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ABSTRACT 

There is a p a u c i t y  of exper imenta l  and l i t e r a t u r e  d a t a  on t h e  thermal  

c o n d u c t i v i t i e s  of c o a l  l i q u i d s  and s l u r r i e s  of c o a l  and l i q u i d s  de r ived  

from c o a l  a t  e l e v a t e d  tempera tures  and pressures .  The few l i t e r a t u r e  d a t a  

t h a t  do e x i s t  g e n e r a l l y  are ques t ionab le  because they  were obta ined  under 

s t a t i c  c o n d i t i o n s ,  whereby t h e  s l u r r i e s  have been sub jec t ed  t o  e l e v a t e d  

t e m p e r a t u r e s  f o r  extended t i m e  pe r iods  i n  an au toc lave  dur ing  t h e  measure- 

ment process .  This r e p o r t  d e s c r i b e s  in s t rumen ta t ion  and techniques  t h a t ,  

when used i n  conjunct ion  wi th  a unique bench-scale flow system f o r  coa l  

l i q u i d s ,  enabled thermal  c o n d u c t i v i t y  measurements of f r e s h ,  s l u r r i e d  

coa l -so lvent  mixtures  under more o r  less dynamic flow cond i t ions .  

The t r a n s i e n t  hot-wire technique  w a s  s e l e c t e d  as the  method of 

cho ice ,  and a high-temperature ,  high-pressure ce l l ,  r a t e d  f o r  tempera tures  

t o  850 K and p r e s s u r e s  t o  30 MPa ( 4 3 6 6  p s i g ) ,  w a s  f a b r i c a t e d  from type 347 

s t s i n l e s s  steel. The ce l l ,  cons t ruc t ed  of two i d e n t i c a l  manifolds  jo ined  

by a l e n g t h  of p ipe  (34.9-mm OD x 19.7-mm I D ) ,  conta ined  a plat inum h o t  

w i r e  gauge ( 4 0  SWG, 0.076mm diam) -29 c m  i n  length.  The measurement 

system c o n s i s t e d  of a commercially a v a i l a b l e ,  p r e c i s i o n  dc  c u r r e n t  source  

(programmable and capable  of c u r r e n t  ou tput  t o  144 mA) and a custom-built,  

swi t ch ing /vo l t age  a m p l i f i c a t i o n  network wi th  a d i g i t a l  o s c i l l o s c o p e  f o r  

d a t a  a c q u i s i t i o n .  Measurements of t h e  vo l t age  drop a c r o s s  t h e  hot-wire 

gauge (4096 d a t a  po in t s )  were t r a n s f e r r e d  t o  a minicomputer for a n a l y s i s  

and long-term s to rage .  

Measurements performed a t  t h e  l a b o r a t o r y  bench with t h i s  system on 

to luene  a t  tempera tures  t o  348 K d i f f e r e d  by (2.3% from smoothed, i n t e r -  

p o l a t e d  l i t e r a t u r e  da ta .  A few measurements on to luene  with t h e  system 

iii 



i n s t a l l e d  i n  t h e  bench-scale Coal Liquids  Plow Systeln (CLPS) showed 

l a r g e r  d e v i a t i o n s  from t h e  l i t e r a t u r e  d a t a  and somewhat lower p r e c i s i o n  

(mean C.V. 3% compared t o  1.1%). 

Thermal c o n d u c t i v i t i e s  were measured on a W i l s o n v t l l e  s o l v e n t  and a 

s l u r r y  prepared froin t h l s  s o l v e n t  and I l l i n o i s  No. 6 c o a l  ove r  a tempera- 

t u r e  range of 295 t o  505 K. Thermal c o n d u c t i v i t i e s  f o r  both t h e  s o l v e n t  

and t h e  s l u r r y  decreased with i n c r e a s i n g  temperatures ,  s i m i l a r  t o  t h e  

t r e n d  showed by toluene.  

ove r  t h r  temperature  range 296 t o  438 K, while t h e  s l u r r y  decreased from 

1.51 t o  1.02 mW em-' K-l over  t h e  range 295 t o  505 K. 

Rayleigh equa t ion  ( u s e d  t o  estimate t h e  thermal  conduc t iv f ty  of he t e ro -  

The s o l v e n t  decreased from 1.23 t o  1.02 mkjl cm-' K-' 

Applying t h e  

geneous mix tu res  o f  monodispersed sphe res  i n  a l i q u i d )  t o  density-vs- 

t empera tu re  d a t a  € o r  s l u r r i e s  of t h i s  same s o l v e n t  and c o a l  r e s u l t e d  in 

computrd thermal  c o n d u c t i v i t i e s  which f e l l  w i t h i n ,  o r  s l i g h t l y  below, t h e  

range of va lues  observed f o r  a v a r i e t y  of c o a l s  by d i r e c t  measurements on 

l i m p s  o f  coal. This w a s  a n  i n d i e a t i o n  of i n t e r n a l  s e l f - c o n s i s t e n c y  f o r  

t h e s e  da t a .  

Measurements were at  tempted a t  temperatures  >505 K; however, 

r e s i s t a n c e s  measured from t h e  hot-wire gauge t o  t h e  body of t h e  c e l l  were 

t o o  low f o r  them t o  be completed. We were unable ,  i n  t h e  time reinaIn-lng 

on t h e  p r o j e c t ,  t o  determine i f  carbon b r idg ing  a c r o s s  t h e  Macor seals or 

inc reased  c o n d u c t i v i t y  of t h e  s l u r r y  was t h e  cause of t h e  d i f f i c u l t y .  I f  

i n c r e a s e d  c o n d u c t i v i t y  atl h i g h e r  temperatures  is caus ing  t h e  problem, i t  

may p rec lude  u s e  of t h e  t r a n s i e n t  hot-wire method f o r  s l u r r i e s  a t  ternpera- 

t u r e s  >500 K. 

i v  
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WILSQNVILLE SOLVENT/ILEINOIS NO. 6 COAL SLURRY 

J. E .  Flrochek 
J. H. Wilson 
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1 .  INTRODUCTION 

I n  an a t t e m p t  t o  develop advanced technologies  f o r  t h e  convers ion  of 

c o a l  i n t o  a clean-burning product ,  t h e  U.S. Department of Energy (DOE) has 

c o n t r i b u t e d  funding f o r  s e v e r a l  s y n t h e t i c  f u e l  p r o j e c t s  t o  demonstrate  

t h e  t e c h n i c a l ,  environmental ,  and economic f e a s i b i l i t y  of conver t ing  

h igh - su l fu r  c o a l s  i n t o  s o l i d  and l i q u i d  f u e l s .  Numerous process  develop- 

ment u n i t s  (PDUs) and a t  least t h r e e  p i l o t  p l a n t s  have been cons t ruc t ed  

and opera ted  € o r  t h i s  purpose. Numerous hea t  exchangers and a r e l a t i v e l y  

l a r g e  p r e h e a t e r  con ta in ing  miles of expensive tub ing  a r e  g e n e r a l l y  

p r e s e n t  as an i n t e g r a l  p a r t  of t h e  des ign  f o r  any demonstrat ion ( o r  

larger) c o a l  l i q u e f a c t i o n  p l a n t .  Proper ,  c o s t - e f f e c t i v e  des ign  of t h e s e  

components r e q u i r e s  a c c u r a t e  measurement of t he  thermal  c o n d u c t i v i t i e s  o f  

t h e  process  l i q u i d s  and so lvent -coa l  s l u r r i e s  under process  cond i t ions  

of t empera ture  and p res su re .  

The o b j e c t i v e s  of t h i s  work were t o  develop,  t es t ,  and i n s t a l l  i n  

t h e  Coal Liquids  Flow System (CLFS) an ins t rument  capable  of measuring 

t h e  thermal  c o n d u c t i v i t y  of coa l -so lvent  s l u r r i e s  under t y p i c a l  p rocess  

c o n d i t i o n s  p r e s e n t  i n  SRC and H-Coal l i q u e f a c t i o n  processes .  This capa- 

b i l i t y  would permit  f r e s h l y  prepared s l u r r i e s  t o  be used a t  each tempera- 

t u r e ,  enab l ing  measurements t o  be made under  cond i t ions  s imi l a r  t o  those  
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i n  the a c t u a l  p rocess  and overcoming the ttierma1 aging problem a s s o c l a t e d  

w i t h  batch p rocess ing  i n  a n  autoclave.  

An i n s t m m c n t  was designed and c o n s t r u c t e d  at t h e  Oak Ridge N a t i o n a l  

Laboratory (ORNL) for  the purpose of measuring the thermal. c o n d u c t i v i t i e s  

of c o a l  l i q u i d s  and c o a l  s l u r r i e s  a t  s imula t ed  p rocess  cond i t ions .  This 

Instrument  was t e s t e d  wi th  to luene  and W i l s o n v i l l e  s o l v e n t  a t  r e l a t l v e l y  

low temperatures  i n  a s t a t i c  mode of ope ra t ion .  It was then i n s t a l l e d  i n  

t h e  CLFS t o  determine t h e  thermal c o n d u c t i v i t i e s  of coal-derived materials 

a t  h igh  p r e s s u r e s  [up  t o  13.9 MPa ( 2 C C O  p s i g ) ]  and l-iigh temperatures  [ t o  

700 K (8OO0P)] .  

2. BACKGROUND 

Measured thermal c o n d u c t i v i t i e s  of c o a l  l i q u i d s  o r  so lven t - coa l  m i x -  

t u r e s  are v i r t u a l l y  absen t  f rom t h e  l i t e r a t u r e .  The on ly  d a t a  pub l i shed  

on s l u r r i e s  are those  of ~ r a y l  f o r  SRC-II so lven t - coa l  mix tu res  t o  

t empera tu res  of -500 K ( 4 4 0 ° F )  and those  of Droege et a1.2 f o r  

W i l s o n v i l l e  SKC-C s o l v e n t s  mixed with Kentucky No. 9 coal t o  -700 K 

(800'P) These same a u t h o r s  have repor ted  t:hermal coiicluctivity v a l u e s  

f o r  s o l v e n t s  from t h e  same p r o c e s s e s ,  and more r e c e n t l y ,  P e r k i n s ,  Sloan, 

and Graboskj-3 have p resen ted  da ta  on SRC-T and COED s o l v e n t s  t o  -490 K 

(422°F). The u n i f y i n g  f a c t o r  among work from t h e s e  t h r e e  groups i s  t h e  

u s e  of t h e  t r a n s i e n t  hot-wire technique on batch samples contained i n  an  

aii toclave.  Ihn i n h e r e n t  problem w i t h  ba t ch  samples  i n  an  a u t o c l a v e  

i n v o l v e s  t h e i r  s u b j e c t i o n  t o  a p a r t t c u l a r  thermal  ag ing  h i s t o r y  dl i r ing 

h e a t u p ,  which can produce chemical r e a c t i o n s  t h a t  may a f f e c t  t h e i r  

s t a b i l i t y  and may also a l t e r  important  p h y s i c a l  p r o p e r t i e s .  T h i s  i s  

p a r t i c u l a r l y  a problem with c o a l  slurries s i n c e  t h e  occurrence of a 

"geBation" reg  ion  i ci w e l l  



3 

2.1 METHOD SELECTION AND JUSTIFICATION 

The thermal  c o n d u c t i v i t y ,  k, of a subs t ance  i s  de f ined  by 

d Q f d t  =I -kA dT/dx, 

where dO is  h e a t  t r a n s m i t t e d  i n  t i m e  d t  a long  a temperature  g r a d i e n t  

(dT/dx) pe rpend icu la r  t o  a n  area A. T a i t  and H i l l s 5  have c l a s s i f i e d  

appa ra tus  f o r  t h e  de t e rmina t ion  of thermal  c o n d u c t i v i t i e s  of l i q u i d s  i n t o  

two broad classes - s t e a d y - s t a t e  and t r a n s i e n t  methods. 

