. Dev., ~ - 6(4 ) ,  486 (1967).  

( 5 )  - Bar re to ,  F., S.  J .  Anderson, B. R .  G o l d s t e i n  
Phase Flow C h a r a c t e r i s t i c s  o f  Cy1 i n d r i c a l  Vessels ,'I 
1977) .  

ng i n  Packed Colunins," 

and S.S. Moor, "Three- 
ORNLlMIT-257 (Sept .  

4) Mass T r a n s f e r  i n  Three-phase F l u i d i z e d  Beds 
Three-phase f l u i d i z e d  beds, i n  which s o l i d  p a r t i c l e s  a r e  f l u i d i z e d  b y  

c o c u r r e n t  up f l ow  o f  l i q u i d s  and gases, a r e  f i n d i n g  i nc reased  use i n  chemical  
r e a c t i o n  e n g i n e e r i n g  (1,  _ _  2 ) .  Successfu l  o p e r a t i o n  o f  many i n d u s t r i a l l y -  
i m p o r t a n t  r e a c t i o n s ,  such as l i q u e f a c t i o n  o f  c o a l ,  s l u r r y  methanat ion  of  
CO, e t c . ,  depends on t h e  proper  unders tand ing  o f  t h e  hydrodynamics and t h e  

mass- t ranspor t  phenomena i n  these vesse ls .  

f l u i d i z e d  beds (see F i g .  A4-1).  
s a t u r a t e d  w i t h  oxygen p r i o r  t o  d e s o r p t i o n  by  t h e  i n e r t  gas phase (N2 o r  A r )  
i n s i d e  t h e  f l u i d i z e d  beds. A x i a l  oxygen c o n c e n t r a t i o n  p r o f i l e s  o f  t h e  
1 i q u i d  were measured w i t h  oxygen ana lyze rs .  These p r o f i l e s  were then matched 
t o  mathemat ica l  model p r e d i c t i o n s  t o  c a l c u l a t e  1 i q u i d  d i s p e r s i o n  c o e f f i c i e n t s  
and o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t s  ( 3 ) .  .... 

ve loped by  assuming s teady  s t a t e  ope ra t i on ,  gas phase i n  p l u g  f l o w  rey-ime, 
l i q u i d  phase i n  d i s p e r s e d  p l u g  f l o w  mode which can be c h a r a c t e r i z e d  by a 

c o n s t a n t  a x i a l  d i s p e r s i o n  c o e f f i c i e n t  (EL) ,  a c o n s t a n t  o v e r a l l  mass t r a n s f e r  
c o e f f i c i e n t  (KLa),  and u n i f o r m  f l u i d i z a t i o n  th roughout  t h e  bed ( 1 ) .  - 

Mass t r a n s f e r  exper iments were conducted w i t h  two c o c u r r e n t  three-phase 
The l i q u i d  phase (aqueous g l y c e r o l )  was 

The mathemat ica l  model was de- 

The o v e r a l l  iiiass t r a n s f e r  c o e f f i c i e n t s  i nc reased  w i t h  b o t h  i n c r e a s i n g  
p a r t i c l e  d iameter  and s u p e r f i c i a l  gas v e l o c i t y  ( s e e  F i g s .  A4-2 and A4-3).  
However, no r e l a t i o n s h i p  between l i q u i d  v e l o c i t y  and KLa was observed. 
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KLa f o r  t h e  more v i scous  (2 .4  cp )  s o l u t i o n  was lower  than  t h a t  f o r  wa te r  
( 0 . 9  cp )  a t  l o w  l i q u i d  f l ow  r a t e s .  However, t h e  o p p o s i t e  s i t u a t i o n  was 
observed a t  h i g h  l i q u i d  f l o w  r a t e s .  The l i q u i d  phase a x i a l  d i s p e r s i o n  
c o e f f i c i e n t  a l s o  i nc reased  on i n c r e a s i n g  t h e  vesse l  d iameter .  Va r ious  
recommendations were made f o r  f u t u r e  work and equipment m o d i f i c a t i o n s .  

(1-) Ostergaard,  K., " G a s - L i q u i d - P a r t i c l e  Operat ions ," Adv. Chem. 

(2) Ostergaard,  K.,  "Holdup, Mass T r a n s f e r  and M i x i n g  i n  Three-phase 
F l u i d i z e d  Beds," Paper presented a t  AIChE 69 th  Meet ing,  Chicago, Nov. 28 - 
Dec. 2, 1976. 

( 3 )  
T r a n s f e r  C h a r a c t e r i s t i c s  i n  Three-phase F l u i d i z e d  Beds," ORNL/MIT-272 

( A p r i  1 1978) .  

I_ng_,.z_ 1, 71 ( 1 9 68 ) * 

Wu, B.W., Y.L. Cheng, J.R. P e r i n i ,  and J.L. Roux-Buisson, "Mass 

5 )  R e c i r c u l a t i n g  F1 u i d i  zed Beds ... 

Many types  o f  c o a l  undergo p l a s t i c  de fo rma t ion  above Z O O O C ,  which 
causes agglomerat ion,  1 ead i  ny t o  f r e q u e n t  shutdowns o f  hyd roca rbon i  z a t i o n  
r e a c t o r s .  
mounted d r a f t  t u b e  has been developed ( 1 ) .  - A m i x t u r e  o f  hydrogen and 
f i n e l y  ground c o a l  i s  f e d  t o  t h e  r e a c t o r  t h rough  a j e t ,  supplemented by 

a hydrogen st ream from a second c o n c e n t r i c ,  annu la r  j e t .  The m i x t u r e  

e n t e r s  t h e  d r a f t  t ube  and mixes w i t h  h o t ,  r e c i r c u l a t i n g  s o l i d  c h a r  f rom 
t h e  m i l d l y  f l u i d i z e d  dnwncomer. The cha r  min imizes c o n t a c t  between coa l  
p a r t i c l e s ,  p r e v e n t i n g  agglomerat ion,  and r a p i d l y  heats  t h e  c o a l .  Reac t ion  
occurs around 600°C and 20 atm. 
e x i t  t h e  r e a c t o r ,  and a r e  condensed. The cha r  e n t e r s  t h e  downcome;.. f rom 
which excess cha r  i s  a l s o  wi thdrawn.  

To a v o i d  t h i s ,  a r e c i r c u l a t i n g  f l u i d i z e d  bed w i t h  an a x i a l l y -  

The gaseous p roduc ts  l e a v e  t h e  d r a f t  tube, 

The hydro dynami c s o f  a r e c  i r c  u 1 a t  i n g f 1 u i d i zed- bed hydrocarbon i za t i  o n 
r e a c t o r  were s t u d i e d  i n  a 1-atm f u l l - s c a l e  c o l d  model. 
model was 4 - i n . - I D  x 1 1 0 - i n . - t a l l  w i t h  a 1-in.-OD ax ia l l y -moun ted  d r a f t  
tube (see F i g .  A5-1). The bed c o n s i s t e d  o f  char ,  as i n  t h e  case o f  t h e  
h igh -p ressu re  h y d r o c a r b o n i z a t i o n  r e a c t o r ,  f l u i d i z e d  w i t h  a i r .  N i t r o g e n  
was used i n  t h e  d r a f t  t ube  so t h a t  bypass o f  gas f rom t h e  plenum t o  t h e  
d r a f t  t u b e  c o u l d  be measured u s i n g  an oxygen a n a l y z e r  (1). 

