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ABSTRACT 

The e f f e c t  of reducing the  p a r t i c l e  s i z e  of f u e l  components with 
the  Wiley m i l l  i n  prepara t ion f o r  determining the  moisture content of f o r e s t  
f u e l s  was t e s ted .  The r e s u l t s  of tests on th ree  types of simulated f u e l ,  
logs ,  twigs, and needles showed a s t rong d i r e c t  r e l a t i o n  between t h e  l o s s  of 
moisture during t h e  grinding phase and the  i n i t i a l  moisture content of t h e  
sample and a s t rong inverse r e l a t i o n  between moisture l o s s  and f i n a l  
p a r t i c l e  s i z e .  The t e s t s  conclusively showed the  use of t h e  Wiley m i l l  f o r  
reducing f u e l  p a r t i c l e  s i z e  i n  preparat ion f o r  moisture determination t o  be 
incompatible with t h e  l e v e l  of accuracy required f o r  f o r e s t  f i r e  research,  

Mesure de  l 'humidit6 contenue dans l e s  combustibles f o r e s t i e r s  
aprbs avoir  r6du i t  les dimensions des p a r t i c u l e s  les composant au moyen du 
moulin Wiley. Aprbs v d r i f i c a t i m s  avec t r o i s  types de combustibles, - en 
l 'occurrence des b i l l e s ,  des rameaux et des  f e u i l l e s  - l e s  au teurs  s e  sont  
apersus q u ' i l  e x i s t a i t  une r e l a t i o n  d i r e c t e t r s s n e t t e  e n t r e ,  d'un cSt6, l a  
p e r t e  d1humidit6 durant l a  rgduction e t  le  broyage e t ,  d 'aut re  cEt6, l e  
contenu i n i t i a l  en humidit6. Qu ' i l  y a v a i t  une r e l a t i o n  inverse t r b s  
aecus4e e n t r e  la p e r t e  d1humidit6 e t  les dimensions f i n a l e s  des pa r t i cu les .  
On d o i t  conclure que l 'usage du moulin Wiley e n t r a b e  de f o r t e s  e r r e u r s  de 
e a l c u l  et est i n c o w a t  i b l e  avec des recherches valables  su r  les incendies 
de f o r s t .  
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ERRORS IN FUEL-MOISTURE MEASUREMENT 
RESULTING FROM GRINDING IN A WlLEY MILL 

by 

S.J. Muraro and W.L. cave1 

INTRODUCTION 

The weight of absorbed and adsorbed water, expressed a s  a percent- 
age of t h e  dry weight of f u e l ,  is the  most important f a c t o r  influencing t h e  
flammability of wildland f u e l s .  Moisture content  is thus one of t h e  more 
commonly measured v a r i a b l e s  in t h e  d i s c i p l i n e  of f o r e s t  f i r e  research.  I n  
t h e  a r e a  of fire-danger r a t i n g ,  t h e  predicted moisture contents  of a t  least 
two f u e l  components a r e  the  b a s i s  of most r a t i n g  systems. I n  t h e  f i e l d  of 
prescribed f i r e ,  moisture contents  of t h e  var ious  f u e l  components of a 
heterogenous f u e l  complex must be ascer ta ined i n  order t o  p red ic t  f i r e  
behavior and t h e  e f f e c t  of treatment. 

Research i n  these  f i e l d s  of study requ i res  t h a t  f u e l  moisture 
content  be determined t o  a t  least * 5X of t h e  a c t u a l  per cent  moisture con- 
t e n t ,  although p r a c t i c a l  app l i ca t ions  of t h e  r e s u l t s  may be less accurate.  

There are severa l  techniques f o r  determining the  moisture content 
of ce l lu lose ,  the  most common being oven drying with o r  without vacuum 
ass i s t ance ,  f r eeze  drying, var ious  d i s t i l l a t i o n  processes,  and t i t r a t i o n .  
Although var ious  d i s t i l l a t i o n  techniques have a t t r a c t e d  e a r l y  interest 
(Buck and Hughes, 1939), f o r e s t e r s  i n  general ,  and p a r t i c u l a r l y  those i n  
f i r e  research,  have conventionally used oven drying. More recen t ly  Van 
Wagner (1963) t e s t e d  a d i s t i l l a t i o n  method using xylene and concluded t h a t  
i t  offered no advantage over oven drying. e-FS5 e=2-: 