A primary example of s t e a d y - s t a t e  methodology i s  t h e  guarded ho r i -  

z o n t a l  p a r a l l e l - p l a t e  technique  as desc r ibed  by F r i t z  and Po l t z6  and 

employed by P o l t z  and Juge17 t o  measure t h e  thermal  c o n d u c t i v i t i e s  of 

t o l u e n e  and f i v e  other organ ic  f l u i d s .  Two disadvantages  of t h i s  method 

are t h a t  smooth (20.3 pm), p l ana r  p l a t e s  are r equ i r ed ,  and r a d i a t i o n  h a s  

s i g n i f i c a n t  e f f e c t s  o n  t h e  measurements. Convection i s  a l s o  a major 

problem, which may be minimized by dec reas ing  t h e  i n t e r p l a t e  spac ing;  i n  

t h i s  way, we u l t i m a t e l y  approach t h e  measurement of t h i n  l i q u i d  f i lms ,  

The tendency of c o a l  p a r t i c u l a t e s  t o  se t t le  i n  t h i n  f i l m s  and t h e  e f f e c t  

of e l e v a t e d  t e m p e r a t u r e s  on i n t e r e l e e t r o d e  spac ing  and dimensional  s t a b i l i t y  

of t h e  appa ra tus  prec lude  c o n s i d e r a t i o n  of such techniques  f o r  measuring 

t h e  thermal  c o n d u c t i v i t i e s  of c o a l  s i u r r i e s  under process  condi t ions .  

Non-steady-state methods are c h a r a c t e r i z e d  by t h e  measurement of 

tempera ture  as a f u n c t i o n  of t i m e  a f t e r  impar t ing  a known pu l se  ( s m a l l )  

of h e a t  t o  t h e  system. The source  of h e a t  is r e s t r i c t e d  t o  one 

d i s p l a y i n g  l o w  h e a t  c a p a c i t y ,  and f i n e  w i r e s  ("hot  wires")  a r e  g e n e r a l l y  

employed. ?he dimensions of t h e  "hot  wire" (small r a d i u s ,  approaching 

zero ;  l e n g t h  approaching i n f i n i t y )  tend  t o  reduce r a d i a t i o n  e f f e c t s .  

E x t r a p o l a t i o n  backward i n  t i m e  minimizes e r r o r s  due t o  convec t ion ,  and 
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the a c q u i s i t i o n  of d a t a  Q V ~ T  s h o r t  p e r j o d s  o f  t i m e  minlrnizes v a r i a t i o n s  

a r i s i n g  from t h e  tempera ture  dependence of thermal  conduc t iv i ty .  The u s e  

of  s h o r t  times i s  a t t r a c t i v e  f o r  measurements on c o a l  s l u r r i e s  s i n c e  a 

minimum p a r t i c u l a t e  s e t t l i n g  should  be observed. 'The t r a n s i e n t  hot-wj-re 

method was s e l e c t e d  f o r  this experimentat lot i  because of t h i s  advantage 

o v e r  s t e a d y - s t a t e  m t h o d s .  

The t r a n s i e n t  hot-wire technique  normally employs a v e r t l c a l ,  

c y l i n d r i c a l  symmetry i n  which t h e  w i r e  serves as both t h e  h e a t  sou rce  and 

t h e  thermometer, Platinum .is u s u a l l y  t h e  material of choice  because of 

h tgh  thermal c o n d u c t i v i t y  and a nea r ly  l i n e a r  r e l a t i o n s h i p  between 

r e s i s t a n c e  and tempera ture  over  a broad ternperatare range. The w i r e  i s  

pu l sed  e l e c t r i c a l l y  t o  ln t roduce  h e a t  i n t o  t h e  l i q u i d  cy l inde r .  H e a t  

gene ra t ed  by t h e  low power pu l se  ( 1  t o  8 mW/cm> d i f f u s e s  r a d i a l l y  outward 

from t h e  w i r e  i n t o  t h e  sur rounding  l i q u i d ,  generat-ing a tempera ture  

g r a d i e n t  t h a t  i s  a f u n c t i o n  of t h e  f l u i d ' s  thermal  conduc t iv i ty .  

2.1.1 Mathematical  Modeling of t h e  Trans i en t  Hot-wire Device 

Convection should  be absen t  i n  any exper imenta l  de t e rmina t ion  of 

f l u i d  thermal  conduc t iv i ty ;  heat should  on ly  be t r a n s f e r r e d  by pure con- 

duc t lon .  The onse t  of n a t u r a l  convec t ion  a c t u a l l y  sets a l i m i t  on t h e  

d u r a t i o n  of t h e  measurement s i n c e  a b s o l u t e  c o r r e c t i o n s  For i t s  adverse  

e f f ec t s  cannot  be computed. 

The non-steady-state  hot-wire  c e l l  i.s modeled inathematical ly  as an 

i n f i n i t e l y  long l i n e  sou rce  immersed i n  an  unbounded i s o t r o p i c  medium. 

The r e s u l t i n g  F o u r i e r  conduct ion equa t ion  f o r  t h e  f l u i d ,  assuming 

trrnperature-.independent p r o p e r t i e s  of t h e  medium, i s  
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The medium, i n i t i a l l y  a t  uniform tempera ture ,  i s  sub jec t ed  to cons tan t  

power p e r  u n i t  l e n g t h  (q /L)  o r i g i n a t i n g  from t h e  l i n e  sou rce  a t  t i m e  = 0 

and r = 0. The tempera ture  a t  t i m e  t r e f e r r e d  t o  t h e  i n i t i a l  value ( a t  

c o n s t a n t  pressure)  may be computed as8 

T ( r , t )  = - - 4 1  4 Ilx {Ei(-&)} 

The exponen t i a l  i n t e g r a l  f u n c t i o n  Ei(-x) can be approximated as9 

m e-U 

- E i (  -x) = - du 
bl 

There fo re ,  from Eq. ( 3 1 ,  t h e  temperature  at some s p e c i f i e d  r a d i a l  d i s t a n c e  

r becomes ( a f t e r  s u b s t i t u t i n g  - f o r  x), 
r2 

4a't 

. . .] 4a't .2 
T ( r , t )  = - Y + 7 -  

4 nIA 4 a  t 

where 

y*  

a# = thermal  d i f f u s i v i t y ,  k / ( p  C ) ( k  = i n i t i a l  estimate of 

= exp y and y = E u l e r ' s  cons t an t  (=  0.577...); 

PI1 

thermal  conduc t iv i ty )  ; 

pI1 
C = h e a t  c a p a c i t y  of t h e  f l u i d .  

= d e n s i t y  of t h e  f l u i d ;  

PQ 



The tempera ture  of t h e  h o t  wire may be approximated ( n e g l e c t i n g  any 

i n t e r f a c l a l  r e s i s t a n c e  between t h e  wire and t h e  medium) by s u b s t i t u t i n g  

r = a,  t h e  r a d i u s  oi t h e  h o t  w i r e ,  i n t o  Eq. ( 5 )  and assuming t h a t  a 2 / 4 a C t  

is n e g l i g i b l y  s m a l l  in t h e  t i m e  range t l  t o  t2. Thus, we may d e s c r i b e  

t h e  tempera ture  r ise  OP t h e  hot-wire gauge as 

This l i ne - source  s o l u t i o n  expres ses  t h e  tempera ture  r ise of t h e  l i n e  

source as a l i n e a r  f u n c t i o n  of ln ( t ime) .  Thus, thermal  c o n d u c t i v i t y  may 

be  e s t ima ted  as 

A = - - (  4 aT -l . 
41k d I n  t 

S i n c e  t h e  h o t  w i r e  s e r v e s  as both  a h e a t  source and a r e s i s t i v e  thermom- 

e te r ,  t h e  t r a n s i e n t  tempera ture  behavior  may be r e l a t e d  t o  t h e  change 

i n  r e s i s t a n c e  by d e f i n i n g  t h e  tempera ture  c o e f f i c i e n t  of r e s i s t a n c e  as 

where 

R, = r e s i s t a n c e  a t  some i n i t i a l  t empera ture  (e .g .  0 ° C ) ;  

a = temperature c o e f f i c i e n t  of r e s i s t a n c e  f o r  t h e  plat inum h o t  wire. 

For a hot-wire  c e l l  t o  which cons tzn t  current is  a p p l i e d ,  Ohm's Saw l e a d s  to 
r n l  

P dR = dV , 

w i t h  t h e  power ( 9 )  a p p l i e d  t o  t h e  h o t  w i r e  expressed  as 
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q = VI = 1% , 

where V is t h e  v o l t a g e  drop a c r o s s  t h e  hot-wire gauge. 

Now, Eq. (7)  may be r e w r i t t e n  as 

Because a may n o t  be a c o n s t a n t ,  a more convenient form of Eq. (loa) f o r  

t h e  h igh  t e m p e r a t u r e s  t o  be employed i n  t h e  measurement of thermal  

c o n d u c t i v i t i e s  f o r  c o a l  s l u r r i e s  is  

1 3 R i  "( dR dV ) - l  

A -  
4IIL d In  t 

9 

where Ri is t h e  r e s i s t a n c e  of t h e  hot-wire gauge measured a t  t h e  i n i t i a l  

t empera tu re  c o n d i t i o n s  f o r  t h e  measurement, and E is t h e  s l o p e  of t h e  

temperature-vs-resistance curve ( e v a l u a t e d  a t  t h a t  same temperature)  f o r  

t h e  hot-wire gauge (E is  approximately cons t an t  over  s m a l l  increments  i n  

temperature) .  Thus, thermal  c o n d u c t i v i t y  may be e s t ima ted  from t h e  s l o p e  

of a l i n e a r  p l o t  of v o l t a g e  vs ln( t i rne)  f o r  t h e  hot-wire gauge immersed 

i n  t h e  medium t o  be measured, from t h e  known cons tan t  c u r r e n t  i n p u t ,  and 

from t h e  i n i t i a l  r e s i s t a n c e ,  l e n g t h ,  and s l o p e  of the  res i s tance-vs-  

tempera ture  curve f o r  t h e  plat inum hot-wire gauge. 

dR 

dR 

The time f o r  onse t  of n a t u r a l  convec t ion  f o r  a ce l l  wi th  c y l i n d r i c a l  

geometry was es t ima ted  accord ing  t o  McLaughlin.Zo 

o n s e t  of convec t ion  is determined by c r i t i c a l  va lues  of t h e  product  of 

P r a n d t l  and Grashof numbers known as t h e  Rayleigh number (Ra = P, * G r ) .  

The P r a n d t l  number is a d imens ionless  measure of t h e  r a t i o  of molecular  

He  sugges ted  t h a t  t h e  
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d i f f u s i v i t y  of momentum t o  t h e  molecular  d i f f u s i v i t y  of energy 

( P r  = qCp/k).  

r e l a t i v e  importance of the buoyancy and v i scous  forces  a c t i n g  on t h e  

f h i d .  

"his s u g g e s t s  t h a t  no convect ion would be expected provided Ka < 1000 f o r  

the f l u i d  under i n v e s t i g a t i o n  i n  a cell  of g iven  geometry. Applying these 

c r i t e r i a  t o  t o l u e n e  a t  333 K i n  t h e  c y l i n d r i c a l  hot-wire system i n d i c a t e d  

t h e  t i m e  f o r  o n s e t  of convect ion t o  be >6 bu t  (6.5 s ( s e e  Appendix). 

This computation i s  s t r o n g l y  a f f e c t e d  by f l u i d  v i s c o s i t y .  I f  t h e  v i s c o s i t y  

of t h e  f l u i d  i n c r e a s e s  by a f a c t o r  of 2 ( a t  333 K, rl = 0.38  c p  f o r  

t o l u e n e ) ,  a l l  o t h e r  f a c t o r s  remaining c o n s t a n t ,  t h e  t ine of onse t  of con- 

v e c t i o n  would i n c r e a s e  t o  -9 s. The v i s c o s i t i e s  f o r  c o a l  l i q u i d s  

and s l u r r i e s  of coal i n  c o a l  l i q u i d s  are g e n e r a l l y  oE t h e  o r d e r  of 1 and 

20 t o  30 cP, r e s p e c t i v e l y ,  f o r  temperatures  of i n t e r e s t  i n  t h i s  work, 

Thus, s i n c e  t h e  o t h e r  parameters  do no t  change apprec iab ly  from those  of 

t o l u e n e ,  convect ive h e a t  f low should no t  be a problem f o r  measureiiients 

under  10 s. 