The c l e a r  p l a s t i c  
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After determining the  regions o f  s t ab1  e o p e r a t i o n ,  c o r r e l a t i o n s  were 

obta ined  f o r  s o l i d s  r e c i r c u l a t i o n  r a t e ,  f r a c t i o n  o f  plenum gas bypassing,  

and bottoms-region pressure drop a s  f u n c t i o n s  o f  the r a t i o  o f  nozzle- to-  

plenum flow r a t e s .  Rec i rcu la t ion  r a t e ,  W ,  was c o r r e l a t e d  by 

W = 120.43 - 63.47 - Q n  gm/sec (see Fig.  A5-2) 
QP 

The bypass f r a c t i o n ,  B, was given by 

(see F i g .  A5-3) Q n  
QP 

f3 0.423 - 0.243 - 

The bottoms reg ion  pressure  drop,  a s  measured between t he  bottom o f  

the downcomer and bottom of  the d r a f t  t u b e ,  was given by 

Q n  2 = 8000 - 6400 dyneslcm 
"bot Q P  

The above c o r r e l a t i o n s  a r e  good o n l y  f o r  the s t a b l e  o p e r a t i n g  reg ion ,  w h i c h  

i s  bounded by Q n / Q p  between 0.25 and 1 . 5 .  

tube  was found t o  be a s h a r p l y  decreas ing  func t ion  o f  s u p e r f i c i a l  v e l o c i t y ,  

i n d i c a t i n g  a f a s t - f l u i d i n e d - b e d  behavior  r a t h e r  than a pneurllatic t r a n s p o r t  

1 ine a s  prev ious ly  considered ( 3 ) .  ..- 

Downcomer pressure drop vs s u p e r f i c i a l  v e l o c i t y  a l s o  showed a s i m i l a r  

This phenornenon was explained i n  r e l a t i o n  t o  the downward s l o p -  

The pressure drop i n  the  d r a f t  

behavior .  

i n g  por t ion  o f  the forward h y s t e r e s i s  loop i n  a f l u i d i z a t i o n  diagram ( A P  

vs v e l o c i t y ) .  Here, p a r t i c l e s  t h a t  were packed t o g e t h e r  began to  unpack 

r a p i d l y  a s  gas v e l o c i t y  was increased  and as  f l u i d i z a t i o n  began. 

( 1 )  - Holmes, J.M., e t  a l . ,  "Hydrocarbonization Process Evaluat ion 

( 2 )  - 

Report ,"  ORNL-5212 and -5213 (1977) .  

Khan, M . Z . ,  S.A. Berger, and F . S .  G i l l e t  d ' A u r i a c ,  "Hydrodynamics 

o f  R e c i r c u l a t i n g  F lu id ized  Bed, Coal Hydrocarbonization Reactors ,I' ORNL/MIT- 

269 (March 1978) .  

(3)  Yang, W - C . ,  and O . L .  Keairns, "Comparison o f  R e c i r c u l a t i n g  Flu- 

i d i z e d  Bed Performance i n  Two-Dimensional and Three-Dimensional Beds," i n  

" F l u i d i z a t i o n  Technology," Vol. 2 ,  D . L .  Keairns, e d . ,  p.  51, McGraw-Hill, 

New York, 1976. 
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B. Chemistry Division 

1 ) Surface Characterist ics of Catalyst Supports 

Proper characterization of porous catalysts  is important in chemical 

reaction engineering. I t  i s  essential  t o  know surface areas,  pore volume, 

ca ta lys t  dispersions, catalyst-support interact ions,  e t c .  to  understand 

and formulate the processes involved in the i r  use. 

alumina, are important in production of clean fuels from coal. Recently 

the poss ib i l i ty  o f  a n  intimate relationship between ca ta ly t ic  ac t iv i ty  of 

Co-Mo and the ca ta lys t  support was indicated (1). Therefore, studying the 

surface properties of silica-promoted alumina (6% Si02 on Al2O3), A6S, and  

comparing these resu l t s  w i t h  previous data on Co-Mo--y-A1203/Si02, CM3, was 

essent ia l .  Nitrogen adsorption/desorption experiments were performed t o  

determine surface areas by monitoring the nature and r a t e  o f  desorption, 

and by measuring the heats of immersion in water ( 2 ) .  - 

Surface areas obtained from nitrogen isotherms using the Brunauer- 

Emmett-Tell e r  (BET) equation, constructed a t  increasing outgassing temp- 

eratures ( O G T )  o f  25, 60, 100, 150, 200, 300, and 400°C, increased from 

175 to 205 m2/gm (see Fig. 61-1) .  

t ion o f  additional surface area rather t h a n  creation of micropores as shown 

by t -p lo t  diagrams (Fig. 61-2) .  

phenomena in mesopores seemed t o  be unaffected by OGT and occurred repro- 

ducibly i n  the P/Po range of  0.52 to 0.94 (see F ig .  61-3).  When compared 

t o  the Co-Mo-Si02-Al203 ca t a lys t ,  the suppor t  consistently had 5 t o  10 

m 2 / g m  higher BET area for  the OGT range investigated (see Fig. Bl-1). 

predominant species evolved ( ' ~ 9 5 % )  , followed by increasing amounts of  CO2 

( ~ 5 % ) .  Plots o f  log signal in tens i t ies  versus log time were l i nea r ,  indi- 

cating tha t  a well-defined mechanism of gas  evolution was present. Corre- 

la t ion o f  the i n i t i a l  signal in tens i t ies  and the slopes o f  these plots 

suggest t h a t  two mechanisms of desorption may be present: one below 200°C 
and one above 250°C. 

ples in water a t  25°C increased from 0.16 t o  0.55 J/m2 as the OGT increased, 

Cobalt oxide-molybdenum oxide ca ta lys t s ,  supported by silica-promoted 

This increase was at t r ibuted t o  genera- 

Capillary condensation and  hysteresis 

Mass spectra obtained a t  OGTs o f  23-400°C indicated t h a t  water was the 

Calorimetric measurements of the t o t a l  heats o f  immersion of the  Sam- 
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with a wel l -def ined  p l a t eau  between 100 t o  200°C OGT a t  0.35 J/m2. A simi-  

l a r  phenomenon was a l s o  observed a t  350"C, which had not  been observed pre- 

v ious ly  f o r  the Co-Mo c a t a l y s t  ( s e e  Fig.  B1-4) .  

showed a peak a t  250°C OGT and 0.1335 J/m2 w i t h  a h a l f - l i f e  o f  42 s e c .  

Var i a t ion  o f  the h a l f - l i v e s  of  the slow hea ts  o f  immersion was appa ren t ly  

i n v e r s e l y  propor t iona l  t o  t h e  OGT f o r  values  above 150"C, w i t h  values  a s  

h i g h  a s  252 sec  a t  150°C t o  32 s e c  a t  400°C. 

Slow hea t s  o f  immersion 

( 1 )  - 

( 2 )  - 

F u l l e r ,  E.L., and P . A .  Agron, "Surface P r o p e r t i e s  and Reactions 

of  Co-Mo Hydrotreat ing C a t a l y s t :  Prel iminary R e s u l t s , "  ORNL-5168 (1976) .  