--.++* - 

Oven drying involves the  lowest equipment cos t  and is uncomplicated, 
and the  number of samples t h a t  can be processed is dependent only on sample 
and oven s i z e .  A f u r t h e r  important advantage is t h a t  most f o r e s t  f u e l s  
can be processed without p r i o r  treatment t o  s tandardize  p a r t i c l e  s i ze .  The 
main disadvantages of the  technique t h a t  are espec ia l ly  pe r t inen t  t o  f i e l d  
operat ions a r e  the  power requirements and t h e  t i m e  lapse  t h a t  occurs before 
r e s u l t s  a r e  ava i l ab le .  It is genera l ly  accepted t h a t  m e n  drying requ i res  
a t  l e a s t  24 hours'  drying time a t  105 C t o  determine t h e  moisture content of 

lRespectively, Research S c i e n t i s t  and Technician, Forest  Research Laboratory, 
Vic tor ia ,  B.C. 



most f o r e s t  f u e l s  unless  t h e  p a r t i c l e  s i z e  is reduced. I n  mobile f i e l d  
i n s t a l l a t i o n s ,  where generator  power suppl ies  are used, continuous generator  
operat ion is impractical  because of t h e  constant  survei l lance  required and 
t h e  operat ing cos t s .  Var ia t ions  i n  indicated moisture content due t o  
changing ambient r e l a t i v e  humidity were reported by Buck and Hughes (1939) 
but a r e  probably not  unique t o  t h e  oven-drying method. 

A l l  t he  other commonly used moisture-determination techniques 
share common disadvantages of high i n i t i a l  c o s t ,  long periods of power con- 
sumption, or l imited sampling capacity. I n  a l l  techniques, reduction of 
fue l -pa r t i c l e  s i z e  by grinding o r  masticat ion r e s u l t s  i n  reduced treatment 
t i m e ,  but i n  some techniques - f o r  example, t i t r a t i o n  - p a r t i c l e  reduction 
i s  required.  

The Karl  Fischer t i t r i m e t r y  method of determining moisture content 
was se lec ted  a s  t h e  most appl icable  technique f o r  use i n  a r ecen t ly  con- 
s t ruc ted  mobile prescr ibed-f i re  laboratory acquired by the  B r i t i s h  Columbia 
Region. Br ie f ly  , t h i s  technique involves ex t rac t ion  of water from a known 
sample weight by a known volume of methyl hydrate (CH3 OH). Karl Fischer 
reagent ,  a so lu t ion  of iodine,  s u l f u r  dioxide,  pyridine and methanol 
(SO-K-3), having a known t i ter ,  is added u n t i l  a t r a n s i e n t  e l e c t r o n i c a l l y  
indicated end point  is a t t a ined .  The main po in t s  i n  favor of t h e  Karl  
Fischer t i t r a t i o n  method were its a d a p t a b i l i t y  t o  a va r iab le  number of 
samples, t h e  rapid  r a t e  of sample treatment,  and t h e  s h o r t  periods of power 
consumption. The main disadvantage of t h i s  method was t h e  need f o r  reduction 
of p a r t i c l e  s i z e  t o  reduce treatment time and t o  ensure maximum absorption 
of water by the  t i t r a n t .  The Wiley m i l l  is t h e  most r ead i ly  ava i l ab le  
apparatus f o r  producing t h e  required  p a r t i c l e  s i z e  of t h e  var ious  f u e l s  
t rea ted .  

PURPOSE 

Because t h e  reduction of p a r t i c l e  s i z e  is a l s o  required f o r  other 
techniques, i t  was decided t o  test t h e  l i m i t a t i o n s  of the  Wiley m i l l  f o r  
pa r t i c l e - s i ze  reduction and t o  estimate t h e  moisture l o s t  from t h e  sample 
during t h e  var ious  phases of t h e  task.  

Of primary concern was t h e  change i n  t h e  moisture content of 
var ious  types of f u e l  during reduction t o  maximum p a r t i c l e  s i z e  of 40 mesh 
and 10 mesh a s  a funct ion of t h e  i n i t i a l  moisture content of the  f u e l  sample. 
Living vegeta t ion o r  f u e l s  having a high moisture content tend t o  compact 
and c log the  Wiley m i l l ;  f o r  t h i s  reason an es t imate  of t h e  h ighes t  f u e l  
moisture content t h a t  could be conveniently t r e a t e d  i n  t h e  m i l l  was a l s o  
des i rable .  
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70-75 F and RH 30-35%. 