The Grashof number ( G ,  =: g@p2ATd3/n2) i s  a measure of t h e  

'he c r i t i c a l  Rayleigh number f o r  c o n c e n t r i c  ryh inde r s  i s  1O0O.l1 

The e f f e c t  of radl-ant h e a t  t r a n s f e r  h a s  been examined i n  t h e  case of 

poor ly  absorbing f l u i d s ,  such as benzene, t o l u e n e ,  ni t robenzene,  m-xylene, 

and carbon t e t r a c h l o r i d e .  

geometry t o  measure thermal c o n d u c t i v i t y ,  determined t h e  r a d i a t i o n  

c o n t r i b u t i o n  t o  show a f u n c t f o n a l  dependence on i n t e r p l a t e  spacing. 

Measured thermal  c o n d u c t i v i t i e s  were 5 t o  7% t o o  high u s i n g  t h e i r  maximum 

p l a t e  spac ing  (-2 mm). 

dependent e r r o r s  ( i n c l u d i n g  the r ad ia tEve  c o n t r i b u t i o n )  by e x t r a p o l a t i n g  

back t o  t i m e  = 0 f o r  t h e i r  experiments on to luene  using t h e  hot-wire 

gauge. ( P o l t z  and Jugel. a l so  e l i m i n a t e d  the e f f e c t  by e x t r a p o l a t i n g  t o  

P o l t z  and J u g e l , 7  empJ.oying p a r a l l e l  p l a t e  

MeLaughlin and Pittman12 e l imina ted  t h e -  
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z e r o  p l a t e  spacing.)  

poor ly  absorb ing  f l u i d s .  For t h e  case of s t r o n g l y  absorb ing  f l u i d s ,  such 

as t h o s e  from c o a l ,  t h e  r a d i a t i v e  c o n t r i b u t i o n  w i l l  rise at  very e a r l y  

t i m e s  t o  a c o n s t a n t  va lue ;  t h u s ,  back e x t r a p o l a t i o n  procedures  would 

f a i l  t o  e l i m i n a t e  it .  P o l t z  and Juge17 have shown exper imenta l ly  t h a t  

i n c r e a s i n g  i r  a b s o r p t i v i t y  f o r  l i q u i d s  reduced t h e  e f f e c t  of r a d i a t i v e  

l o s s e s  and t h e  i n f l u e n c e  of i n t e r p l a t e  spac ing  on thermal  conduc t iv i ty .  

Thus, e r r o r s  due t o  an  uncor rec t ed  r a d i a t i v e  component should be less f o r  

c o a l  l i q u i d s  and s l u r r i e s  than  f o r  a poorly absorbing f l u i d  such as 

toluene.  Compared wi th  t h e  t o t a l  conduct ive output  of t h e  w i r e ,  

-3000 J m-2s-* (150 mA c u r r e n t  through a 0.074-mm w i r e ,  29 c m  i n  l e n g t h ,  

having  a r e s i s t a n c e  of 9.2 a ) ,  r a d i a t i o n  (assuming to luene  a t  60OC) i s  

computed t o  be (0.1% of t h e  t o t a l  power output  €or  t 0 1 u e n e . l ~  

Of cou r se ,  t h e s e  c o r r e c t i o n s  were a l l  made on 

The l ine-source  s o l u t i o n  fEq.(G)] is based upon t h e  assumptions of 

a n  i n f i n i t e l y  long  hot-wire  gauge and thus  t h e  absence of a x i a l  tempera-  

t u r e  v a r i a t i o n .  However, t h e  hot-wire gauge, of n e c e s s i t y ,  must be 

connected t o  h e a v i e r  wires t o  make electr ical  connect ion t o  i t ,  I n  

p r a c t i c e ,  t h e s e  h e a v i e r  w i r e s  ( P t ,  2 4  SWG) w i l l  cause a drop i n  t h e  

tempera ture  of t h e  hot-wire gauge nea r  i t s  ends. The maximum h e a t  l o s s  

through t h e  ends of t h e  hot-wire gauge w a s  computed f o r  t h e  cell of t h i s  

s tudy  con ta in ing  to luene  a t  -350 K. It w a s  found t o  be 6 x W o r  

(0.3% of t h e  t o t a l  power t o  t h e  w i r e  gauge (150 mA a t  9.2 L2).13 This 

l o s s  i s  a t t e n u a t e d  cons iderably  s i n c e  t h e  heavy wire  l e a d s  t o  t h e  hot -  

w i re  gauge were s e a l e d  i n  g l a s s  t o  i n s u l a t e  them from c o n t a c t  with t h e  

f l u i d  t o  he measured. 

One major f a c t o r  t h a t  must be considered i n  t h e  measurement of 

thermal  c o n d u c t i v i t y  by t h e  t r a n s i e n t  hot-wire method i s  the f i n i t e  
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d i a m e t e r  of t h e  gauge. It i s  h i g h l y  d e s i r a b l e  t o  employ a h o t  wire of 

t h e  smallest p r a c t i c a b l e  d i ame te r  w i th  a recommended d iame te r  being 

0.001 in ,1*  It w a s  f e l t  t h a t  t h i s  diameter  w a s  t oo  s m a l l  t o  w i ths t and  

the r i g o r s  of high-temperature c y c l i n g  and t h e  pumping of c o a l  s l u r r i e s  

s o  a nominal w i r e  d i ame te r  of 0.003 i n  (7.6 x mm) w a s  s e l e c t e d .  The 

e f f e c t s  of t h i s  f i n i t e  wire s i z e  on measurements of thermal  c o n d u c t i v i t y  

are d i s c u s s e d  more thoroughly i n  Sect.  4 .  Summarizing € o r  purposes o f  

t h i s  d i scuss io i l  -- c o r r e c t i o n s  t o  t h e  measured temperature  of t h e  hot-  

w i r e  gauge are -1 t o  -3% f o r  measurement t i m e s  between 0.5 and 0.2 s on 

t o l u e n e  a t  ambient temperature.  These c o r r e c t i o n s  are -0.7 t o  -1.2% f o r  

a c o a l  s o l v e n t  and -0.4 t o  -0.43% f o r  a c o a l  s l u r r y ,  both ove r  t h e  same 

t i m e  frame and a t  450 K. Such c o r r e c t i o n s  f a l l  w i t h i n  t h e  l i m i t  of 

expe r imen ta l  e r r o r  f o r  t h i s  appa ra tus  a t  e l e v a t e d  temperature.  

2.2 INSTRUMENTATION 

A simple,  rugged, e a s i l y  ope ra t ed  measurement system was d e s i r e d  

s i n c e  t h e  dev€ce was u l t i m a t e l y  d e s t i n e d  t o  be used t o  measure thermal. 

c o n d u c t i v i t i e s  of c o a l  s l u r r i e s  i n  the nea r -p i lo t -p l an t  environment. rsf 

t h e  CLFS.I4 

programmable p r e c i s i o n  dc  c u r r e n t  sou rce ,  a swi t ch ing  metwork, and three 

high-gain i n s t r u m e n t a t i o n  a m p l i f i e r s  w i t h  p r e c i s i o n  v o l t a g e  suppres s ion  

c i r c u i t s  f o r  removing t h e  l a r g e  dc  component of t h e  s i g n a l  s o  t h a t  small 

changes are more r e a d i l y  monitored. One o f  t h e  a m p l i f i e r  c i r c u i t s  is 

employed t o  a i d  i n  t h e  adjustment  of a b a l l a s t  r e s i s t o r  t o  match t h e  

r e s i s t a n c e  of t h e  hot-wire gauge, A second a m p l i f i e r  c i r c u i t  i s  u t i l i z e d  

t o  con t inuous ly  monitor system c u r r e n t  across a p r e c i s i o n  10-52 r e s i s t o r  

i n  con junc t ion  wi th  a d i g i t a l  pane l  meter. The third a m p l i f i e r  c i r c u i t  

The system, shorn s c h e m a t i c a l l y  i n  Fig. 1, c o n s i s t s  of a 
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p r o v i d e s  a g a i n  of 1000 t o  ampl i fy  the microvol t  drop a c r o s s  t h e  hot-wire 

gauge i n t o  t h e  m i l l i v o l t  range f o r  a c q u i s i t i o n  and measurement by a 

d i g i t a l  o s c i l l o s c o p e .  

The b a l l a s t  r e s i s t o r  i s  provided t o  minimize t h e  swi t ch ing  t r a n s i e n t  

when t h e  c u r r e n t  sou rce  is connected t o  t h e  hot  w i r e .  The s e l e c t e d  out- 

p u t  s i g n a l  i s  low-pass f i l t e r e d  a t  20 Hz t o  reduce n o i s e  from 60-Hz sources  

and r i p p l e  from t h e  c u r r e n t  source.  The r e s u l t i n g  r e s o l u t i o n  is 1 pV, 

r e f e r r e d  t o  t h e  i n p u t  vo l t age .  Swl.tching t r a n s i e n t s  are damped o u t  

w i t h i n  150 m s  a f t e r  c u r r e n t  i s  a p p l i e d  t o  t h e  c e l l .  

2.2-1 A m p l i f i c a t i o n  C i r c u i t r y  Module 

Three s imilar  a m p l i f i e r  modules are used t o  a c q u i r e  t h e  s i g n a l s  of 

i n t e r e s t ,  t o  remove l a r g e  undes i r ed  dc o f f s e t s ,  and t o  boost  t h e  

s u b m i l l i v o l t  s i g n a l s  t o  l e v e l s  n e a r  1 V. A s i m p l i f i e d  schematic  of t h e  

c i r c u i t  used i s  shown i n  Fig. 2. 

A p r e c i s i o n  "bucking" or  zero-suppressing a d j u s t a b l e  v o l t a g e  sou rce  

i s  p laced  i n  series w i t h  t h e  i n p u t  t o  a l low t h e  l a r g e  dc o f f s e t  p r e s e n t  

i n  each s i g n a l  t o  be nul led.  'fie remaining s i g n a l  i s  ampl i f i ed  by a g a i n  

of 1000 u s i n g  a p r e c i s i o n  i n s t r u m e n t a t i o n  a m p l i f i e r ,  a Burr-Brown Model 

3630. T h l s  amp1.ifier was chosen because of i t s  low inpu t  n o i s e ,  l o w  

d r i f t ,  and h igh  common-niotle n o i s e  r e j e c t i o n  r a t i o ,  In  c o n s t r u c t i n g  t h e  

a m p l i f i e r  c i r c u i t s ,  a s p e c i a l  s o l d e r  w a s  used in t h e  s i g n a l  p a t h s  t o  mini- 

mize the p o s s i b i l i t y  of t he rma l ly  gene ra t ed  v o l t a g e s  i n t r o d u c i n g  e r r o r s  

I.nto the measured s i g n a l s .  Care w a s  taken t o  e l i m i n a t e  any i n a d v e r t e n t  

ground p a t h s  t h a t  could compromise t h o s e  measurements " f l o a t i n g  o f f  of 

grounda'  o r  t h a t  could create noise-inducing ground loops.  A d r i v e n  

s h i e l d  i s  used t o  guard a g a i n s t  n o i s e  p i c k u p  i n  t h e  v o l t a g e  l e a d s  t o  t h e  

remotely l o c a t e d  f i l amen t .  
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2.2.2 Power Source .-_.I 

A d i g i t a l  c u r r e n t  sou rce  (Hewlett-Packard, Model 614OA) equipped 

w i t h  a Pocket Programmer (Model 14533B) w a s  employed as t h e  cons t an t -  

c u r r e n t  s o u r c e  f o r  t h e  system, The source  h a s  two current.  r anges ,  0 t o  

16.3835 TI& and 0 t o  163.835 mA. Accuracies f o r  the two ranges are 

1 PA * 0.01% and 10 PA 2 0,01% o f  programmed output ,  r e s p e c t i v e l y .  

C a l i b r a t i o n  demonstrated t h a t  a l l  measured v a l u e s ,  except  t h a t  a t  

50.00 mA ( 1 0  PA f O.OZ%), were w e l l  w i t h i n  the claimed accuracy l imi t a -  

t ions.  