C a t a l y s t s  and C a t a l y s t  Support  I n t e r a c t i o n s , "  ORNL/MIT-261 (Nov. 1977) .  

Abadi, J . J . ,  C . T .  Geary, and W.F. Sung, "Charac te r i za t ion  of  

2 )  -. . . . . . . . Physico-Chemical . . . . . .. . .- Charac te r i za t ion  o f  Coal Surface  

E f f e c t i v e  u t i l i z a t i o n  of coal heav i ly  depends on proper  understanding 

These s u r f a c e  p r o p e r t i e s  may vary con- 

of  the su r face  p r o p e r t i e s  of  t h i s  s o l i d  fue l  a t  the po in t  of  consumption 

( i . e . ,  b o i l e r s ,  g a s i f i e r s ,  e t c . ) .  

s i d e r a b l y  as  coal r e a c t s  with atmospheric vapors (02, C02, N2, and H20) 

during i t s  t r a n s p o r t a t i o n  from the  mines and while  i t  i s  being processed 

f o r  use ( g r i n d i n g ,  d ry ing ,  s l u r r y i n g ,  e t c . ) .  

I t  i s  gene ra l ly  accepted t h a t  a major por t ion  of  t he  carbon i n  coal i s  

p a r t  of a network of  polynuclear  aromatic  compounds ( 1 ) .  - Coal a l s o  pos- 
s e s s e s  a wide spectrum o f  pore s t r u c t u r e  ( 2 ,  - - 3, __ 4 )  with pore s i z e s  ranging 

from values  l e s s  than 20 8 (micropores)  t o  g r e a t e r  than 150 w (mesopores) 

w i t h  with s u r f a c e  a r e a s  ranging from 1-10 t o  200-300 m2/gm (depending an 

methods used). 

chemical r e a c t i o n ,  and so rp t ion  processes .  Most  of  the  mois ture  i n  coal 

a l s o  r e s i d e s  in  t h e s e  pores .  

degrada t i  ve processes  such a s  ox ida t ion  and/or  py ro lys i s  which have a1 t e r e d  

t he  o r i g i n a l  s t r u c t u r e .  S tudies  r e l a t i n g  to the su r face  p r o p e r t i e s  and 

r e a c t i v i t i e s  o f  coal under non-des t ruc t ive  cond i t ions  a r e  r e l a t i v e l y  r a r e .  

Several  MIT P r a c t i c e  School teams have examined b i  tuminous coa l s  From 

I l l i n o i s  (5, 5) and Pennsylvania (L), and Wyodak coal (8). 
work involved microgravimet r ic ,  mass spec t roscop ic ,  and c a l o r i m e t r i c  

Vapors must pass i n  o r  ou t  of  t h e s e  pores dur ing  p y r o l y s i s ,  

Abundant informtion e x i s t s  regard ing  the na tu re  o f  coal ob ta ined  by 

Experimental 
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techniques. 

various gases, the nature of species desorbed, and heats of immersion i n  

water were determined (see Table B2-1). 

BET surface areas, rates of adsorption and  desorption of 

Table B2-1. Surface Properties of Coals Tested 

BET Heats of Immersion 
Sorbates Temperature Aljea AHW 

Coal ("C) ( m  /sm)  (J/gm Sample) 

Bruceton, Pa. N2 -1 96 3.9 Q 1 2  - 14 

- 78 144 c02 

N2 
c02 
H20 

-1 96 2.9 'L 25 I l l i n o i s  #6 

- 78 128 

23 68.2 

Wyodak N2 -1 96 2.62 'L 120 

co2 - 78 200 

H20 23 274 

co -1 83 2.1 

N2 -183 1 .6  

For a l l  coals examined, CO2 and H26 adsorptions were considerably 

higher than tha t  fo r  N2 (see Figs. B2-1 through 82-6). I n  addition, the 

nature o f  adsorption and the "hysteresis" phenomenon were en t i re ly  d i f -  

ferent  i n  each case indicating the heterogeneous nature of  the coal surface 

Kinetics of adsorption of these gases were also d i f fe ren t .  CO2 adsorption 

rates  for  Wyodak coal were successfully correlated by Fick's second law of 

diffusion: 

1 . a  z a c  - = D --(r %) (see F i g .  B2-7) 
a t  r2 ar . 

The diffusion coeff ic ients  were calculated to be on the order of 10-7 cm/sec 

and they were pressure insensit ive w i t h  a weak, increasing dependency on 

temperature (8) .  
ra tes  predicted by Fick's law; however, they were successfully correlated 

by a second order process given by 

On the other hand, H20 sorption rates  d i d  n o t  follow the 
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F i g .  62-1: N2 Isotherm ~~, p, 
( y196°C) 
Wyodak Coal 

160, 

F i g .  62-2: C02 Isotherm PIP, 
( -  7 8 O C  1 
Wyodak' Coal 
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d 14 2 
- = K(Meq - M )  d t  

where M i s  t h e  amount o f  wa te r  adsorbed a t  any t ime,  and Meq i s  t h e  u l t i -  
mate H20 uptake (see F i g .  B2-8). 

e v o l u t i o n  was independent  o f  temperatures above 25°C. 
t h e  o t h e r  major  spec ies ,  w i t h  i t s  e v o l u t i o n  i n c r e a s i n g  w i t h  ou tgass ing  
temperature,  i n d i c a t i n g  an a c t i v a t e d  process (see F i g .  B2-9). T o t a l  gas 
e v o l u t i o n  decreased f o r  s m a l l e r  c o a l  p a r t i c l e  s i z e s ,  suggest ing  t h e  r e l e a s e  
o f  gases d u r i n g  t h e  p a r t i c l e  r e d u c t i o n  process (see F i g .  B2-10). 

Water i s  t h e  p r i m a r y  spec ies  outgassed (95-99%), and t h e  amount o f  
Carbon d i o x i d e  was 

__.._-I.- 

(1) 

( 2 )  - 

( 3 )  - Marsh, H. , and W.F.K. Wynne-Jones, "The Sur face  P r o p e r t i e s  of 

H i l l ,  G.R. , and L.B. Lyon, "A New Chemical S t r u c t u r e  o f  Coal ,'' 

Lawry, H.H. , ed. , "Chemist ry  o f  Coal U t i l i z a t i o n , "  Wi ley ,  New 
I___ I n d .  Eng. Chem., - 54, 36 (1962) .  

York, 1963. 

Carbon - The E f f e c t  o f  A c t i v a t e d  D i f f u s i o n  i n  t h e  De te rm ina t ion  o f  Surface 
Area, I' Carbon, - 1 , 268 (1964) .  

Van Krevelen,  D.W. , "Coal , I '  E l s e v i e r ,  London, 1961. 
A lge r ,  M.M., O.K. Chow, and M.Z. Khan, "Sur face  P r o p e r t i e s  and 
o f  Coal I' ORNL/MIT-266 (Feb. 1978). 
F i e l d ,  L.A., A.J. Papadopou 
ons o f  Coal ,I' ORNL/MIT-270 
Sundberg, D.G., M.J. Abadi, 

Caron, R.N., K.J. F a l l o n ,  J 
ORNL/MIT-264 ( D ~ C .  1977). 

os, and R.D.  Wang, "Sur face  P r o p e r t i e s  
Narch 1978). 
and M.S. Gi roux,  "Sur face  P r o p e r t i e s  

F, O r r i k ,  and J .L .  Roux-Buisson, 

"Sur face  P r o p e r t i e s  o f  Coal , ' I  ORNL/MIT-273 (May 1978) .  