A s e r i e s  of laboratory experiments was i n i t i a t e d  with th ree  
s p e c i f i c  object ives:  

1. To determine moisture l o s s  due t o  p a r t i c l e  reduction a s  a funct ion 
of i n i t i a l  moisture content and p a r t i c l e  s i z e ;  

2. To es t imate  t h e  maximum moisture content a t  which f u e l s  may be 
t r e a t e d  with t h e  Wiley m i l l ;  

3. To determine t h e  rate of moisture l o s s  from exposed samples a s  a 
funct ion of i n i t i a l  moisture content  and p a r t i c l e  s ize .  

METHODS 

To achieve these  object ives ,  th ree  types of mate r i a l  w e r e  se lec ted ,  
on t h e  b a s i s  of having c h a r a c t e r i s t i c s  s imi la r  t o  t h e  more commonly sampled 
n a t u r a l  f u e l  components. Sections of .5-inch-diameter Douglas-fir (Pseudo- 
tsuga rnenziesii (Mirb.) Franco) dowels were se lec ted  t o  represent  samples 
of large-sized n a t u r a l  f u e l  components such a s  log  sec t ions  o r  cores  and 
l a r g e  limbs. White p ine  (Pinus s t robus  L. or  P. monticoZa Dougl.) match- 
s p l i n t s  were chosen t o  represent  twigs t h a t  n a t u r a l l y  occur a s  l i t ter  on the  
f o r e s t  f l o o r  and t h e  f lash-fuel  components common t o  a s lash-fuel  complex. 
Two-year-old ponderosa pine (Pinus ponderosa Laws.) needles were se lec ted  t o  
represent  f o l i a r  f u e l  components i n  t h e  l i t ter  of n a t u r a l  f u e l  complexes. 
A quant i ty  of each material was sa tu ra ted  i n  t ap  water f o r  a minimum period 
of 24 hours, then spread on a screen and allowed t o  dry. Pe r iod ica l ly ,  
samples were subjected t o  mi l l ing  t o  determine i f  t h e  milled sample would 
pass through t h e  screen. When t h e  moisture content was reduced t o  t h e  point  

g h e r e  compacting and subsequent clogging of the  screen did  not  occur, t h e  
,fest t o  determine moisture l o s s  due t o  mi l l ing  was i n i t i a t e d .  For t h i s  

t e s t ,  four  por t ions  of each f u e l  type, each weighing approximately 10 grams, 
were separated from t h e  drying material .  Approximately hal f  of each por t ion 
was mil led i n  t h e  Wiley m i l l  and weighed i n  preweighed p e t r i  d ishes ,  while 
t h e  remaining hal f  por t ion  was weighed only be£ ore  oven drying. After  
drying f o r  a period of 24 hours a t  a temperature of 105 C i n  a c i r c u l a t i n g  
oven, t h e  e igh t  samples were removed and weighed. The average per cent  
moisture content (oven-dry b a s i s )  was determined f o r  the  mil led and the  
unmilled samples, and t h e  d i f fe rence  (Unmilled M.C.% - Milled M.C.2) was 
p lo t t ed  aga ins t  t h e  moisture content  of t h e  unmilled sample (Figures 1 and 
2). Each f u e l  type was t r e a t e d  i n  a s imi la r  manner a t  progressively lower 
moisture contents  and f o r  two maximum p a r t i c l e  s i z e s ,  40 mesh and 10 mesh. 
Ambient condit ions during t h e  test remained e s s e n t i a l l y  constant ,  temperature 