Accurate  measurements of t h e  i n i t i a l  r e s i s t a n c e  of t h e  hot-wire 

gauge a t  temperature  r equ i r ed  t h e  i n p u t  of a known c u r r e n t  i n  t h e  range 

of 1 d. U s e  of t h e  low range of t h e  power sou rce  enabled a programmed 

i n p u t  nf 1.000 aA as determined by independent measurement. This  

al lowed d i r e c t  readout  of r e s i s t a n c e  t o  f o u r  o r  f i v e  s i g n l f i c a n t  f i g u r e s  

on a d i g i t a l  multimeter (Hewlett-Paekard Model 3 4 9 0 A ) .  

2.2.3 Data Acqu i s i t i on  

Data are acqu i red  from t h e  a m p l i f i e r  module by means of a d i g i t a l  

s t o r a g e  o s c i l l o s c o p e  ( N i c o l e t  Model 2090-2 equipped wi th  Model. 20.1-2 

plug-in u n i t ) .  Storage c a p a c i t y  of t h e  scope is 4094 words by 12 b i t s ;  

rnaxirriimni v e r t i c a l  s e n s l t € v i t y  i s  + lo  mV wi th  an  A/D r e s o l u t i o n  of 1 2  bf-ts,  

The scope i s  equipped wi th  an  KS-2326 i n t e r f a c e  (Model. 2082), which i s  

u t i l i z e d  t o  t r a n s m i t  t h e  s t o r e d  voltage-vs-time d a t a  t o  a d i g i t a l  com- 

p u t e r  f o r  long-term s t o r a g e  and/or  a n a l y s i s .  A FORTRAM-77 program w a s  

w r i t t e n  t o  implement t h e  a c q u i s i t i o n  and s t o r a g e  of t h e  data f rom t h e  

N i c o l e t  o s c i l l o s c o p e .  T r a n s f e r  of 14096 d a t a  p o i n t s  t o  t h e  PDP-11 computer 

r e q u i r e d  -30 s. 
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2.2.4 C e l l  
II 

The c e l l  components were f a b r i c a t e d  from 347 s t a i n l e s s  s tee l -  two 

i d e n t i c a l  manifolds  (58.8 x 57.2 x lr3B.6 mm) j o i n e d  by a l e n g t h  of p ipe  

(34.9-m OD x 19.71nm ID) (see Fig. 3). me assembly was r a t e d  f o r  

p r e s s u r e s  and tempera tures  as h igh  as 30 MPa ( 4 3 6 6  psig)  and 850 K ,  

r e s p e c t i v e l y .  F lu id  h l e t  and o u t l e e  openings were loca ted  a t  t h e  

extreme ends of t h e  ce l l  t o  e l i m i n a t e  p o t e n t i a l  dead volumes where gases  

migh t accumulate,  

The hot-wire gauge c o n s i s t e d  of -29 cm of plat inum w i r e  ( 4 0  SWG, 

0.0761nm diam), which w a s  brazed o r  laser-welded on e i t h e r  end t o  a 

h e a v i e r  plat inum w i r e  ( 2 4  SWG, 0.5 mm) t o  enable  e l e c t r i c a l  connec t ions  

t o  be  made t o  t h e  h o t  w i r e .  The h e a v i e r  w i r e  e x i t e d  t h e  c e l l  through 

Conax f i t t i n g s  wi th  two Macor" i n s u l a t o r s  sandwiched around a c rushab le  

l a v a  seal ,  as i l l u s t r a t e d  i n  Fig. 4. The electr ical  l e a d s  i n s i d e  t h e  

c e l l  were i n s u l a t e d  from e lec t r ica l  con tac t  w i th  t h e  w a l l s  of t h e  Conax 

f i t t i n g s  by glass  encapsu la t ion ,  as shown in Fig. 4. This encapsu la t ion  

a l s o  se rved  t o  reduce h e a t  l o s s e s  from t h e  ends of t h e  h o t  w i r e ,  s lowing 

t h e  o n s e t  of convec t ion  and p rese rv ing  t h e  l i n e a r i t y  o f  voltage-vs- 

In( t i m e )  d a t a  [ s e e  Eq. ( l o b )  ] over  longe r  pe r iods  of t i m e .  

2.2.4.1 Flow Systems 

The c e l l  w a s  t e s t e d  i n  two f low systems. I n i t i a l  tests w e r e  p e r -  

formed wi th  to luene  t h a t  was t r a n s f e r r e d  from a r e s e r v o i r  i n t o  t h e  cel l  

v i a  a small ( 2  mL/min) p o s i t i v e  displacement  pump. 

and t h e  c e l l  were conta ined  i n  a n  i n s u l a t e d  v e s s e l  f i l l e d  wi th  a 1:1 mix- 

Both t h e  r e s e r v o i r  

t u r e  of e t h y l e n e  g l y c o l  which w a s  ma-intained a t  cons t an t  temperature  by 

means of a Lauda (model K-2/R) cont ro l led- tempera ture  sys tem.  
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The high-temperature,  high-pressure thermal c o n d u c t i v i t y  c e l l  w a s  

p r i n c i p a l l y  designed f o r  t h e  CLFS (F ig .  5) .  

pe rmi t  the r h e o l o g i c a l  and o t h e r  p h y s i c a l  p r o p e r t i e s  of r e a c t i n g  coal-  

s o l v p n t  s l u r r i e s  t o  be s t u d i e d  under cont inuous flow c o n d i t i o n s  a t  t h e  

t empera tu res  and p r e s s u r e s  used i n  d i r e c t  c o a l  l i q u e f a c t i o n  processes .  

"his unique system w i l l  

Coal w a s  s l u r r i e d  with a s o l v e n t  i n  t h e  f e e d  t a n k  a t  ambient tempera- 

t u r e  and p r e s s u r e ,  mixed con t inuous ly  by an  a i r - d r i v e n  s t i r rer ,  and 

recircxl a t e d  through an e x t e r n a l  l oop  by a p r o g r e s s i v e  c a v i t y  pump 

(Moyno, Model 3L2 wi th  Vi ton  s t a t o r ) .  

r e c t r t x l a t i o n  l i n e  w a s  pumped v i a  a posi t ive-displacement  pdmp (Bran-Lubbe 

Model N-K51, h igh  p res su re )  t o  the p r e h e a t e r  a t  a maximum rate  of 1.2 g / s .  

The weight of t h e  f eed  t ank  w a s  monitored con t inuous ly  by a Na t iona l  

Con t ro l s  weigh cell wi th  a Donic 420 d i g i t a l  readout  connected t o  an 

on-l ine D ig i t a l  Equipment Corporat ion minicomputer (DEC PDP 11/34). 

cont inuous measurement of t h e  s l u r r y  mass f eed  ra te  w a s  poss ib l e .  The 

s lurry  p r e h e a t e r  was f a b r i c a t e d  from a 12.1-111 (40 - f t )  s e c t i o n  of 6.35-mm 

( 1 /4-i  n. ) -OD by 2.7 7-mm ( 0.109-in. ) -ID medium-pres s u r e  tub ing  (Autoclave 

Engineers) which w a s  e l e c t r i c a l l y  hea ted  (maximum h e a t  r a t e  = 22 W / s  em2) 

and i n s u l a t e d .  

A s l i p s t r e a m  from t h e  s l u r r y  

Thus, 

The high-temperature,  high-pressure thermal  c o n d u c t i v i t y  c e l l  w a s  

connected i n t o  t h e  CLFS immediately downstream of t h e  p r e h e a t e r  ( s e e  

Fig. 5) by means of an  ORNL-modified three-way v a l v e  (Autoclave 

Engineers)  equipped wi th  two a i r  a c t i v a t o r s .  The modified va lve  d i f f e r e d  

from t h e  s t a n d a r d  va lve  by t h e  a d d i t i o n  of t w o  p o r t s  t o  enab le  a s o l v e n t  

f l u s h  stream around the va lve  s t e m s  t o  preclude t h e  d e p o s i t i o n  of s o l i d s  

i n  t h i s  c r i t i c a l  a rea .  Momentary i s o l a t i o n  of t h e  ce l l  f o r  a thermal  
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c o n d u c t i v i t y  measurement was achieved by c l o s i n g  the p o r t  t o  t h e  c e l l  and 

opening t h e  p o r t  t o  t h e  bypass l i n e .  

2.2.4.2 C e l l  Temperature Con t ro l  

The thermal  c o n d u c t i v i t y  ce l l  w a s  i n i t i a l l y  suspended i n  a hea ted  

sand ba th  d u r i n g  o f f - l i n e  s t a t i c ,  high-temperature s t u d i e s ,  both f o r  

c a l i b r a t i o n  of t h e  w i r e  and measurements on t o l u e n e  and c o a l  l i q u i d s .  

The h e a t i n g  system, however, showed somc d e f i c i e n c i e s ,  s p e c i f i c a l l y  an  

extreme s e n s i t i v i t y  t o  o p e r a t i n g  parameters  and t h e  need f o r  a long 

e q u i l i b r a t i o n  period. Since measurements on c o a l  l i q u i d s  and s l u r r i e s  

involved u s i n g  the CLFS, which can be d i f f i c u l t  t o  o p e r a t e ,  t h e  long 

d e l a y s  would make measurements d i f f i c u l t ,  o r  even impossible.  Therefore ,  

a new h e a t e r  w a s  developed t o  c o r r e c t  t h e  d e f i c i e n c i e s  of t h e  sand bath.  

The new system f o r  c o n t r o l l i n g  t h e  temperature  of t h e  thermal  

c o n d u c t i v i t y  c e l l  w a s  hea t ed  e l e c t r i c a l l y  and used t h e  mass of t h e  heater 

and t h e  c e l l  t o  damp o u t  temperature  o s c i l l a t i o n s .  The h e a t e r  v e s s e l  w a s  

f a b r i c a t e d  from a 61-cm (24-in.) l e n g t h  of 12.7-cm (5-in.)-ID s t a i n l e s s  

s t e e l  p ipe  and con ta ined  SIX 220-V, 1-1cW s t r i p  h e a t e r s  which were 

a t t a c h e d  t o  t h e  e x t e r i o r  of t h e  v e s s e l .  The thermal  c o n d u c t i v i t y  c e l l  

w a s  suspended from a mounting b racke t  SQ t h a t  i t  w a s  cen te red  both 

r a d i a l l y  and a x i a l l y  i n  t h e  hea ted  p o r t i o n  of t h e  c o n t a i n e r ,  Copper s h o t ,  

which was used as the h e a t  t r a n s f e r  m e d i u m ,  w a s  poured around t h e  cel l .  

Because t h e  c e n t e r  o f  t h e  ce l l  w a s  found t o  remain s l i g h t l y  w a r m e r  

(by  -2 K) t h a n  t h e  ends,  two c o i l e d  Calrod h e a t e r s  with independent 

c o n t r o l s  were placed i n  the copper s h o t  around each end. E x t e r n a l  

thermocouples were placed a t  t h e  ends and a t  t h e  c e n t e r  of t h e  ce l l ;  

also,  a thermocouple was i n s t a l l e d  i n  t h e  i n l e t  l i n e  t o  t h e  c e l l  a t  a 



d i s t a n c e  of -15 c m  from t h e  cell.  

PDP-11 computer; t h e  CRT d i s p l a y  of a l l  tempera tures  w a s  updated every  20 s.  