3) D i s p e r s i o n  o f  M i s c i b l e  F l u i d s  i n  Porous Media 

D i s p e r s i o n  accompanying t h e  f low o f  m i s c i b l e  f l u i d s  th rough porous 
media i s  o f  fundamental i n t e r e s t  i n  chemical eng inee r ing .  E f f e c t i v e  u t i l i -  
z a t i o n  o f  enhanced o i l  r ecove ry  methods and chromatographic  techn iques  
depend on t h e  p roper  unders tand ing  o f  t h i s  phenomenon. 

A d isp lacement  i s  dens i  t y - f a v o r a b l e  and v i s c o s i t y - f a v o r a b l e  when t h e  
l e s s  dense f l u i d  i s  above t h e  more dense f l u i d  and when t h e  d i s p l a c i n g  
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f lu id  i s  m r e  viscous t h a n  the displaced f lu id .  For density-unfavorable 

displacements, the mixing zone broadens (increasing the dispersion coef- 

f i c i e n t )  with decreasing f lu id  velocity; b u t  an increased f luid velocity 

will broaden the mixing zone o f  a viscosity-unfavorable displacement. 

Either viscosity or density e f fec ts  may be isolated by using f luids  which 

a re  identical  in one of these properties. I n  some displacements,the con- 

di t ions of unfavorable density o r  unfavorable viscosity,  packing s i ze ,  and 

f l  ow ra te  may enabl e "gravi ty tongues" and/or "viscous fingering" t o  develop, 

which greatly increase the mixing zone and dispersion coeff ic ient .  

can cause highly i r regular  concentration prof i les  across the bed ( 1 ) .  - 

Experiments were conducted in a vertical  column (see Fig. 53 - l ) ,  

packed w i t h  spherical glass beads. 

tored by a densimeter, and the density prof i les  were matched t o  model pre- 

dictions t o  determine dispersion coefficients for the cases o f  symmetrical 

prof i les  (2, 3). For s table  displacements, the concentration of displacing 

(displaced) l iquid in displaced (displacing) one i s  given by: 

They 

The density o f  the eff luent  was moni- 

ac ac a ' c  
D2 a t  ax 

. - + v -  = 
ax 

where D i s  the axial dispersion coeff ic ient ,  and  x i s  the axial position. 

Dispersion coefficients were found t o  increase w i t h  par t ic le  diameter, 

velocity,  and density difference (favorable) and  correlated we1 1 with the 

difference in Reynolds numbers o f  the phases as shown in Fig. B3-2. 

were asymmetric, a mixing length was defined as the equivalent column length, 

in pore volumes, where 90% of the density change occurs, i . e . ,  5 t o  95%. 

For s table  cases the mixing length increases with increasing velocity due 

t o  increased micromixing. Conversely, for viscosi ty-favorable "unstable" 

cases induced by unfavorable density differences , the mi xi ng 1 ength decreases 

with increasing velocity since increased velocity reduces the time available 

for  g r a v i t y  tongues t o  develop. 

s i f i ed  as "s table"  o r  "unstable," mixing lengths were unaffected by flow 

rates (see Fig. 83-3). I t  has been concluded t h a t  additional experiments 

with d i f fe ren t  pairs of solutions should be made t o  obtain meaningful cor-  

re la t ions for  the dispersion coeff ic ients .  

For unfavorable displacements in which density breakthrough curves 

For displacements which could n o t  be c las-  
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(1)  - Coats, K.H., and B . D .  S m i t h ,  "Dead-End Pore Volume and Dispersion 

i n  Porous Media," SOC. Pet. Eng. J . ,  4, 73 (1964). 

( 2 )  - 
sion of Miscible Fluids i n  Porous Media," ORNL/MIT-259 (Oct 1977). 

( 3 )  - 

Fluids i n  Porous Media," ORNL/MIT-276 (May 1 9 7 8 ) .  

(5)  
Med a , "  M.S. Thesis, Dept. of Soil Science, U n i v .  of Guelph (1966). 

4 )  

Moor, S . S . ,  S.J. Anderson, B . A .  Belt ,  and J.P. McAleese, "Disper- 

Cheng,  Y . L . ,  B .  Budiman, and M. Machbitz, "Dispersion of Miscible 

Krupp ,  H . K . ,  "Factors Influencing Miscible Displacement i n  Porous 

Recovery of Uranium from Phosphate Rocks 

The increase i n  uranium prices,  decrease of easily-recoverable reserves, 

and predicted increasing demand (I - ) have stimulated i n t e r e s t  i n  a1 ternative 

sources of uranium oxide. 

t a in s  about 0.38 l b  uranium oxide per ton of raw rock. U.S.  phosphate rock 

reserves a re  estimated to  be approximately 7 b i l l i on  tons, indicating a 

potentially large reserve of domestic uranium ( 2 ,  - -  3 ) .  

The economic f e a s i b i l i t y  of producing uranium oxide from phosphate 

rock by DEPA-TOP0 [ d i  (2-ethylhexyl) phosphoric ac id - t r i c ty l  phosphine oxide1 

sol vent extraction from wetprocess phosphoric acid ( 2 )  - was examined u s i n g  

factored estimation methods w i t h  an accuracy of - -f- 30% ( 4 ) .  - 

plants,  each producing 1000 tons of P2O5 per day (810 l b  uranium oxide per 

day) would produce 5000 tons of uranium oxide per year. 

cycle o f  the DEPA-TOP0 urani um extraction process s ignif icant ly  reduces 

the amount of material handled, the second recovery cycle was centralized 

t o  three plant locations,  with capital  and production costs evenly dis- 

tr ibuted among the thir ty-eight  plants.  A1  ternatives examined were ( a )  the 

purchase of crude ore or pre-beneficiated phosphate rock, ( b )  the purchase 

of su l fu r i c  acid or  in-plant production from sulfur  o r  hydrogen su l f ide ,  

( c )  concentration of the byproduct phosphoric acid t o  54% or conversion t o  

diarnmonium phosphate f e r t i l i z e r ,  a n d  ( d )  recovery of fluorine as f l u o s i l i c i c  

acid. 