To determine t h e  r a t e  of moisture l o s s  from exposed samples of the  
mil led f u e l ,  a s i n g l e  por t ion  of each f u e l  weighing about 6 grams was milled 
and placed i n  a preweighed d i s h  on t h e  weighing platform of an e l e c t r i c  
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Figure 1 shows ~ ~ i e  d i f f e ~ r r l c e s  (M.C.% of u L U U l l l  - I 

milled) t h a t  r e s u l t  i n  the  per  cent  moisture content of t be ~es  
when these  types a r e  mil led t o  a maximum p a r t i c l e  s i z e  of 40 mesh a s  a 
funct ion of i n i t i a l  moisture content.  Figure 2 shows t h e  same r e l a t i o n  f o r  
a maximum p a r t i c l e  s i z e  of 10 mesh. I n  each case t h e  d i f fe rence  i n  moisture 
content was apparently independent of f u e l  type - i .e .  needles,  dowels or  
match-splints - but ,  wi th in  t h e  limits of t h i s  s tudy,  was dependent on the  
i n i t i a l  moisture content of the  mate r i a l  being t r e a t e d  and t h e  p a r t i c l e  
s i z e .  A comparison of Figures 1 and 2 ind ica tes  t h a t  moisture l o s s  during 
treatment is inversely r e l a t e d  t o  p a r t i c l e  s i z e .  Both conclusions a r e  
obvious r e s u l t s  of t h e  two tests. The wetter t h e  sample, t h e  g rea te r  t h e  
opportunity of t h e  grinder i n t e r i o r  t o  adsorb f r e e  water. Also, a s  t h e  
p a r t i c l e  s i z e  is reduced, a g rea te r  su r face  a rea  is  exposed t o  evaporation. 



Compacting is  a l s o  d i r e c t l y  r e l a t e d  t o  i n i t i a l  moisture content 
and inversely t o  p a r t i c l e  s i z e ,  and prolonged grinding causes a temperature 
increase  i n  t h e  grinding chamber, which r e s u l t s  i n  an increased rate of 
evaporation. The r e l a t i o n  between moisture l o s s  and i n i t i a l  moisture con- 
t e n t  is near ly  l i n e a r ,  approaching zero  i n  t h e  a rea  of 6 t o  10% i n i t i a l  
moisture content and showing only a s l i g h t  curvature a t  t h e  lower extremity. 
I n  both cases - i .e .  f o r  40 mesh and 10 mesh - moisture l o s s  var ied  d i r e c t l y  
with i n i t i a l  moisture content.  Wade (1965) compared moisture contents  
determined by oven drying with moisture contents  determined by Karl  Fischer 
t i t r a t i o n  and a t t r i b u t e d  t h e  d i f fe rence  t o  t h e  t i t r a t i o n  technique. I n  
f a c t  t h e  d i f ferences ,  when p l o t t e d  over t h e  oven-dried i n i t i a l  weight, 
r e su l t ed  in  a r e l a t i o n  very s imi la r  t o  t h e  40-mesh-test r e s u l t s .  This 
ind ica tes  t h a t  t h e  d i f fe rences  determined by t h e  Karl Fischer method and 
oven drying may be wholly a t t r i b u t e d  t o  sample a l t e r a t i o n  during the  mi l l ing  
phase of the  process. 

There was no apparent d i f fe rence  i n  moisture l o s s  due t o  d i f fe rences  
i n  the  type of f u e l ;  however, t h e  type of f u e l  did influence the  maximum 
moisture content  a t  which compacting occurred. When ground t o  40 mesh, t h e  
f ib rous  needle mate r i a l  tended t o  compact and cause d i f f i c u l t i e s  a t  about 
20%, while t h e  match-splints w e r e  a b l e  t o  sus ta in  a moisture content  of about 
25% and the  dowels a moisture content of 30% before compacting occurred. 
When ground t o  10-mesh p a r t i c l e  s i z e ,  a l l  f u e l  types were a b l e  t o  s u s t a i n  
grinding a t  much higher moisture contents  (120% M.C.) before compacting was 
evident. No d i f fe rence  i n  fuel-type workabil i ty was apparent f o r  t h e  l0-mesh 
treatment. 

W1.zr 1 -~2I= -;A: T . -> . 
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The r e s u l t s  of t h e  t e s t  t o  determine moisture l o s s  during exposure 
from t h e  40-mesh and 10-mesh t r e a t e d  samples a r e  shown i n  Figure 3. Ambient 
condit ions were 30-35% RH i n  a l l  cases and 70-75 F i n  s t i l l  a i r .  This test 

TABLE 1. ERROR I N  MEASUREMENT OF PER CENT MOISTURE CONTENT RESULTING FROM 
GRINDING TO 40 AND 10 MESH AND RESULTS OF WADE'S TESTS (GROUND 
TO 40 MESH) 

( a l l  i n  per cent)  

INITIAL M.C.X 
OVEN DRY 

VICTORIA TEST 
10 MESH 40 MESH 

WADE'S TEST 
40 MESH 



indicated a pronounced d i f fe rence  i n  moisture l o s s  between both f u e l  types 
a t  both t h e  10-mesh and 40-mesh p a r t i c l e  s i ze .  