Temperatures were recorded by t h e  

3 .  EXPERIMENTAL PROCEDURES 

Before  a thermal  c o n d u c t i v i t y  measurement w a s  performed on t h e  CLFS, 

t h e  c e l l  w a s  f i r s t  e q u i l i b r a t e d  a t  t h e  t es t  temperature .  The "metal 

bath" tempera ture  c o n t r o l l e r  w a s  se t  a t  t h e  d e s i r e d  tempera ture ,  and t h e  

s o l v e n t  o r  s l u r r y  feed  w a s  pumped cont inuous ly  through t h e  CLFS p r e h e a t e r  

and then  through the c o n d u c t i v i t y  cell .  The p r e h e a t e r  temperature  was 

a d j u s t e d  so t h a t  t h e  tempera ture  of t h e  f l u i d  immediately upstream of t h e  

c e l l  w a s  t h e  same as t h e  e x t e r n a l  temperature  of t h e  c e l l  body. TQ 

e n s u r e  t h a t  i so the rma l  cond i t ions  had been a t t a i n e d ,  t h e  r e s i s t a n c e  of 

t h e  plat inum w i r e  i n  t h e  ce l l  w a s  monitored a f t e r  f l u i d  flow was stopped 

temporar i ly .  A r e s i s t a n c e  t h a t  remained cons t an t  ( w i t h i n  55 mi2 equiva- 

l e n t  t o  W.2 K) over  a 60-s per iod  Ind ica t ed  t h a t  t h e  f l u i d  was being 

n e i t h e r  hea ted  no r  cooled by t h e  c e l l  body. This minimizat ion of 

tempera ture  d i f f e r e n t i a l s  w i th in  t h e  c e l l  w a s  extremely important  i n  

making a c c u r a t e  measurements of thermal  conduct i v i  t y 

When tempera tures  were l i n e d  o u t ,  t h e  f l u i d  f low w a s  bypassed around 

t h e  thermal  c o n d u c t i v i t y  ce l l  and, a t  t h e  same t i m e ,  t h e  set p o i n t  on t h e  

u n i t  p re s su re  c o n t r o l l e r  w a s  r a i s e d  t o  a high l e v e l .  (The l a t t e r  was 

necessa ry  t o  prevent  t h e  letdown va lve  from opening du r ing  d a t a  

a c q u i s i t i o n . )  

had been i s o l a t e d  w i t h i n  t h e  c e l l  t o  come t o  rest, t h e  c u r r e n t  t o  t h e  

hot-wire  gauge was t r i g g e r e d  and t h e  v o l t a g e  drop-vs-time d a t a  were 

recorded a t  l-ms i n t e r v a l s  over  a t o t a l  t i m e  span  of 4 s by t h e  Nico le t  

o s c i l l o s c o p e ,  The set p o i n t  of t h e  p r e s s u r e  c o n t r o l l e r  w a s  then lowered 

Af te r  a few seconds had been allowed f o r  t h e  f l u i d  t h a t  
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t o  the o p e r a t i n g  l e v e l ,  and f l u i d  f l o w  through the c e l l  was r e e s t a b l i s h e d .  

The 4000 d a t a  p o i n t s  were t r a n s f e r r e d  from t h e  o s c i l l o s c o p e  t o  a computer 

d i s k  f i l e .  

I n  one t e s t  made w i t h  t o l u e n e ,  a set of thermal  c o n d u c t i v i t y  

measurements w a s  t aken  du r ing  a p e r i o d  i n  which f low through t h e  c e l l  

w a s  n o t  i n t e r r u p t e d .  Our o b j e c t i v e  w a s  t o  demonstrate  t h a t  t h i s  t echn ique  

could b e  used,  i f  necessa ry ,  f o r  s l u r r i e s  because of problems a s s o c i a t e d  

w i t h  s o l i d s  s e t t l i n g  a t  h i g h e r  temperatures .  The expe r imen ta l  procedure 

w a s  as descr-lbed above, except  t h a t  f l u i d  f low w a s  maintained through,  

r a t h e r  t han  bypassed around, t h e  rhermal c o n d u c t i v i t y  c e l l  d u r i n g  the 4-s 

measurement period. I n t u i t i v e l y ,  f o r  an i n f i n i t e l y  long w i r e  or f o r  a 

wire w i t h  a large l eng th /d i ame te r  r a t i o  and a s h o r t  measurement t i m e ,  t h e  

response of t h e  w i r e  should be e s s e n t i a l l y  una f fec t ed  by t h e  presence of 

f low i f  t h e  f l o w  is  laminar. 

4 .  DATA ANALYSIS 

Thermal c o n d u c t i v i t y  i s  t y p i c a l l y  determined from the voltage-vs- 

l-n( t i m e )  d a t a  by, f i r s t ,  computing appa ren t  thermal  c o n d u c t i v i t i e s  u s i n g  

dV/d In(  t ime) v a l u e s  measured ove r  i n c r e a s i n g  i n t e r v a l s ,  w i th  each i n t e r -  

va l  beginning a t  t h e  same f i x e d  t i m e  [ e S g . >  0.5 s (O.Cl .0 ,  0.5-1.5)]. 

Then t h e s e  appa ren t  c o n d u c t i v i t i e s  are p l o t t e d  v s  l i n e a r  t i m e  ( t h e  f i n a l  

t i m e  i n  the p a r t i c u l a r  i n t e r v a l ) ,  and the d a t a  are e x t r a p o l a t e d  t o  t i m e  

zero.  (Obviously,  i f  t h e  V-vs-ln(time) curve i s  1-inear over  t h e  f u l l  

range of L i m e ,  thermal  c o n d u c t i v i t y  is independent of t i m e  and e x t r a p o l a -  

t i o n  i s  not  necessa ry , )  This procediire minimizes time-dependent errors 

such  as t h o s e  due t o  convec t ion  and mitigates t h e  temperature  dependence 

of  thermal. c o n d u c t i v i t y .  
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As long  as t h e  v a r i a t i o n  i n  apparent  thermal  c o n d u c t i v i t y  over  t h e  

f u l l  4-9 t i m e  i n t e r v a l  is f a i r l y  small [ i .e . ,  V vs l n ( t ime)  is reasonably  

l i n e a r ] ,  t h e  preceding  method works w e l l .  However, when V vs In( t i m e )  is 

q u i t e  non l inea r ,  as i s  t h e  case when convec t ion  is appa ren t ly  a problem, 

e x t r a p o l a t i o n  t o  t i m e  ze ro  y i e l d s  thermal  c o n d u c t i v i t i e s  t h a t  are much 

t o o  high. Toluene d a t a  obta ined  with a tempera ture  d i f f e r e n t i a l  of 3 K 

between t h e  bottom and t o p  of t h e  ce l l  ( t h e  bottom being h o t t e r )  are 

i l l u s t r a t e d  i n  Fig,  6. The c u r v a t u r e  i n  t h i s  p l o t  is cons iderable .  

Apparent thermal  c o n d u c t i v i t i e s  c a l c u l a t e d  from Fig. 6 over  i n c r e a s i n g l y  

l o n g e r  t ime i n t e r v a l s  (e.8.) 0.5-1.0, 0.4-1.5, 0.5-2.0 s) are shown 

p l o t t e d  vs time i n  Fig. 7. Ex t r apo la t ion  of these va lues  t o  t i m e  z e r o  

y t e lded  a v a l u e  of 1.240 mW cm-' K"' f o r  t h e  thermal  c o n d u c t i v i t y  of 

t o l u e n e  a t  354 K. 

ob ta ined  from dV/d ln ( t ime)  f o r  t h e  ear l ies t  t i m e  i n t e r v a l  (0.18 t o  0.5 s ;  

see Fig. 6 ) ,  which is  w i t h i n  2% of t h e  1.164 obta ined  by i n t e r p o l a t i o n  

from McLaughlin and Pi t tman ' s  t a b u l a r  l i s t i n g l 5  of smoothed thermal  

c o n d u c t i v i t i e s  v s  tempera ture  f o r  to luene .  Such c l o s e  agreement,  in  t h e  

case of t o luene ,  from t h e  use  of t h e  dV/d I d t i m e )  v a l u e  a t  t h i s  ea r ly  

t i m e  i n t e r v a l  i s  probably f o r t u i t o u s  and is l i k e l y  due t o  a cance. l la t ion 

of e r r o r s .  The c u r v a t u r e  induced by convec t ion  i n c r e a s e s  apparent  thermal  

conduc t iv i ty .  Temperature c o r r e c t i o n s  requi red  t o  compensate f o r  t h e  

f i n i t e  d iameter  of t h e  h o t  w i r e  over  t h i s  e a r l y  t i m e  i n t e r v a l  a r e  nega t ive ,  

however, caus ing  dV/d In(  t i m e )  to. i n c r e a s e  and apparent  thermal  conduc- 

t i v i t y  t o  dec rease  because of t h e  i n v e r s e  p r o p o r t i o n a l i t y  [ s e e  Eq. ( 1 0 b ) l .  

The t empera ture  c o r r e c t i o n s  needed t o  compensate f o r  t h e  f i n t t e  

d i ame te r  of t h e  h o t  w i r e  i n  t h i s  e a r l y  t i m e  regime are no t  only dependent 

on wi re  d iameter  bu t  a l s o  on w (= 2 I, 

This  may be compared wi th  a value  of 1.141 mW cm-' 

C /pw Cpw> [see Carslaw and 
p2, 
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.Jaeger8 and J a e g e r l h  f o r  d e t a i l s  of t h e  mathematical  development] e The 

d e n s i t y ,  p w r  and h e a t  c a p a c i t y ,  Cp,, of t h e  w i r e  show minimal changes 

o v e r  t h e  tempera ture  range of i n t e r e s t .  Thus, u i s  only  dependent on t h e  

p r o p e r t i e s  of t h e  l i q u i d ,  9 

f o r  t o luene  a t  ambient temperature ,  A t  450 K, u l =  1 . 3  i s  es t ima ted  € o r  a 

and C P n c  A va lue  of ul = 1.03 w a s  e s t ima ted  G 

coal s o l v e n t  [ p  = 0.88 ( r e f .  4 ) ,  Cp = 0.51 ( r e f .  1 7 ) ] ,  and w = 1.41 

i s  e s t ima ted  f o r  a t y p i c a l  s l u r r y  [ p  = 0.99 ( r e f .  4 ) ,  Cp = 0.49 ( r e f s .  17 

and 18) 1. Using the method desc r ibed  by J a e g e r l g  and assuming p e r f e c t  

thermal  contact:  between t h e  h o t  wi re  and t h e  sur rounding  f l u i d ,  estimates 

of t h e  tempera ture  c o r r e c t i o n s  needed over  t h e  e a r l y  t i m e  regime (0.2 t o  

. 0.5 s) are c a l c u l a t e d  i n  pe rcen t  f o r  a hot-wire d iameter  of 0.074 mm ( s e e  

Table  1). These r e s u l t s  i l l u s t r a t e  t h e  f a c t  t h a t ,  as w i n c r e a s e s  from 

1 t o  1.4, t h e  tempera ture  c o r r e c t i o n s  t o  compensate f o r  t h e  f i n i t e  w i r e  

d i ame te r  d iminish  s i g n i f i c a n t l y ;  t h e  e f f e c t  of t h e s e  c o r r e c t i o n s  on 

dV/d Ira( t l m e )  a l s o  decreases. 

Tab le  1. Est imated tempera ture  c o r r e c t i o n s  f o r  t h e  e f f e c t  of 
f i n i t e  hot-wire diameter on thermal  c o n d u c t i v i t y  measurements 

f o r  t o luene ,  a c o a l  so lvenc ,  and a c o a l  s l u r r y  

0.3 

0.4 

0.5 

1 .o 

Cor rec t ion  ( W )  
To 1uenea so lven t b Slur ry"  

-2.7 -1.2 -0.43 

-1.9 -1 .O -0.49 

-1.4 -0.9 -0.45 

-1.2 -0.7 -0.40 

-0.6 -0.4 -0.26 

aAmbient tempera ture ,  w = 1.03, p = 0.867 g/cm3, 

b450 K, w = 1.3, p = 0.85, Cp --- 0.51. 