One l i ke ly  source i s  phospha te  rock, which con- 

Thirty-eight 

Since the f i r s t  

Table B4-1 presents the capital  investment required for each sub-process 

a n d  i t s  a l t e rna t ive .  I n  the recomended case, the purchase of beneficiated 

rock, production o f  su l fu r i c  acid from su l fu r ,  concentration o f  p h o s p h o r i c  

acid to 54% and recovery of fluorine r e s u l t  in a to ta l  capital  investment 
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Table B4-1. C a p i t a l  Investment  f o r  Process U n i t s  and A1 t e r n a t i v e s  

1. Rock -Bene f i c ia t i on  F a c i l i t i e s  
2. Phosphor ic  A c i d  P l a n t  
3. S u l f u r i c  A c i d  P l a n t  

a )  From s u l f u r  
b )  From Hydrogen Sul f i d e  
Uranium Oxide E x t r a c t i o n *  (DEPA-TOP0 Process)  

a )  Phosphor ic  Evapora tor  F a c i l  i t i e s  ( t o  54%) 
b )  Diammonium Phosphate P l a n t  

4. 
5. F u r t h e r  Process ing  

6. F1 uos i  1 i c i c  A c i d  P roduc t i on  

6,090 
15,040 

18,370 
18,080 

5,550 

257 
2,840 

820 

Inc ludes  complete f i r s t  c y c l e  and p r o r a t e d  share o f  c e n t r a l i z e d  second 
cyc 1 e 

* 

Tab le  54-2. P roduc t i on  Cost f o r  Process U n i t s  and 
A l t e r n a t i v e s  per  Pound of  U308 

Pos s i b l  e 
Return  

$ (1978) $ (1978) 

1.  B e n e f i c i a t i o n  
Or 5uy B e n e f i c i a t e d  Rock 

2. Phosphor ic  A c i d  
3. S u l f u r i c  A c i d  

From Sul f u r  
From Hydrogen S u l f i d e  
From D i r e c t  Purchase 

4. DEPA-TOP0 Extrac t ion  

5. A d d i t i o n a l  Phosphor ic  A c i d  Process ing  
To 54% 
To Diamnionium Phosphate 

6. F l u o s i l i c i c  A c i d  P roduc t i on  

109.5 
94.3 
57.7 

77.6 
140.9 
163.6 

20.5 

10.2 395.0 
44.9 200 

2.3 3.2 
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o f  40 million. 

the total  t o  $46 million. 

a l te rna t ive  i s  shown in Table 84-2. 
case i s  $263 per pound o f  uranium oxide. 

uranium oxide  could be realized i f  the byproduct phosphoric a c i d  and  

f l u o s i l i c i c  acid a re  s o l d .  

The inclusion of rock beneficiation f a c i l i t i e s  would b r j n g  

The production cost  of each processing step and 

The production cost  for  the optimal 

A p ro f i t  o f  $136 per pound o f  

I t  i s  concluded t h a t  the DEPA-TOP0 extraction of uranium i s  economically 

feasible  as an add-on process t o  exis t ing phosphoric acid plants.  Uranium 

can also be produced profitably a s  the main product, i f  the byproducts can 

be sold o r  i f  uranium prices increase suf f ic ien t ly .  As the quali ty of 

phosphate rock deposits declines, on-site beneficiation may become l e s s  

expensive t h a n  the purchase of upgraded rock. Similarly,  su l fur ic  acid 

production from materials other than  sulfur ,  such as hydrogen su l f ide ,  may 

become more a t t r a c t i v e  due t o  growing environmental concerns. Production 

costs will also increase should the treatment of radioactive wastes in 

gypsum become requi red. 

( 1 )  - "Uranium Industry Breaking O u t  o f  the Doldrums," Chem. Eng.  News, 

11 (May 23, 1 9 7 7 ) .  

(2) Hurst, F.J. ,  W . D .  Arnold, and A . D .  Ryon, "Progress a n d  Problems 
of Recovering Uranium from Wet-Process Phosphoric Acid," Paper presented 

a t  2 6 t h  Annual Meeting, Fe r t i l i ze r  Industry Roundtable, Atlanta, Ga., 

"Superphosphate, I t s  History, Chemistry, and  Manufacture," U.S,  

Wang, R . D . ,  L . A .  Field,  and F.S. Gi l l e t  d'Auriac, "Recovery o f  

Oct. 26-28 (1976). 

(3 )  - 

( 4 )  - 

Govt. Printing Office (1964) .  

Uranium from Phosphate Rocks, I' ORNL/MIT-26 (Feb. 1978) .  

C .  BIOLOGY DIVISION 

Volume Restricted Freezing o f  Living Cells and Tissues 

The a b i l i t y  to preserve living ce l l s  a n d  t issues in the frozen s t a t e  

has valuable medical applications in organ and  blood banks. Red b l o o d  

c e l l s ,  spermatozoa, and other unicellular organisms have been successfully 

frozen a t  atmospheric pressure using cryoprotective agents such a s  glycerol 



32 

o r  d imethy l  s u l f o x i d e  (DMSO) (1, - -  2 ) .  
can be avoided o r  min imized by u s i n g  a constant -vo lume f reez ing / thaw ing  
process. 

However, t h e  use o f  these chemicals  

The e f f e c t s  o f  constant -vo lume f r e e z i n g  on s u r v i v a l  o f  r e d  b lood  c e l l s  
and Artemia SaZina 

mers ing  samples i n  s t a i n l e s s  s t e e l  vesse ls  i n  cons tan t  temperature ba ths  

(-40, -78, -196, 37°C) ( 3 ) .  _- 

c e l l  s u r v i v a l  compared t o  t h e  cons tan t -p ressure  process by a t  l e a s t  a 
f a c t o r  of  two, under o t h e r w i s e  s i m i l a r  c o n d i t i o n s  (see F i g .  C-1). The 
p r o t e c t i v e  mechanism p rov ided  by t h e  constant -vo lume process i s  i n  p a r t ,  
due t o  r e d u c t i o n  i n  t h e  volume expansion by t h e  f o r m a t i o n  o f  i c e .  There- 
f o r e ,  p h y s i c a l  damage t o  c e l l  membranes i s  avoided.  The use o f  vesse ls  
w i t h  l a r g e r  surface-area-to-voluiiie r a t i o s  a l s o  improved c e l l  s u r v i v a l  r a t e s  
(see F i g .  C-2). The e f f e c t s  o f  f i n a l  temperature and coo l ing /warming r a t e s  
were de termined by conduc t ing  two-step exper iments.  For  each vessel  geom- 
e t r y ,  a d i f f e r e n t  coo l ing /warming h i s t o r y  r e s u l t e d  i n  t h e  h i g h e s t  c e l l  
s u r v i v a l  r a t e s ;  however, an i n i t i a l  c o o l i n g  s t e p  i n  t h e  -78°C b a t h  p rov ided  
the  b e s t  r e s u l t s  i n  a l l  cases (see F i g .  C-3). 

W i t h i n  t h e  c o o l i n g  and warming r a t e s  i n v e s t i g a t e d ,  no Arternia were 
s u c c e s s f u l l y  f r o z e n  and re-animated.  However, i t  was shown t h a t  Artemia 

un f rozen  s t a t e ,  
f o r  a t  l e a s t  2.5 
a t  l e a s t  h a l f  an 
u t i o n  o f  32.5% 

(San F ranc isco  Bay b r i n e  shr imp)  were examined by i m -  

Constan t -vo l  ume f r e e z i n g  i nc reased  red -b lood  

can: ( 1 )  w i t h s t a n d  pressures  g r e a t e r  than 680 atm i n  t h e  

( 2 )  s u r v i v e  i n  a 32.5% DMSO s o l u t i o n  a t  room temperature 
h r ,  and ( 3 )  w i t h s t a n d  e x t e r n a l  i c e  f o r m a t i o n  (-21°C) f o r  
hour .  A d d i t i o n a l  exper iments i n d i c a t e d  t h a t  a s a l i n e  so 

DMSO undergoes no volume change when f rozen,  
Accord ing  t o  these p r e l  i m i n a r y  r e s u l t s ,  t h e  cons tan  -volume f r e e z i n g  

process shou ld  be f u r t h e r  i n v e s t i g a t e d .  The e f f e c t s  o f  vessel  geometry 
and c o o l i n g  and warming r a t e s  ( tempera ture  and p ressu re  h i s t o r y )  on c e l l  
s u r v i v a l  r a t e s  should be q u a n t i f i e d .  