The more rapid  drying r a t e  of t h e  l a rge r  10-mesh p a r t i c l e s  
compared with those of the  40-mesh s i z e  is hypothesized t o  be a funct ion 
of b e t t e r  a i r  c i r c u l a t i o n  i n  t h e  l a rge r  in terspaces  of the  coarser  
mater ia l .  This hypothesis is analogous t o  t h e  slower drying rate of clay 
s o i l s  compared with sandy s o i l s .  The d i f fe rence  i n  drying r a t e s  of the  
needles and match-splints is probably due t o  inherent  d i f fe rences  of these  
mediums. For both p a r t i c l e  s i z e s  the re  is a s t rong,  near ly  l i n e a r  
dependency of t h e  moisture-loss r a t e  on the  i n i t i a l  moisture content.  
Undoubtedly t h e r e  is  a l s o  an i n t e r a c t i o n  between t h e  moisture-loss r a t e  
and ambient condit ions,  but t h i s  aspect  w a s  not inves t igated .  I n  any event ,  
i f  it is supposed t h a t  the  absolute  maximum exposure t i m e  is i n  t h e  order 
of 2-3 minutes (normal operat ion would e n t a i l  a period of 5-10 seconds), 
then moisture l o s s  from a sample of 45% i n i t i a l  moisture content would only 
be i n  t h e  order of .24% f o r  t h e  fas tes t -drying 10-mesh sample, an e r r o r  
contr ibut ion of .5% of value.  

CONCLUSION 

Determining moisture content of f u e l s  by any technique requ i r ing  
reduction of p a r t i c l e  s i z e  with t h e  Wiley m i l l  is sub jec t  t o  e r r o r  which 
is s t rongly  dependent on the  degree of p a r t i c l e  reduction and t h e  i n i t i a l  
moisture content of the  sample (Figures 1 and 2). Ambient temperature 
and r e l a t i v e  humidity undoubtedly a f f e c t  t h i s  phase, but these  e f f e c t s  were 
not  inves t igated .  U s e  of 10-mesh p a r t i c l e  s i z e  r a t h e r  than 40 mesh improves 
t h e  accuracy t o  a barely t o l e r a b l e  l e v e l  f o r  only t h e  crudest  requirements 
(4-5% r a t h e r  than 6-40% e r r o r ) .  

Fuels having, a maximum i n i t i a l  moisture content of approximately 
20, 25 and 40% f o r  needles,  match-splints and dowels, respect ively ,  could 
be reduced t o  40-mesh s i z e  with some d i f f i c u l t y .  For trouble-free 
operat ion,  moisture contents  of less than 20% would be des i rab le .  I n i t i a l  
moisture contents  up t o  120% were to le ra ted  with no d i f f i c u l t y  with t h e  
10-mesh treatment. 

Moisture-loss r a t e s  due t o  exposure during t h e  period of t r e a t -  
ment depended d i r e c t l y  on i n i t i a l  moisture content and inverse ly  on p a r t i c l e  
s i z e ;  i n  t h e  most extreme cases ,  however, losses  during these  periods would 
make a n e g l i g i b l e  contr ibut ion t o  e r r o r .  

The r e s u l t s  of these  tests have shown t h a t  techniques f o r  deter-  
miningmoisturecontent  involving fuel -s ize  reduction with t h e  Wiley m i l l  
a r e  subject  t o  e r r o r s  t h a t  a r e  incompatible with t h e  l e v e l  of accuracy 
required f o r  f o r e s t  f i r e  research.  Unless more s u i t a b l e  techniques of 
reducing t h e  fue l -pa r t i c l e  s i z e  a r e  appl ied ,  t h e  Karl  Fischer method of 
determining moisture content should not be used. 



Investigations of techniques that circument the requirement of 
s i ze  reduction and of other techniques for encapsulated s ize  reduction are 
continuing. 
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Buck, C . C .  and Hughes, J.E. 1939. The solvent d is t i l la t ion  method for 
determining the moisture content of forest l i t t e r .  J.  Forest. 37: 
645-651. 
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