=450 K, w = 1.41, p = 0.99p Cp = 0.49. 

C p  = 0.41 ca l  g-" K-l. 
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Good agreement between exper imenta l  thermal c o n d u c t i v i t i e s  f o r  

t o l u e n e  (measured i n  t h e  CLFS) and t h o s e  r epor t ed  i n  t h e  l i t e r a t u r e  ( a s  

d i scussed  l a t e r )  suppor t  t h e  u s e  of t h e  i n i t i a l  V-vs-ln(time) d a t a  when 

convec t ion  is  presen t .  Also,  i n  thermal  c o n d u c t i v i t y  measurements wi th  

c o a l  s o l v e n t  a t  a p a r t i c u l a r  tempera ture ,  t h e  use  of t h e  i n i t i a l  

V-vs-ln(t) v a l u e s  from t h e  curved p l o t s  gave e x c e l l e n t  agreement with t h e  

r e s u l t s  from t h e  l i n e a r  V-vs-ln(t) p l o t s .  Convection a p p a r e n t l y  caused 

no problems s i n c e  i t  was p r e s e n t  i n  some runs  and v i r t u a l l y  absent  i n  

o t h e r s .  

5. RESULTS 

The thermal  c o n d u c t i v i t y  o f  t o luene  w a s  measured i n  t h e  o f f - l i n e  

system as  a f u n c t i o n  of both temperature  and c u r r e n t  t o  t h e  h o t  w i r e .  The 

r e s u l t s  are presented  i n  Table  2; a comparison wi th  l i t e ra ture  values  i s  

shown i n  Table  3. 

Table  2. Thermal c o n d u c t i v i t i e s  of t o luene  measured 
by t h e  t r a n s i e n t  hot-wire technique  

Temp era t u r e  Thermal c o n d u c t i v i t y  (mW c m - l  K- l )  
(K) 75 mc\a 100 mAa 125 mAa 

3 28 1,240 1.234 1.222 

3 38 1.217 1.201 1.190 

3 48 1.142 1.147 1.156 

aCurrent  t o  t h e  l ine-source  gauge. 

Thermal c o n d u c t i v i t y  measurements were made on t h e  CLFS with 

t o l u e n e ,  w i th  Wi l sonv i l l e  s o l v e n t  (sample V-178, t r a y  8, March 28, 19831, 

and wi th  a s l u r r y  comprised of t h i s  s o l v e n t  (&'I g r a v i t y  = 7.5) and 

I l l i n o i s  No. 6 c o a l  a t  a so lvent - to-coa l  ( S / C )  weight r a t i o  of 2:l. These 
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Table  3. Comparison of measured thermal  c o n d u c t i v i t i e s  
of t o luene  wi th  previoirs work and l i t e r a t u r e  d a t a  

Te imp e r a t  11 re 
( K) 

3 28 1.232 (0.009)c 1.228 

3 38 1.203 (0.013) 1.198 

3 48 1.150 (0.018) 1.177 

"Mean of d a t a  i n  Table  2. 

bTaken from McLaughlin and Pi t tman,  1971 ( s e e  r e f .  15).  

CNumber shown i n  pa ren theses  i s  s t a n d a r d  dev ia t ion .  

~ 

measi.ireiiients covered a tempera ture  range of 295 t o  500 K. The r e s u l t s  

are presented  i n  Tables  4 and 5 and i n  Fig. 8. L i t e r a t u r e  va lues  f o r  

t o l u e n e  are  inc luded  i-n Table 5, and s l u r r y  d a t a  from t h e  l i t e r a t u r e 1 $ 2  

are shown i n  Fig. 8. The l a t t e r  d a t a  were obta ined  f o r  a s l u r r y  of 

Kentucky No. 9 c o a l  and W i l s o n v i l l e  s o l v e n t  a t  an S I C  weight r a t i o  of 

2:12 and f o r  a s l u r r y  of Powhatan No. 5 c o a l  and S R C - I 1  r e c y c l e  so1vent . l  

Seve ra l  a t t e m p t s  were made t o  measure thermal  c o n d u c t i v i t y  on coa l  

s l u r r i e s  a t  tempera tures  >505 K. In each i n s t a n c e ,  r e s i s t a n c e  from 

t h e  w i r e  gauge t o  t h e  c e l l  body i n d i c a t e d  t h e  e s t ab l i shmen t  of a conduc- 

t i v e  path.  It seemed l i k e l y  t h a t  t h i s  pa th  was through t h e  s l u r r y ;  

however, i n  t h e  t i m e  remaining we were no t  a b l e  t o  e s t a b l i s h  t h i s  conclu- 

s i v e l y .  Other  p o s s i b i l i t i e s  were increased  c o n d u c t i v i t y  through t h e  Macorm 

seals o r  carbon b r idg ing  a c r o s s  t h e s e  seals. I f  high c o n d u c t i v i t y  i n  t h e  

c o a l  sliirry w a s  a c t u a l l y  the prsbl-em, use  05 t h e  hot-wire technique  wQu1.d 

be precluded. 
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Table  4 .  mermal c o n d u c t i v i t i e s  of c o a l  s o l v e n t  and c o a l  s l u r r y  