( 1 )  - F a r r a n t ,  J . ,  C.A .  Walker, H .  Lee, and L.EI McGann, "Use o f  Two- 
Step Coo l i ng  Procedures t o  Examine Fac to rs  I n f l u e n c i n g - C e l l  S u r v i v a l  
F o l l o w i n g  F reez ing  and Thawing," Cryob io logy ,  14, 273 (1977) .  

f rom ' S o l u t i o n  E f f e c t s '  and I t s  P reven t ion  by N a t u r a l  o r  A r t i f i c i a l  
( 2 )  - Meryman, H.T . ,  R.J. Wi l l i a i i i s ,  and M.J. Douglas, "F reez ing  I n j u r y  
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Fig. C-1: C e l l  S u r v i v a l  i n  Constant  Volume and Constant -Pressure Freez ing  

1 
Cool i ng  Bath:  -40°C 
Warming Bath:  37°C 

Constant  Volume 

EA Constant  Pressure 
Z.8 

Vessel (Sur face  Area/Volume) (cm- ' )  

F i g .  C-2: E f f e c t  o f  Vessel Geometry on C e l l  S u r v i v a l  

Vessel (Sur face  Area/Vol ume) (cm-l ) 

F i g .  C-3: E f f e c t  o f  C o o l i n g  Rate on C e l l  S u r v i v a l  
I 
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Cryoprotection," Cryobiology ___. - 9  14 287 (1977) .  

and G.M. Rinaldi, "Volume-Restricted Freezing of  Living Cells and Tissues , I '  

ORNL/MIT-265 (Dec. 1 9 7 7 ) .  

(3) Engstrom, S .D . ,  Y . E .  C h u ,  W.F. Sung,  M.S. Giroux, L.W. Bonnell, 

0. E N E R G Y  DIVISION 

- Energy and  Cost _..I_. Analysis of Room Air Conditioners ___ 

The growing pub1 i c  in te res t  in energy conservation has encouraged the 

study o f  energy e f f i c i en t  technological improvements for household appli-  

ances. The ORNL residential  energy use model ( 1 )  ...- enables policy makers t o  

evaluate energy conservation pol ic ies ,  programs, and  technologies for  the i r  

effects  on energy use, energy cos ts ,  a n d  capital  costs over time. The 

production-possibilities curve of room a i r  conditioners, re la t ing  energy 

consumption t o  i n i t i a l  price,  i s  a necessary input t o  t h i s  model. 

of a large percentage of the units sold in the United States in capacity 

and  E E R  (Energy Efficiency Ratio, defined as the r a t io  o f  a un i t ' s  cooling 

capacity in B t u / h r  t o  the e l ec t r i c  power i t  consumes in W ) .  

area,  the replacement of cooling f ins  by spines, increases i n  spine density, 

increases in the number o f  coil  rows, a n d  decreases in condenser a i r  flow 

ra te .  

s p l i t  capacitor f a n  motor would increase E E R  by 30% for  an additional cost 

of  only 8% as calculated u s i n g  energy a n d  price models. 

tions of improvements could increase E E R  by 53% for  a cost increase of 40% 

A baseline unit was chosen (Gibson AL08C4EEBA) t h a t  was representative 

Energy savings improvements included the increase o f  condenser frontal 

Use o f  a more e f f i c i en t  four-pole compressor motor a n d  permanent 

Further conibina- 

(2). 
A production-possibilities curve was constructed for  the range o f  

technological iniprovements (see Fig. D-1  ) .  
a 6 . 3  baseline EER unit  t o  a 9 .8  E E R  unit was calculated t o  be 3.6 y r  for  

New York City and  2 . 6  yr f o r  Miaini based on e l e c t r i c i t y  prices o f  7.3 and  

3.5 d/kWh, respectively. 

The payback period for improving 

( 1 )  t i i r s t ,  E . A . ,  J .  Cope, S 1  C o h n ,  W ?  L i n ,  a n d  R. Hoskins, "An Im- 
proved Engineering-Economic Model o f  Residential Energy Use," ORNL/CON-8, 
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IMPROVEMENTS 
1 )  Compressor E f f i c i e n c y :  

a )  + l o %  b)  +15% 

base T 
Fan E f f i c i e n c y :  
Motor t l C l O X ,  A i r  C i r c u i t  t 5 %  
Condenser F r o n t a l  Area: 
a) +15% c )  +40% 
b)  +25% d )  +SO% 

Condenser Spine Dens i t y  and 
Number o f  Rows 
a )  t15%, 4 c )  +20%, 5 

a ’ )  +15%, 5 
b) +20%, 4 

d )  +20%, 6 

5) Condenser Air Flow Rate 
a) +29% C )  -30% 
b)  -20% 

6)  Evaporator  
F r o n t  area, +lo% 
Spine Densi ty ,  +lo% 

\ 

.I la,Za3a,4a,5a 

\ \a3?,3b,4a,5b B \ 
0 la,?,3d,4di,5c ‘ ‘ y b  ,2,3b ,4b ,5c 

1 b ,2,3d ,4b ,5c 
I h ,2,3b, 4 r , 5  c 

1 b ,  2,3b,4d ,5c 

I I 1 I lb,2,3h,40 5c ,6  

32 3 3G 311 43 42 44 
PURCHliSL PSIE PER Ul l IT CAPACITY ($/@rU/HR) 

I MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
SCHOOL OF CHEMICAL ENGINEERING PRAC71CE 

COST/ENERGY ANALYSIS OF 
ROOM A I R  CONDITIONERS 

FIG. D-1: PRODUCTION POSSIBILI- 
TIES CURVES FOR 8000 
BTU/HR ROOM A I R  
CONDITIONERS 
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ORNL ( A p r i l  1977) .  

R e s i d e n t i a l  A i r  Cond i t i one rs , "  ORNL/MIT-268 (Feb. 1978) .  
( 2 )  - Papadopoulos, A.J., and S.A.  Berger ,  "Energy and Cost  A n a l y s i s  o f  

E. ENGINEERING TECHNOLOGY D I V I S I O N  

1 )  R a d i a t i o n  Coo l i ng  i n  LMFBR Cores 

One p o s s i b l e  c o r e - d i s r u p t i v e  a c c i d e n t  i n  p resen t  des ign  L i q u i d  ?eta1 

F a s t  Breeder Reactors  (LMFBRs) i s  t h e  b o i l i n g  o f f  o f  t h e  p r imary  l i q u i d  

sodium and t h e  subsequent absence o f  c o o l i n g  o f  t h e  r e a c t o r  c o r e  r e s u l t i n g  
i n  f u e l  p i n  ( c l a d d i n g  and then  t h e  f u e l  e lement)  meltdown. When t h e  co re  

i s  voided, thermal  r a d i a t i o n  becomes an a d d i t i o n a l  mechanism t o  coo l  h o t  
p i n s  by t r a n s f e r r i n g  heat  t o  t h e  c o l d  d u c t  w a l l ;  t h i s  i s  p o s s i b l e  s i n c e  a t  
moderate temperatures t h e  sodium vapor i s  p r a c t i c a l l y  t r a n s p a r e n t  t o  rad-  
i a t i o n  (1). 

I t  was assumed t h a t  p i n  f a i l u r e  would occur  i f  the  p i n  s u r f a c e  teinp- 

e r a t u r e  exceeds t h e  m e l t i n g  p o i n t  o f  t h e  c l a d d i n g  o f  1644 K (2500°F).  

r a d i o s i t i e s  o f  t h e  p i n  su r faces  shown i n  F i g .  E l - 1  were c a l c u l a t e d  us ing  
the  n e t  r a d i a t i o n  riiethod (2 ,  - -  3)  a long  w i t h  t h e  o t h e r  c l a s s i c a l  cons ide ra -  
t i o n s .  For  a p a r t i c u l a r  va lue  o f  t he  d u c t  w a l l  temperature,  t h e  p i n  power 

t h a t  m a i n t a i n s  t h e  c e n t e r  p i n  s u r f a c e  a t  1644 K was c a l c u l a t e d  f o r  a range 
o f  d u c t  w a l l  temperatures (0 t o  1644 K )  and f o r  v a r i o u s  va lues o f  e m i s s i v i t y  
(0 .0  - l . O ) ,  t he  r e s u l t s  of which a re  a l s o  presented  i n  F i g .  € 1 - 2 .  

and fo rced convec t i on  c o o l i n g  by sodium vapor were a l s o  c a l c u l a t e d .  
r e s u l t s  a long  w i t h  the  rriagnitude o f  r a d i a t i o n  hea t  t r a n s f e r  a r e  shown i n  
F i g .  El-3. 

kW/m) i s  r o u g h l y  on t h e  o r d e r  o f  f r e e  convec t i on  ( r a n g i n g  t o  0.066 kW/rn) 
and l i e s  below f o r c e d  convec t i on  c o o l i n g  by t h e  sodium vapor a t  t h e  des ig -  
na ted  Reynolds numbers. 

The r e s u l t s  a r e  s t r i c t l y  a p p l i c a b l e  f o r  a 19 -p in  bundle.  For  t h e  case 
o f  u n i f o r m  r a d i o s i t y ,  i t  has been shown (4 ,  - 5 )  t h a t  f o r  t h e  saine c e n t e r  p i n  
s u r f a c e  temperature,  i n c r e a s i n g  the  number o f  p i n s  i n  a g i ven  assembly w i l l  
decrease t h e  maximum p i n  power a1 lowab le .  There fore ,  t h e  r e s u l t s  p resented  

The 

For  a r e a l i s t i c  LMFBR a c c i d e n t  a n a l y s i s ,  hea t  t r a n s f e r  r a t e s  f o r  f r e e  

These 

As can be seen, r a d i a t i o n  h e a t  t r a n s f e r  ( r a n g i n g  up t o  0.33 
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here for  the 19-pin bundle are  optimistic with respect t o  the 217-pin fuel 

assembly in the FFTF a n d  CRBR and place an upper l imi t  on the maximum pin 

power t h a t  can be cooled by radiation heat t ransfer  alone in comercial-  

scale breeder reactor fuel assemblies. For example, i f  32.8 kW/m i s  the 

fu l l  power load and i f  the d u c t  wall temperature i s  811 K, then from Fig. 

El-? only 0.67% ( i . e . ,  0.22 kW/m) of  the total  load can be cooled for  

E = 0.4  by radiation alone. 

( 1 )  - 

(2) Cox., R . L . ,  "Radiative Heat Transfer in Arrays of Parallel 

( 3 )  - 

( 4 )  - 

(5) Chan ,  S.H. ,  a n d  D.W. Condiff, "Radiative Cooling in a Voided Sub- 

Machbitz, M., B .  Budiman, and  Y . Y .  Roberts, "Radiative Heat 

Transfer in a 19-Pin Sodium-Voided P i n  Bundle," ORNL/MIT-274 (April 

Cy1 inders," ORNL-5237 (1977) .  

Brooks/Cole, Belmont, Cal i f . ,  1970. 

1978). 

Sparrow, E . M . ,  and R.D. Cess, "Radiation Heat Transfer," rev. ed . ,  

Chan,  S .H. ,  e t  al. "Radiative Cooling in a Voided Subassembly," 

ANL-76-5 (1976) .  

assembly," -____ Trans. ANS, - 22 ,  408 (1975). 

2 )  I SuErcooling - of Water in ACES Heat Exchangers 

The Annual Cycle Energy System ( A C E S )  supplies space heating and/or 

cooling using the heat o f  fusion o f  ice together with a heat pump (1  -. , 2 ) .  . 

To freeze water, systems have been b u i l t  using heat t ransfer  surfaces sub-  

merged in the stored water, as well a s  systems using external ,  plate-type 

ice makers. The former has the disadvantage of requiring large temperature 

gradients, while the l a t t e r  process requires extensive refrigeration/heating 

c i rcu i t ry  t o  periodically remove the ice from the plates (harvesting).  

would be desirable t o  supercool the water on heat exchanger surface without 

any ice formation. Existing plate-type ice makers exhibi t  th i s  supercooling 

phenomenon for  a brief period of time a f t e r  each harvest. Supercooled water 

f a l l s  o n t o  stored ice  below, nucleates, and forms a small p i le  of slush ice 

for about 30 sec. Then nucleation occurs on heat exchanger surfaces with 

the rapid formation of ice .  

Nucleation o f  ice can occur by two d i f fe ren t  mechanisms: homogeneous 

( in  the bulk) or heterogeneous (on foreign par t ic les  or surfaces) .  

I t  

Both 
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involve the creation of  ice-water interfaces with the expenditure o f  f ree  

energy, b u t  in heterogeneous nucleation the foreign body a1 lows replacement 

of ice-water interface with lower-energy, ice-substrate interface,  reducing 

the free-energy bar r ie r  t o  nucleation. 

preferred mechanisms, 

Hence, th i s  process beconies the 

The free energy of a spherical ice nuclei formation i s  given by 

2 2 T r 3  AG =: ( 2  + cos0)(1 - cos0) [nr  CI - r ( A G v ) ]  

where o i s  the water-ice interfacial  tension and 0 i s  the contact angle. 

The radius corresponding t o  the maximum value of  AG i s  termed the c r i t i ca l  

radius, r*. Since minimization of  A G  i s  thermodynamically favorable, sub- 

nuclei with radi i  greater than  r* will grow and i n i t i a t e  bulk c rys ta l l iza-  

t ion.  The amount of supercooling, AT, af fec ts  AG* by i t s  influence on the 

free-energy change for phase transformation, AG,. The energy barr ier  t o  

nucleation, AG*, can be considered as an activation energy (3,  4 ) .  

number of nucleation events per unit  area of substrate per unit  time was 

shown t o  be: 

The _ _  

4n03Tm ( 1  - cos8) 2 ( 2  + cos0) 
_l_l c 3 K ( A H  V ) 2 ( A T ) 2  

I 2 4 x exp 

This equation shows the large e f f ec t  of small changes in is, 8 ,  and A T  on I .  

A 0.1"C change in A T  may increase I by s ix  orders of magnitude. Values o f  
o and 0 cannot be obtained with suf f ic ien t  precision t o  make the above 

equation useful for making predictions. However, i t  i s  c lear  t h a t  increas- 

i n g  e i ther  0 or 8 will contribute t o  the amount of supercooling at ta inable  

before nucleation. Therefore, the r a t e  of nucleation on ice-maker plates 

depends on ( 1 )  the extent o f  supercooling, AT, ( 2 )  the water-ice inter-  

facial  tension, 0, ( 3 )  the contact angle, B ,  and ( 4 )  pore radius,  r .  