The m a  1 
Temp era t u r e  c o n d u c t i v i t y  No. O f  Standard 

( K) [mw cm-1 ~ - 1 1  measurements d e v i a t  i o n b  

2 96 

338 

375 

438 

~~~ 

So 1 ve n ta 

1.23 9 

1.21. 3 

1.12 3 

1.02 3 

0.83 

0,0021 

0.02 

0.03 

Slu r rya  

2 95 1.51 6 0.02 

3 3 9  1.39 3 0.04 

374 1.27 3 0.04 

4 3 8  1.15 3 0.03 

- 498 0.92 1 

505 1.02 3 0.01 

aSolvent  was Wilsonv i l l e  sample V-1'78, t r a y  8,  March 28, 1983. 
S l u r r y  w a s  p repared  from Wi l sonv i l l e  s o l v e n t  and I l l i n o i s  No. 6 coal  a t  a 
s o l v e n t / c o a l  weight r a t i o  of 2: 1. 

bStandard d e v i a t i o n s  are g iven  f o r  each se t  of measurements. 
s t a n d a r d  d e v i a t i o n  (exc luding  s l u r r y  d a t a  a t  498 K) is 0.03 wi th  27 D.F. 
Corresponding 95% conf idence  l i m i t s  are 20.037 k0.026, and -t0.022 f o r  
t h r e e ,  s i x ,  and n i n e  de t e rmina t ions  pe r  se t ,  r e s p e c t i v e l y .  

Pooled 
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Tab le  5 .  Thermal c o n d u c t i v l t y  of t o luene  

Thermal 952 
Temp e ra t u r  e conduct f v i  t j r  No. of Standard confidence 

( K) [mW em-' K-'1 measurements d e v i a t i o n  l i m i t s  

298" 
300 

1.328 
1.35 

3 0.008 20.020 
7 0.039 k0.036 

326" 

340a 
334b 

1.233 
1.17 
1.191 

2 0.0005 '0.004 
3 0.044 kO.11 
2 0.0008 10.007 

395.5" 1.082 4 0.005 +o. 008 
398 0.93 3 0.012 k0.03 -~ 

aTaken from Mclaughlin and Pi t tman,  1971 ( s e e  ref. 15). 
h e a s u r e m e n t s  were t aken  while t o l u e n e  w a s  f lowing through the cel l .  

Temperature was c a l c u l a t e d  from t h e  r e s i s t a n c e  of t h e  plat inum w i r e .  
Temperature of t h e  c e l l  body was 353 K, 

6 .  DISCIJSSION OF RESIJLTS 

6.1 MEASUKEPlENTS ON TOLUENE 

T a b l e  3 demonstrates  the p r e c i s i o n  and t h e  accuracy,  by comparison 

w i t h  l i t e r a t u r e  v a l u e s  of t h e  thermal  c o n d u c t i v i t y  measureinents of 

t o l u e n e  i n  the o f f - l i n e  system a t  r e l a t i v e l y  low temperatures .  Table 2 

shows t h a t  thermal c-onduct ivi ty  i s  u n a f f e c t e d  by t h e  hot-wire c u r r e n t  

o v e r  the range of 75 t o  125 m4. ( T y p i c a l l y ,  a t  least three. thermal 

c o n d u c t i v i t y  measurements were made f o r  a l l  f l u i d s  a t  eve ry  temperature  

l e v e l ;  each measurement w a s  made a t  a d i f f e r e n t  hot-wire c u r r e n t . )  

Compared wi th  l i t e r a t u r e  v a l u e s ,  t h e  CI,PS r e s u l t s  f o r  t o l u e n e  a t  room 

temperature are a c c u r a t e  wl.thin the range of expe r imen ta l  e r r o r ,  as seen 

from Table  5. Mowever, a t  398 K, t h e  CLFS thermal. c o n d u c t i v i t y  f o r  

t o l u e n e  i s  s i g n i f i c a n t l y  lower t h a n  the l i t e r a t u r e  v a l u e ,  based on 95% 

conf idence  l i m i t s .  It. i s  p o s s i b l e ,  though, t h a t  t h e  c e l l  W ~ S  no t  

completely f u l l  o f  t o luene  d u r i n g  t h e  measurements made at. 398 K. For 

t h i s  run ,  i n  c o n t r a s t  t o  the u s u a l  procedure,  t h e  c e l l  was i n i t i a l l y  
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f i l l e d  with f l u i d  and t h e  flow w a s  t hen  stopped. Subsequently,  t h e  

t empera tu res  were s t a b i l i z e d  and the measurements made. Even though t h e  

system w a s  p r e s s u r l z e d  t o  13.9 W a  by a continuous; f low of n l t rogen  

in t roduced  downstream of t h e  c e l l ,  t o l u e n e  could have been l o s t  from she 

ce l l  d u r i n g  t h e  temperature  s t a b i l i z a t i o n  per iod.  This l o s s  could have 

been caused by p r e s s u r e  f l u c t u a t i o n s  r e s u l t i n g  from o p e r a t i o n  of t h e  l e t -  

down valve?. Another cause of t h e  lower v a l u e  a t  398 R could be the 

greater  p o s i t i v e  c o r r e c t i o n  r e q u i r e d  ( a s  d i s c u s s e d  i n  Sect .  4 )  because of 

t h e  lower v i s c o s i t y  a t  t h e  h i g h e r  temperature ,  I f  t h i s  were t h e  ease, 

convec t ion  c u r r e n t s  would have t o  be a b s e n t ,  which i s  u n l i k e l y  under t h e  

low-viscosi ty  cond i t ions .  i bnsequcn l ly ,  t h e  t o l u e n e  d a t a  a t  398 K need 

t o  be rechecked. The measurement a t  334 K, which was t aken  wh i l e  t o l u e n e  

w a s  f lowing through t h e  c e l l  (as  d e s c r i b e d  i n  Sect.  3 ) ,  a l so  a g r e e s  

( w i t h i n  cornf idenee l i m i t s )  w j t h  the l i t e r a t u r e  v a l u e  a t  t h a t  temperature ,  

The 95% confidence range, though, I s  r e l a t i v e l y  broad. P a r t  of t h e  

r eason  f o r  t h e  v a r i a n c e  in t h e  d a t a  is t h a t  t h e  CLPS p r e h e a t e r  w a s  no t  

o p e r a t i n g  d u r i n g  t h i s  run. Thus, t h e  feed tolsiene w a s  being preheated 

on ly  as i t  passed through about  2 ft of tub ing  w i t h i n  t h e  h o t  bed of 

copper  s h o t  b e f o r e  e n t e r l n g  t h e  c o n d u c t i v i t y  cell .  As a r e s u l t ,  t h e  

t o l u e n e  w i t h i n  t h e  c e l l  w a s  c o l d e r  t han  t h e  ce l l  body; t h e  f l u i d  tempera- 

t u r e ,  as i n d i c a t e d  by t h e  r e s i s t a n c e  of t h e  plaLCriurn w j r e ,  was -19 K lower 

t h a n  t h a t  of t h e  c e l l  body, Convecti.on c u r r e n % s  a t  t h e  c e l l  wall 

undoubtedly e x i s t e d ,  i n  a d d i t i o n  t o  t h e  nominal f l u i d  flow d u r i n g  t h i s  

measurement. Agreement wi th  t h e  l i t e r a t u r e  va lue  was s u r p r i s i n g l y  good, 

c o n s i d e r i n g  i h e  crudeness  of t h i s  experiment. These tests a t  3 3 4  K ind i -  

c a t e d  t h a t  a c c e p t a b l e  t h e a n a l  c o n d u c t i v i t y  da t a  can be ob ta ined  wi th  

f l u i d  f lowing through t h e  c e l l .  For  s l u r r y  measurements, this method 
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cou ld  a l l e v i a t e  problems w i t h  s e t t l i n g  of s o l i d s .  Although a d d i t i o n a l  

measurements a t  t h e  h i g h e r  tempera tures  would be d e s i r a b l e ,  t h e  accuracy 

of t h e  CLFS d a t a  is be l i eved  t o  be demonstrated by t h e  thermal  conduc- 

t i v i t y  va lues  determined € o r  to luene  a t  298 and 334 K. 

6.2 MEASUREMENTS ON SOLVENTS AND SLURRIES 

The p r e c i s i o n  of bo th  t h e  s l u r r y  and t h e  s o l v e n t  ineasureinents is 

ve ry  good (Table  4), with a pooled s t anda rd  d e v i a t i o n  (S.D.) of 0.03. 

Based on t h i s  S.D. ,  t h e  45% confidence l i m i t s  c a l c u l a t e d  accord ing  t o  

S t u d e n t ' s  "t" test are, on t h e  average ,  43% of t h e  exper imenta l  thermal  

c o n d u c t i v i t y  value.  The one va lue  f o r  s l u r r y  a t  498 K (which w a s  no t  

used i n  c a l c u l a t i n g  t h e  pooled S.D.) appears  t o  be i n c o r r e c t  s i n c e  i t  l i e s  

w e l l  o u t s i d e  t h e  95% conf idence  i n t e r v a l  f o r  t h e  s l u r r y  va lue  o f  505 K. 

(The d i f f e r e n c e  w a s  t oo  l a r g e  t o  be expla ined  by t h e  7-K temperature  

d i f f e rence . )  Therefore ,  t h i s  d a t a  po in t  w a s  ignored i n  drawing t h e  curve 

i n  Fig. 8 .  

As d i scussed  p rev ious ly ,  t h e  high v i s c o s i t y  o f ' t h e  s l u r r y  e l imina ted  

convect  ion as a problem i n  t h e  thermal  conduc t iv i ty  measurements e 

Consequently,  t h e  V-vs-ln( t )  curves  were g e n e r a l l y  q u i t e  l i n e a r  over  t h e  

f u l l  4-s t i m e  range and, t h e r e f o r e ,  the thermal Conduct iv i ty  d a t a  are 

be l i eved  t o  be accu ra t e ,  As seen  i n  Fig. 6 3 ,  t h e  s l u r r y  d a t a  e x h i b i t  110 

unusual  o r  unexpected behavior  with temperature .  Although measurements 

a t  more than  f o u r  t e m p e r a t u r e  l e v e l s  would provide  a more d e f i n i t i v e  pic-  

t u r e ,  the behavior  appears  t o  be c o n s i s t e n t  with t h a t  of t h e  s l u r r y .  

However, because of t h e  few number of tempera tures ,  i t  is i n s t r u c t i v e  t o  

examine t h e  s o l v e n t  d a t a  a t  each temperature  l e v e l  b r i e f l y .  

Thermal c o n d u c t i v i t i e s  of t h e  s o l v e n t  a t  room tempera ture ,  375 K, 

and 438 K a r e  be l feved  t o  be a c c u r a t e  because o f  t h e  l i n e a r i t y  of t h e  
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V-vs-ln(t) cu rves  and t h e  r e p r o d u c i b i l i t y  of t h e  d a t a ,  as shown by t h e  

S.D. v a l u e s  i n  Table  4 .  AI-though t h e  s o l v e n t  d a t a  a t  338 K show 

e x c e l l e n t  r e p r o d u c i b i l i t y ,  each of t h e  t h r e e  V-vs-ln(t) cu rves  a t  thfs  

temperature  e x h i b i t s  a c o n s i d e r a b l e  amount of c u r v a t u r e ,  probably due t o  

convec t ion  c u r r e n t s ,  Thus, t h e  thermal conduct ivi . ty  r e p o r t e d  a t  338 K is  

b e l i e v e d  t o  be t o o  high. However, i t  i s  no t  p o s s i b l e  t o  c a l c u l a t e  t h e  

r e q u i r e d  c o r r e c t i o n ,  if any. If  t h e  va lue  a t  338 K were t o  be decreased 

somewhat, t h e  behavior  of t h e  s o l v e n t  and of t h e  s l u r r y  d a t a  wi th  tempera- 

t u r e  v a r i a t i o n ,  as shown i n  Pig. 8 ,  would appear  t o  be more c o n s i s t e n t  

w i t h  one ano the r ;  t h a t  i s ,  thermal  c o n d u c t i v i t y  would d e c r e a s e  q u i t e  

l i n e a r l y  w i t h  temperature  u p  t o  -440 K. The l i n e a r  r e g r e s s i o n  l i n e  sug- 

gests  t h a t  t h e  v a l u e  a t  338 K should be somewhat less t h a n  1.2 mW c m - l  K"'. 

A t  room temperature  t h e  thermal  c o n d u c t i v i t y  of t h e  s l u r r y  approxi- 

mates t h e  s l u r r y  measurement by Droege e t  a l . ,  as seen i n  Fig. 8 .  The 

OKNL d a t a ,  however, are seen  t o  e x h i b i t  a s i g n i f i c a n t l y  greater temperature  

dependence t h a n  e i t h e r  oE t h e  two o t h e r  s l u r r i e s  shown. Of c o u r s e ,  

d i f f e r e n t  c o a l s  and s o l v e n t s  were used i n  t h e  r e fe renced  cases. Although 

t h i s  may e x p l a i n  t h e  d i f f e r e n c e s  between t h e  s l u r r i e s ,  o t h e r  e f f e c t s  may 

be contributing t o  t h e  behavior  of t h e  r e fe renced  d a t a  wi th  temperature .  

For example, t h e s e  d a t a  were gene ra t ed  by s t a t i c  measurement methods; 

consequen t ly ,  w i t h  h i g h e r  and h i g h e r  t empera tu res ,  t h e  s l u r r y  i s  "aged" 

o r  r e a c t e d  ove r  l onge r  and longe r  pe r iods  of t i m e  due t o  t h e  hea tup  t i m e  

r e q u i r e d  f o r  t h e  appa ra tus .  Product ion of heavy material from the c o a l  

d u r i n g  t 'n ls  ""aging" p e r i o d  could i n c r e a s e  t h e  thermal  conduct:i.vity of t h e  

s l u r r y ;  convect ion i s  a l s o  a p o s s i b l e  e f f e c t .  To p reven t  c o a l  from 

s e t t l i n g ,  a s t i r r e d  au toc lave  w a s  u t i l i z e d  in one i n v e s t i g a t i o n  ( t h e  

s t i r r e r  was s h u t  o f f  j u s t  p r i o r  t o  t h e  measurement). W i t 3 1  such equipment, 
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a h e a t i n g  m a n t l e  is  t y p i c a l l y  mounted i n  a c o n c e n t r i c  f a sh ion ,  and t h e  

t o p  head of t h e  au toc lave ,  through which t h e  s t f r r e r  s h a f t  passes, is 

exposed t o  t h e  atmosphere. Thus, temperature  g r a d i e n t s  a t  t h e  vessel  

w a l l  and, consequent ly ,  convec t ion  c u r r e n t s  w i th in  t h e  f l u i d  might be 

a n t i c i p a t e d .  