Attempts were made to  reduce the e f fec ts  of surface i r r egu la r i t i e s  by 

coating the heat exchanger plates with s i l icone grease and Teflon film ( 5 ) .  - 

Water flow ra t e  was varied and the extent a n d  duration of supercooling for  

the coated a n d  uncoated surfaces were measured (see Table E 2 - 1 ) .  

ments in supercooling duration were observed with the coated plate.  Addi- 

tional experiments using a drag-reducing agent in t h e  system water supply 

No improve- 



Table E2-1. Supercooling and Duration as a Function of  Flow Velocitypnd Type o f  Surface Coating 

Average Flow 
Velocity (cm/sec) 

20 

20 

20 

20 

10 

10 

10 

C o a t i  ng 

s i 1  icone grease 

s i 1  icone grease 

Teflon film 

Teflon f i l m  

si 1 icone grease 

s i l i cone  grease 

Teflon f i l m  

Maximum Supercooling ("C) 
Uncoated Coated 

1.2 0.7 

1.2 0.8 

0.9 none 

0 . 3  

2.5 

2.3 

none 

1 .o 
0.8 

0.9 0.4 

Duration o f  Supercool i ng ( m i  n) 
Uncoated Coated 

n.a. 4.1 

1 .0  1 . 4  

1 .9  0 

1.3 0 

1 .o 1 .o 
0.6 1.0 

0.7 1 .o 
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were also unsuccessful i n  prolonging supercooling. 

( 1 )  ...I Fischer, H . C . ,  "The Development of the Ice-Maker Heat Pump,"  

Annual Meeting American Soc. of Heating, Refrigeration, and Air Condition- 

ing Engineers, Sea t t l e ,  Wash., June 27 - July 1 ,  1976. 

Hise, E . C . ,  J.C. Moyers, and  H . C .  Fischer, "Design Report for  the 

PInnual Cycle Energy System Demonstration House," ORNL/CON-1 (October 1 9 7 6 ) .  

in Subcooled Pure Water," --I_. A.1.Ch.E. I_____ J . ,  ___ 23, 294 ( 1 9 7 7 ) .  

Phys., z, 221 (1958). 

Water in ACES Heat Exchangers," ORNL/MIT-263 (Dec. 1977). 

( 2 )  - 

( 3 )  .... 

(4) - 

( 5 )  ... 

Kallungal, J .P . ,  and A.J. Barduhn, "Growth Rate of an Ice Crystal 

Mason, B . J . ,  "The Supercooling and Nucleation o f  Water," Adv. 

Rinaldi, G . M . ,  L .W.  Bonnell, and C.T. Geary, "Supercooling of 

F .  NUCLEAR ME5ICINE TECHNOLOGY 

Design o f  a 18F System .I-_--. a t  ORNL Cyclotron Faci l i ty  

With the recent developnients of positron tomographic imaging devices, 

the use of radiopharmaceuticals labeled w i t h  positron emitting, short-lived 

radionuclides of  Ilcarbon, 13nitrogen, 15oxygen, a n d  18fluorine will  make 

an important contribution to  the f i e l d  of diagnostic a n d  prognostic medical 

research. The production of these radiopharmaceutical s involves: ( a )  the 

selection o f  a sui table  s t a r t i ng  material t o  be used as t a rge t  material i n  

the accelerator,  ( b )  the nuclear reaction, transforming the t a rge t  material 

into the desired radionuclide, and ( c )  the synthesis of the radiopharma- 

ceutical  sui table  for  c l in i ca l  use. 

clotron u s i n g  H2180 as the target  material ( 1 ,  - -  2 ) .  

were target  geometry, materials of construction, heat removal, a n d  18F 

recovery system. The Accelerator Target Simulation (ATS)  computer program 

was used t o  determine yields  and power dissipation w i t h i n  the t a rge t  ( 3 ,  -- -- 4 ) .  

Irradiation time was calculated based on available beam current a n d  level o f  
ac t iv i ty  required. The t a rge t  consists of aluminum and titanium concentric 

cylinders with target  water flowing in the inner cylinder to  a n  external 

heat exchanger. Target cooling water flows in the annulus removing the 

A fluorine-18 production system was designed fo r  the ORNL 86-inch cy- 

Design considerations 
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bulk of the diss ipated heat.  

i a t i on  time of 24 m i n  was calculated to  be su f f i c i en t  t o  produce 18F w i t h  

an a c t i v i t y  of 5 curies without any heat  removal problems. 

icant  w i t h  a . 3 7  m l / m i n  

cos t ly  to  vent these gases, a ca t a ly t i c  recombination u n i t  was designed 

u s i n g  a supported palladium ca ta lys t .  

reservoi r ,  should t a rge t  water accidentally be forced from other  regions 

of the system, 

the ace ta te  form o f  highly cross-linked resin which enables 99.9% of the 18F 

to  be recovered w i t h i n  10 min a f t e r  the cyclotron run. 

water inventory was 240 ml and losses  were estimated to  be no more than 0.75 

ml/run. The complete water-target system, shown in  F i g .  F-1, will f i t  on a 

one-foot-square platform b u i l t  into the cyclotron dol ly ,  w i t h  the heat ex- 

changers fastened to  the dol ly  leg. 

I n  addition, an external ly-bombarded 1802 ta rge t  was designed to  del iver  

18F-F. An external gas ta rge t  o f f e r s  advantages of less t a rge t  inventory, 

no radiolysis-related problems, and fewer heat-transfer complications, a l -  

though the cyclotron must be operated a t  near f u l l  capacity.  Suitable con- 

d i t ions  to  y ie ld  one C i  would be a 20-iiA beam current  w i t h  an i r rad ia t ion  

time of 47 m i n .  

A proton beam current  of 250 d and an i r rad-  

Radiolysis (hydrolysis due to  radiat ion)  was calculated to  be s ignif-  

water decomposing t o  H2 and '802. Since i t  i s  

The ca t a lys t  vessel a l so  a c t s  as  a 

A sidestream anion exchange column was designed to  recover 18F u t i l i z ing  

The to ta l  t a rge t -  

( 1 )  - Shaeffer, M . C . ,  F .  Barreto, J.R. Datesh, and B . R .  Goldstein, 

"Design of a 18F Production System a t  O R N L  Cyclotron Fac i l i t y ,  Par t  1 , I '  

Chu, Y.J., S.D. Engstrom, and D . G .  Sundberg, "Design o f  a 18F 

ORNL/MIT-258 (Oct. 1977). 

( 2 )  - 

Production System a t  ORNL Cyclotron Fac i l i t y ,  Par t  2 , "  ORNL/MIT-262 (Nov. 

1977). 

( 3 )  - Lemon, R . A . ,  B.W. Wieland, R.S. Ho.wel1, and J.P. Cas i l lo ,  "ATS- 
Accelerator Target Simulation," Oak Ridge Associated Universities (1977). 

( 4 )  - Lemon, R . A . ,  "ATS User's Manual," Oak Ridge  Associated Univer- 
s i t i e s  (1977). 
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