Thermal c o n d u c t i v i t y  d a t a  f o r  coal l i q u i d s  are p l o t t e d  vs tempera- 

t u r e  i n  Fig. 9. The d a t a  inc lude  those  from Pe rk ins  e t  a l .  on SItC-1 

and COED so lven t s3 ,  from Gray an SRC-I1 l i q u i d , l  from Droege et al. on 

SKC-I s o l v e n t , 2  and from t h i s  work. 

from Pe rk ins  e t  a l e ,  t h e  thermal  c o n d u c t i v i t i e s  l i e  wi th in  -10% of 

one ano the r  over  t h e  i n d i c a t e d  temperature  range. The lower va lues  of 

t h e  SBC-1 l i q u i d  Erom Perk ins  e t  al. may be a t t r i b u t e d  t o  t h e  Pow s p e c i f i c  

g r a v i t y  o f  t h e i r  so lven t .  This would tend  t o  agree wi th  conclus ions  from 

t h e  SRC-I1  s t u d i e s  where thermal  c o n d u c t i v i t y  w a s  found t o  i n c r e a s e  wi th  

i n c r e a s i n g  s p e c i f i c  g r a v i t y  and b o i l i n g  poin t .  However, t h e  COED 

l i q u i d  g e n e r a l l y  e x h i b i t s  t h e  h i g h e s t  thermal  c o n d u c t i v i t y ,  even though 

i t s  d e n s i t y  is next  t o  t h e  lowest .  ‘fius, o t h e r  p r o p e r t i e s  of t h e  coal 

l i q u i d  appa ren t ly  a f f e c t  thermal  conduct iv i ty .  For example, Gray men- 

t i o n s  the e f f e c t  of heteroatoms ( e . g e ,  oxygen) on thermal conduct ivf ty .1  

With t h e  excep t ion  of t h e  SRC-1 d a t a  

6 . 3  CALCULATED THERMAL CONDUCTIVITIES FOR COAL 

The thermal c o n d u c t i v i t y  of t h e  I l l i n o i s  No. 6 c o a l  used i n  t h i s  

work was c a l c u l a t e d  by apply ing  t h e  rtayleigh equa t ion lg  t o  t h e  experimen- 

t a l  r e s u l t s  f o r  t h e  s o l v e n t  and t h e  s l u r r y .  This  equa t ion ,  which is a 

t h e o r e t i c a l l y  de r ived  c o r r e l a t i o n  f o r  e s t i m a t i n g  t h e  thermal  c o n d u c t i v i t y  

of he te rogeneous  mixtures  of monodispersed spheres  i n  a. l i q u i d ,  i s  as 

f 0 llows : 
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where 

k = thermal  c o n d u c t i v i t y  of t h e  s o l v e n t ,  

kp = thermal  c o n d u c t i v i t y  of t h e  c o a l  par t ic le ,  

ks = e f f e c t i v e  thermal  c o n d u c t i v i t y  of t h e  s l u r r y ,  

Xv = volume f r a c t i o n  of t h e  particles.  

The thermal c o n d u c t i v i t y  of t h e  c o a l  was c a l c u l a t e d  as a f u n c t i o n  of 

tempera ture ,  u t i l i z i n g  densi ty-vs- temperature  d a t a  f o r  I l l i n o i s  No. 6- 

W i l s o n v i l l e  s o l v e n t  s l u r r i e s  from previous ORNL work4 t o  e s t i m a t e  x,. 

The r e s u l t s ,  a long  with r e s u l t s  c a l c u l a t e d  us ing  a s t r a i g h t  l i n e  f i t  to 

t h e  s o l v e n t  thermal  c o n d u c t i v i t y  d a t a ,  a r e  shown in Table 6.  The thermal  

c o n d u c t i v i t i e s  of t h e  c o a l  are seen t o  f a l l  w i t h i n ,  o r  s l i g h t l y  below, 

t h e  range of va lues  t h a t  were d e t e m i n e d  f o r  a v a r i e t y  o f  c o a l s  by d i r e c t  

measurements on lumps of coa l ,20  as shown i n  Table  7. 

c o a l  does no t  r e a c t  w i th  t h e  s o l v e n t ,  t h i s  agreement appears  t o  suppor t  

t h e  earlier obse rva t ion  t h a t  t h e  ORNI, thermal  c o n d u c t i v i t y  d a t a  f o r  t h e  

s o l v e n t  and f o r  t h e  s l u r r y  are c o n s i s t e n t  with each o t h e r ,  A s  seen I n  

F igs .  8 and 9 ,  t h e  s l u r r y  and t h e  s o l v e n t  d a t a  of Droege e t  a l .  and of 

Gray do not show cons is tency .  That i s ,  t h e  thermal  c o n d u c t i v i t y  of t h e  

c o a l  as c a l c u l a t e d  from t h e  s o l v e n t  and the s l u r r y  da t a  a t  t h e  h ighe r  

tempera tures  would be much g r e a t e r  than  expected,  based on Table  7, For 

example, a t  438 K t h e  thermal  c o n d u c t i v i t y  of t h e  coal i s  es t imated  t o  be 

3.9 mW c m - l  K-' from t h e  d a t a  of: Droege e t  a l . ,  while i3 va lue  of 

1.6 mW cm-l K-' w a s  ob ta ined  from t h e  ORNL da ta .  

Assuming that t h e  

A t  room tempera tu re ,  
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Tab le  6 .  Thermal c o n d u c t i v i t i e s  of I l l i n o i s  No, 6 c o a l ,  
c a l c u l a t e d  from t h e  Rayleigh equa t ion ,  ove r  t h e  

t empera tu re  range 296 t o  438 K 

C a l c u l a t e d  thermal  conduc t iv i tya  (mW cm- l  K- l >  

From d a t a  From r e g r e s s i o n  line 
295 

3 38 

3 78 

438 

2.47 

1.96 

1.76 

1.60 

2.38 

2.07 

1.73 

1.58 

"Calculated u s i n g  ORNL d a t a  f o r  s o l v e n t  and s l u r r y  denslty-vs- 
t empera tu re  da t a .  

Tab le  7. Measured thermal  c o n d u c t i v i t i e s  of c o a l a  
o v e r  the temperature  range 293 t o  1073 K 

Thermal c o n d u c t i v i t y  
(mw c m - l  ~ - 1 )  

Temp e r a t u r e  
( K) Me RIP Approx. range 

2 93 

373 

4 7 3  

5 73 

6 73 

7 73 

8 73 

9 73 

1073 

2.76 

2.30 

2.34 

2.38 

2.13 

3.35 

5.36 

8.87 

12.0 

2-30 - 3.35 

1.88 - 3.35 

1.88 - 3.35 

1.88 - 3.35 

1.88 3.35 

2.51 - 5.02 

3.56 -_ 8.37 

5.44 - 13.8 

9.62 - 20.9 

aTaken f rom Meredith,  1959 ( s e e  r e f .  19). 
Measurements made on 12 c o a l s  covering i a  wide range o f  
r a n k  and s w e l l i n g  number. 



the r e s u l t s  of Droege e t  al. and the O W L  data y i e l d  ~ ~ ~ r ~ x ~ ~ ~ ~ ~ ~ ~  the 

same c o n d u c t i v i t y  value.  It should be emphasized here t h a t  an ITS% 

( i n t e g r a t e d  two-stage l i q u e f a c t i o n  process t h a t  u t i l i z e s  c a t a l y t i c  

hydrogenation) so lvent  w a s  used i n  t h e  ORNI, experiments ,  @onsequentl.y, 

t h i s  s o l v e n t  would be expec ted  t o  he more r e a c t i v e  than  a ''etherma1'* SRC-I 

so lven t .  'Ehus, t h e  s l u r r y  and s o l v e n t  d a t a  ob ta ined  by OWE, by Gray, 

and by Droege e t  al. have shown in t e rna l .  c o n s i s t e n c i e s  and 4nconsPsten- 

c l e s  as w e l l  as e x t e r n a l  agreements and disagreements .  A cons ide rab le  

e f f o r t  would he r e q u i r e d  t o  un rave l  t h e  v a r i o u s  e f f e c t s  of s o l v e n t  t ype ,  

coal  type ,  "aging,"  convec t ion ,  etc,, t h a t  have been discussed here .  

1. Thermal c o n d u c t i v i t i e s  measured on t h e  s o l v e n t  employed i n  chese 

exper iments  are i n  g e n e r a l  agreement w l t h  exts t i rag ldterature  da ta .  

Thermal c o n d u c t i v i t i e s  of t h e  s l u r r y  were cons ide rab ly  lower than l i t e r a -  

t u r e  d a t a  a t  e l e v a t e d  tempera tures ,  p o s s i b l y  due t o  the use of freshly 

prepared mix tu res  t h a t  had n o t  been s u b j e c t e d  t o  t h e  thermal  "'agPng"' 

c o n d i t i o n s  t y p i c a l  of s t a t i c  measurements in a n  au toc lave .  

2. The s t r o n g  tempera ture  dependence of t h e  thermal condocthvi ty  of 

t h e  s l u r r y  w i l l  s i g n i f i c a n t l y  a f f e c t  the  des ign  of a feed  s l u r r y  pre- 

h e a t e r  f o r  a commercial p l a n t *  

3- Wdth i n c r e a s i n g  tempera ture ,  t h e  thercrna3 c o n d u c t i v i t i e s  of a 

W i l s o n v i l l e  s o l v e n t  and a Wilsonville s o l v e n t  and I l l i n o i s  No" 6 coal 

s l u r r y  decreased  from 1.23 t o  1.02 r n ~ / c m - l o ~ - ~  (236 to 43 K) and from 

1 1.51 t o  1.02 ~ w / c D I - ~ - K -  (295 EO 505 K ) ~  r e s p e ~ t t v e l y ,  me 

i n t e r n a l l y  c o n s i s t e n t ,  and measa_laemeaat:s on a r e f e r e n c e  l t q u i d ,  to luene ,  

were w i t h € n  3% a5 l i t e r a t u r e  values  t o  348 K. 
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4 .  I f  d i f f i c u l t i e s  ar ise  because of problems such as s o l i d s  

s e t t l i n g ,  thermal  c o n d u c t i v i t y  measurements of a s l u r r y  may be made wh i l e  

t h e  f l u i d  is f lowing  through t h e  cell .  

8. RECOMMENDATIONS 

Thermal c o n d u c t i v i t i e s  of c o a l  s l u r r i e s  ob ta ined  u s i n g  t h e  CLFS are 

unique i n  t h a t  t h e y  were measured under more o r  less dynamic c o n d i t i o n s  

s i m u l a t i n g  a c t u a l  cond i t ions  i n  a c o a l  l i q u e f a c t i o n  f a c i l i t y .  Maximum 

measurement tempera tures  achieved du r ing  t h i s  s tudy  were 505 K. Thermal 

c o n d u c t i v i t i e s  of c o a l  s o l v e n t s  and s l u r r i e s  are needed up t o  700 K 

(800'F) under  cond i t ions  which s i m u l a t e  t h e  t i m e  a t  tempera ture  h i s t o r y  

i n  a c o a l  l i q u e f a c t i o n  p l a n t .  During t h i s  s tudy ,  s e v e r a l  a t t e m p t s  were 

made t o  measure t h e  thermal. c o n d u c t i v i t y  of c o a l  s l u r r i e s  a t  tempera tures  

i n  excess  of 500 K wl thout  success .  Time and funding c o n s t r a i n t s  prevented 

p i n p o i n t i n g  t h e  a c t u a l  reason  f o r  t h e  f a i l u r e s .  However, be fo re  any 

a t t e m p t s  are made t o  accomplish t h e s e  measurements 0 5 0 0  K) u s ing  t h e  

hot-wlre  method, e l ec t r i ca l  c o n d u c t i v i t i e s  of c o a l  s o l v e n t s  and s l u r r i e s  

should  be determined a t  h igh  temperatures .  Some exper imenta l  evidence 

was ob ta ined  which i n d i c a t e d  t h a t  h igh  e lec t r ica l  c o n d u c t i v i t y  was a t  

least a c o n t r i b u t o r y  f a c t o r  i n  t h e  f a i l u r e s .  
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APPENDIX 

A .  Onset of n a t u r a l  convec t ion  ( s e e  r e f ,  11) 

Ra = I), 

The s o l u t i o n  of Laplace 

6, = gBp'cp ATd3 < 1000 . 1. 

kn 

5 equa t ion  ( Y ~ T  = 0)  f o r  concentar-=. c y l i n d e r s  

a t  s t e a d y  s ta te  assuming cons t an t  p r e s s u r e  i s  

Here, q i s  t h e  h e a t  l o s t  by conduct ion from the h o t t e r  s u r f a c e  at 

T2 t o  t h e  c o l d e r  s u r f a c e  a t  Ti, a and b are the  Inne r  and o u t e r  r a d i i  

o f  t h e  c o n c e n t r i c  c y l i n d e r s ,  and L is  t h e i r  l ength .  The temperature  

d i f f e r e n t i a l  of t h e  pseudo-steady s t a t e  g iven  by Eq. (A.2) i s  equated 

t o  t h e  nonsteady s t a t e  temperature  d i f f e r e n t i a l  of Eq. (5 ) ;  however, 

t h e  d i s t a n c e  b i n  Eq. (A.2)  is the r a d i u s  of expanding high-temperature  

f l u i d  surrounding the hot-wire gauge and must be determined. 

q / L  b 

2 s k  a 
T ( r , t )  = AT = - I n  - , 
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Now, s u b s t i t u t i n g  Eq. (A.5) for d and t h e  major terms f o r  T ( r , t )  = AT 

[Eq .  ( 5 ) ]  i n t o  t h e  Rayleigh expres s ion ,  Eq. ( A . l ) ,  wi th  t h e  s u b s t i t u t i o n s  

and 

y i e l d s  

Now, f o r  to luene  a t  333 K: 

r\ = 0.38 CP = 3.8 x low3 g c m - l  s-l,  

k = 1.225 x J cm- l  K-l, 

Cp = 1.7 J g-' K-', 

q = 0.207 W = 0.207 J s - ' ,  

B = 11 x lo-' K-l ( the rma l  expansion c o e f f i c i e n t ) ,  

a' = k/pCp = 8.707 x loWb an2 s-l. 

S u b s t i t u t i n g  i n  A.8, 

gi3 p2qa3 CP 

nk24+L 

( 9 80) ( 1 1 x 1 0-'1 ( 0.8 3) 2( 0.2 07 )  ( 3.8 1 x 10- 3> 2( 1.7) 

(3.8 x 10-3)(l.225 x 10-3)2(4n)(29) 
- - 

= 6.935 x 

Solv ing  f o r  A . 6  --- 

t* = 4 a ' t / a 2  = 2.399 x 102t  , 

and A.7 - 
t* 2.399 x 10% 

= I n  134 .7 t  , T* i= I n  - = I n  
Y' 1.7811 
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1000 
3 

In( 134.7t) [exp ( 1/2 ln( 134.7t) ) - 1 1  < = 1.442 x lo5.  
6 .935  x 

t ( 6 )  A = In (134 .7t )  f3 = exp (A/2) C = [ B  - 1 1 3  D = A C 

6.9822 32.823 3.223 x lo4  2 .250  x lo5  

29.586 2.336 x lo4 1.583 x lo5  

8 

6.5 6.7746 

6 6.6946 28.426 2.063 x lo4  1.381 x l o 5  

Therefore, t i m e  ( t )  f o r  onset of convec t ion  for to luene  at  60OC I s  

6 < t < 6.5  8 .  
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